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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 fluidrock interactions, mineral scaling mechanisms, and the geochemical
and thermodynamic behavior of €@ 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 presdemperaturelependent evolution of
geothermal fluids and its impact energy production performance.

Within this framework, the thermodynamic controls governing mineral
precipitation processes that lead to efficiency losses in geothermal power plants are
guantitatively evaluated. The effects of temperature variations, reinjection strategies, and
chemicalequilibrium 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 resensmale simulations demonstrate that
CQO 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 CO
injection improves thermal performance through coupled thermal, hydraulic, and
geochemical processes, offering a dual benefit of energy optimization antefang
carbon management.

This dissertation highlights the strong synergy between geothermal energy
production and C&management. By addressing scalietated challenges in geothermal
wells and surface facilities while enhancing reservoir performance, the study supports the
development of lowcarbon and sustainable energy systems. The work adopts a
comprehensive and inthsciplinary perspective by integrating thiéenensional
modeling of fluid properties, C{3torage potential, and reactive transport dynamics at

the reservoir se.



OZET

TUZLU JEOTERMAL SKSTEMLERDE JEOTER
¥ZELLKKLERKNKN TANI MLANMASI VE 3
MODELLEME, BATI T RKKYE

Bu doktora tezi, |ei&ktagramalet «kidbdklamnmime red e
mekani zmalbarién vjee o&® my as al ve termodi nami |
-er-evede i ncel eyer ek jeoter mal enerji b
¢al ékma, saha g%zl emleri, | aboratuvar den
model |l emel erizeirlveaarsayésngll assyeonl|l ar éneé ent
akékkanliseemkbakehkokul |l aréna bajlé evrimir
et kilerini o rTteazy ak akposyanmeekntdaad, &€ rji.e ot er mal sar

neden chn mineral c¢okelim sureclerinin termodinamik kontrolleri nicel olarak

dejerlendiril mik; sécakl ek dejikimleri, y
y°ntemlerinin kabukl anma ¢zerindeki rol ¢
jeotermal samtal | er de operasyonel s¢rder el ebi L ir
stratejiler gel i ktirRemksi hetakanak sajlra&

similasyonlar, C&enj eksi yonunun yalnézca jeolojik
zamandear ié skkazganéméneée artéeran bir mekani zma
koymaktadeéer .

Sonug olarak bu tez, jeotermal enerji Uretimiilex @ net i mi ar aséndalk
vurgulayarak, jeotermal kuyar ve ylzey ekipman sistemlarid e ortaya - €

kabuklanma problemlerini minimize etmd, ¢ K ¢ k kar bonl u Ve s¢rd

sistemlerinin geliktirilmesi®deankliamselal 8k
jeotermal si st eml epdeeolaraakjéokirkyasal sitezler velraaltii er i
takéeném gi bi ¢ - boyutlu modell eme yakl ake
a-éséeyla ele almaktadeéer.
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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 higgmperature, liquidlominated
geothermal systems, where temperature and pressure changes during well operation
change the coposition 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 caomposit
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; Kristiatimn 1989;
Honegger et al ., 1989; ¥l-enojl u, 1986 ; P ¢

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
CO, 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 preyvialescribed
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 maieteosts. In Turkiye,
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 (fdta k | & d é r-Balmban2 0¥1z%;n ¥I| - enoj | u,
ki mkek et al., 2005) .

In geothermal power plants, the most commonly encountered types of scale are
sulfidebased (particularly stibnite), carbonates (predominantly calcite), and silica
deposits (Arnorsson, 1989; Juranek et al., 1987; Potapov et al., 2001). Geothermal fluids
as®ciated with silica and calcite scaling are typically enriched in secondary minerals such

1



as ironmagnesium 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
Einar sson, 1989; Honegger et al ., 1989; Kri
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, silidmsed scaling is mostly found in heat exchangers and
reinjection wells, whereas sulfide scaling typically forms in condensers, cooling towers,
and heat exchangers (Patzay et al., 2003). A significant issue in medhigh 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 @morsitica 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 dropsciedigen 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, andetiomes even production wells are
thought to be the most likely to get amorphous silica scaling in geothermal power plants
(Baba et al., 201zDemir et al., 2014Gunnarsson and Arnérssd)05; Mundhenk et
al., 2013; Pambudi et al., 2013tami, 2000).

1. Moti vati on

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 ordegassingPredicting such reactions is challenging because fluid properties are

not always welknown, especially under different reservoir conditions.



Geothermal fluids contain various dissolved substances, gases, and sometimes
microorganismsThe 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 Europd(© 0 AC) =ei t her
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, reliableeftasive, and longerm
geothermal operations. Similar to global trends, mineral scaling is a signifisaatirs
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 relasedling 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, siitbased scaling is the main issue observed in surface
equipmentsin light of these findings, two notable gaps in the existing literature have
been identified. First, at the Germencik geothermal power plant, the absenace of
optimum reinjection temperature to mitigate stibnite scaling remains an unresolved issue.
Second, at the Tuzla geothermal site, the-fmmm effects of watérocki gas interactions
on both production wells and overall reservoir performance are natliyetihderstood.

These aspects highlight the need for further investigation intss#eific geochemical
and operational dynamicghis study is based on both field observations and modglling

and experimentaksults

1.2i m and Objectives

This study aims to fillliterature 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 conditiohso geothermal
fields in Turkiye. Accordingly, one main research objective has been identified for the



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 froG@&te
Tuzla Geothermal Field (TGF):

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

specifically between the reservoir and the wellldeadorder to better understand
the geochemical dynamics of th&F.

- To assess the suitability of the Tuzla reservoir for potentialsgQuestration by
examining its geochemical and reservoir properties.

- To evaluate the lorterm impact of the ongoing @ co-injection study on
reservoir performance in theGF.

1. Scientific Contribution to the Li

This Ph.D.thesiscontributes to the field of geothermal energy by addressing two
site-specific, yet globally relevant, operational challenges associated with mineral scaling
and geochemical reactivity in highmperature geothermal systems. While the impacts
of scaling ad fluid chemistry on system performance have been widely acknowledged
in the literature, significant knowledge gaps persist, particularly regardirgeptndent
mechanisms and loAgrm 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 athe GGF, this research provides valuable insights into mitigating dypoor

understood scaling mechanism that directly affects operational reliability.



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, tisgiediie
evolution over timeand their implications for both GQco-injection strategies and
reservoir performanceemain insufficiently exploredvioreover, the investigation into
the potential for C@sequestration within the TGF reservoir introduces an innavativ
perspective by combining geothermal energy production with carbon management goals.
This dualpurpose approach aligns with current global priorities regarding clean energy
and climate mitigation, and adds interdisciplinary value to the geothermalireerat

By focusing on two contrasting geothermal settings, and by employing a
combination of fieldbased measurements, modeling techniques, and experimental work,
this thesis offers both practical solutions to operational issues and theoretical
advancements in derstanding fluid behavior in geothermal systems. The findings are
expected to support the development of more resilient and efficient geothermal operations
not only inTurkiye, but in other geologically comparable regions worldwide.

The contributions of this Ph.D. thesis to the literature are listed below
) Chapter 2provides a detailed characterization of stibnite scaling IfGG& in

Tuarkiye. The key contributions are:

- ldentifying 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 “@5to prevent stibnite
scaling in the preheater system of the GGF's biogcle power plant

- Developing a thermodynamic model to understand the speciation of stibnite under
different temperature and pH conditions in the geothermal sysian

- Providing a comprehensive analysis of the hydrogeochemical properties, stable

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

ii)ChappeoviBhdresugh numerical modeling, tha

a critical role in the geochemical evo

The key contributions are:
- Determining potential degassing depth
- Evol ution of the chemical composition
pressure changeandnside the wel!/l
- Preditchtet nngat ure of the minerals that

accordinguiaotataemive approach.



Chappemovddes i nfane anatt i wva ndpadpoment al f
CQinjection in a hyper csainifme mvadlhgatrieas:
s e g u e s The atudy fmguses on analytical, experimental and geochemical
modeling methodsl he key contri butions are:

| nvestwhgeatthieoorn t he TGF r e sseergvuoe srt riast isouni,t
Providing a basis for extending the &-injection study currently used in the

TGF to CQ sequestration.
Chapthemghiilihghtps edi cti ontefmtheuetlf acd 6
i njection on tempeTwmzayeaoe hamdnapagedseo w oi
these, the foll owing research guestio
Specifically, this chapter investigates
in the reservoir over a mini munt epremmi od

injection scenarios affecpp production t



CHAPTER 2

CHARACTERIZATION OF S b SCALING AND FLUIDS IN
SALINE GEOTHERMAL POWER PLANTS: A CASE
STUDY FOR GERMENCIK REGION (BUYUK
MENDERES GRABEN, TURKEY) *

2. 1lntroducti on

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 duringowperati
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 ypaie are
observed, geothermal fluids are generally enriched in aluminum silicate, calcite, calcium
sulfate, magnesium silicate, ironagnesium silicate, while in power plants where stibnite
scaling is observed, geothermal fluids are generally enrichedlfidesand sulfosalt
minerals (Gunnlaugsson and Einarsson, 1989; Honegger et al., 1989; Kristmannsdaottir,
1989; ¥l -enojlu, 1986; P8tzay et al , 200 :

* This chapter has been published &snkul, Srhat Alper Baba Mustafa M.Demir, and Simona
Regenspurg. 2021. Characterization of Sb scaling and fluids in saline geothermal power plants
study for Germencik Region (Blyik Menderes Graben, Turkegdthermics96, 102227

! The study in this chapter was awarded for the PhD research during Activity B 6f éuitidn of the
Mediterranean PhD School on «<EUROPEAN GREEN DEAL. THE CONTRIBUTION FROM CI\
ARCHITECTURAL AND ENVIRONMENTAL ENGINEERING», University of Naples Federico |
11-16 October 2021.



