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Abstract

This study evaluates the CO, sequestration capability of the Tuzla Geothermal Field
(TGF) in northwest Turkiye under reservoir conditions (200 °C and 4.4 MPa). While
ongoing studies at TGF have investigated CO, co-injection primarily for geothermal
heat extraction, the present study focuses on the associated potential for long-term
CO, storage. To this end, CO,—brine-rock interactions were examined through batch
reactor experiments and reaction path modeling using the PhreeqC geochemical tool.
The experiments revealed complex dissolution/precipitation reactions that altered
reservoir properties, with mineralogical analyses (XRD, XRF, SEM, and EDS) showing
the formation of secondary phases such as calcite, kaolinite, and Ca-rich aluminosili-
cates. These results indicate that the Tuzla reservoir rocks provide sufficient divalent
cations to support mineral trapping under reservoir conditions. Overall, our findings
highlight that, in addition to its promise for heat extraction, CO, co-injection at TGF
offers an opportunity for permanent geological storage, thereby strengthening

the dual benefits of this approach.

Keywords: CO, sequestration, Saline systems, High enthalpy, Tuzla, PhreeqC, Reactive
transport modeling

Introduction

Greenhouse gas (GHGs) emissions to the environment have grown in importance in
industrial processes in recent years (Junior et al. 2025). In particular, the primary con-
tributor to global warming is carbon dioxide (CO,), which accounts for about 80% of
GHGs. Moreover, global warming caused by anthropogenic activity has increased by
1.0 °C over pre-industrial levels and is predicted to reach 1.5 °C by 2030 (Fawzy et al.
2020). One of the most effective and sustainable strategies for reducing CO, emissions is
to capture the CO, from facilities and sequestrate it in geological media (Aradéttir et al.
2012; Clark et al. 2020; Sneebjornsdottir et al. 2014). It is possible to trap the injected
CO, inside the geological formation through physical and geochemical trapping (Bachu
et al. 2007). The integrity of the cap rock controls physical trapping, which typically

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40517-025-00372-3&domain=pdf

Tonkul et al. Geothermal Energy (2026) 14:2 Page 2 of 26

happens shortly following injection. On the other hand, the chemistry of the brine and
the rock determines geochemical trapping, which often occurs while the CO,—water—
rock interaction continues after injection (Steel et al. 2018; Liu et al. 2019). Geochemical
trapping can be divided into solubility trapping and mineral trapping. Solubility trap-
ping is the process in which injected CO, dissolves into water and permanently turns the
aqueous phase (Liu et al. 2019). Subsequently, acidity in subsurface geological forma-
tions is increased by CO, dissolution in water. Consequently, a number of the host rocks’
main minerals dissolve into the formation water at low pH levels. The concentrations of
metal divalent cations such as Ca’*, Mg2+, and Fe?* increase to form carbonate minerals
under these circumstances. This phenomenon is known as mineral trapping (Saadatpoor
et al. 2010).

Over the past 30 years, a number of geochemists have developed a number of experi-
ments under various conditions to measure the mineral kinetic rates (Burch et al. 1993;
Fu et al. 2009; Gautier et al. 1994; Hellmann 1994; Lu et al. 2015; Nagy and Lasaga 1992;
Oelkers et al. 1994). They all concurred that experimental methods under dynamic and
stable chemical circumstances should be used to evaluate mineral kinetic rates. On the
other hand, extensive research has been carried out on CO, sequestration experimen-
tally, numerically, or in actual field studies (Akin et al. 2025; Berndsen et al. 2024; Erol
et al. 2022; Kaya and Zarrouk 2017; Kolditz et al. 2012). Ajayi et al. (2019) conducted
a comprehensive analysis of the operational concepts and significance of underground
CO, sequestration. The expected outcomes of the study are a synthesis of the current
status of CO, geological storage, an analysis of capture mechanisms and migration
processes, a comparative assessment of modeling approaches for storage capacity esti-
mation, a review of monitoring and verification techniques, and identification of key
technical challenges and future research directions. Addassi et al. (2022) investigated
the feasibility of injecting carbonated water into unconfined aquifers as a long-term CO,
storage method. The study focuses specifically on a geothermal reservoir, systematically
explores a wide range of hydrogeological and geochemical parameters, and quantita-
tively evaluates the water-to-CO, ratios and density conditions required to ensure secure
solubility trapping, thereby extending the applicability of carbonate water injection
beyond the scope of previous works. Their results suggested that CO, may be securely
stored using solubility trapping. For the CarbFix project at Hellisheidi, southwest Ice-
land, Aradéttir et al. (2012) evaluated the CO,—fluid—rock interaction. Their goal is to
determine whether in situ CO, mineral sequestration in Iceland’s basaltic rocks is fea-
sible. After mixing the captured 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 CO, has mixed with the formation fluid, it may then
generate bicarbonate and carbonic acid. In the process, the injected CO, diffuses, com-
bines with the formation fluid, and mostly changes into bicarbonate and carbonic acid,
two other aqueous species. Complex chemical processes that result in the immobiliza-
tion of CO, can be triggered by the dissociation of bicarbonate and carbonic acid ions.
CO, is then trapped in solid mineral phases, such as calcite and dolomite (Matter et al.
2016; Prikryl et al. 2018). Wan et al. (2016) used TOUGHREACT to evaluate reactive
transport processes in the reservoir and assess the geochemical reaction impact on the
changes in permeability and porosity of CO,-EGS in the geothermal site at Desert Peak
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(Nevada). The main minerals undergoing dissolution, according to modeling studies, are
quartz, chlorite, albite, anorthite, and K-feldspar. The following are the main second-
ary minerals that precipitate: siderite, calcite, kaolinite, illite, smectite, and dolomite. To
analyze fluid—rock interactions throughout the flow pathways connecting the injection
and production wells of the Nesjavellir geothermal reservoir, Galeczka et al. (2022) used
reaction path modeling. As the fluid moves further into the reservoir from the injection
well, the geofluid temperature increases from 84 to 300 °C. The authors calculate that
70% of the injected CO, can mineralize along the flow pathway based on their geochem-
ical modeling results. Erol et al. (2022) used TOUGHREACT to model a possible fluid—
CO, injection into deep metamorphic formation rocks consisting of quartzite, schist,
and marble in the Kizildere geothermal field in Tiirkiye. They created three different sce-
narios, including three annual injection rates of CO, for 10 years. The two main objec-
tives of their study are: (i) to identify the mineralization process and (ii) to assess the
dynamic fluid—rock interactions with the highest feasible CO,-charged fluid input. The
solubility of CO, in the effluent fluid was less than 0.1 mol/kg, and the partial pressure
of CO, near the pilot injection well was less than 1 MPa during the injection. According
to their modeling results, under all conditions, the maximum CO,-charged fluid mixture
is stable in a single phase. They concluded that the distinct mineral compositions of the
metamorphic rocks are under consideration and the variations in the CO, mass fraction
of the injected fluid and the reservoir restrict the process of CO, mineralization.

