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ABSTRACT 

One of the proposed methods to mitigate carbon 

emission is to mineralize the CO2 in deep geothermal 

reservoirs. During the sequestration process, the 

injection temperature of CO2-brine mixture plays an 

important role on solubility of CO2 in brine while 

avoiding amorphous silica scaling in the vicinity to the 

injection well. Decreasing temperature of the brine 

increases CO2 solubility, however, lower injection 

temperature can cause amorphous silica precipitation 

both in wellbore and around injection well. In order to 

avoid the amorphous silica precipitation, the injection 

temperature must be optimized accordingly. 

TOUGHREACT program, coupling reactive transport 

and flow process, is used to assess the CO2 injection to 

metamorphic reservoir rocks of Turkey’s geothermal 

reservoirs in Western Anatolia.  Three different mineral 

scenarios are used to demonstrate possible amorphous 

precipitation when injection temperature is below 85 °C 

and 100 °C. The three-dimensional (3-D) model 

represents a main reservoir zone between 1800m and 

2500m where temperature is around 200 °C.  In order 

to create mineral equilibrium in the model, secondary 

minerals are estimated using PHREEQC.  Primary and 

secondary minerals are introduced accordingly as the 

pivot for mineral reactions.  Simulation results show 

that decrease of temperature below a certain value (i.e. 

< 90 °C) causes amorphous silica precipitation around 

the injection well.  In addition, comparison of different 

scenarios reveals that the dissolved SiO2 decreases 

more at lower temperature, and amorphous silica 

precipitation occurs at higher rates.  It is suggested that 

the optimal injection temperature should be larger than 

95 °C  to prevent amorphous silica precipitation in 

bottom and vicinity of the injection well.  

 

1. INTRODUCTION  

One of the biggest disadvantages of power utilization 

in Turkish geothermal power plants is large emissions 

of non-condensable gases (NCG), mainly consisting of 

CO2.  Compared to average global CO2 emission factor 

due to geothermal power production of 122 g/kWh 

(Bertani & Thain, 2002), CO2 emissions in Turkey are 

considerably large as the reservoir rocks contain higher 

carbonate.  In this regard, typical start-up geothermal 

emission values could be significantly higher than the 

emission factor of a typical coal power plant (Bonafin 

et al, 2019). 

One of the most effective ways to eliminate CO2 

emissions resulting from geothermal power plant 

operation is reinjection of CO2 in the geothermal 

reservoir.  In this research, CO2 is injected with colder 

brine. CarbFix and GECO projects demonstrated that 

resulting brine in the geothermal reservoir is acidic 

where it reacts with reservoir rocks, resulting 

sequestration of CO2 in the reservoir by means of 

mineral deposition.  Carbonated water reacts with 

cations like calcium, magnesium and iron resulting 

depositions of calcite, ankerite and magnesite. 

When colder carbonated water is injected to the 

reservoir, deposition of some minerals is observed due 

to oversaturation. Thus, due to large temperature drop, 

possible amorphous silica precipitation may occur.  

Amorphous silica can deposit at surface pipelines as 

well as in wellbore causing flow assurance and 

operational problems.  Amorphous silica may clog 

possible flow paths in the reservoir impairing flow of 

geothermal fluid.  There are many factors that affect 

amorphous silica precipitation, however, in this 

research, only temperature and pH effects are 

considered.  Even though amorphous silica 

precipitation is observed in many geothermal systems, 

its precipitation conditions are still debatable (Van den 

Heuvel et al., 2018). However, it is for sure that rapid 

temperature drop is the major reason for amorphous 

silica precipitation. 

2. GEOCHEMICAL MODEL 

The reactive transport model is constructed using 

TOUGHREACT with TOUGH2 EOS2 module, 

developed to model flow of CO2-water mixtures.  To 

create a representative model, the calibration process is 

divided into reactive natural state and dynamic 

calibration.  Static model is run for 100,000 years where 
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static depth vs pressure and temperature data collected 

from each well is matched with the model results.  

Moreover, reactive natural state model uses static 

model’s output as input pressure and temperature. 

Reactive natural state is run for approximately 100 

years for the mineral compositions reach equilibrium 

(Erol et al., 2022). The results of are then used to 

populate the dynamic model where mineral 

compositions are in equilibrium, and temperature and 

pressure data are calibrated. Finally, dynamic model 

where injection and production take place is run for 5 

years.  In this study, three different mineral 

compositions are simulated to represent marble, schist 

and marble with schist sections, which are typical  

geothermal reservoir rocks located in western Anatolia, 

Turkey. 

