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Abstract

A serious issue with geothermal power plants is the loss of production and decline

in power plant efficiency. Scaling, also known as mineral precipitation, is one of the fre-
quently-observed issue that causes this loss and decreasing efficiency. It is heavily
observed in the production wells when the geothermal fluid rises from the depths
due to a change in the fluid's physical and chemical properties. Scaling issue in geo-
thermal power plants result in significant output losses and lower plant effectiveness.
In rare instances, it might even result in the power plant being shut down. The chem-
istry of the geothermal fluid, non-condensable gases, pH, temperature and pressure
changes in the process from production to reinjection, power plant type and design,
and sometimes the materials used can also play an active role in the scaling that will
occur in a geothermal system. ICP-MS was used to evaluate the chemical proper-

ties of the fluids. On the other hand, XRD, XRF and SEM were used to investigate

the chemical and mineralogical compositions of the scale samples in analytical
methods. For the numerical approach, PhreeqC and GWELL codes were used to follow
the chemical reactivity of the geothermal fluid in Tuzla production well. The novelty

of this study is to determine potential degassing point and to characterize the miner-
alogical assemblage formed in the well because of the fluid composition, temperature
and pressure variations. During production, geothermal fluids degas in the wellbore.
This causes a drastic modification of the chemistry of the Tuzla fluids. This is why it

is focused the calculations on the nature of the minerals that are able to precipitate
inside the well. According to simulation results, the degassing point is estimated to be
about 105 m depth, consistent with the field observations. If a small quantity of precip-
itated minerals is predicted before the boiling point, degassing significantly changes
the fluid chemistry, and the model predicts the deposition of calcite along with smaller
elements including galena, barite, and quartz. The simulation results are consistent
with the mineral composition of scaling collected in the well.

Keywords: Geothermal energy, CO, degassing, Scales characterizations, Geochemical
modelling

Introduction

One of the main problems related to the extraction and utilisation of geothermal flu-
ids is scaling. Especially, in high-temperature liquid-dominated geothermal systems,
during the operation of wells, differences in temperature and pressure lead to changes
in the chemical composition of the geothermal fluid and this causes calcification
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problems. It is well known that the chemical composition of geothermal fluid in deep
reservoirs is controlled by lithology. In particular, the interaction between the fluid
and rocks leads to the dissolution of various minerals at different temperatures and
pressures and mineral enrichment of the fluid. (Gunnlaugsson and Einarsson 1989;
Kristmannsdéttir 1989; Honegger et al. 1989; Olcenoglu 1986; Pitzay et al. 2003).
The chemical composition of a geothermal fluid is influenced by the temperature and
pressure while being extracted from a reservoir. As a result, the pH and CO, content
of the fluid create different types of scale problems in the well and surface equipment
(Garcia et al. 2005). The scale issue arises from the supersaturation of dissolved min-
erals in the geothermal fluid, which is regulated by all of these variables. In geother-
mal wells, scaling restricts the flow of geothermal fluid, lowers system efficiency, and
raises maintenance expenses. For example, Turkish geothermal fluids reduce produc-
tion loss by 50% and generate scale difficulties in power plants with a thickness of
approximately 3 cm (Tut-Haklidir and Ozen-Balaban 2019, Olgenoglu 1986; Simsek
et al. 2005).

In geothermal power plants, the most prevalent scale types are sulfide-type (par-
ticularly stibnite), carbonates (mainly calcite), and silica (Arndrsson 1989; Juranek
et al. 1987; Potapov et al. 2001). Geothermal fluids from geothermal wells with sil-
ica and calcite deposits are typically also enriched in minerals such as iron magne-
sium silicate, magnesium silicate, calcium sulphate, and aluminum silicate; on the
other hand, geothermal fluids from power plants with stibnite deposits are typically
enriched in sulphide and sulfosalt minerals (Gunnlaugsson and Einarsson 1989; Hon-
egger et al. 1989; Kristmannsdottir 1989; Olgenoglu 1986; Patzay et al. 2003). Theo-
retical research on calcite scaling by Arnérsson (1989) revealed a boiling-related drop
in CO, partial pressure. According to Arnérsson (1989), abundant of CaCO, in geo-
thermal power plants stems from its deposition from extensively boiling ascending
water. The researcher stated that calcite precipitates and supersaturates when CO,
partial pressures drop sharply during boiling, and shortly after the boiling process
begins, the supersaturation reaches its maximum. This provided evidence in favor of
calcite scaling and supersaturation.

In the initial stage of boiling in a geothermal well, calcite scaling occurs, and during
wastewater discharge, silica scale follows. Accordingly, calcite occurs in production
wells, separator systems, and pipe/transmission lines, sulfide occurs in condensers, cool-
ing towers, and heat exchangers, and silica-based 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 of silica minerals
can be found in hydrothermal zones at different depths. The most popular ones include
quartz, cristobalite, chalcedony, and amorphous silica (Brown 2011). The most stable
silica is quartz, which is the least soluble of these silica varieties. The solubility of amor-
phous silica in geothermal fluids declines with temperature in equipment where steam
separation and cooling occur, which is problematic. Therefore, in geothermal power
plants, transmission lines, heat exchangers, reinjection wells, and occasionally produc-
tion wells are the riskiest equipment for amorphous silica scaling (Utami 2000; Demir
et al. 2014; Mundhenk et al. 2013; Gunnarsson and Arnérsson 2005; Pambudi et al. 2015;
Baba et al. 2015).
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As shown in Fig. 1, the solubility of different forms of silica in water decreases as the
temperature decreases. Based on Fig. 1, thermodynamically, amorphous silica will pre-
cipitate in priority with respect to other silica forms (Fournier and Truesdell 1973).