Antimony occurs in trisulfide, SB, and pentasulfide, Sbin natural geothermal
systems (Stauffer and Thompson, 1984; White, 196 Bpome cases, antimony occurs as
elemental Sb (Williamgones and Norman, 1997). Sb scaling has been addressed by
many researchers worldwide. 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 Blyuk Menderes Graben (BMG)
systen ( Hakl eédér and Bal aban, 2019).
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Figure 2.1. Location map of the study area



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 (Hakl édér and kengg¢n
graben sgtems which expands in theS\direction and has a seismically active crust and
is bounded by active-B/ trending normal faults with a length of 150 km and a width of
16020 km (Dewey and keng?©°r, 1979,; Pat on, 109
GedizGraben is bounded by-® and WNWESE trending normal faults with a length
of 140150 km and awidthof 1@ 0 km ( Bozkurt and S°zbilir
2000; Yeélmaz et al ., -S@ddsBettipn of theiBy@.Aecar?be 2 s h c
seen in Kure 22, the graben has an asymmetrical structure. The Quaternary alluvium is
bounded by normal faults with Pliocene and Miocene sediments. Miocene sediments were
separated from thilenderes Metamorphics by detachment faults in the north and south
of theBMG. 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
geot her mal systems (ki mkek, 2015) (Figure
power unis in Turkey, and most of them use the GBiRary cycle. Skrich deposits have
recently been observed in the GGF, partic
geothermal power plants in Turkey (Kaypakoglu et al., 2015).

Pliocene Sediments

Depth (m)

Miocene Sediments

(Km) 10

Figure 2.2. NS cross section of the BM@&odified after Yamanlar et al., 2020)



The Germenci k (Aydeéen) r ¢egpetore gesthermall |
resources (Mutlu and Guleg, 1998). As a result of Curie point temperature calculations,
Aydén et al. (2005) st at%kdinWesterndmalia,lBO o f
km in Eastern Anatolia, and approximately 25 km in Central Anatolia. These results agree
with reservoir temperatures in Western Anatolian graben systems (Kogak, 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 detailThe types of scale that may occur in the geothermal wells are
revealed, determining the hydrochemical properties of the geothermal waters. The
reinjectiontemperature 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, \AG9BEH
(Bjarnason, 1994) speciation <code, and
2002).

% Aydng & 4
9“‘““ Mandefes G‘abo‘\

Figure 2.3. Geothermal power plants (red circle) in the BMG
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2.Q@eol ogi cal and Hydrogeol ogi cal Set

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 widies on the GGF have been ongoing since 1965. Because of the high
geothermal potential of the GGF, the general geological, geophysical, hydrogeological,
and environment al characteristics have
Correia et al. (199); Doglioni et al. (2002); Filiz (1982); Gemici and Tarcan (2002);
KI'l kékék (1995) ; Ko-yijit (2015) ; Khayat
Yél maz (1981), kimkek (1985). There are
region, and theeservoir of the geothermal fluid is located in different lithological units

of the Menderes Metamorphic units (Ozgiir, 2018). The first geothermal well in the region
was drilled by MTA (General Directory of Mineral Research and Exploration) in 1967,
and eyloration 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 andC2a8d that the region has

a high geothermal energy potentibhese results are also supported by isotope results
(ki mkek, 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 250Timese two reservoirs are not directly
conneted 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
locatedin 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 creaged in th
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 highl t i tude regi ons. The G¢m¢gkdaj ¢
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recharge area of the geothermal system (Figure 2.5). After being heated at depth,
geothermal waters ascend to thaface along tectonic fault systems. This structural
configuration creates favorable conditions for the development of geothermal systems in

the region.

Explanations
I Atluvium
]:] Weakly cemented blocky pebble

I marble

[l Quartzite, Micaschist

- Gneiss

Figure 2.5. The 3D conceptual model of the GBMVest block, b) East block

2.8 .Brief Definition of t he Sb Scal e

Scale precipitation which causes a decrease in net energy production is the main
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issue in watedominated 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 geothsdrisal fl
enriched in minerals due to rogkater 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
temperégure and pH conditions. However, the precipitation of stibnite is almost
impossible at high temperatures (above 35D due to its increased solubility in water
(Zotov et al., 2003). There are two types of Sb species that occur in geothermal systems:
hydraxide 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). Hgdroxid
and sulfide complexes in geothermal fluids are associated with the concentratush of H
in the brine. Krupp (1988) studied the formation of sulfide and hydroxide complexes in
geothermal fluids containing23 over a wide temperature range and suggestdrth
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(©#&hcording to the

following equation;

"YRY @O0 ¢Yay 'O cOTY (2.1)

However, stibnite can also dissolve in geothermal fluids containiBgaHd form

sulfosalts which are known as sulfide complexes;

YOY OY O°YQRY (2.2)
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Sulfosalt forms of stibnite are essential when the temperature of the geothermal
fluid is low in the presence of23 (Brown, 2011).

Stibnite scaling depends on the type of power plant as well as on the reservoir
rocks of the geothermal system. ORiDary systems are suitable for power plants with
low geothermal fluid temperatures (18®0 C) (DiPippo, 2012). The energy of the
geothermal fluid in an OR®inary system is transferred through the heat exchanger with
the working fluid. The composition of the working fluid may bbutane, mpentane, or
an ammoniavater mixture. The working fluidhas a low boiling point, and it creates
supeheated steam conditions for the power plant (Stapleton et al., 2016). kbiORg
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,etachi r
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 floios diapidly
(Figure 2.6). Also, the increase in theSHconcentration 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 higis ldoncentrations 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 OR®@inary systems. Stibnite precipitation can also be

observed in vaporizers and preheaters (Brown, 2011).

2. Met hods

2. 4Gelo.t her mal 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 (kgure 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 majeminor anions/cations and silica analysis, and fldstic

bottles for isotopes were used. After collecting samples for heavy metal analysis, they
were acidified with 2% HN@ The aim is to prevent heavy metals from settling in the
bottles. After collecting all the samples, the caps of the bottles vgdridytclosed, 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 usiRgMEC
(Inductively Coupled Plasma Mass Spectrometry), and heavy metal analysis was
performed using ICIDES (Inductively Coupled Plasma Optical Emission Spectroscopy).
The SiQ values for the geothermal waters were determined by the -UV
spectrophotometric miedd with HachLange DR5000. Isotope analysis of the
geothermal waters was carried out in the State Hydraulic Works (DSI) laboratories.
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Figure 2.6. Schematic representation of sampling points in the GGF
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2. 4Ro2c.ck and Scale Sampl es

Rock samples at different depths were collected from 4 geothermal wells, and the
samples were analyzed in the laboratories of the 1zmir Institute of Technology. XRD and
XRF analyses of rock samples belonging to geothermal wells were evaluated. The aim
hereis to reveal the paths followed by geothermal waters while reaching the surface from
the depths and the roakater relationshipln addition,understanding the relationship
between the sulfidéype scale in the GGF and reservoir rocks by XRD and XRF sisaly

is another goal.

s T R

Figure 2.7. Sampling points in the surface equipment system of the(l’3®Fo credit:

Bektepel er 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 areslyereperformed.

X-ray crystallography (XRD), ay fluorescence spectroscopy (XRF), and
scanning electron microscope (SEM) analyses of rock samples were evaluated in the
| aboratory of the Kzmir l nstitute of Tech
collected from gethermal wells (W_TR_002, W_TR_003,W_TR_007,and W_TR_009)
was performed on the Spectro IQ Il device. Spectro IQ Il can deliver element
concentrations from Sodium (ML) to Uranium (U92) with high sensitivity at the ppm
l evel. Al so, b grt Pro,sXray dliffration (XRD) analyses Bf rock
samples were evaluated. XRD gives information about the concentration of phases, the
amount of norcrystalline phases, and the crystal size of the material. By using FEI
QUANTA 250 FEG scanning electron miscope (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. 45a3t.uration I ndices for the Geot he

Silica, calcite, and sulfide scaling are the most important problems of geothermal
power plants, reducing power plant efficienthe watermineral 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 valod various minerals using the results of the
chemical analysis of the fluid. To interpret this chemical concentration ghindide
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 1
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

Sample XRF
Well Sampling depth Rock sample Sample Sample
ID Method (m) type mass state rotation

C))
11451170 Gneiss 0.96 powder no
21402190 Marble 0.83 powder no
W_TR_002  Core 23252335  Quartzite 1.06 powder no
sample 25702685 Marble 1.01 powder no
28552865 Marble 0.84 powder no
1225 Schist 1.10 powder no
16651675 Schist 0.95 powder no
W_TR_003 Core 2235 Quartzite 1.13 powder no
sample 2995 Greenschist 0.94 powder no
3005 Schist 1.05 powder no
10001040 Quartzite 1.35 powder no
12451250 Quartzite 1.07 powder no
W_TR_007 Core 12651285 Quartzite 1.01 powder no
sample 19601965 Schist 0.93 powder no
23802385 Schist 1.00 powder no
600-625 Gneiss 1.02 powder no
900920 Quartzite 1.13 powder no
10001010 Marble 1.08 powder no
W_TR_009 Core 19101995  Quartzite 1.24 powder no
sample 21002170  Quartzite 1.08 powder no
22002250 Schist 1.04 powder no
24502530 Quartzite 1.03 powder no

Also, mineral speciation evaluation of stibnite minerals at different temperatures

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

and values was performed usi Geochemi

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.