The dynamic model consists of one pair of injection and 

production wells with a spacing of 450 m at a depth of 

2350 m.  Top reservoir boundary condition is defined 

at the topmost layer where pressure is constant. The 

model includes a cap rock at 700-850 m BSL overlain 

with alluvial zones reaching to the surface.  The top of 

the metamorphic reservoir rock is at 1000 m, and it 

reaches 3850 m at the bottom.  There is a NW-SE 

trending highly conductive fault between two wells’ 

drainage zones.  Apart from this fault 12 other faults are 

placed representing Kızıldere geothermal field 

geology.  Fault zone permeabilities are increased 

compared to matrix zones to mimic the fault zones and 

fractured metamorphic reservoir rock. Geological 

illustration of the model is shown in Figure 1. 

 

Figure 1: Geological illustration of the model and 

the grid 

2.1 Static Model 

Static model is constructed using the geological 

structure by matching static pressure and temperature 

of each well pair. Moreover, initial temperature, 

pressure, and CO2 composition are introduced to 

establish a starting point for equilibrium state (natural 

state). In order to match measured data with model data 

and get proper initial condition for the reservoir, several 

changes and trials such as applying different 

temperature and pressure gradients and changing cap 

rock properties have been conducted and the best fit is 

obtained. The following equations are used to obtain 

representative initial condition.  

 

 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎)=2.1𝐸6+(−8400)×𝑧 [1] 

   

 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐶°)=25.0+(−0.085)×𝑧 [2] 

   

 𝐶𝑂2 𝑃𝑝𝑎𝑟𝑡𝑖𝑎𝑙 (𝑃𝑎)=2.0𝐸5+(−2800)×𝑧 [3] 

   

Since a doublet-well model that deals with reservoir 

and well zone is used, only the reservoir zones have 

been matched.  The matches between measured and 

simulated data are given between Figures 2 through 5.  

At a depth of 2200 m, (i.e. reservoir zone), difference 

between measurement data and simulated results are 

calculated. Calculated errors are reported in Table 1. 

 

Table 1: Errors obtained for pressure and 

temperature data.  

Name  Error 

(%)  

Pressure of injection well  2.59  

Temperature of injection well  1.6  

Pressure of production well  2.77  

Temperature of production well  1.28  

 

 

Figure 2: Pressure match of injection well 
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Figure 3: Temperature match of injection well 

 

Figure 4: Pressure match of production well 

 

Figure 5: Temperature match of production well 

 

Initial CO2 content of geothermal fluid is around 3% at 

reservoir conditions (Haizlip et al., 2016). Two 

different sets of water chemistry representing initial 

reservoir and re-injection brine are used (Akın, 2019). 

TOUGHREACT calculates composition of aqueous 

solution using two parameters: CGUESS and 

CTOTAL. CGUESS represents the provisional 

concentration of the species, whereas CTOTAL 

represents total concentration that can be reached with 

secondary species. Thus, the following initial water 

(Table 2) and injection water chemistry (Table 3) have 

been used. 

Table 2: Initial water chemistry 

Species  CGUESS 

(mol frac.)  

CTOT 

(mol frac.)  

AlO2
-  1.713 × 10-5  8.445 × 10-4  

Br-  5.0 × 10-6  5.65 × 10-6  

Ca+2  1.166 × 10-5  1.96 × 10-4  

Cl-  0.001417  0.002253  

F-  9.715 × 10-4  9.798 × 10-4  

Fe+2  2.639 × 10-8  6.639 × 10-7  

H+  3.918 × 10-7  1.0965 × 10-6  

HCO3
-  0.024  0.1981  

K+  1.0 × 10-8  3.043 × 10-8  

Li+  3.0 × 10-4  4.409 × 10-4  

Mg+2  3.94 × 10-6  2.577 × 10-5  

Mn+2  8.788 × 10-8  7.132 × 10-7  

Na+  0.03162  0.0434  

NO3
-  8.3 × 10-7  9.67 × 10-7  

SiO2(aq)  1.0 × 10-4  0.003629  

 

Table 3: Injected water chemistry 

Species  CGUESS 

(mol frac.)  

CTOT 

(mol frac.)  