The whole nature of silica scaling is yet unknown, because it is more intricate than
other types. For example, the kinetics of the silicic acid (Si(OH),) polymerization control
silica scaling, in contrast to calcite scaling (Ellis and Mahon 1977). Equations 1 and 2

express this silica polymerization:

Si(OH), — (HO3)SiOSi(OH)3 + H20 (1)

OFeOH - H,O + 2Si(OH)4, — OFeOSi(OH)3 + 2H,0 (2)

The initial stage of silica polymerization is defined by these 2 processes. Amorphous
silica is found in some geothermal fields in combination with Al** and Fe®" to generate
metal silicates (Gallup 1997). One of these metal silicates is represented by the Fe—O-Si
bonds in Eq. 2. The Al-O-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 (Al,O;—
Si0,) (Ichikuni 1983; Gallup 1997; Yokoyama et al. 2002; Usda et al. 2003; Ikeda and
Ueda 2017).

Compared to other forms of scale, silica deposits present the most difficulties in scale
removal due to their complexity. This is a result of silica deposits’ resistance to mechani-
cal cleaning and inertness to a wide range of solvents. The solution approaches to avoid
and reduce silica scaling involved examining the efficacy of using organic inhibitors and
adjusting pH (Baba et al. 2015; Gallup 2002; Gallup and Barcelon 2005). The literature
includes a number of studies on scaling.
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Fig. 1 Solubility of different silica forms in water (Fournier and Truesdell 1973)
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Using data from new wells and the installation of two new power plants in the Kizildere
geothermal field, Tut-Haklidir et al. (2021) assessed the reservoir characteristics of the
field. The authors handled the mineral precipitation problem in the triple flash system.
They used the test equipment system, such as a silencer, weir-box system, and separa-
tor, to collect fluid samples under changeable production settings that were managed by
physical characteristics including temperature, pressure, and well flow rate. Their anal-
yses revealed that when the reservoir temperature rises, there are more intense inter-
actions between the water and rock. The authors stated that calcite and silicate scales
are the most common scale types of Kizildere field. Their modeling results showed that
Al-silicates and Mg-silicates are significant scale types in the shallow wells. Using the
ECO2N equation of state module in TOUGHREACT software, the flash point and scal-
ing sites of two geothermal wells are numerically simulated by Cao et al. (2024). Their
study is conducted to examine the variables influencing the flash point and scaling loca-
tions of geothermal wells. In addition, the impact of wellbore diameter, CO, mass flow
rate, and liquid mass flow rate on the sites of flash point and calcite scaling are examined.
TOUGHREACT established the T-H-C coupling method of geothermal fluid flow pro-
cess from wellhead to well bottom. According to their simulations, the concentrations
of Ca?", CI7, and Na™ in the geothermal fluid remain the same below the flash point.
The results of TOUGHREACT simulations indicate that the concentration of Ca>* drops
quickly at the flash point and then gradually increases, whereas the concentrations of C1~
and Na® continuously increase. The amount of calcite scaling is lower below the flash
point and increases significantly following flashing. Moreover, as the liquid mass flow
rate, wellbore diameter, and CO, mass flow rate increase, the locations of the flash point
and calcite scaling become deeper. Cao et al. (2024) concluded that the TOUGHREACT
software-based THC model has demonstrated its ability to precisely forecast the scal-
ing location of geothermal wells when compared to data observed on-site. Furthermore,
when compared to current logging techniques like caliper logging equipment and sinker
bar (go-devil), they concluded that the numerical simulation method is far more afford-
able when it comes to human, material, and financial resources.

Tobler and Benning (2013) aimed to measure the kinetics and mechanisms of silica
nanoparticle nucleation and growth in conditions that largely resemble geothermal
system. A synchrotron-based small angle X-ray scattering (SAXS) and a conventional
dynamic light scattering (DLS) detector were used in experiments. Experiments were
carried out using a flow geothermal simulator system in the study, where a real-time,
in situ method was used in which a hot, supersaturated silica solution at 230 °C was
rapidly cooled to initiate silica polymerization. With the help of this geothermal simula-
tor, it was possible to monitor the initial stages of polymerization in real-time as well
as the subsequent nucleation and development of silica nanoparticles in a cooling solu-
tion. The kinetic reactions were monitored, taking into account silica concentrations,
ionic strengths, temperature, and pH. The results showed that the silica nanoparticle
formation rate was proportional to the silica concentration (640 vs. 960 ppm SiO,), and
the first detected particles were spheres with a diameter of approximately 3 nm. Tobler
and Benning (2013) concluded that the geothermal simulator system aligned with time
resolved aqueous analyses and in situ and time-resolved particle formation. Andhika
et al. (2015) studied the polymerization of silica and its precipitation using geochemical
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and mineralogical methods. The relationship between precipitation reactions and tem-
perature, pH, and ionic strength were studied. Silica polymerizations were monitored
using ultrasonic measurements (e.g. ultrasonic velocity) based on the change in com-
pressibility, temperature, and density of a solution. Andhika et al. (2015) mentioned that
since compressibility at constant temperature and density is inversely proportional to
ion concentration, changes in silica concentration can be detected by measuring ultra-
sonic velocity, providing insight into the polymerization and precipitation processes.
Ultrasonic velocity in 500 ppm silica solutions was measured at different pH values, and
it was concluded that the ultrasonic velocity dropped as the pH declined, possibly indi-
cating silica polymerization.