Table2.2 Physical properties of the geothermal water samples

No Well H EC T TDS Depth Well
ID P uSlem  (C)  (ppm) (M) type
1 W_TR_001 7.1 5937 125.3 3700 3328 Production

(cont. on next page)
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Table 2.2 ¢ont.)

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_004 854 6101 14057 4000 3135  Production

5 W_TR_005  7.82 5999 13841 3900 3135  Production

6 W_TR_006  6.25 6070 13213 4200 1449  Production

7 W_TR_007  8.47 6131 14576 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 011 745 6131 6451 4000 3525  Reinjection

12 Preheaterin 7.35 6074 80 3900 . e;:‘ig%c:m

13 Preohuiater 7.85 6090 65 4000 i e(‘;’l‘jig?ncgm
Table 2.3. Chemical properties of the geothermal water samples.(mg/l)

No V:’;" ca®* Mg?* Na*  K* CF SO HCOsr SiO: \{\r/%zr
1  W_TRO0L 740 264 132456 64.03 131233 37.41 118021 125 NaCl-HCOs
2 W_TRO002 689 175 131922 62.64 130501 34.86 123054 145 NaCl-HCOs
3 W_TRO003 1441 158 131941 59.97 1328.42 38.12 1148.03 140 NaCl-HCOs
4 W._TR 004 868 100 135579 6359 1344.67 38.68 759.72 155 NaCl-HCO:
5 W_TRO005 3253 237 130149 6599 1308.80 34.29 120628 150 NaCl-HCOs
6 W_TR006 4829 415 1072.65 5843 1183.42 12.85 1468.41 145 NaCl-HCOs
7  W_TR007 1319 075 135262 64.77 135237 355 90477 165 NaCl-HCOs
8 W_TR 008 2508 1.88 135298 6592 1340.18 31.63 131315 165 NaCl-HCOs
9 W_TRO009 1217 079 122432 6244 122577 3425 115321 165 NaCl-HCOs
10 W_TR 010 4456 3.39 128119 6622 1250.75 3122 1447.48 140 NaCl-HCOs
11 W_TROI11 2453 174 134558 66.38 1337.69 32.47 135618 135 NaCI-HCOs
12 Preheaterin 1971 120 124492 6401 1357.74 33.89 1307.45 130 NaCl-HCOs
13 Preheateroul 21.39 133 124403 63.33 135480 34.76 133142 125 NaCI-HCOs
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2. 4Gedo.t her momet er 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 ib@ches
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 hightettmgerature 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, 20@0sson 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 Si.lli.ca Geot her momet er s

Silica geothermometers are widely used in determining reservoir temperature, and
they are based on the temperatdependent solubility of silica in water. These
geothermometers give good results at temperatures between 150 ar@ (E2firnier,

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 225C does not reflect the real temperature in the geothermal water.
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2. 4 . CGat2i.on Geot her momet er s

Cation geothermometers are geothermometers based on ion exchange. lon
exchange is a function of the reaction equilibrium constant (K), which depends on
temperature. The ratio of ieexchanged cation concentrations depends on the change of
the equilibrium onstant with temperature. Cation geothermometers give different
reservoir temperatures, especially for hot water sources, due to processes such as mixing
with coldwater and waterock interaction affecting the chemical composition of the
fluid during therise 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
t°C=42.2+0.2883% Fournier and Potter
1 Quartz 3.6686x10 S+ 3.1665x10 (1982)
'S+77.034lo%
t°C=(1522/(5.7890gS)} Fournier (1977)
2 | Quartz (at 100°C 273.15

max steam loss)

t°C =55.3+0.36559
3 Quartz 5.3954x10¢* S+ 5.5132x10 | Arndérsson (2000)
'S+74.360lo%

t°C Arnorsson et al.
4 Na-K =(1319/(1.699+log(Na/K)}) (1983)
273.15
t°C Fournier (1979)
5 Na-K =(1217/(1.483+log(Na/K)})
273.15
t°C Nieva and Nieva
6 Na-K =(1178/(1.470+log(Na/K)}) (1987)
273.15

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

t°C Giggenbach
7 Na-K =(1390/(1.750+log(Na/K)}) (1988)
273.15

2 . Besul ts

2. bHyldrogeochemical Properties of th

2. 5.Plhyls.i cal Properties of the Geoth

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 Lhe source of C&n the geothermal waters is
possibly the thermal metamorphism of limestone in the reservoir. Electrical conductivity
values vary between 5697 €S/ cm and 6147 ¢
geothermal fluids range from 3700 to 4200 ppm. Thdmutfemperatures of production
wells are between 125C and 148 C, and about 64C 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.Che2mi cal Properties of the Geoth

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

chemical analyses, the geothermal waters in the GGF are of 16&MN@0; water type.
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NaCIl-HCOs waters are located in marble, quartzite, and raatast units, which are
reservoir rocks for the geothermal waters.

As can be seen in Table 2.3, Sodium*)Nand Chloride (C) concentrations are
relatively higher than those of other chemical constituentsid\the major cation in the
geothermal waters of the GGF, with a concentration range from 1072 to 1355 mg/I.

The Nd/K" ratio in the geothermal waters is a good indicator of the paths followed
by the waters. A low N&K+ (<15) ratio means a high temperature in the geothermal
waters. A low N&K" ratio means that geothermal waters rise rapidly from the depths to
the surface and do not have enough time to cool. The ratio"®KNa 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 -surfeae
reactions and conductive cooling in the geothermal watersalinity increases in the
geothermal watersghe C&* values also increase. The ‘Cand HCQ values in the
geothermal waters are associated with marbles in the Menderes metamorphic rocks. Silica
(SiOy) 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, Nas the dominant cation, HGOand Ci 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 ee 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-lsgarithmic Schoeller
diagram (kgure 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“faig SQ* in
the geothermal waters decrease, and they are enriched'jiN@aK*, CI , and HC@

(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

preheagr system.
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In geothermal waters, Cand B elements are essential in understanding the-water
rock interaction (Aggarwal et al., 2000). The chloride Y€bncentrations ranging from
1183 to 1357 mg/l in the GGF, which is located 20 km away from the Aegean Sea.
Karakuk and kimkek (2013), and G¢gner and

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

Geothermal well
Sampling point
4 Production well
¢ Reinjection well
Locations

Residential area

° Township center

Biiyiik Menderes River

Water type (meg/l)
.
I v
.

K
[ ] Hcos
I so-
.

A

0051 2 34

Figure 2.8. Demonstration of the chemical properties of the geothermal well<GGEhe

The same authors stated that the effect of seawater intrusion on GG3®4s 7
Aggarwal et al. (2000) stated that high CI/B ratios might indicate a seawater effect, while
low CI/B ratios are associated with magmatic volatiles. Baba and Sozbilir (2012) state
that geothermal waters could gain their chloride concentrations from hotnefatied
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 waaggeothermal welld) preheater
system.

Germencik geothermal waters are rich in chloride)(&hd modest in boron (B)
concentrations. Boron concentrations range from 36 to 50 mg/l in the GGF. The CI/B
ratio for the GGF is given as 28.10, and there is a relationship betweemdIB
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 andderived possiblyfrom metamorphic ones such as gneiss and schist (Figure
2.11).

100.08: Explanations
@ W_TR_001
W_TR_002
W_TR_003
W_TR_004
W_TR_005
W_TR_006
W_TR_007
W_TR_008
W_TR_009
W_TR_010
W_TR_011

HeoeH <>

% ¥
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T T T
Ca Mg Na+K Cl S04 HCO3+CO3

Parameters

100.08:
Explanations

. Preheater in
‘ Preheater out

Concentration (meg/l)

T T T
Ca Mg Na+K Cl SO« HCO»+COs
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Figure 2.10. Schoeller diagrams for the geothermal wagmgeothermal wells b)

preheater system
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Figure 2.11. B and Ckelationship in the GGF fluids

2. 5. Hea3v.y Metals and Trace EIl ements

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 83 ppb, respectively. The lowest Al
and As oncentrations 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 boomaining minerals such as mica
and feldspar of the Bhderes 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 G@GF, Li
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 (cont.)

2. 5.St.adb.l e | sotopes

Oxygen and hydrogen isotope studies were carried out to understand the evolution
of geothermal waters in the GGF. O is the
is generally found in higher amounts in rock reservoirs (Clark and Fritz, 2013)ellik
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 wemygierature
systems (Clark and Fritz, 2013).