Field studies on CO, co-injection are successfully carried out using industrial CO, to
reduce scale (mineral precipitation) problems in the borehole and surface installations in
the TGEF, so in this respect, it is a pilot field in Tirkiye (Topcu et al. 2019). However, the
geochemical reactions between reservoir rock, fluid, and CO, have yet to be understood
for the TGF. To address this research gap, we conducted a batch reaction experiment and
a geochemical model to confirm the feasibility of CO, sequestration. The study focuses
on analytical, experimental, and geochemical modeling methods.

The main intention of this study is to:

— reveal whether the TGF reservoir is suitable for CO, sequestration, and
— provide a basis for extending the CO, co-injection study currently used in the TGF to
CO, sequestration.

CO, co-injection in the TGF
The TGF is an active tectonic field located 5 km from the Aegean Sea in Tirkiye and
80 km south of Canakkale (Fig. 1). The reservoir rocks of the TGF consist of Miocene-
aged volcanic rocks, which are mainly andesite/trachyandesite. The cap rocks in the
system are composed of Neogene-aged claystone and sandstone (Karamanderesi 1986;
Miitzenberg 1990; Samilgil 1966; Sener and Gevrek 2000). Hydrothermal activity and
the active thermal regime in the region have continued since Miocene volcanism.
Injecting industrial CO, into the geothermal system to prevent the scale formation in
the TGF has been applied by Topcu et al. (2019) (Fig. 2a). A CO, mobile heating tank, a
static mixer, a check valve, a flow meter, a solenoid valve, a regulator, a safety valve, a pH
meter, and a flow meter are used to inject industrial CO, into the system (Fig. 2b). The
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Fig. 1 The TGF and its surrounding area

mobile heater tank contains CO, in liquid. Thus, the mobile tank heater is used to heat
CO, before it is transferred to the dosing system. The system, which is designed to use
a static mixer, is used to create a homogeneous mixture of brine and CO, (gas). Follow-
ing the separators, a static mixer with a CO, diffuser is added to the brine pumps’ outlet.
After regulating the pressure and gasifying the liquid CO, in the evaporator, it is trans-
ferred to the static mixer to mix with brine. For operational safety, a check valve is added
to the system after the CO, (gas) dosing point. Monitoring the volumetric flow rate of
CO, (gas) is done with a flow meter connected to the system. The safety valve maintains
the pressure below 25 bar, while the regulator permits the CO, (gas) pressure to surpass
the brine pressure. With the aid of the pH probe, a series of samples is periodically col-
lected from the measurement point after the pump.

Currently, field studies are successfully carried out using industrial CO, to reduce
scale (mineral precipitation) problems in the TGF. Now, field engineers are searching for
answers to extend the CO, co-injection study to CO, sequestration. CO, sequestration
study in the TGF is discussed in detail in the following sections.

Materials and methods
A flowchart of experimental, analytical, and geochemical modeling processes is given in
Fig. 3.

Experimental setup

A high-pressure batch reactor has been utilized to conduct a series of CO,—fluid rock
dissolution/precipitation reactions using reservoir rock samples. The brine sample is
collected from a production well in the TGEF, and andesite, the primary volcanic host
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Fig. 2 CO, co-injection study in the TGF (Topcu et al. 2019)

rock 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 pm to improve the XRD analysis. The rock sample had particles ranging in size
from sub-micron to micron prior to the batch reaction experiment. First, analytical-
grade acetone was used to clean these particles, and afterward deionized water was
used to rinse them. Prior to the batch reactor experiment, the material was dried
overnight at 105 °C.

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 shows a sche-
matic 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
sampling line was purged by connecting a CO, gas tank to a pressure regulator. Later,
a nitrogen (N,) gas line is connected to the sampling valve to remove oxygen from the
brine. Removing oxygen from the brine in a batch reaction experiment is important
as Fe-bearing phases will react differently if the brine contains oxygen. After the ves-
sel had been filled and sealed, the temperature was raised to the desired target value
of 200 °C. To prevent boiling when heating to the desired reaction temperature, a



Tuzla geothermal fluid

Rock sample (andesite)

v

Tonkul et al. Geothermal Energy (2026) 14:2
s
S
Q
E
]
a
x
o
- v
©
E Determination of
5 initial mineral composition
= of rock sample
[
< - SEM-EDS
- XRD
- ®
§ip
58S
EST
3 0 =
zgoE
o
Fig.3