Kristmannsdéttir (1989) stated that the most important use of geothermal energy in
Iceland is for space heating and mentioned a typical issue with reinjection wells is iron—
magnesium silicates in the Reykjanes field. Along with silica scaling, sulfide deposits
are precipitated in the surface equipment system of the Reykjanes field. Semi-quanti-
tative 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, Kristmannsdéttir (1989)
explained that many fluids with low temperatures include some hydrogen sulfide, which
can coat steel pipes in iron sulfide and effectively erode copper surfaces, especially in
Northern Iceland.

Kohl et al. (2020) pointed out thermodynamic models based on equilibrium overesti-
mate the scaling potential and have used regression functions to measure the impact of
various scaling factors. The linear regressions that are employed to predict the scale rate
at the wellhead and across the production pipe are made possible by the correlations.
The authors used two different approaches to evaluate carbonate scale rates. The first
approach explains using of hydrogeochemical models. The second approach relies on
correlations between thermodynamic scale drivers (total pressure, pH, saturation indices
for calcite) and measured wellhead scale rates at six different facilities. According to the
modeling results, scale prediction based on the new regressions that depend on thermo-
dynamic scale drivers performed better than hydrogeochemical models that are already
in use without kinetic parameter implementation. Akhmedov (2009) created a kinetic
model to determine the rate at which calcium carbonate is formed. The author evaluated
the growth rates of suspended solids, which are composed of calcium carbonate crystals
in geothermal fluids. Transfer of suspended particles was described by particle motion
inertia and turbulent pulsations, and Akhmedov (2009) concluded that suspended parti-
cles play an important role in the formation of calcium carbonate deposits. Ryley (1980)
investigated the correlation between mass discharge and wellhead pressure in a geother-
mal well using reservoir lithology and frictional losses as model. The model evaluated
the various effects of reservoir drawdown, variation in the friction factor, and the degree
of phase slip in the exit section parametrically by considering inlet and outlet pressure of
the wellbore. To comprehend the impacts of heat exchange with altitude, non-conden-
sable gases (NCGs), and salts in geothermal wells, Barelli et al. (1982) concentrated on a
two-phase flow model that describes the impacts of the presence of salts on nonconden-
sable gases (NCGs) using thermodynamic parameters, including enthalpy, density, and
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brine vapour pressure. Barelli et al. (1982) compared the numerical 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 ana-
lytical 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 gradi-
ent close to the well or by increasing the effective wellbore radius using well-stimulation
procedures. On the other hand, Cerclet et al. (2023) aimed to quantify the parameters
impacting the calcite scaling by calibrating a thermo-hydro-chemical model using exper-
imental data. They used 16 groundwater samples to calibrate a thermo-hydro-chemical
model which includes CO, degassing, calcite reactions, and temperature dependent
reactions. Cerclet et al. (2023) stated that the degassing of CO, causes a 36% increase
in calcite precipitation, primarily at high temperatures, according to their numerical
results.

As can be seen, reduced fluid flow, as induced by scaling or degassing, is one of the
largest obstacles for safe, reliable, economic, and long-term geothermal operations. The
prevention of obstructions to flow, caused by either solids or gases, in a geothermal loop,
is important to understand, and it requires the exact degas point to be known.

The main problem in the Tuzla Geothermal Field (TGF) is silica-based scale forma-
tion, carbonate deposits and the degassing has a significant impact on the Tuzla fluid
chemistry. Although many studies have been carried out on scaling problems in the TGF
so far, the geochemical properties and behaviour of the fluid have not been fully under-
stood due to the complex nature of the region. This study is based both on field observa-
tions and modelling results. Indeed, geochemical calculations are used to characterize
the chemical behaviour of the geothermal fluid in the well, i.e., between the reservoir
and the wellhead. The numerical simulations follow the evolution of the chemical com-
position of the fluid according to temperature and pressure changes inside the well and
they predict the nature of the minerals that are able to precipitate inside the well accord-
ing to a semi-quantitative approach.

Geology of the Tuzla geothermal system

Studies on geothermal energy were initiated in Tirkiye throughout the 1960s. The
General Directorate of Mineral Research and Exploration (MTA) conducted the ini-
tial research based on these studies and 170 geothermal areas with fluid temperatures
higher than 40 °C were identified. Being an active fault zone and one of Turkey’s most
important geothermal sources, Tuzla and its environs have been the focus of sev-
eral geological studies in the past (Ercan and Tiirkecan 1985; Karamanderesi 1986;
Miitzenberg 1990; Samilgil 1966; Sener and Gevrek 2000). The TGF is an active tec-
tonic field situated 80 km south of Canakkale and 5 km from the Aegean Sea, Tiirkiye
(Fig. 2). The 50 km? region covered by the geothermal field includes the Tuzla River
and its tributaries. Researches on geothermal energy have been continuing in the field
since 1966. Many scientists have studied the fundamental geological features and vol-
canology of the region (Alpin 1976; Samilgil 1966; Urgun 1971). However, the physical
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Fig. 2 Location map of the TGF