AlO2
-  1.0 × 10-5  3.28 × 10-5  

Br-  3.0 × 10-6  7.97622 × 10-6  

Ca+2  1.0 × 10-4  2.55003 × 10-4  

Cl-  0.001  0.003476401  

F-  0.001  0.001445411  

Fe+2  4.0 × 10-7  4.65616 × 10-7  

H+  1.0 × 10-9  2.5704 × 10-10  

HCO3
-  0.004  0.005143033  

K+  0.001  0.004728772  

Li+  3.0 × 10-4  5.94671 × 10-4  

Mg+2  1.0 × 10-6  7.30041 × 10-6  

Mn+2  5.415 × 10-8  7.28 × 10-7  

Na+  0.05  0.059230265  

NO3
-  1.0 × 10-6  1.55161 × 10-6  

SiO2(aq)  0.005  0.00845  

 

After matching static pressure and temperature vs depth 

measurements, reactive transport simulation option is 

enabled in TOUGHREACT. Previously obtained 

pressure and temperature data is introduced as input to 

the program. Three different reactive natural state 

models have been constructed for the aforementioned 

mineral assemblies.  These models are simulated for 

100 years guaranteeing the model equilibrium with the 

input kinetic constraints. The time when minerals reach 

equilibrium can be different for different mineral 

compositions, such that for some mineral compositions, 

it is seen that sometimes 25 years is enough for 

equilibrium. However, in order to be on the safe side, 

simulation time of 100 years has been selected. 
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Table 4: Mineral compositions of three scenarios 

 

Scenario 1 Vol. Frac. Scenario 2 Vol. Frac. Scenario 3 Vol. Frac.  

Albite  0.0  Albite  0.0  Albite  0.0  

Ankerite-2  0.0  Ankerite-2  0.0  Ankerite-2  0.0  

Calcite  0.03  Calcite  0.4  Calcite  0.85  

Chalcedony  0.0  Chalcedony  0.0  Chlorite  0.02  

Chlorite  0.2  Chlorite  0.05  Dolomite  0.05  

Dawsonite  0.0  Dawsonite  0.0  Hematite  0.0  

Diaspore  0.01  Diaspore  0.0  Illite  0.0  

Dolomite  0.0  Dolomite  0.0  Kaolinite  0.0  

Hematite  0.0  Hematite  0.0  Quartz  0.05  

Illite  0.0  Illite  0.0  Smectite-Ca  0.0  

Kaolinite  0.1  Kaolinite  0.05  Smectite-Na  0.0  

Magnesite  0.0  Magnesite  0.0  Albite  0.0  

Muscovite  0.35  Muscovite  0.2  Ankerite-2  0.0  

Pyrophyllite  0.01  Pyrophyllite  0.01  Calcite  0.85  

Quartz  0.05  Quartz  0.05  Chlorite  0.02  

Smectite-Ca  0.05  Smectite-Ca  0.05  Dolomite  0.05  

Smectite-Na  0.05  Smectite-Na  0.05  Hematite  0.0  

*The minerals with a volume fraction of 0.0 are the secondary minerals. 

 

The mineral compositions given in Table 4 represent 

Western Anatolian geothermal reservoirs 

(Karamanderesi and Ölçenoğlu, 2005). At this stage 

well flow is not initiated, but reactive transport is 

enabled to reach a mineral equilibrium state. The model 

was run for 100 years until the chemical system nearly 

reaches quasi-steady state conditions. The output file 

obtained from reactive natural state model is then used 

in the dynamic model as geochemical input. 

 

2.2 Dynamic Model 

To make a comparative assessment between quartz and 

amorphous silica precipitation, two injection scenarios 

are considered: injected mixture’s temperature is kept 

below 90 °C to observe possible amorphous silica 

precipitation and, mixture’s temperature is kept above 

95 °C (close to 100 °C) for possible quartz precipitation 

observation. For both cases, CO2 weight fraction in 

injection fluid is 0.037 to imitate CO2 sequestration 

operation. Amorphous silica scaling potential in 

geothermal plants is studied by DiPippo (2012).  After 

a certain drop in temperature silica scaling may occur if 

concentration of dissolved silica is sufficient for 

precipitation (Figure 6). Thus, in TOUGHREACT 

model, brine temperature is slightly decreased 

compared to that of quartz scenario.  Amorphous silica 

kinetic rates are introduced so that possible amorphous 

silica precipitation can be demonstrated.  Using 

parameters given in Table 5 and varying mineral 

composition and temperature, 6 models with 3 different 

mineral scenarios and 2 different injection temperatures 

have been run for 5 years of time. Injected brine and 

initial brine chemistry have been held same for each 

model.   