T h €80 isotope values vary betweeth . 6 9 4-2amMdb a, and the UD
valuesvarybetweerB 8. 0 7ad4 Gaandin the ther mal waters (
isotope results show that geothermal waters have a meteoric origin in the GGF and
suggest a %3 isdiopet eariciimiend in theithermal 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 esult of the interaction between the rocks with heavy isotopes and the geothermal
waters, the geothermal waters are enriched in heavy isatbmxygen and their
composition c¢han ¢% daluesqRigare 2.53a).proesefore,ithe bigh U
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 rotloaer 220 C. In other words, this supports that high

30



temperature geothermal systems exit in this region and the high dissolution of Sb in the
geot her mal Ssystem. Anot her r e ¥Q maybeftter geo
carbonate wunits containing marble in the
mostly found in oceans and natural waters, there are more negative values in the

geothermal waters (Figure 2.13a).
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The most widely used radioactive isotope in hydrogeochemical studies is tritium
(®H) (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 ggdstsi
groundwater residence times exceeding approximately 60 years (Ei@j8g Also, the
relationship diagram between tritiun?H) and electric conductivity shows that

geothermal fluid has a deeyater circulation (Figure 2.13b).

2. 5BEv2a.l uation of Rock and Scale Samp

2. 5.Roclk. Sampl es

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
composiions 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 dfie 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. At925 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_0G£ell 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 (NaAkBk)) and (anorthite (CaAbiOg)), silica (quartz
(Si0y)), and iron mineral (pyrite (Fe® and magnetite (E©.)) were detectedin
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addition, an Skbearing mineral phase associated with

depth interval (Figure 2.14).

2995 m. This depth corresponds to the transition zone between theahistunits and
the marbles. As seen as a result of XRD analysis, carbonate minerals (calcite)(CaCO

W_TR_007 W_TR_009
35m
473 m counts 5;:: counts
- - Sample depth: 1265 - 1285 m 655 m| 6000 Sample depth: 900 - 920 m
2000 g 3 970 m| =
3 s
1090 m| 2 _|9Q 1200 é
2 § |22 4000 Q
255 |22 @
1385 m £9 2 1= 1650 2
288 |cg §
1000 HAE £
S5e (28 2
2235 E a 20004 £
202|[F2 1830 m| 8
2025 m| 8
2330 m| "
d0: 200 30 0 6 70 80 2480 m| 1 2 3 4 50 6 70 80
20
2451 m 26
LITHOLOGY
- Alluvium
- Conglomerate
Clay
. Reddish conglomerate
- Gneiss
- Micaschist
- Calcschist
- Marble
uartzite-micaschist
© Rasidental aroa - Graphiteschist
= Townenip conter
» mw_m_uoa W_TR_002
counts 25m counts
A Sample depth: 2995 m 8000 Sample depth: 2325 - 2335 m
356 m
8000 = ~ 905 m 005 3
[=] = @
[ = s |5
895 m 4000 _ %8 5 5 ¢ 3 4000 %.‘;} [ =
g9k 28 2 2 22| 232 5 3
- S O 2 3 SLf (Ze€ o 3
> |38 g £ O3 2 g | wem 22| |Toe 2 >
1515 m| o0\ £ 35S E & 6 I o00{ 25 1358 ¢ 2
E 32 2 s 2300m 2 23 =
< q a - i 2 <
() - . I | [T o
3000 m 10 20 30 40 50 60 70 80 20 3 4 50 60 70 80
3074 mi 20 20

Figure2.14. XRD result$or the rock sample in the wells

schists was detected within this

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

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

(albite (NaAIS§Og)) and silica minerals (quartz (Sifp contained in mica schists were

d e p and 32 wé&re assigned to antingpm

a l

(Sb) in well W_TR_003 (Figure 2.14).

SO

found

at

t hi

S

33

S

gn



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 correspondcalcschist units. In W_TR_007 well, muscovite, ofe
the mica group minerals, was detected, unlike in other wells. Enrichment of geothermal
waters in muscovite minerals (KA&isO10(OH)2)) is attributed to the dissolution of
potassium feldspars by geot her muihdicateat er s .
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 35im. 35
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 wer observed between these depths. Minerals seen in the XRD pattern of
well W_TR_009 have similar characteristics to those the other wells. Muscovite
(KAIsSiEO10o(OH)) ) , a mica group mineral, was dete
32, and 62, resgctively. Diffraction signals at 22and 28 indicate feldspar minerals.
Diffraction signals at 21 39, 51, and 68 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 ofhe 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
rocksat 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 fitwen dep
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.

34



2.5.2t.i2zbnite Scale Sample in the Pr

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 redchisige amorphous

stibnite. The thickness of the Sb deposit is between 1 and 4 mm (Figure 2.16b).
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Figure2.15 Elemental composition of rock samples in the sebtained by XRF as a
function of depth the samples collected. Thek samples were colledde

from the geothermal wells

The diffractogram has a broad signal centered arounda@8 a very broad
reflection aroun®2 . In our study, SHbearing 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 letl@mperature conditions, which prevents the formation

of well-ordered crystalline Sb minerals. Therefore, no distinct stibnite riefhsctvere
observed in the scale sample XRD pattern.

SEM analysis was also performed to see the morphology of the scale. It shows
heterogenous spherical coll oids whose si z
morphology is quite similar to that of amorphous stibnite particles that have been reported
previously many times in the literature (Ciftci et al., 2020; Gill et al., 2013; Pan et al.,

2009; Zakaznowv#akovleva et al., 2001).

Figure2.16. Sb scale encountera@dthe preheater in the OR@nary system in th&GF
a) Preheater in, b) Sb scale in the preheater syd®dmto credit Be-kt e p e
ler company).
36



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
dependhg on the sulfide concentration, and it is consistent with the ratios in the literature
(Spycher and Reed, 1989; Zotov et al., 2003).

300 a

2001

1004

T T T T
30 40 50 60

Figure2.17 Evaluation of the Sb sca#g XRD result for the scale sample b) SEM images
of the Sb deposits.
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Figure2.18 Elemental composition of the scale sample
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2. 5Re3s.ervoir Temperatures of the GGF

2. 5.[Bi.lli.ca Geot her momet er Resul ts

SiO; 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 2.5the reservoir temperatures calculated according to silica geothermometers vary
between 139C and 167 C.

2. 5.CGBat2i.on Geot her momet er Resul ts

NaK geothermometerdNa/K geothermometers are based on cation exchange
reactions between albite (NaAtSg) and K feldspars (Fournier and Potter, 1979). The

cation exchange reaction is givEquation 2.3.

GOBYO 0 P OBYA 0G0 QA QI A O (2.3)

Table 2.5. Reservoir temperatureG) calculated with silica and catigeothermometers
for the GGFE

Geothermometer Equations

Location Well ID 1 2 3 4 5 6 7

Germencik W_TR_001 150 143 139 164 162 150 180
Geothermal W_TR_002 159 151 149 163 160 149 179
Field W_TR_003 157 149 146 161 158 146 176
(GGF) W_TR_ 004 163 154 153 162 160 148 178

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

W_TR 005 161 153 151 167 165 153 183
Germencik W_TR_006 159 151 149 172 170 158 188
Geothermal W_TR_007 167 158 158 164 161 149 180
Field W TR 008 167 158 158 165 162 150 181

(GGF) 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 fromteigiperature

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’@d&*, they are less affected by

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

water mixtures, they give more accurate results than silica geothermometersefFourn

and Potter, 1979). The Na/K geothermometer results show that a reservoir temperature
for the geothermal fluid in the GGF ranges from 146 to 188Table 2.5).

Na-K-Mg geothermometerdhe NaK-Mg triangular diagram was proposed by

Giggenbach (1988). This diagram consists of a combination of Na/K ahty K

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

geothermal waters in the GGF tend to approach the Nd&dme. This is related to the

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

rocks are enriched in feldspar minerals (Nad@giand KAISkOs). According to the

Giggenbach triangular diagram, it is seen that the geundievaters 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 esanay the Giggenbach diagram

(Figure 2.19).

Giggenbachos

di

agram sugges

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

have static temperature data. According to the numenmchblock 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 150C and 200 C. These values agree with the reservoir temperatures obtained

by geothermometer calculations.
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Figure 2.19 Distribution of water samples from th€GF in aNai Ki Mg 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 reaclC276
while it can reach 245C at the eastern end. In the middle part of the BMG, the reservoir
temperature of the geothermal fluid is aroundil®® C ( Hakl édér and ken

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

2. 5Midn.er al Precipitations in the GGF

Il n this section, mi ner al behaviors in t
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2.5 . HAc.all.e i n the Geot her mal Wel | s

For the GGF, saturation indices were calculated at different temperatures from 20
~C to 200 C using the chemical models Phreeqc and WATCH for the geothermal fluids,

where reservoir temperatures are lower than T30

=]

Temperature (°C)
200

Elev (2)

150

100

I .
19.1

East (X)

[e]

Elev (2) 200

Temperature (°C)

150

100

Iso
19.1

n
+

ast

Figure2.20. Reservoir temperature modelliayNumeric modeb) Block model

The geothermal fluids are supersaturated with quartz and chalcedony minerals in

all wells below 140C and 120C, respectively (Figure 2.21). Otherwise, the geothermal
41



fluids are undersaturated with amorphous silica abov€4Bowever, as the temperature
decreases<(40 C), 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 ofpower plant (Brown, 2013; Demir et al., 2014; Utami, 2011; Zarrouk et al.,
2014).