and chemical properties of the geothermal fluid in the region have yet to be under-
stood due to its complex tectonic structure. For this reason, the 3D conceptual model
of the TGF was created using the Leapfrog Geothermal software (© Seequent Lim-
ited). The present 3D conceptual model is made up of structural controls, geothermal
wells, and lithological units (Figs. 3 and 4). The basement is composed of metamor-
phic rocks that are Paleozoic in age. Recrystallized Palaeozoic limestones with angu-
lar unconformity covers this basement. Rhyolitic tuffs, ignimbrites, latitic lavas, and
rhyolitic lavas of Miocene age, which are the byproducts of calcic volcanism, make up
the upper portion of the stratigraphic layer (Sener and Gevrek 2000). The reservoir
rocks consist of these Miocene aged volcanic rocks. The cover rocks in the system are
of Neogene sandstone and claystone origin. Sandstone, limestone, conglomerate and
clayey limestone sediments form the upper Miocene to Pliocene sediments overlying
ignimbrites formed during the last phase of volcanism in the region. The Tuzla Plain
was deposited by the Quaternary alluvium, which is at the top of the stratigraphic
layer. Following Miocene volcanism, the Tuzla geothermal fluid is a region linked to
hydrothermal activity and characterizes the active thermal regime (Sener and Gevrek
2000). Volcanism is currently linked to the TGF’s active thermal regime.

Materials and methods

The methods used in this study can be divided into analytical and numerical. The
scale samples and fluid samples from geothermal wells were thus collected as part
of the field research. The analytical methods aim to ascertain the primary anions and
cations in fluid analysis, assess the quantities of heavy metals, and conduct XRD, XRE,
and SEM analyses on scale samples.
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Fig.4 Cross section of 3D conceptual model of the Tuzla geothermal field

For the numerical approach, PhreeqC-3 (Parkhurst and Appelo 2013) and GWELL
(Aunzo et al. 1991) codes are used to follow the chemical reactivity of the geothermal
fluid in the production well. Flow chart for the research methodology is given in Fig. 5.
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Fig. 5 Flow chart for the research methodology

Table 1 Well information from the TGF

Well ID Well depth Bottom hole Wellhead Geothermal Flowrate Bottom Wellhead
(m) temperature temperature gradientin (t/h) pressure pressure
(°Q) (°C) well (°C/m) (bar) (bar)
T9 540 174.04 164.47 2-3°C/50m 316 4641 2.11
T15 871 - 105 - - - -
T16 556.5 174.98 166.3 2-3°C/50m 275 474 242
T18 550 173 168.6 3-4°C/50m 300 4359 2.14

Analytical methods

Geothermal fluid and gas samples

Geothermal fluid samples were collected from wells and surface equipment systems.
Table 1 provides details about the well information in the TGF. Geothermal fluid
samples were collected from the wellheads before to the separator in the study field.
100 ml HDPE bottles for heavy metal analysis, 250 ml for major-minor anions and
cations, and 1 L for stable isotopes were utilized. Samples were collected for heavy
metal analysis, and then 2% HNOj (nitric acid) was added to acidify them. In the lab-
oratories of the Izmir Institute of Technology, major and minor studies were carried
out using ICP-MS (Inductively Coupled Plasma Mass Spectrometry), while heavy
metal analyses were carried out using ICP-OES (Inductively Coupled Plasma Opti-
cal Emission Spectroscopy) equipment. Through the use of the Hach-Lange DR5000
UV-spectrophotometric technique, the SiO, concentrations of the geothermal fluids
were ascertained. In the laboratories of the State Hydraulic Works (DSI) in Ankara,
Tiirkiye, stable isotope analysis of the geothermal fluids was performed. An Omnistar
(Pfeiffer Vacuum) quadrupole mass spectrometer with a closed ion source and a mass
range of 1-100 amu was used in the GFZ laboratories (GFZ Helmholtz Centre, Pots-
dam) to analyze the chemical composition of gas samples (H,, He, N,, CH,, Ar, and
CO,).
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Analyzing the scale samples

The scale samples were collected from some of the geothermal wells and surface
equipment. X-ray crystallography (XRD), X-ray fluorescence spectroscopy (XRF),
and scanning electron microscope (SEM) analyses were performed on scale samples.
Using the Spectro IQ II instrument, XRF studies of scale samples collected from geo-
thermal wells were carried out. High sensitivity element concentration delivery at the
ppm level is possible with Spectro IQ II, ranging from sodium (Na-11) to uranium
(U-92). In addition, X-ray diffraction (XRD) studies of scale samples were carried out
utilizing the Philips X'Pert Pro. X-ray diffraction (XRD) provides information on the
material’s crystal size, non-crystalline phase content, and phase concentration. The
FEI QUANTA 250 FEG scanning electron microscope (SEM) was utilized to visualize
the micro-sized scale formations.

Using numerical methods for understanding chemical reactivity

Understanding the mechanisms underlying depositional issues in production wells and
surface facilities is made easier with the use of geochemical computations. They enable
the type and quantity of precipitated minerals to be predicted. Thermoddem database
(Blanc et al. 2012; https://thermoddem.brgm.fr/) and computational code PhreeqC-3
were utilized for this purpose, primarily to analyze the fluid’s chemical reactivity.