Batch reaction experiment
200°C, 4.4 MPa

Determination of
initial ion concentration
fluid sample

- ICP-MS

Rock sample || Fluid sample

- SEM-EDS
- XRD
- XRF

- ICP-MS

PhreeqC geochemical
modeling

Flowchart of analytical, experimental, and geochemical modeling process

- -

High pressure reactor

1-Barometer, 2-Thermometer, 3-Gas injection line, 4-Gas sampling line, 5-Valve, 6-Heating jacket
7-Data acquisition system, 8-Fluid collection bottle, 9-Fluid collection line, 10-Gas collection bottle
11-Pressure regulator, 12-Reactor, 13-Syringe pump

Fig. 4 Schematic representation of the experimental setup

Page 6 of 26



Tonkul et al. Geothermal Energy (2026) 14:2 Page 7 of 26

total pressure was applied as 4.4 MPa. According to Todheide and Franck (1963), the
partial pressure of CO, in the reaction vessel was determined to be 2.27 MPa. In situ
conditions were used to inject 0.167 mol/kgw CO, at a steady flow rate of 0.1 mL/
min into the brine (11.72 mol NaCl). The reactor temperature reached 100 °C in
approximately 5-10 min and 200 °C in 40—45 min. Fluid samples were collected every
3 days during the 9-day trial. These intervals correlated to 72, 144, and 216 h follow-
ing CO, injection. Throughout the experiment, three fluid samples were collected. In
the meantime, the fluid sample instrument was kept from clogging by using a micro-
mesh stainless steel wire basket.

Analytical calculations

Experimental fluid samples were analyzed for major and minor components using ICP-
MS (Inductively Coupled Plasma Mass Spectrometry, Agilent 7500ce) with a simultane-
ous analog and pulse counting detector. NIST-traceable single or multi-element standard
solutions were used to calibrate the system. The mean and standard deviation for each
chosen elemental mass were calculated by repeating standards and blanks five times for
each sample. Using an Accumet AR-20 m and a THERMO combination glass pH/refer-
ence electrode, the pH of each fluid sample was measured under standard laboratory
conditions. The initial and final brine compositions are given in Table 1. The mineralogi-
cal alterations were characterized using X-ray diffractometer (XRD), X-ray fluorescence
(XRF), scanning electron microscopy (SEM), and diffraction spectrometer (EDS) both
before and after the experiment. The rock sample was analyzed using SEM and EDS in
FEI Quanta 250 FEG to visualize at the micro-scale. The elemental content of the rock
structure was ascertained both quantitatively and subjectively using the EDS detector,
and mapping was used to monitor the distribution of the elements on the image. The
XRD and XRF analyses of the rock sample were assessed utilizing the Philips X'Pert Pro
and the Spectro IQ II, respectively. XRD provides information on the material’s crystal
size, non-crystalline phase content, and phase concentration.

Numerical geochemical modeling

The experiment in this study was numerically simulated using the PhreeqC 3.7.3 geo-
chemical modeling tool together with the LLNL database (Parkhurst and Appelo 1999;
Wolery and Daveler 1992). Henry’s Law was used to calculate the solubility of CO, based

Table 1 The initial composition of the geothermal fluid and the changes of major composition in
the brine

Elements (mg/I)

Ca?* Na* K* Mg?* Si0, AP* Fe** C-  Ca/Na Ca/Si  Mg/Ca
Initial brine  3090.00 18001.00 1809.19 131.00 189.00 4.78 549 34560 0.1717 163492 0.0424
Ccomposi-
tion

Reaction time (h)
72 2981.85 1841187 183712 14438 21001 220 622 35300 0.1620 14.1986 0.0484
144 2970.15 1844946 184157 17204 15965 200 648 33252 0.1610 186041 0.0579
216 297190 1847312 1841.00 17523 15024 200 642 34365 0.1609 19.7810 0.0590
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on the approach of Lichtner et al. (2003). Palandri and Kharaka (2004) stated that the
kinetic reaction rate constant (k) changes with temperature. However, the rate constants
are mainly evaluated for a pure phase mineral and a strictly regulated pH buffer solution
typically used in experiments to determine dissolution rates; ideally, these experiments
cover a broad range of pressure, temperature, and pH levels. When the rate constants
are applied to intricate natural systems, an adjustment for the rate constants is required
to expand the significance of more complex systems (Berndsen et al. 2024). The kinetic
reaction path modeling method can be used to fit the results of the batch reactor experi-

ment to acquire new kinetic rate constants of minerals.

Kinetic rates

Transition state theory (TST), as implemented in PhreeqC, was used to determine all
mineral reaction dynamics in this study. Equation (1) shows how the TST rate law links
the rates of mineral dissolution to the corresponding reactive surface area (4,,), reac-
tion rate constant (k,,), and the thermodynamic driving force of the reaction (AAG))
(Aagaard and Helgeson 1982; Lasaga 1981; Steefel et al. 2015):

Rm = Am ' km f(AG) (1)

Due to variations in reaction dependencies, such as pH sensitivity, individual mineral
dissolving rates vary even when the precise rate law was applied to all mineral phases.
While parallel rate laws consider pH dependencies, PhreeqC uses the Arrhenius equa-
tion to adapt mineral reaction rates to temperature. In PhreeqC, the rates at which
minerals dissolve change with pH. Depending on the mineral phase, acidic and alkaline
dissolution processes follow distinct reaction paths. Following the procedure described
in Beckingham et al. (2016), mineral rate constants were interpolated from literature
data and modified based on formation temperature and expected acidic pH conditions.
In general, different studies have different kinetic rate constants. Numerous variables,
including experimental design, sample preparation, and mineral composition, may con-
tribute to this difference. pH-related changes in rate constants are usually 1 or 2 orders
of magnitude, while other changes are usually considerably less noticeable (Haase et al.
2016). The mineral kinetic rates used for this study are given in Table 2.