The geothermal fluid is undeaturated with respect to the mineral anhydrite
(CaSAQ) 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 tsaterated
with respect taalcite below 100C. As the amount of CQlissolved in the geothermal
fluid increases, the amount of dissolved calcite increases. Therefore, as the geothermal
fluid risesto the surface, the decrease in the amount ef@iOcause calcite precipitation

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

2. 5.%c.a2l.es 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, theéeature
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 8,86hile the
outlet temperature of the geothermal fluid in the preheater i€6Bigure 2.22 shows
that the geothermal fluids are supersaturated with stibnite (Sb) minerals bel@nir90
the preheater system. Wollastonite (Caspi@hd anhydrite (CaS{pare undessaturated
at all temperature values. Amorphous silica ¢pi@nd fluorite (Cak) in the preheater
system are undesaturated at all temperature values like wollastonite and anhydrite.
Calcite (CaC@®) solubility decreases with increasing temperature. Therefore, calcite
scaling would not be expected in the emperature preheatsystem. Considering the
inlet and outlet temperatures of the preheater system, silica and-bals#e scaling

should not be expected in the GGF.
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2. 5T.h5e.r modynamic Modeling for Sb 1in

Geothermal fluid changes thermodynamically from depth to surface conditions
with changes in pH, temperature, and pressure. These thermodynamic changes depend on
waterrock interaction and the nasondensable 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.

Waterrock interactions in the thermal waters producing stibnite species were
investigated using activity diagrams. In the activity diagram, according to the dissolved
H>S 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>8 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 U
mechanism of the stibnite with pH and temperature because the solubility of the stibnite
in the geothermal fluid is constant at higher temperatus&0(q C) (Zakaznova
lakovleva 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®0n the presence ofA3 (Figure 2.23).
Thioantimonite species begin to dominate at @0 Acidification takes place in the
geothermal fluid due to the oxidation of hydrogen sulfideS)Hn the pink rectangle
region (Figure 2.23). The red dashed ellipses were used to show the emergence of
different stibnite species at low (5Q) and high temperatures (200). 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@}, 3+
has a significant effect on stibnite solubility. Hydroxothioantimonite species become
more dominant at higher temperatures in the bewib( 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 lel@mperature surface equipment such as the

preheater.
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Figure2.23. Stibnite speciediagrams for different temperatures

2.Bi.scussi on

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 hug

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 manyelaigim
enthalpy geothermal fields in the graben, it provides suitable conditions for geothermal
power plants. Geothermal power plants in Turkey are generally biyahly and fash

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 uieat they

are easy to maintain and install operationally. However, the geothermal fluid undergoes
physical andchemical changes thermodynamically during operation, causing scale
problems that reduce tip@wer plant efficiencyDepending 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 plantsScale problems seen in binary cycle power plant§éestern Anatolia

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

et al., 2014; Yeldéerém and Yéldéreém, 2015)
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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.G@d decreases with temperature.
Therefore, the partial pressure of £4nd 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 poweés.pHalca 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 scakeg place in reinjection
wells and heat exchangers in geothermal power pl&atSde 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 geo#hefields. Stibnite
solubility is controlled by pH, temperature, andSHconcentration. Increasing.$l
concentration in geothermal fluid causes pH decrease, and stibnite scaling starts with
decreasing temperature. Therefore, stibnite scaling is seen itetoperature surface
equipment such as heat exchangers, preheaters, and condensers in geothenmal powe
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, quartzitehists, calcschists, graphgehists, and marbles) and
gneisgs. The GGF has two reservoirs: (1) the first is a Neogene aged conglomerate and
sandstone reservoir that is fractured by
of the GGF are composed of Paleozoic aged various schists (quartzite, gaahigite
calcschists, graphitechists, and marbles) and gneisses.

According to the CI/B relationship obtained, the geothermal waters are recharged
from the same deep reservoir and show theCNBICOs water type. Geothermal waters
presenting the N&I-COz 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¢ stibnit

scaling in the preheater system
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2. 6P.ols.si bl e Mi nefMandemDewapoltat i on

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 geotfileiichal
flows from the reservoir through the entire system in the GGF, there is no risk in terms
of amorphous silica precipitation between @5and 195C. However, as the temperature
decreases, amorphous silica precipitation can be expected. Therewaltedcomy, and
quartz may precipitate below 136. No stibnite was detected in the production wells of
the GGF.

2. 6St2i.bnite Scaling in the Preheater

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
sdhist contacts. In addition, the highest concentrations in terms of elemental composition
in rock samples belong to Sh. According to the rock sample analysis, it is understood that
the origin of the stibnite scaling observed in the preheater system is gndischists 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 andsohish. In a similar study in
South Africa, Pearton and Viljoen (1986) stated that the source of stibnite is quartzite and
guartzmuscovite 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; Zotoy 20aB).
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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 thioantimoni®h{8s)
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 preseng® of H
in geothermal systems. The same author stated that increaSirgphtentrations would
lead toa decrease in pH, and with the rapid decrease in temperature, stibnite scaling will
take place. The ¥$ 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 geothemal fields in the BMG to marbles.

In the GGF, stibnite formation starts at 90 in the preheater system. The
geothermal fluid enters the preheater system at@Oand 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 aroundC a6 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
preheatesystem. According to Wilson et al. (2007), a temperature lower ttarClénd
pH<8 provide optimum conditions for stibnite precipitation. In another study, Brown
(2009) stated that temperatures lower than®@nd pH< 9.7 are the best conditions for

stibnite precipitation.

2.Conc!l usiFomRBRd neanrdk s

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 systeras of th
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 tempesatnpsrtant
in terms of potential scale formation.

Periodic mechanical cleaning is performed with Riglassure 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 verctinseiming
ard, 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
preheatindy 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. Lntroducti on

One of the main problems related to the extraction and utilisation of geothermal
fluids is scaling. Especially, in higiemperature liquidtlominated geothermal systems,
during the operation of wells, differences in temperature and pressure lead to ¢éhanges
the chemical composition of the geothermal fluid and this causes calcification problems.
It is well known that the chemical composition of geothermal fluid in desgrvoirs is
controlled by lithology. In particular, the interaction between the #indirocks leads to
the dissolution of various minerals at different temperaturepeggsures and mineral
enrichment of the fluid. (Gunnlaugsson and Einarsson, 1R88tmannsdéttiy 1989;
Honegger et al ., 1989 ; ¥ | Fheahenjichl compodit@r8 6 ;
of a geothermal fluid is influenced by the temperaturepgagsure while being extracted
from a reservoir. As a result, the pH and&0ntentof the fluid create different types of
scale problems in the well and surface equipni&atcia et al., 2005). The scale issue
arises from the supersaturation of dissolved minenatee geothermal fluid, which is
regulated by all of these variables. In geothermells, scaling restricts the flow of
geothermal fluid, lowers system efficiency, ammises 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-Hatk | € d ér

* This chapter has been published as: TonBakhat LaurentAndré, Alper Babg MustafaM. Demir,
SimonaRegenspurgand KatrirKieling. 2025. Effect of degassing on scaling in hypersaline system: 1
geothermal field, TurkeyGeothermal Energyl3(1), 5.
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In geothermal power plants, the most prevalent scale types are $ytfele
(particularly stibnite), carbonates (mainly calcite), and silica (Arnérsson, 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
sulphide and sulfosalt minerals (Gunnlaugsson and Einarsson, 1989; Honegger et al.,
1989; Kristmannsd-ttir, 1989; ¥l -enoVYl u,
on calcite scaling by Arndérsson (1989) revealed a boilehgted drop in C@partial
pressure. According to Arnérsson (1989), abundant of GaCgzothermal power plants
stems from its deposition from extensively boiling ascending water. The researcher stated
that calcite precipitates and supersaturates whep g2@ial pressuresrdp 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
condenses, cooling towers, and heat exchangers, and dibs®d scaling takes place in
heat exchangers and reinjection wells (Patzay et al., 2003). There may be a problem with
silica scaling in geothermal fields with medium and high enthalpies. Different kinds o
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 silicdiesari€he
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, reinjectinawe|
occasionally production wells are the riskiest equipment for amorphous silica scaling
(Utami, 2000; Demir et al., 2014; Mundhenk et al., 2013; Gunnarsson and Arnorsson,
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 Truedell, 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 (SigQptlymerization control
silica scaling, in contrast to calcite scaling (Ellis and Mahon, 1977). Equations 3.1 and

3.2 express this silica polymerization:

YOO © 00 “YQuiy@ OO0 (3.1)

6 "'0QUJ0G Y@ O © §0QiIY® ¢Oj (3.2)

The initial stage of silica polymerization is defined by these two processes.
Amorphous silica is found in some geothermal fields in combination withafld Fé*
to generate metal silicates (Gallup, 1997). One of these metal silicates is represented by
the Fé&Oi Si bonds inEquation 3.1. The AIOi Si 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 (ADzi SiOy) (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. Th
mechanical cleaning and inertness to a wide range of solvents. The solution laggproac
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 scdlisgng data from new wells and the
i nstallation of two new power -plhEhedérneth
(2021) assessed the reservoir characteristics of the field. The authors handled the mineral
precipitation problem in the triplea$h system. They used the test equipment system,
such as a silencer, wdiox system, and separator, to collect fluid samples under
changeable production settings that were managed by physical characteristics including
temperature, pressure, and well floate. Their analyses revealed that when the reservoir
temperature rises, there are more intense interactions between the water amtigock.