 

Figure 6: Silica concentration graph after flash 

processes in the geothermal plant (DiPippo, 

2012) 

 

Figure 7: Silica concentration graph after flash 

processes in the geothermal plant  
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Table 5: Injection and production rates 

Well  Rate (kg/s)  

Injection well (brine)  -41.67  

Injection well CO2 (aq)  -1.6  

Production well  41.67  

 

 

 

 

 

Figure 8: Aqueous SiO2 volume fraction comparison between two injection temperatures at the injection well 

block (a, b and c represent Scenario 1, 2 and 3, respectively.) 

 

Figure 9: Quartz volume fraction comparison between two injection temperatures at the injection well block (a, 

b and c represent Scenario 1, 2 and 3, respectively.) 

a) b) 

c) 

a) b) 

c) 
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Quartz and silica volume comparison near the injection 

well shows that dissolved SiO2 decreases more in lower 

temperature fluid injection as seen in Figure 8.  In 

addition, amorphous silica precipitation is higher than 

quartz precipitation in lower temperature scenario as 

seen in Figure 9. It shows that when temperature 

decreases to a certain level, amorphous silica may 

precipitate near the injection well.  As van den Heuvel 

et al. (2018) stated, even though amorphous silica 

precipitation is observed commonly in geothermal 

systems, its precipitation conditions are still debated.  

However, it is for sure that amorphous silica 

precipitation requisites rapid temperature decrease. 

DiPippo’s (2012) work (Figure 6) demonstrates that 

after flash process, amorphous silica precipitation may 

occur depending on the concentration of silica and 

temperature. Even though amorphous silica solubility 

in pure water is higher than that of quartz at any 

temperature, Kitahara (1960) states that silica solubility 

in hot water is controlled by the amount of quartz.  On 

the other hand, silica solubility in re-injection fluid at 

lower temperature is controlled by amorphous silica.  

The re-injection brine used in this study can be 

classified as a lower temperature brine. Moreover, 

DiPippo (2012) stated that there are five conditions that 

affect kinetics of amorphous silica precipitation: the 

initial degree of supersaturation, temperature, salinity 

of solution, pH of solution, presence of particulate 

siliceous material. Between, these parameters pH value 

plays a key role since pH is near-neutral at the injection 

zone.  DiPippo (2012) further stated that near-neutral 

pH values provide maximum precipitation rate for 

amorphous silica. As a result, it can be stated that 

amorphous silica precipitation can occur at wellbore, 

pipelines, or injection zones where temperature 

decrease is large and rapid due to flashing brine 

provided that water chemistry is favourable.  In other 

mineral assemblies, similar results are obtained since 

main parameters triggering amorphous silica 

precipitation are temperature and chemistry of the 

water rather than mineral composition. 

 

3. CONCLUSIONS 

Obviously, amorphous silica precipitation is unwanted 

in both pipelines and the wellbore.  The injectivity will 

be significantly decreased due to silica scaling near the 

injection well so it is critical to prevent amorphous 

silica scaling and determine critical temperatures for 

precipitation. To observe amorphous silica 

precipitation near the injection well, temperature of 

injection mixture is reduced to 85 °C, based on 

DiPippo’s study (2012).  It is intended to show how 

injection temperature can be an important factor 

controlling mineralization in geothermal reservoirs. In 

order to model amorphous silica precipitation, reaction 

kinetics of amorphous silica is introduced in the model. 

For each mineral assembly, without changing any other 

parameter, simulations are run for 5 years.  When two 

injection scenarios with different temperatures are 

compared for dissolved SiO2(aq) fraction in the brine 

and quartz precipitation, it is observed that quartz 

precipitation is pronounced and there is less dissolved 

SiO2(aq) in the brine in lower temperature injection 

scenario. In this regard supersaturation, salinity of 

solution and pH of solution are crucial together with 

temperature, which is assessed in this study, for 

amorphous silica precipitation. As Kitahara (1960) 

stated, silica solubility in hot water is controlled by the 

amount of quartz, however, silica solubility in re-

injection fluid at lower temperature is controlled by 

amorphous silica. Since the injected water is cold 

wastewater coming from the power plant, precipitation 

conditions are favourable for amorphous silica. 

Decreasing temperature by only 5°C can really affect 

and control mineralization in geothermal reservoirs and 

lead to amorphous silica precipitation around well in 

critical temperature range. 
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