Mineral surface area

The effective total area of the solid-liquid interface is referred to as a mineral-reactive
surface area. Reactive surface area is a significant source of uncertainty (Dethlefsen et al.
2012) but a crucial parameter, particularly for accurate dissolution experiment interpre-
tation (Luo et al. 2012). In natural geologic samples, mineral-reactive surface areas are
typically poorly restricted (Luhmann et al. 2014) and may not be similar to surface areas
measured in lab samples (Li et al. 2014). However, the reactive surface areas of natu-
ral samples need to be known to simulate kinetically controlled mineral—fluid reactions.
The reactive surface area can be obtained in two different methods. The first uses the
gas sorption (B.E.T.) method (Brunauer et al. 1938), whereas the second uses straight-
forward geometric calculations (White and Peterson 1990). In this study, we used geo-
metric calculation to obtain mineral surface areas. Kieffer et al. (1999) stated that simple

geometric calculations can be used to calculate the reactive surface areas of the minerals.
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By assuming that every mineral grain has the same grain size (<125 pum), this method
allows the predicted surface areas of mineral grains to be derived. However, the min-
eral grain form is asymmetrical in nature. The surface area of minerals is not accurately
estimated because of these imperfections. A surface roughness factor (RF) is used in the
calculation to correct for these imperfections (Anbeek 1992):

GSA — 4y r?
T 2)
SSA = GSA x RF.
3)

In Eq. 2, r is the radius of mineral grain size (m), p is the density of mineral (g m™).
Geometric surface area (GSA) can be calculated by simply dividing the total surface area
of the mineral by the particle mass (Eq. 2). Later, GSA is multiplied by the roughness
factor (RF) to obtain the mineral specific surface area. According to Hodson (1998), the
RF varies between 1 and 20 for feldspar minerals. On the other hand, Holdren and Spe-
yer (1987) reported that the RF changes from 3 to 14 for unweathered alkali feldspars.
Determination of the surface area of the reacting minerals is particularly difficult when
pore space and mineral heterogeneity are taken into account. Consequently, Table 2
provides the calculated surface areas for each mineral employed in simulations together
with their literature values taken from Beckingham et al. (2016).

Results and discussion

Fluid chemistry during reaction

The fundamental factor starting the geochemical reactions is the dissolution of CO, in
the brine. It dissolves in the brine and mostly forms HCO3. Following the CO, injec-
tion, the pH of the system decreased from 5.6 to 5.01, which is due to the acidic nature
of CO, (Fig. 5). The fluctuations in pH can be attributed to interactions and chemical

57
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Fig. 5 Changes in the pH of the brine during CO, injection
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equilibrium between the gas (CO,), the geothermal fluid, and the rock samples. After
CO, injection, rapid CO, dissolution decreased the pH. Over time, carbonate dissolu-
tion, mineral buffering reactions, such as dissolution/precipitation of carbonates and
silicates, and ion-exchange reactions moderated the acidity, leading to slight increases in
pH at some points.

These reactions are illustrated in Egs. 4 and 5:

CO, + HO — HT + HCO; (4)

HCOj + Ca** — CaCOs(Calcite) + H™ (5)

Time series changes in fluid chemistry are listed in Table 1 and illustrated in Fig. 6. The
majority of geological chemists have indicated that pH is an important factor in the min-
eral dissolution and precipitation processes (Luo et al. 2001; Oelkers et al. 1994; Wild
et al. 2016).

The concentration of SiO,, Na*, Ca**, and AI*" in the brine changed significantly with
the continuous dissolution reactions of alkaline feldspar. The initial concentration of
SiO, is measured as 189 mg/l in the brine. After 72 h of reaction, dissolved SiO, gradu-
ally ascended to 210.01 mg/l. Afterward, it dropped to 159.65 mg/l over the next 144 h
of response and then continued to decrease to 150.24 mg/] at the end of the experiment.
This is most likely because, in accordance with Eq. 6, albite releases SiO, and Na™ ions
into the brine while consuming H* during dissolution during the first 72 h (Fig. 6a and

b).
NaAlSisOg(Albite) + H" = AIO(OH)(Boehmite) + Na™ + 3SiOa(uq) (6)

As the reaction proceeds, compositional changes in the brine indicate that albite is
continuously dissolved after 72 h, replacing boehmite with kaolinite. The following reac-
tion explains this phenomenon (Eq. 7):

AlO(OH)(Boehmite) 4 0.5H>0 + SiO(uq) = 0.5A1Si>(OH)4(Kaolinite) (7)

The experiment shows evidence for boehmite conversion to kaolinite as indicated by
the decrease in dissolved SiO, concentration (Fig. 6a). In our observations, we can eas-
ily understand that albite first starts to dissolve by releasing SiO, into the brine to form
boehmite after CO, injection and then the excess SiO, is consumed by boehmite to form
kaolinite. The SiO, concentration is measured as 150.24 mg/I at the time of 216 h. The
results of the PhreeqC simulation indicate that boehmite precipitation occurs; however,
the XRD and SEM analyses do not reveal trace amounts of boehmite. The behavior of
albite in our experiment is consistent with its disintegration under comparable experi-
mental conditions, as described by Hellmann (1994).

The amount of Na* in the fluid increased significantly and steadily during the experi-
ment (Fig. 6b). The initial concentration of Na* is 18001 mg/l and it is dissociated mainly
from plagioclase feldspar at 200 °C. Following the CO, injection, the concentration of
Na* increased from 18001 mg/l to 18411.87 mg/l at the experiment time of 72 h. As
explained in Eq. (6), plagioclase feldspar, probably such as albite, releases the Na* ion
into the brine after CO, injection. It is measured as 18473.12 mg/l at the experiment
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time of 216 h. Albite can also form dawsonite, according to Eq. 8, in the presence of CO,.
However, we did not have any significant findings about the precipitation of dawsonite
in our experiment. Baker et al. (1995) and Dyni (1997) explain that dawsonite is gener-
ally limited to alkaline or highly alkaline environments.