aut hors stated that calcite and silicate s
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Figure 3.1. Solubility of different silica forms in wat@fournier and Truesdell, 1973)

field. Their modeling results showed that-gilicates and Mggilicates 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 smulated 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, £@ass flow rate, and liquid mass flow rate

on the site®f flash point and calcite scaling are examined. TOUGHREACT established
the TiHi C coupling method of geothermal fluid flow process from wellhead to well
bottom. According to their simulations, the concentrations éf,@{', and N4 in the
geothermal fluid remain the same below the flash point. The results of TOUGHREACT
simulations indicate that the concentration of*'@hops quickly at the flash point and
then gradually increases, whereas the concentrations 'ofr@ N& continuously
increase. The amoumf calcite scaling is lower below the flash point and increases
significantly following flashing. Moreover, as the liquid mass flow rate, wellbore
diameter, and COmass 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 observediten 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 synchrotrebased small angle-Kay scattering (SAXS) and a conventional
dynamic Ight scattering (DLS) detector were used in experiments. Experiments were
carried out using a flow geothermal simulator system in the study, wheretaneain
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-tea¢ as well as the
subsequent nucleation and development of silica nanoparticles in a coolingnsdib&o
kinetic reactions were monitored, taking into account silica concentrations, ionic
strengths, temperature, and pH. The results showed that the silica hanoparticle formation
rate was proportional to the silica concentration (640 vs. 960 ppn), $i@ 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-teselved particle formation. Andraket
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 ameditusing
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 pos@brto 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 diffgpéhtvalues, and it was
concluded that the ultrasonic velocity dropped as the pH declined, possibly indicating
silica polymerization.

Kristmannsdattir (1989) stated that the most important use of geothermal energy
in Iceland is for space heating and mentioned a typical issue with reinjection well$ is iron

magnesium silicates in the Reykjanes field. Along with silica scaling, sulfidesigpre
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precipitated in the surface equipment system of the Reykjanes field-gBantitative
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, Kristmannsdoéttir (1989)
explained that many fluids with low temperatures include some hydrogen sulfidé, wh

can coat steel pipes in iron sulfide and effectively erode copper surfaces, especially in
Northern Iceland.

Kohl 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 ate 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
relieson 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 regressionsptat da
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. Tlhe auth
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) concludesl8nded
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 madtkel. 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 helzdirege with altitude, nen
condensable gases (NCGs), and salts in geothermal wells, Barelli et al. (1982)
concentrated on a twghase flow model that describes the impacts of the presence of
salts on noncondensable gases (NCGs) using thermodynamic pasanretlerding

enthalpy, density, and brine vapour pressure. Barelli et al. (1982) compared the numerical
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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 usingstirllilation
procedures. On the other hand, Cerclet et al. (2023) aimed to quantify the parameters
impacting the calcite scaling by calibrating a thedmydro-chemical model using
experimental data. They used 16 groundwater samples to calibrate a-tyehmo
chemical model which includes CfOdegassing, calcite reactions, and temperature
dependent reactions. Cerclet et al. (2023) stated that the degassingaafuSes 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, andtésnggeothermal operations.

The prevention of obstructions to flow, caused by either solids or gases, in agabthe
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 sbased 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 sofar, 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
charactede 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 wdl and they predict the nature of the minerals that are able to precipitate inside the

well according to a senaguantitative approach.
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3. Beol ogy of the Tuzla Geother mal Sy

Studies on geothermal energy were initiated in Turkiye 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 AC were identified. Being an actiwv
important geothermal sources, Tuzla and its environs have been the focus of several
geological studies in the past (Ercan and Turkecan, 1985; Karamanderesi, 1986;
Mutzenberg, 199 ; Samil gil, 1966 ; kener and Gevr e
tectonic field situated 80 km south of Canakkale and 5 km from the Aegean Sea, Turkiye
(Figure 3.2).

Figure 3.2. Location map of the TGF

The 50 kmiregion covered by the geothermal field includes the Tuzla River and
its tributaries. Researches on geothermal energy have been continuing in the field since
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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 d

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, asiddital

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 rhyoliti@saof Miocene

age, which are the byproducts of calcic volcanism, make up the upper portion of the
stratigraphic | ay2000). Th& eseeoair roaka donsiteol these
Miocene aged volcanic rocks. The cover rocks in the system are of Nesagaistone

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 depositee 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 ther mal regi me ( ken eurently hnded @G ¢he r e k ,

TGF6s active ther mal regi me.

Figure 33. Crosssection of 3D geological model of the Tuzla geothermal field
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Figure 34. 3D geological model of the Tuzla geothermal field

3. Materials and Met hods

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 andigations
fluid analysis, assess the quantities of heavy metals, and conduct XRD, XRF, and SEM
analyses on scale samples.

For the numerical approach, PhreegQParkhurst 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 35.
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Figure 3.5. Flow chart for the research methodalogy

3. 3Anlal yti cal

3. 3.Geolt.her mal

Me t

Fl

hod

uid and

Gas

Sampl es

Geothermal fluid samples were collected from wells and surface equipment

systems. @ble 3.1 providesletails 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 rajoror anions and

cations, and 1 L for stablsatopes were utilized. Samples were collected for heavy metal

analysis, and then 2% HN@itric acid) was added to acidify them. In the laboratories

of the Izmir Institute of Technology, major and minor studies were carried out usiing ICP

MS (Inductively Coupled Plasma Mass Spectrometry), while heavy metal analyses were

carried out using ICFOES (Inductively Coupled Plasma Optical Emission Spectroscopy)

equpment. Through the use of the Hdchnge DR5000 UVspectrophotometric

technique, the Si©concentrations of the geothermal fluids were ascertained. In the

| aborator i

e s

of t he

Stat e

Urkiyed stable lisotape Wo r Kk s

analysis of the gghermal fluids was performe&as 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 rangda @D0 amu was used in the GFZ laboratories (GFZ
Helmholtz Centre, Potsdam) to analyze the chemical composition of gas samphés, (H

N2, CHs, Ar, and CQ).

Table 3.1. Well information from the TGF

Geothermal

Well ID Well depth Bottom Wellhead gradient in Flow rate Wellhead
(m) hole temperature well (t/h) pressure

temperature (C) ("C/50m) (bar)

(0
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 34°C 300 2.14

3. 3. Anal.yzing the Scale Sampl es

The scale samples were collected from some of the geothermal wells and surface
equipment. Xray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), and
scanning electron microscope (SEM) analyses were performed on scale samples. Using
the Spectro 1Q Il instrument, XRF studies of scale samples collected from geothermal
wells were carried out. High sensitivelement concentration delivery at the ppm level
is possible with Spectro 1Q Il, ranging from sodium {Ng to uranium (LB2). In
addition, Xray diffraction (XRD) studies of scale samples were carried out utilizing the
Philips X&RegrtdiRrfa.acXion ( XRD) provi des
crystal size, nowtrystalline phase content, and phabandanceThe FEI QUANTA 250
FEG scanning electron microscope (SEM) was utilized to visualize the-sized scale

formations.
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3. 3Us2i.ng Numeri cal Met hods for un

Reacy i vit

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.@f)d computational code
Phreeqc3 wer e utilized for this purpose, proi
reactivity. PhreeqC is a code widely used in the geosciences community to deal with
chemical reactity 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
relationstip Log10K(T)=A+ BT+ C/T+ D.Log10T + E/T? + F.T2, whereA, 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:
Logi0 K(T,P) =log K(T, 1 atm)- (P-1)/(RT.In10) *ODV(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
volumeof 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 Robing@tien.

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 Bl o t activity model because of t h
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

geothermafluid in the production well. For this, a thre&ep process is employed:
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Determination of the fluidds compositdi
temperature and pressure both during t
dursampling have an i mpact on the comp:
need then to recalculate the fluid comjp
code under batch conditions. For that,
analyzed atbltene3 sy famce W& ai mpose to it
reservoir conditn ondhendumersicaalbednal
paragr aph;

Petermination of temperature and pressu
enables the calcul ation of P and T pro
(l'ength, diameter, etc.) and the expl oi
Degterminati on o f t he chemical reactiv
i ncorporates the temperature and press:!
GWELL code. A series of batch with thei
Each bat ch I sa csoenpsardeetreedr eaasct or wi t h
(equilibrium between the gaseous and a:
phase and the minerals) t hat occur Wi
equilibrium with a gas pbasempbsaitt has &
vol ume. As a result, the | iquid can de
depending on the pressure and temperat:
composition of the pumped | iquid as des
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-gusetiiative, 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 @i 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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3.4he Resul ts

3. 4Fllui d and Gas Properties of the

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
COgas in the well, there is an excess of free @@e mineral acidity) in the water from
the wells, making the water acidic. At the Tuzla geothermal site, the wellhead
temperatures of the geothermal flindwells T9, T16, and T18 are, respectively, 164.47
°C, 166.3 °C, and 168.6 °C. Nand Cl are the predominant ions in the TGF geothermal
fluid, based on the Piper and Schoeller diagrams (Figure 3.6 and Figure 3.7).
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Figure 3.6. Piper diagram of the geothermal fluids in the. TGF
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Because of this high concentration of‘dad Cl, the geothermal fluid in the TGF
is referred to as having a hypsaline character. Hydrothermal activity is indicated by the
TGFOs geot her mal fluidso high NaCl cont
characteristics. Geothermal fluids from depth arev elet e d by the regi
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).