PhreeqC is a code widely used in the geosciences community to deal with chemical
reactivity of water with rocks and gases in different environments. This code allows
in particular to take into account the effect of temperature on chemical equilibria by
the dependence of the equilibrium constants K of each reaction according to the rela-
tionship Log;, K(T)=A+BT+C/T+D.Log,, T+E/T?+ET? where A, B, C, D, E, F are
coefficients entered in the thermodynamic database, in this case Thermoddem. The
dependence on pressure, at a given temperature, is given as a first approximation by:
Log, (K (T, P) = logK (T, latm) — (P — 1)/(RT.In10) % AV (T, P)

AV(TP) is in turn described by the HKF equation of state (Helgeson et al. 1981; Tanger
and Helgeson 1988) for aqueous species. This term also assumes that the molar volume
of the solids is constant. For the dissolution of gases, the equilibrium constant of the
reaction is defined at 1 atm at any temperature, the effect of pressure being included in
the calculation of the fugacity coefficient according to the Peng—Robinson equation.

The Tuzla geothermal fluids have high salinity; hence it makes more sense to have
a database with a Pitzer formalism for saline waters. However, the redox conditions
required to monitor, for instance, the reactivity of sulfate and sulfide minerals are not
optimally present in this kind of database. We have selected a database like Thermod-
dem, which employs a B-dot activity model because of this. We have required the well’s
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 geother-
mal fluid in the production well. For this, a three-step process is employed:

(i) Determination of the fluid’s composition in the reservoir. Indeed, variations in tem-

perature and pressure both during the upflow into the production well and during


https://thermoddem.brgm.fr/

Tonkul et al. Geothermal Energy (2025) 13:5 Page 11 of 30

sampling have an impact on the composition of the geothermalfluid. We need then
to recalculate the fluid composition in the reservoir using the PhreeqC code under
batch conditions. For that, we use the fluid composition that was analyzed at the
surface (Table 2) and we impose to it some constraints given by reservoir condi-
tions and described in “The Numerical Analysis Results” paragraph;

(i) Determination of temperature and pressure profiles in the well. The GWELL code
enables the calculation of P and T profiles in the well based on the well design
(length, diameter, etc.) and the exploitation mass flows;

(iii) Determination of the chemical reactivity in the well. The PhreeqC code incorpo-
rates the temperature and pressure profiles that were computed using the GWELL
code. A series of batch with their own couples (P, T) mimic a 1D well. Each batch
is considered as a separate reactor with chemical reactions (equilibrium between
the gaseous and aqueous phases and between the aqueous phase and the miner-
als) that occur within them. Initially, each batch is in equilibrium with a gas phase
that has been initiated with zero composition and nil volume. As a result, the liquid
can degas (that is, the gas phase can express) depending on the pressure and tem-
perature. The input parameter is the chemical composition of the pumped liquid as
described in step 1.

The calculations focus mainly on identifying the minerals that may precipitate inside
the well as a function of temperature and pressure variations. All the geochemical cal-
culations were carried out at equilibrium, between the gas phase, aqueous solutions and
minerals. For this reason, the approach presented here is semi-quantitative, the main
objective being to compare field observations with the results of the calculations. A full
quantitative approach would require taking into account the kinetic precipitation rates
of the minerals or a specific deposition model to simulate the evolution of the thickness
of the deposits on the well walls. This objective is beyond the scope of this paper.

The results

Fluid and gas properties of the Tuzla geothermal fluids

The average pH and Electric Conductivity (EC) values in the TGF are, respectively,
5.6 to 7.65 and 83.2 to 90.0 mS/cm. Because of the high partial pressure of CO, gas
in the well, there is an excess of free CO, (free mineral acidity) in the water from the
wells, making the water acidic. At the Tuzla geothermal site, the wellhead tempera-
tures of the geothermal fluid in wells T9, T16, and T18 are, respectively, 164.47 °C,
166.3 °C, and 168.6 °C. Na* and CI~ are the predominant ions in the TGF geother-
mal fluid, based on the Piper and Schoeller diagrams (Figs. 6 and 7). Because of this
high concentration of Na* and Cl7, the geothermal fluid in the TGF is referred to
as having a hyper-saline character. Hydrothermal activity is indicated by the TGF’s
geothermal fluids’ high NaCl content, isotopic composition, and other character-
istics. Geothermal fluids from depth are elevated by the region’s active seismicity
and hydrothermal activity. After cooling to a certain point, the upwelling geothermal
fluid mixes with groundwater to become less concentrated (Baba and Tonkul 2022).
When the pH change graphs in 2020 and 2021 are examined, there are significant
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Fig. 7 Schoeller diagram of the geothermal fluids in the TGF

changes in the pH values before and after the separator. In both years, the pH val-
ues in the geothermal fluids collected before the separator (at wellhead) decreased.
This is because the fluid is two-phase (gas+liquid) before the separator. CO,, an
acidic gas, decreases the pH values when present with liquid. On the other hand, an
increase in the pH values is observed in the fluid samples collected after the sepa-
rator due to the separation of gas and liquid (Figs. 8 and 9). In the EC graphs for
2020 and 2021, slight increases are observed in some months. The formation of Na-
rich clays in the geothermal aquifer and the Ca/Na ion exchange caused by plagio-
clase albitization could be the reason for this (Kloppmann et al. 2001). In addition,
Baba et al. (2009) stated that the interaction between fluid and volcanic rocks may
affect the EC values. The EC values of the geothermal fluid don’t change consider-
ably in 2020 and 2021, and there are no significant fluctuations in the EC values
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Fig. 13 Silica change in the geothermal wells in 2021

(Figs. 10 and 11). The small changes in silica values on a monthly basis are probably
related to water circulation in the reservoir. When the silica values in 2020 and 2021

were compared, no significant change was observed. TGF has silica concentrations
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Table 3 Gas composition of the Tuzla geothermal fluid
Vol. (%) T9 T16 T18
Ar 0.177 0.081 0.063
o, 873 93.1 90.3
H, 0.108 0.085 0.062
N, 10.6 6.22 9.28
He 0.0144 0.0102 0.0102
CH, 0.817 0.58 0.524
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Fig. 14 Isotope evaluation of the Tuzla geothermal fluids

between 189 and 197 mg/I (Figs. 12 and 13). CO,, ranging from 87.3 to 97.6% by vol-
ume, is the most dominant of all gases, followed by N,, ranging from 1.55 to 10.6%
by volume (Table 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.