NaAlSi3Og(Albite) + COy(uq) + H20 < NﬂAl(COg)(OH)Z(s) (Dawsonite) + 3SiOxs)

(8)

The initial concentration of K* 1809.19 mg/1 and the origin of K" is likely from K-feld-
spar and/or biotite in the rock sample. The initial brine dissolves the feldspar surface,
and K* ions leach into the solution. Following the CO, injection, the increase in the K*
concentrations may indicate that the decrease in the pH may cause the dissolution of
K-feldspar, releasing the corresponding cations into the brine and generating kaolinite
precipitation under the K*-rich condition (Fig. 6¢). Our findings on feldspar behavior
are consistent with Fu et al. (2009). Their study stated that feldspar may generate kaolin-
ite in an acidic environment when the temperature reaches 200 °C. The following reac-

tion illustrates these explanations:

2KAISi303(K — feldspar) 4+ 2H 4+ 9H,O — 2K + 4HySiO4 + Al SizO5(OH)(Kaolinite)
)

Dissolution of feldspar is reported in many CO, experiments (Chai et al. 2025; Chen
et al. 2025; Ding et al. 2025; Fischer et al. 2010; Li et al. 2019; Shiraki and Dunn 2000;
Wandrey et al. 2011). Li et al. (2019) stated that the conversion of K-feldspar to kaolin-
ite occurs easily in the conditions of rich Na* and at 200 °C. Fu et al. (2009) observed a
similar dissolution phenomenon at 200 °C in an acidic environment. Zhu and Lu (2009)
explained that boehmite forms in the first stage of albite dissolution. Consistent with
the results of Zhu and Lu (2009), we can understand from our experimental results that
boehmite was formed during the first 72 h and transformed into kaolinite as albite dis-
solution continued.

The initial concentration of Ca®* is 3090 mg/l, which comes primarily from anorthite.
As a difference from Na*, the Ca®* concentrations generally decrease during fluid—rock
interaction (Fig. 6d). This may indicate the Ca®* has been consumed by either calcite
or secondary Ca-aluminosilicates. Another reason might be an increase in temperature.
Straub (1932) explained that the solubility of Ca®* is inversely proportional to tempera-
ture. The Ca®" concentration decreased to 2971.90 mg/1 at the experiment time of 216 h.
A general conversion of Ca end-member, anorthite, is explained by Hangx and Spiers
(2009) and Oelkers et al. (2008).

CaAlySir Og(Anorthite) + COq + 2H2 O = CaCO3(Calcite) + Al SioOs5(OH) 4 (Kaolinite)

(10)

As anorthite dissolves in acidic brine, the Ca®* is probably consumed by calcite,
indicating a tendency towards Eq. 10 governing fluid chemistry (Fig. 6d). On the
other hand, the Ca/Na ratios of the brine are consistently low compared to the initial
composition (Table 1). The Ca/Na ratio of the brine is initially 0.1717 and decreases
to 0.1609 at the experiment time of 216 h. Moreover, the decrease in Ca®* concen-
tration compared to Na* and SiO, may indicate calcite precipitation on the rock sur-
face. In addition to this, the Ca/Si ratio decreases at the experiment time of 72 h,
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which may indicate that calcite precipitation might have occurred. The decrease
in the Ca/Si ratio may also indicate that Ca-rich aluminosilicates may also have
occurred on the rock sample. The Ca/Si ratio starts to increase after 72 h (Table 1).

Munz et al. (2012) carried out batch reaction experiments at 250 °C with a total
pressure of 4 and 12 MPa and found similar observations. They reported that their
experimental results showed the conversion of plagioclase feldspar to carbonate was
24-30% at 12 MPa and 11-14% at 4 MPa. A similar observation was reported by
Suto et al. (2007). They investigated the initial reactions of a granite sample with
a CO,-injected system over a temperature range of 100-350 °C and at 25 MPa.
According to their experiments, injected CO, promoted the dissolution of gran-
ite and the precipitation of secondary minerals. They found that the solution was
supersaturated with respect to calcite at 200 and 300 °C only 6 h after CO, injection.

The steep rise in Mg?" concentrations may indicate an ion-exchange process or
a fast dissolution, likely from the surface of the mica present (Fig. 6e). The Mg**
is another important divalent cation for carbonate mineralization because releasing
the Mg?" into the fluid results in dolomite precipitation on the rock surface (Gisla-
son et al. 2010; Oelkers et al. 2008; Sneebjornsddttir et al. 2017). In our experiments,
we did not have any findings about the precipitation of dolomite. In contrast, calcite
precipitation was the dominant precipitation mechanism among the carbonates. As
shown in Table 1, the Mg/Ca ratio increases during the experiment, suggesting a
low possibility of dolomite precipitation. Consistent with the Mg/Ca ratio, the Mg**
concentrations increase in the brine.

Initially, the AI*" concentration in the solution is 4.78 mg/l, and it may have origi-
nated from Na-endmember albite (Na[AlSi;O4]) and Ca-endmember anorthite
(Ca[AlLSi,Og)] found in plagioclase. The concentration of Al** decreased sharply to
2.2 mg/l at 72 h and finally decreased to 2 mg/l (Fig. 6f). The decrease in AlI** and
Ca* concentrations after CO, injection suggests the possibility of Ca-rich alumino-
silicate precipitation.

The Fe®" is probably released from hematite, and the initial concentration of Fe**
is measured as 5.49 mg/l. The reaction between hematite and an acidic environment
is given as:

Fe,O3(Hematite) + 6H' < 2Fet + 3H,0 (11)

According to Eq. 11, the brine dissolves hematite and releases the Fe3* ion into
solution. As seen in Fig. 6g, the Fe*™ concentration in the brine increases rapidly
after CO, injection, indicating the hematite dissolution. It is measured as 6.42 mg/l
at the experiment time of 216 h. Here, the AIP* and Fe®* were taken into consid-
eration because aluminum and iron form compounds primarily in the + 3 oxidation
state, especially in rock mineral structures.