Explanations
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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 plhvalues
the geothermal fluids collected before the separator (at wellhead) decrébseds
because the fluid is twphase (gas + liquid) before the separator.,@&@ acidic gas,
decreases the pH values when present with liquid. On the other handremse in the
pH values is observed in the fluid samples collected after the sepdtegoio the
separation of gas and liquid (Figure 3.8 and Figure 3.9). In the EC gra@®2fband

2021, slight increases are observed in some months. The formation of Slay& the
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geothermal aquifer and the Ca/Na ion exchange caused by plag@blitigation could

be the reason for this (Kloppmann et al., 2001). In addiBaba et al. (2009) stated that

the interaction between fluid and volcanic rocks m@mafigct the EC values. The EC values

of the geot her mal f | uin 2020 cared r2@21., and thare ayeeno c o n s
significant fluctuations in the EC values (Figure 3.10 and Figure 3 h#&)small changes

in silica values on a monthly basis are probably related to watarlation 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). CQ, ranging from 87.3 to 97.6% by volume, is the most dominant of all gases,
followed by N, 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.
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Figure 3.8. pH change in the geothermal wells in 2020
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Figure 3.9. pH change in the geothermal wells in 2021
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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. 4St2abl e | sotope Evalwuation of the

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
flui d¥Q itshoet olpe val ues r and,e vbheitlwe etnh & 0l B
val ues range bet we @igurei3.14Thelgeothermal fluidslekhibit 9
an enrichment in 47 O valwues (up to 1T0.5a)
(down t o Tihles .st%@d)l.e i sotope data demonstr at
are derived from meteoric origin (Figure 3.14).

3. 4Ge30.t her mometer Applications

The reservoir temperatures of the Tuzla geothermal field were determined using
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cation and silica geothermometers. SgOncentrations (as ppm) were derived from the
chemical analysis results assessed in the TGF within the parameters of the study. The

TGF has Si@values ranging fro89 to 197 ppm. Tables 3.4 and 3.5 give the equations
computed using the silica and Na geothermometers for the geothermal fluids that
constitute the geothermal aquifer. The temperatures of the reservoirs as determined using

silica geothermometers rangeor 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).
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Figure 3.14. Isotope evaluation of the Tuzla geothermal fluids
Table 3.4. Silica reservoir temperature equations used for the TG
No Geothermometer Equations Reference
1 T °C=-42.2+0.28832Si@ 3.6686x10" SiO*+ 3.1665x1VS3+77.034logSi®  Fournier
and Potter,
1982
T °C=[1309/(5.1910gSiCy)]- 273.15 Fournier,
1977
(cont. next page)
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Table 3.4 (cont.)

3 T °C=[1522/(5.75l09SiCy)]- 273.15 Fournier,
1977
4 T °C =-55.3+0.36559Si® 5.3954x1¢Si0x? + 5.5132x10 Arnérsson,
’Si0*+74.360l0gSiQ 2000
5 T °C=[1032/(4.6910gSiCy)]- 273.15 Fournier,
1977
6 T°C=(1112/(4.91logSix))- 273.15 Arnérsson
et al.,
1983

Table 35. Na-K reservoir temperature equations used for the TGF

No Geothermometer Equations Reference

1 T°C= 856/[ log(Na/K)+0.857]273.15 Truesdel) 1976

2 T °C = 883/[ log(Na/K)+0.780] 273.15 Tonanj 1980

3 T °C = 933/[ log(Na/K)+0.993] 273.15 Arnorsson et a).
1983

4 T °C = 1319/[ log(Na/K)+1.699] 273.15 Arndrsson 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 thei K&aMg triangular diagram. A combination

of Na/K and K Mg geothermometers can be seen in the Giggenbach diagram. A helpful
framework for understanding actual fluid and mineral compositions is the Giggenbach
triangular diagrm6s zone of full equi | i-themicalme It
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 trere is a range in which the N& Mg geothermometer can be used reliably, from
the disintegration of rocks to immature fluids. Approaching the geothermal fluids in the
TGF to the Naand 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 geothermapmete
and Figure 3.15 illustrates how the sil

appear to be more accurate.
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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 6the 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

minerds (carbonates, silicates, sulfides and sulfates) are followed (Figure 3.18).
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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

fieldds reservoir temperatureys range from

25 0

Temperature (°C)

Saturation indices
(o]

95 —@&— Quartz(alpha) Chalcedony Calcite
Barite —8— Galena —&— Aragonite

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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3. 4Evd4al uAsseoxngment of the Scale Samp!

The scalesamples 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
compositiors, 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 Cafs@spectively, the layers appear to be black and white,
respectively.
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Scale in the well

Compositions: PbS (Galena), CaCO;

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 TGFO:s
which also include pyrite, hematite, quartzféddspar, biotite, amphibole, sanidine, and
chalcopyrite. According to Demir et al. (2014), the scale sample has a density of 2.18 to
2.88 g/cmi. As shown in Fig 3.20, PbS (galena) and CaG@stitute 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, andrfSi (Bigure 3.21).
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Figure 3.21. Elemental compositions of the scale sample in the surface eqapsbemt
of the TGFE

3. 4Chbe.mi c al Reactivity in Tuzla Well

Determining the fluid composition in reservoir conditions is the first stage in the
modeling process, highlighted the numerical method. This is accomplished by first
entering the fluid composition (see Table 3.2) into PhreeqC at laboratory conditions (pH
=5.6, Ehd 200 mV, Temp=25°C,P=1ba) , and then raising the
and pressurtd reservoir conditions (i.e., 160 °C and 50 bar). Because of the low charge
balance (about0.6%), no adjustment of the chemical composition has baen ddinal
condition isthen imposed on the fluid: the fluid is assumed to be in equilibrium with the
rocks of thereservoir, in this case quartz and carbonates (more specifically calcite). The
COz partialpressure 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 well 6s characteristic di m
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

Crosssection
Well Interval Length [m] _
diameter [m]

Omi 49 m 49 0.50
49 mi 220 m 171 0.35
220 mi 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 22, the first of which is the degassiimgluced 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 (Ande et al., 2023).

The PhreeqgC code is then used to si mu
reactivity in a onedimensional column mimicking the well using the temperature and
pressure profiles that were computed using the GWELL tool. Throughout its length (z =
5 m), the beehole 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.

Pressure (bar)and Temperature (°C)
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Figure 3.22. The pressure (blue) and temperature (orange) profiles in the geothermal
production well (Andé et al, 2023)

The minerals that can precipitate during cooling can be determined by a first run
conducted under batch settings without allowing for degas3ing.saturation index
graphs (Figure 3.23Jemonstrate that the mineral wairakite in geothermal wellgs
supersaturated at all temperatures. On the other hand, the mineral saponite
(Ca.29Mg,Fel((Si,Al)4a010)(OH)2i n(H20)) is supersaturated in the geothermal waters
over 75 °C. At all temperature ranges, the mineral sepiolite$&g:i5(OH)2i 6H20) 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.
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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
(CaC), quartz (SiQ), galena (PbS), and barite (Ba@ possible for the solution
composition given (Figure 3.24). As the
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 andoready
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precipitate within the well. The degassing is primarily responsible for this abrupt spike.
Indeed, when Cg&}) 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 undes €0rm involving calcite

oversaturation and the possibility of calcite precipitation accordi&gyuation 3.6:

80 L (3.3)
80  O6 080 O (3.4)
060 806 O (3.5)
50 66 6068 (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 nemero saturation index near the feedzone. The quartz saturati
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 minsraijtially
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 mineralselthdhe degassing 0b8g)
involves the shift of the equilibrium3(7) towards the formation of products. The
consequence is that reactidh@i 3.10 are impacted by these disequilibrium: protons are

consumed, pH increases favouring the formation &f S

'Y Oy v (3.7)
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Figure 3.24. Left: pH profile according to depth. Right: saturation index profile for
mineralsi 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

'Y 0® 0 ody (3.10)

Then, the saturation index of galena becomes positive, and galena can potentially
precipitate (Figure 3.24).

The solutionds thermodynamic equilibri
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
8 4



contains CQg), H-O(g) and BS). 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, visaitiny amounts of C&and HS are also present (Arget al., 2023).

Precipitated mineral (moles) Moles of gasesin the gas phase
0.00E+00 4,00E-04 8.00E-04 1.20E-03 0.00 0.20 0.40 0.60
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Figure3.25. 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. 5Di scussion

Regarding the lithology of the reservoir and the chemistry of the water, the TGF
i s among T¢rkiyeds most intricate geotherr
to deal with form of scaling in the Tuzla geothermal system is sHlzated scaling.
Galena and CaC{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. Th
TGFO6s reservoir rocks are t he-tldsparbibtiteani c
amphibole, sanidine, chalcopyrite, pyrite, and hematite. The geothermal fluids exhibit
supersaturation towards wairakite, undersaturation towards sepiolite,pardagturation
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 thengiptie 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,

r

which is estimated to be about 1105 m, acec

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 quartzi€efassing has a
significant i mpact on the fluidsd c¢chemi
estimated using the model, the growth of
findings are not displayed here). However, the model does prowfmtenation on the
scalingés 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).

t

According to Figure 3.26, t hese el emen

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 aramnite, 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 gprantitative. The next step

could be to reach more quantitative results by adding:

- The kinetic rates of miner al precipit

equilibrium state, 1 .e., an instantan
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t he mi ner al s. We know that ma ny mi n

constrai ntbse tihnactl undeeedd. t o

- The nucleation of the minerals and tl
(as seeds) by the fluid. As for the p
suppose that the mineral precipitate
become polkmowvehawefl|l ow regimes in t
hypot hesi s.