Stable isotope evaluation of the Tuzla geothermal fluids
Important details on the subterranean activities in geothermal reservoirs and the

sources of thermal fluids can be evaluated with stable isotopes. Studies on the iso-
topes 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 iso-
tope ratios published by Craig (1961), SMOW is regarded as the international stand-

ard Mediterranean water isotopes are provided by Gat and Charmi (1970). This

indicates that in the geothermal fluids, the §'%0 isotope values range between — 0.5
and — 1.15, while the 8D isotope values range between — 14.41 and — 15.79 (Fig. 14).

Geothermal fluid has an enriched 8'®0 concentration of up to — 0.5, while its
depleted 8D to — 15.79 indicates a large 8'%0 shift caused by evaporation at higher
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Table 4 Silica reservoir temperature equations used for the TGF

Geothermometer Geothermometer equations References

1 T°C=—42240.288325i0,-3.6686 X 10-4 Fournier and Potter (1982)
Si0,? +3.1665 X 10-753 + 77.034l0gS10,

2 T°C=[1309/(5.19-logSiO,)] — 273.15 Fournier (1977)
T°C=[1522/(5.75-l0ogSiO,)] — 273.15 Fournier (1977)

4 T°C=—553+0.365595i0,- Amdrsson (2000)
53954 107Si0,% +5.5132 x 107/Si0,” + 74.360l0gSiO,
T°C=[1032/(4.69-logSiO,)] — 273.15 Fournier (1977)

6 T°C=(1112/(491-logSiO,)) — 273.15 Arndrsson et al. (1983)

Table 5 Na—K reservoir temperature equations used for the TGF

Geothermometer Geothermometer equations References

1 T°C=856/[log(Na/K)+0.857] — 273.1 Truesdell (1976)

2 T°C=883/[log(Na/K)+0.780] — 273.1 Tonani (1980)

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

4 =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)
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Fig. 15 Silica geothermometers

temperatures. The stable isotope data demonstrate that the TGF’s geothermal fluids
are derived from meteoric origin (Fig. 14).

Geothermometer applications

The reservoir temperatures of the Tuzla geothermal field were determined using cation
and silica geothermometers. SiO, concentrations (as ppm) were derived from the chem-
ical analysis results assessed in the TGF within the parameters of the study. The TGF has
SiO, values ranging from 189 to 197 ppm. Tables 4 and 5 give the equations computed
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Fig. 17 Distribution of fluid samples from the TGF in a Na-K-Mg triangular diagram

using the silica and Na—K geothermometers for the geothermal fluids that constitute the
geothermal aquifer. The temperatures of the reservoirs as determined using silica geo-
thermometers range from 140 °C to 173 °C (Fig. 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 (Fig. 16).

Giggenbach (1988) proposed the Na—K-Mg 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 Giggen-
bach triangular diagram’s zone of full equilibrium. It describes the entire iso-chemical
re-crystallization of the main rock component at a specific temperature and pres-
sure. The equilibrium line defines the immature and partially equilibrated water. It
is also evident that there is a range in which the Na-K-Mg geothermometer can be
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used reliably, from the disintegration of rocks to immature fluids. Approaching the
geothermal fluids in the TGF to the Na* and K™ line is related to the volcanic rocks,
including andesite and trachyandesite units, as can be observed from the Giggen-
bach diagram (Fig. 17). The geothermal fluids in the TGF are only partially in equilib-
rium with the reservoir rocks, as can be shown in the Giggenbach triangular diagram
(Fig. 17). As a result, the temperature of geothermal fluid samples cannot be applied
using Na/K geothermometers, and Fig. 15 illustrates how the silica geothermometer’s
predicted temperatures appear to be more accurate.

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 com-
position of the geothermal fluid at lab conditions (i.e., 25 °C and 1 bar). And then,
the temperature and pressure conditions are increased up to 200 °C and 50 bar (i.e.,
above the supposed reservoir conditions) and the evolution of saturation indices of
many minerals (carbonates, silicates, sulfides and sulfates) are followed (Fig. 18). 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 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 geo-
thermometers. The block diagram that was acquired indicates that the geothermal
field’s reservoir temperatures range from 160 °C to 180 °C (Fig. 19).
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Fig. 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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Fig. 19 Reservoir temperature modelling (3D thermal model was created in Leapfrog Geothermal software)

SCale in the well

Compositions: PbS (Galena), CaCO;
Fig. 20 SEM analysis of the scale sample collected from well T9

Evaluation/assessment of the scale samples

The scale samples were separated into two groups based on where they formed: in the
surface pipeline (before the separator and vaporizer) and in the downhole (between
15 and 75 meters). The next sections provide an analysis of their morphology, elemen-
tal compositions, and structure.