Since the Cl™ is conservative, it does not present significant changes during the
experiment.

Evaluation of reaction progress in fluid chemistry is generally consistent with min-
eral precipitations in our experiment. Indications from secondary mineral precipita-
tion in our experiment were discussed in the following sections.
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Indications from secondary minerals

In this study, we performed a batch reaction experiment on the rock sample under
hydrothermal conditions in the presence of brine and CO,. The experiment was con-
ducted at 200 °C, partial pressure of CO, (PCO,) 2.27 MPa, and total pressure of
4.4 MPa. Tuzla geothermal fluid (11.72 mol NaCl) was chosen to represent reservoir
brine. In this experiment, we chose relatively high temperatures to reach Tuzla reser-
voir conditions and to accelerate mineral reaction rates (Hellmann 1994; Oelkers and
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Fig. 7 SEM-EDS results of the rock sample before CO, injection
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Fig. 8 SEM-EDS results of the rock sample after CO, injection

Schott 1995). The rock surface shows significant secondary mineral precipitations
after reaction with CO, at 200 °C. The images of the fresh sample and these important
surface precipitations are given in Figs. 7 and 8.

At point 1-1, the mineral shows adjacent grains with relatively smooth but angu-
lar faces. It is clearly distinguishable from the surrounding matrix due to its higher
brightness (suggesting it may be more electron-dense or composed of heavier ele-
ments), and it has relatively sharp boundaries with adjacent grains, so it may be a
plagioclase feldspar. It can be concluded that the mineral is mainly albite (NaAlSi;Og)
because Na, Al, and Si elements exhibit higher peaks than other elements in the EDS
(Fig. 7). As seen in Fig. 7, albite is primarily detected in the SEM images. Therefore,
the initial Na, Al, and Si elements in the brine may have been derived from primary
albite.

At point 1-2, the SEM image shows porous and spongy, with a highly irregular, micro
granular surface. The EDS result shows K, Mg, Al Si, and Fe are relatively high, and the
results agree with the mineral at point 1-2 is biotite (K(Mg,Fe);(AlSi;O,,)(OH),), which
is iron-rich aluminosilicate (Fig. 7).
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The mineral at point 2—1 seems typically smooth and subhedral grain. Being of charac-
teristic peaks Si and O, the mineral is the primary quartz on the rock surface, which has
a small amount of Fe, Al, and other elements.

At point 3-1, the EDS shows that the O, K, Al, and Si are relatively high compared to
other elements. In addition, the mineral has a high peak for K. It is characterized by a
smooth, platy to blocky surface in the SEM image. Considering the mineral structure
and elemental composition, it can be concluded that the mineral is a feldspar, most likely
K-feldspar (Fig. 7).

At point 4-1, the mineral has a needle-shaped appearance. The EDS result of the min-
eral shows that it has a high elemental composition of Ca, Al Si, K, and O and contains
lower amounts of Mg, Fe, and Na (Fig. 8). All these characterizations suggest that the Ca
aluminosilicate mineral may have been precipitated on the rock surface after CO, injec-
tion. After CO, injection, scolecite mineral was detected in the XRD result (Fig. 10b),
confirming that the mineral is Ca aluminosilicate.

At point 5-1, according to the EDS result, the mineral has high amounts of O, Al,
and Si. In the SEM image, the fact that the mineral appears to fill the spaces and gaps
between more structured grains strengthens the possibility that the mineral formed as a
secondary mineral after CO, injection. This strengthens the possibility that the mineral
is probably kaolinite at point 5-1 (Fig. 8). The chemical process behind the formation of
kaolinite is the reaction of feldspar and albite with CO, to form kaolinite, as explained in
Eq. 7 and Eq. 9. The brine reacts with excess K* ions in the brine, leading to feldspar for-
mation. At point 5-1, kaolinite forms a booklet-like structure and acts like the primary
cementing material. Similar observations were reported in secondary kaolinite forma-
tion studies at 200 °C, near-neutral pH and initially acidic pH conditions (Bjerlykke and
Aagaard 1992; Ehrenberg 1991; Ehrenberg et al. 1993; Huang et al. 1986). Huang et al.
(1986) stated that the conversion of albite to illite mostly occurs under near-neutral pH
conditions, while kaolinite forms in an initially acidic solution. Our geochemical model
and experimental data indicate that changes in fluid chemistry, such as an increase in
Na*, lead to the conversion of albite to kaolinite, which is consistent with the acidic
medium. De Silva et al. (2017) and Othman et al. (2018) stated that kaolinite formation
after CO, injection can clog small pores and throats, which results in increased reservoir
heterogeneity. In another study, Wang et al. (2024) explained that kaolinite formation
contributes to pore blockage and decreased permeability, which plays a critical role in
CO, sequestration.

At point 61, the EDS result suggests the mineral is characterized by Ca and O, which
is typical for calcite. Additionally, the rhombohedral cleavage shape and a small granu-
lar mineral crystallization in its SEM analysis suggest that it is obviously a new mineral
formed via chemical reactions. According to Eq. 10, anorthite releases the Ca®* ions in
an acidic environment, and they were consumed by calcite at point 6—1. The detection
of anorthite in the XRD results is consistent with these reactions (Fig. 10a). In our batch
reaction experiments, no magnesite and siderite precipitation were observed except for
calcite. The reason for this might be mineral inhabitation, which is due to the solution
not reaching the necessary time for nucleation. If enough time were allowed for appro-
priate ions, such as Ca?" or AI**, to be released by anorthite or albite breakdown, respec-
tively, it is not implausible that carbonates would eventually precipitate. Kaszuba et al.
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Table 3 Changes in mineral composition of the rock sample used in this study

Quartz Plagioclase Feldspar Mica Hematite Aluminosilicate Calcite Kaolinite

Initial mineral content, wt%

55.7 16.14 11.40 7.62 52 4.71 0 0
Mineral content after CO, injection, wt%
63.40 11.91 584 4.19 0.9 6.32 513 233

(2003) conducted a batch experiment over 2.5 months and showed that carbonate pre-
cipitation, especially magnesite and siderite, occurred in their experiments at 200 °C and
20 MPa total pressure. In our experiments, calcite was the dominant mineral among car-
bonates (Fig. 8).