- The deposition of the minerals on the
should include a deposition model t o

thickness according to ti me.
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Figure 3.26Elemental 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 hosg(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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3.6Concl usi ons

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 petoand Mg
This research discusses the effect of degassing on TGF scaling. The PhreeqC numerical
mo d e | i ndicates that the degassingingpoi nt
significantly changes the fluid chemistry, and the model predicts the deposition of calcite
along with smaller el ements including gal
agrees with the experimental finding and field observations. The modeid@so
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 analyiauation 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 geothdiedd, 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, TURK KYE

4 . 1l.ntroducti on

Greenhouse gas (GHGs) emissions to the environment have grown in importance
in industrial processes in recent years (Junior e@R5). In particular, the primary
contributor to global warming is carbon dioxide (§@hich accounts for about 80% of
GHGs. Moreover, global warming caused by anthropogenic activity has increased by 1.0
°C over preindustrial levels and is predicted to reach 1.5 °C by 2030 (Fawzy 2020).

One of the most effective and sustainable strategies for reducingi@iSsions ido
capture the C®from facilities and sequestrate it in geological media (Aradéttir et al.
2012;Clark et al, 2020; Snaebjornsdottir et a22014). It is possible to trap the injected
CQO: 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 occuitevitie CQ-waterrock
interaction continues after injection (Steel ef 2018; Liu et al. 2019). Geochemical
trapping can be divided into solubility trapping and mineral trapping. Solubility trapping
is the process in which injected e@issolves into water and permanently turns the
aqueous phase (Liu et ,aR019). Subsequently, acidity in subsurface geological
formations is increased by G@issolution in water. Consequently, a number of the host
rocks' main minerals dissolve into the formation wa#trlow pH levels. The

concentrations of metal divalent cations such &,®4g?*, and Fé" increase to form

89



carbonate minerals under these circumstances. This phenomenon is known as mineral
trapping (Saadatpoor et @010).

Over the past 30 years, a humber of geochemists have developed a number of
experiments under various conditions to measure the mineral kinetic rates (Burch et al.
1993; Fu et a).2009; Gautier et gl1994; Hellmann1994; Lu et al.2015; Nagy and
Lasagal992; Oelkers et al1994). 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 segGé€stration
experimentally, numerically, or in actual field studidsk( € n , 2025;Barmdsen et gl.

2024; Erol et a).2022;Kaya and Zarrouk2017; Kolditz et al.2012).Ajayi et al. (2019)
conducted a comprehensive analysis of the operational concepts and significance of
underground C@sequestration. The expected outcomes of the study are a synthesis of
the current status of G@eological storage, an analysis of capture mechanisms and
migration processes, a comparative assessment of modegtiprgaghes 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 watéw unconfined aquifers as a
long-term CQ storage method. The study focuses specifically on a geothermal reservaoir,
systematically explores a wide range of hydrogeological and geochemical parameters,
and quantitatively evaluates the wat@CO; ratios ad 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 thatay®e
securely stored using solubility trapping. For the CarbFix project at Hellisheidi, southwest
Iceland Aradottir et al. (2012) evaluated the efluid-rock interaction. Their goal is to
determine whether in situ G@ineral sequestration in Iceland's basaltic rocks is feasible.
After mixing the captur@ CO with the effluent fluid, it is subsequently injected into a
geothermal reservoir. In this procedure, solubility trapping is used to first trap the injected
CO». Once the injected C{has mixed with the formation fluid, it may then generate
bicarbonate and carbonic acid. In the process, the injectedi@@es, combines with

the formation fluid, and mostly changes into bicarbonate and carbonic acid, two other
aqueous species. Complex chemical processes that result in the immobilizatiop of CO
can betriggered by the dissociation of bicarbonate and carbonic acid ionsisGlaen
trapped in solid mineral phases, such as calcite and dolomite (MatteRe0al 6 ; PSi kr

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 GEEGS in the geothermal site at Desert Peak (Nevada).
The main minerals undergoing dissolution, according to modeling studies, are quartz,
chlorite, albite, anorthite, and-t€ldspar. The following are the main secondary minerals
that precipitate: sideritealcite, kaolinite, illite, smectite, and dolomite. To analyze fluid
rock interactions throughout the flow pathways connecting thetiajeand 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 authtirslate that 70% of the
injected CQcan mineralize along the flow pathway based on their geochemical modeling
results. Erol et al. (2022) used TOUGHREACT to model a possible@Qginjection
into deep metamorphic formation rocks consisting of guiartzchist, and marble in the
Kézéel dere geothermal field in T¢grkiye. Th
three annual injection rates of €fr ten years. The two main objectives of their study
are: i) to identify the mineralization process and ii) to assess the dynamicoibkid
interactions with the highest feasible £harged fluid inputThe solubility of CQ in
the effluent fluid was less than 0.1 mol/kg, and the partial pressure afi€a®the pilot
injection well was less than 1 MRduring the injectionAccording to their modeling
results, under all conditions, the maximumzBarged 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 I@&ss fraction of the injected fluid
and the reservoir restrict the process ob@Gtneralization.
Field studies on C&xo-injection are successfully carried out using industria CO
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 Turkiye (Topcu e@ll9). However,
the geochemical reactions between reservoir rock, fluid, and l@@e yet to be
understood for the TGH.0 address this research gap, we conducted a batch reaction
experiment and a geochemical model to confirm the feasibility efs€questradn. The
study focuses on analytical, experimental and geochemical modeling methods.
The main intention of this study is to;
- Reveal whether the TGRsegseswvoatri osB, san
- Provide a basis for extending the &@-injection study currently used in the TGF

to CO sequestration.
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4. 2CQCoi njection in the TGF

The TGF is an active tectonic field located 5 km from the Aegean Sea in Turkiye
and 80 km south of Canakkale (Figure 4.1). The reservoir rocks of the TGF consist of
Mioceneaged volcanic rocks, which are mainly andesite/trachyandesite. The cap rocks
in thesystem are composed of Neogamed claystone and sandstone (Karamanderesi
1986; Muitzenberg1990; Samilgil 1 9 6 6 ; k ener 20800 dydr@termale k
activity and the active thermal regime in the region have continued since Miocene
volcanism.

2910000E 2915000€

4805000N
4805000N

Tuzla Hill

Study Area

Figure 4.1. The TGF and its surrounding area

Injecting industrial CQinto the geothermal system to prevent the scale formation
in the TGF has been applied by Topcu et al. (2019) (Figure 4.2a)..AnGklle 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 industrialii@®the system
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(Figure 4.2b). The mobile heater tank contains @@quid. Thus, the mobile tank heater
Is used to heat C(before it is transferred to the dosing syst&ime system, which is
designed to use a static mixer, is used to create a homogeneous mixture of brine and CO
(gas).Following the separators, a static mixer with a>@user is added to the brine
pumps' outlet. After regulating the pressure and gasifying the liquid i@Qhe
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 ¢f@s) dosing point. Monitoring the
volumetric flow rate of C@(gas) is done with a flow meter connected to the system. The
safety valve maintains the pressure below 25 bar, while the regulator permits{lga€O
pressure) to surpass the brine presawiith 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 industriat@@duce
scale (mineral precipitation) problems in the TGF. Now, field engineers are searching for
answers to extend the G€o-injection study to C@sequestration. Csequestration

study in the TGF is discussed in detail in the following sections.

vapor

a
] . 11 |
<m seperator H:D vaporizer Hh
¢
/ §
preheater H:D

CO,injection
test site

a) Binary system of the TGF, b) mobile heater tank, c) static mixer, d) check valve, e-f) flow meter,
g) pH meter, h) safety valve, i) solenoid valve.

Figure 4.2. CQco-injection study in the TGETopcu et al.2019)
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4. 3Materi als and Met hods

A flow chart of experimental, analytical, and geochemical modeling processes is
given in Figure 4.3.

Rock sample (andesite)
— Tuzla geothermal fluid

y

Analytical and experimental
A

Determination of Batch reaction experiment Determination of

initial mineral composition initial chemical composition
of rock sample 200°C, 4.4 MPa of fluid sample

- SEM-EDS - ICP-MS

- XRD - ICP-OES

P

Rock sample || Fluid sample

- SEM-EDS ||- ICP-MS
- XRD
- XRF

PhreeqC geochemical
modeling

r s

modeling
L

Numerical
geochemical

Figure 4.3. Flow chart of analytical, experimental, and geochemical modeling process

4. 3Exlper i mewmpg al Set

A high-pressure batch reactor has been utilized to conduct a serie-®ufdO
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
em to i mprove the XRD analysis. Thsubrock s
micron to micron prior to the batch reaction experiment. First, anahgreale 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 overnitdf &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
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