The optical microscope image of the scale cross section in the well T9 is shown in
Fig. 20. Structure is made up of layers that vary in thickness by millimeters. Because of
the PbS and CaCO,, respectively, the layers appear to be black and white, respectively

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 TGF’s reservoir rocks include these volcanic rocks,
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Fig. 21 Elemental compositions of the scale sample in the surface equipment system of the TGF

Table 6 Geometric dimensions of the geothermal well

Well interval Length [m] Cross-
sectional
diameter [m]

0m-49m 49 0.50

49 m-220m 171 035

220 m-540 m 320 0.25

The feed zone of the well is located at 540 m and wellhead is at 0 m

which also include pyrite, hematite, quartz, K-feldspar, biotite, amphibole, sanidine, and
chalcopyrite. According to Demir et al. (2014), the scale sample has a density of 2.18 to
2.88 g/cm®. As shown in Fig. 20, PbS (galena) and CaCOj, constitute the majority of the
scale in the well T9. Using XRE, elemental analysis was performed on the scales that
were collected from various parts of the TGFE. The XRF data shows that the scale sample
has elevated levels of Fe**, Pb**, Ca®*, Na*, Mg®*, and Si** ions (Fig. 21).

The numerical analysis results

Determining the fluid composition in reservoir conditions is the first stage in the mode-
ling process, highlighted in the numerical method. This is accomplished by first entering
the fluid composition (see Table 2) into PhreeqC at laboratory conditions (pH=5.6, Eh ~
— 200 mV, Temp=25 °C, P=1 bar), and then raising the fluid’s temperature and pressure
to reservoir conditions (i.e., 160 °C and 50 bar). Because of the low charge balance (about
— 0.6%), no adjustment of the chemical composition has been done. A final condition is
then imposed on the fluid: the fluid is assumed to be in equilibrium with the rocks of the
reservoir, in this case quartz and carbonates (more specifically calcite). The CO, partial
pressure is changed in this case to 2.5 bar to meet the final requirement. Since fluids
and carbonates in the formation rocks are typically believed to be in thermodynamic
equilibrium, this constraint is reasonable. This limitation allows us to estimate the pH of
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the fluid in the reservoir to be approximately 5.4, which is consistent with the degassing
process taking place in the well but a little lower than the values measured at the surface.

The second stage is to evaluate the pressure and temperature profiles in the produc-
tion well before assessing the downhole scaling risks. The GWELL code is utilized to
input the T9 well’s characteristic dimensions. Table 6 lists the measurements of the three
segments that make up the total depth of 540 m (Baba et al. 2009). Each segment has a
different cross section.

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 (Fig. 22). Two tendencies are shown in Fig. 22,
the first of which is the degassing-induced slope breakage at a depth of roughly 100 m.
Degassing also has an impact on the temperature profile: a phase shift causes the tem-
perature to abruptly drop at 100 m depth, reaching 140 °C near the surface (André et al.
2023).

The PhreeqC code is then used to simulate and assess the fluid’s chemical reactivity in a
one-dimensional column mimicking the well using the temperature and pressure profiles
that were computed using the GWELL tool. Throughout its length (z=5 m), the borehole
is discretized by 108 batch with their own P and T conditions. Every batch that has a liquid

Pressure (bar) and Temperature (°C)

0 50 100 150
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200
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300

400

500

® Temperature @ Pressure

Fig. 22 Pressure (blue) and temperature (orange) profiles in the geothermal production well (André et al.
2023)
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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 PhreeqC are always fully in equi-
librium 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.

The minerals that can precipitate during cooling can be determined by a first run con-
ducted under batch settings without allowing for degassing.

The saturation index graphs (Fig. 23) demonstrate that the mineral wairakite in the geo-
thermal wells is supersaturated at all temperatures. On the other hand, the mineral saponite
(Cay95(Mg,Fe)s((Si,Al),0,4)(OH),—n(H,0)) is supersaturated in the geothermal waters over
75 °C. At all temperature ranges, the mineral sepiolite (Mg,Si,O,5(OH),—6H,0) in Tuzla
geothermal fluids is undersaturated. Sepiolite precipitation in the geothermal wells is,
therefore, not a concern. Below 100 °C, amorphous silica and, more generally, silicate min-
erals (chalcedony, quartz) are saturated in geothermal fluids. The chemical reactivity in the
well T9 is then the main topic of the simulation that follows.

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 (CaCO,),
quartz (SiO,), galena (PbS), and barite (BaSO,) is possible for the solution composition
given (Fig. 24). As the fluid rises to the surface, these minerals’ saturation indices do, in fact,
increase along the production well.