As can be seen in Fig. 9, prior to CO, exposure, the rock sample is mainly com-
posed of SiO,, Al,O, Fe,O; Na,O, and K,O. These elemental compositions are
related to quartz, plagioclase, K-feldspar, hematite, and biotite (Table 3), which agree
with the XRD analysis (Fig. 10a). Figure 9 presents significant evidence for geo-
chemical changes in the rock sample after CO, injection. Following CO, injection,
CaO increased significantly, while K,O, Na,O, and Fe,O; decreased (Fig. 9). On the
other hand, SiO, increased, and Al,O; decreased slightly. The mineral composition
was obtained by XRD, and the XRD peak correlations detected are given in Fig. 10.
According to Fig. 10a, the rock sample is mainly composed of silicate, feldspar, pla-
gioclase, and hematite, which are in high agreement with the SEM—-EDS and mineral
compositions (Figs. 7 and 8). After CO, injection, the XRD clearly identifies kaolinite,
calcite, and scolecite precipitation on the rock surface (Fig. 10b). On one hand, the

experimental results presented in Figs. 9 and 10 show a high degree of agreement
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with the types and concentrations of ions (Fig. 6), and the variations in mineral
composition observed in the PhreeqC model (Fig. 11). As shown in Fig. 11, quartz
weighed from 55.7 to 63.40%, and aluminosilicates weighed from 4.71 to 6.32%. On
the other hand, plagioclase (weight decrease from 16.14 to 11.91%), feldspar (weight
decrease from 11.40 to 5.84%), mica (weight decrease from 7.62 to 4.19%), and hem-
atite (weight decrease from 5.2 to 0.9%) all tended to dissolve after CO, injection.
Moreover, although calcite and kaolinite were not detected in the initial mineral con-
tent, they showed a tendency to precipitate after CO, injection, exhibiting 5.13% and
2.33% weight, respectively.

In addition, the geochemical modeling findings also revealed secondary minerals
(calcite, Ca-aluminosilicates, and kaolinite) that were not detected in the experiment
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before CO, injection. These findings provide valuable references for batch reaction
experiments utilizing actual brine and for guiding related CO, sequestration projects
in volcanic fields. On the other hand, this model allows for the exploration of the pro-
cesses of CO,—brine—rock interactions in volcanic reservoirs by accounting for varia-
tions in mineral composition.

Our geochemical and experimental results showed that if there are sufficient divalent
cations in the brine, such as Ca** and Mg?*, due to the injection of CO,, they will react
with minerals to form carbonates. In our experiments, calcite (CaCO,) was the domi-
nant cation among the carbonates. The total duration of the experiment was 216 h. If
the experiment duration had been longer and sufficient cations had been provided for
the precipitation of magnesite and siderite, these minerals would probably have been
observed in our experiment (Lindeberg et al. 2003). The secondary mineral precipitation
in the pore spaces of rocks can decrease porosity and permeability, which may generate
a negative effect on reservoir injectivity and stability (Major et al. 2018). Our experimen-
tal findings also show the kaolinite formation, one of the secondary minerals. Wang et al.
(2024) stated that kaolinite can affect porosity and permeability by acting as cement in
the reservoir after CO, injection.

In general, our experimental, analytical, and geochemical modeling results are consist-
ent with previous studies that the increased acidity resulting from CO, injection into
brine and rock samples will dissolve primary feldspars and precipitate calcite, kaolinite,
and Ca-aluminosilicate.

Comparison to other studies

Volcanic rocks have the advantage of rapid mineralization due to their high concentra-
tion of reactive minerals such as basalt and andesite, which accelerate the reaction of
injected CO, into stable carbonate minerals. On the contrary, although lower-temper-
ature saline aquifers generally provide very large storage capacities and are more widely
distributed geographically, the mineralization process is slower and trapping relies more
on structural, residual, and solubility mechanisms. Therefore, volcanic reservoirs may
provide a more secure long-term solution due to permanent mineral trapping, whereas
saline aquifers remain advantageous in terms of storage volume, availability, and
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operational feasibility due to solubility trapping. In other words, while low-temperature
saline aquifers offer a more suitable CO, storage environment regarding capacity and
prevalence, volcanic reservoirs provide a more appropriate environment regarding effi-
ciency and sustainability.