As one approaches the wellhead, the calcite saturation index (continuous blue line in
Fig. 24) rises. Initially close to equilibrium in the bottom section of the well, it turns posi-
tive at 100 m depth, suggesting that calcite is oversaturated and ready to precipitate within
the well. The degassing is primarily responsible for this abrupt spike. Indeed, when CO,,
exsolved according to Eq. 3, the system will tend to compensate this carbon loss using
Eqgs. 4 and 5. These two reactions consume protons and the consequence is a pH increase.
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Fig. 23 Saturation indices for the well T9
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Then, the carbon in solution becomes mainly under CO;™* form involving calcite oversatu-

ration and the possibility of calcite precipitation according to Eq. 6:

CO23aq) = COx) 1
COz2(aq) + H2O = HCO; + HT
HCO; = CO;* + H*

CO;% + Cat? =CaCOs |

(6)

On the other hand, quartz dissolves more readily at higher temperatures. As a result, the

quartz saturation index (orange in Fig. 24) rises in the direction of the wellhead. Quartz

has a near-zero saturation index near the feedzone. The quartz saturation index rises as

one approaches the wellhead, suggesting that the mineral is oversaturated in the well and

that precipitation may occur, mostly in the upper part of the well. Quartz and barite behave

similarly in the simulation. Galena, a sulfide mineral, is initially undersaturated in the res-

ervoir in comparison to the solution. It is still undersaturated below 100 m. Degassing, on

the other hand, causes its saturation index to turn positive and increases the likelihood of

precipitating such minerals. Indeed, the degassing of H,S, involves the shift of the equi-

librium (7) towards the formation of products. The consequence is that reactions 7-10 are

impacted by these disequilibrium: protons are consumed, pH increases favouring the for-

mation of S™%
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Fig. 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)
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Then, the saturation index of galena becomes positive, and galena can potentially
precipitate (Fig. 26).

The solution’s thermodynamic equilibrium with regard to the four identified miner-
als 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 con-
tains CO,,), H,0(,) and H,S . Following the degassing, calcite precipitates, as shown
in Fig. 25. Quartz precipitation is a result of the temperature dropping. Both galena
and barite precipitate in very minute concentrations. Vapour makes up the major-
ity of the gaseous phase, while tiny amounts of CO, and H,S are also present (André
et al. 2023).

Discussion

Regarding the lithology of the reservoir and the chemistry of the water, the TGF is
among Tirkiyey’s most intricate geothermal fields. The most prevalent and challeng-
ing to deal with form of scaling in the Tuzla geothermal system is silicate-based scaling.
Galena and CaCOj 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 exclu-
sively 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 Mio-
cene age that are composed of trachyte, andesite, and trachyte andesite. The TGF’s reser-
voir rocks are these volcanic rocks, which include quartz, K-feldspar, biotite, amphibole,
sanidine, chalcopyrite, pyrite, and hematite. The geothermal fluids exhibit supersatura-
tion towards wairakite, undersaturation towards sepiolite, and supersaturation towards
saponite beyond 75 °C. Sepiolite precipitation in the geothermal wells is, therefore, not a
concern. The saturation indices of the geothermal fluids agree with the chemical species
found in the scale that was collected from the pipeline; the principal constituents are
NaCl and layered double hydroxide, which have amorphous forms resembling saponites.

A small quantity of precipitated minerals is anticipated before the degassing point,
which is estimated to be about — 105 m, according to the numerical simulation, which
also reveals that all of the mineral saturation indices stay near to 0. The model forecasts
the deposition of mostly calcite with traces of galena, barite, and quartz. The degassing
has a significant impact on the fluids’ chemistry. Although the volume of minerals may
be estimated using the model, the growth of the deposits’ thickness cannot be predicted
(the findings are not displayed here). However, the model does provide information on
the scaling’s 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 TGE. 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 (Fig. 26). According to Fig. 26, these elements’ concentrations vary
with depth. Pb concentration drops with decreasing depth, whereas Fe concentration
rises with decreasing depth. The author proved that, depending on depth, Ca** is mostly
found in calcite and aragonite, while Pb is found in galena. They observed a rise in the
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proportion of silica at the surface, which may be brought on by low temperatures. The
numerical results are entirely compatible with all of these field observations.
As previously described, the actual approach is semi-quantitative. The next step could

be to reach more quantitative results by adding:

— The kinetic rates of mineral precipitation. All calculations done here consider equi-
librium state, i.e., an instantaneous equilibrium between the solution and the miner-
als. We know that many minerals are controlled by kinetic constraints that need to
be included.

— The nucleation of the minerals and the potential transport of these minerals (as
seeds) by the fluid. As for the previous remark, the equilibrium conditions suppose
that the mineral precipitate in the well where their saturation indices become posi-
tive. We know that flow regimes in the well can modify this hypothesis.

— The deposition of the minerals on the well walls. Indeed, to be rigorous, we should
include a deposition model to predict the evolution of the deposit thickness accord-

ing to time.

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.

Conclusions

The primary constituents in the deposit of Tuzla Geothermal Power Plant (GPP) are
carbonate and metal silicate. Calcite and galena scaling are the main problems in the
well, whilst Fe and Mg silicate are the main problems through the pipeline in the Tuzla
GPP. The composition is rich in Fe and Mg silicates, depending on the system’s location.
This research discusses the effect of degassing on TGF scaling. The PhreeqC numerical
model indicates that the degassing point is at about — 105 m. At this point, degassing
significantly changes the fluid chemistry, and the model predicts the deposition of cal-
cite along with smaller elements including galena, barite, and quartz. The model’s output
agrees with the experimental finding and field observations. The model provides signifi-
cant insights into the composition of the scale. For example, depending on depth, the
main sources of Ca and Pb are calcite and galena, respectively. Higher concentrations of
silica are found close to the surface.

In addition to the analytical evaluation of geochemical data measured in geothermal
resources, numerical models are extremely important. These methods will help to better
understand the system and make predictions for the future. The results were clearly vis-
ible in the Tuzla geothermal field, which is geochemically very complex. The application
of these methods in similar fields can highlight the problem of scaling in geothermal
systems.
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