The interaction of CO,-brine—minerals has been the subject of experimental stud-
ies reported by several researchers (Bischoff and Rosenbauer 1996; Ding et al. 2025;
Lagache 1965, 1976; Suto et al. 2007). The chemical reactions of feldspar under CO, via
batch experiments were studied by Hangx and Spiers (2009). They injected CO, into the
reactor at 200—300 °C and 0.4—15 MPa, and kaolinite and smectite/illite formed in their
studies. Hangx and Spiers (2009) concluded that kaolinite precipitation can proceed or
accompany carbonate precipitation in these conditions. Shiraki and Dunn (2000) stud-
ied mineral dissolution and precipitation during CO, injection in northern Wyoming,
USA. They conducted the batch reaction experiment under reservoir conditions, which
are 80 °C and 16.6 MPa. Their results concluded that the major reaction was the dis-
solution of K-feldspar to form kaolinite. Lagache (1965) used albite, adularia, and labra-
dorite in a series of feldspar alteration studies at 100, 150, and 200 °C with and without
CO,. Lagache (1965) stated that when the solution was saturated with silica, the feld-
spars changed into boehmite, kaolinite, and mica (muscovite), and the rate of disso-
lution was a function of the activity ratio of Na* or K to H*. However, in our study,
there is no strong evidence for the precipitation of boehmite as a secondary formation.
Ding et al. (2025) investigated the geochemical changes in CO,—fluid—rock interaction
under high temperature and high pressure. After the CO, injection, they observed that
K-feldspar decreased from 9 to 4.1 wt% by weight, plagioclase decreased from 22.3 to
12 wt%, quartz increased from 56.6 to 70.2 wt%, and calcite increased from 5.5 to 6.1
wt%. Our results in Fig. 11 are in good agreement with similar studies (Ding et al. 2025;
Suto et al. 2007; Yu et al. 2012; Zhang et al. 2018). The effect of CO, injection into the
reactor with a granite sample on the enhanced geothermal system (EGS) at 20 MPa
and 300 °C using a high-temperature oil bath was studied by Li et al. (2023). After CO,
injection, they concluded that the minerals dissolved in the granite sample were mainly
feldspars, especially albite and K-feldspar. In addition to these, they observed the newly
formed minerals such as calcite and aluminosilicates on the granite sample. The SEM
results in our experiments agree favorably with the study of Li et al. (2023) on the granite
sample treated with CO, at 100-300 °C and in the presence of geothermal fluid. On the
other hand, our experiment results and fluid chemistry strongly agree with those of Suto
et al. (2007). They conducted a batch reaction experiment with CO, at 100-350 °C and
0-25 MPa and concluded that kaolinite, calcite, smectite, and muscovite precipitated as
secondary phases.

Uncertainties and limitations of kinetic reaction path modeling

As can be seen, mineral dissolution and precipitation processes are extremely complex
reactions. Thus, it is not possible to completely simulate these kinds of reactions due
to differences in temperature and pH conditions, and ion-exchange reactions (Ganor
et al. 2007). There are many unknowns in geochemical modeling, especially when deal-
ing with sophisticated multiphase systems. These kinetic calculations depend on the
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experimentally established dissolution rate data in addition to a thorough and reliable
thermodynamic database.

Although the time history of dissolution reactions may be adequately described by
these rate data, their application to the modeling of precipitation processes has pro-
duced inconsistent results when compared to laboratory and natural observations
(Schott et al. 2009). Accurate modeling of the temporal evolution of natural water—
rock systems is commonly hindered by the lack of established data for the majority of
these systems due to the decline in chemical affinity and reaction rates as equilibrium
approaches. The impact of different mineral compositions in solid solution series and
the nonideal mineral crystallinity also hamper an evaluation with the geochemical mod-
eling. For this reason, sometimes calculated and measured rates typically differ by sev-
eral orders of magnitude when creating a consistent mineral dissolution database. Our
kinetic rate constants for plagioclase feldspar were higher than those obtained by Fu
et al. (2009), which is probably due to the salinity effect (England 1990). In addition, the
kinetic rates in our experiment obtained one order of magnitude more than those from
Sneebjornsddttir et al. (2018). The reason is probably the pH difference used in this study.
Sneebjornsddttir et al. (2018) investigated CO, sequestration potential in the Hellisheidi
volcanic reservoir with pH 9.5 in Iceland at the CarbFix project site.

A large portion of this uncertainty can be eliminated by acquiring detailed and precise
physical and chemical characteristics particular to the system and/or place, as was done
in the current work. Indeed, in the absence of convective flow, the contact between CO,
and the reservoir rock becomes limited, and the injected CO, may preferentially accu-
mulate in the upper parts of the reservoir. Additionally, the solubility of CO, decreases
significantly with increasing NaCl concentration, which further restricts its distribution
in the brine. A detailed investigation of CO, transport dynamics under such conditions
is, however, beyond the scope of the present study.

Despite all these uncertainties and limitations, the geochemical computation pro-
grams working on the law of mass action such as the PhreeqC provide straightforward
evaluation in such intricate reservoir systems including multi-oxides and high salinity.

In addition, the use of powdered rock in batch reactors provides high surface area
and thus accelerates dissolution and precipitation reactions, allowing the identifica-
tion of reactive mineral phases under controlled conditions. However, unlike reactive
core-flooding experiments, batch experiments do not account for flow, transport, or
pore geometry, and therefore, the results obtained in this study should be interpreted as
indicators of mineral reactivity. While these experiments provide valuable insights into
mineral reactivity, we acknowledge that uncertainties remain due to experimental sim-
plifications, and although the observed trends are reproducible under the applied condi-
tions, absolute reaction rates may vary in natural systems.

Conclusions

The TGF is the first pilot site in Tiirkiye where the CO, co-injection study was carried
out. Currently, the CO, co-injection study at TGF is continuing successfully, and the
scaling problem in the wellbores and surface installations has decreased significantly. In
this study, a batch reaction experiment and geochemical modeling were performed to
analyze rock—fluid—CO, interactions for insights into the CO, sequestration potential
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and challenges in a volcanic reservoir. The experimental results, which were conducted
at 200 °C and 4.4 MPa, showed that the initial reaction of the rock sample is charac-
terized by the dissolution of plagioclase feldspar. After CO, injection, the rock sample
tended to form calcite, kaolinite, and Ca-rich aluminosilicate as secondary minerals;
that is, the rock sample might have the potential to capture CO, under reservoir condi-
tions. The formation of calcite as a secondary mineral after CO, injection is important
for carbonation, which means that the TGF is a suitable site for CO, sequestration at
200 °C and 4.4 MPa. Based on this, the TGF may be a potential geothermal field for CO,
sequestration in the future, and these study findings can lead to the development of the
current system used in the TGF. Therefore, our results show the CO, co-injection study
currently used in TGF can be extended to CO, sequestration in the future, capturing the
CO, of the system itself released during the production.
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