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Abstract 

The expanding geothermal energy sector still faces performance issues due to scalings 
in pipes and surface level installations, which require elevated operation pressure levels 
and costly maintenance. For facilities in the North Alpine Foreland Basin, the precipita-
tion of CaCO3 is the main problem which is a consequence of the disruption of the 
lime-carbonic acid equilibrium during production. The formation of gas bubbles plays 
a key role in the scaling process. This work presents experiments in a bubble column 
to quantify the effects of gas stripping on carbonate precipitation and an extension of 
PhreeqC to include kinetic exchange between a gas phase and water for the simula-
tion of the experimental results. With the same hybrid model not only precipitation of 
CaCO3 but also the dissolution of scalings by the injection of CO2 could be quantified. 
The bubble column was filled with tap water and brine. By varying the ionic strength 
of the solution, a wider range of geothermal waters was covered. Air and CO2 were 
introduced at the bottom. The precipitates built on the column wall were analyzed 
with Raman spectroscopy: injecting air into tap water at low ionic strength led to the 
formation of aragonite with 59.8% of the precipitates remaining at the column wall and 
the rest as particles in dispersion. At moderate ionic strength the dominant polymorph 
was calcite and 81.5% of the crystals were attached to the wall. At high ionic strength 
precipitation was inhibited. The presence of crystallization nuclei reduced the time for 
precipitation, but not the amount of scalings formed. Injecting CO2 into the solution 
completely removed the scalings from the column wall. The model and its experimen-
tal backup lay the foundation for a process-based prediction of the scales (not only) in 
geothermal systems.
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Introduction
The disruption of hydrochemical equilibria along the geothermal cycle forces geother-
mal facilities to deal with performance issues and unexpected down-times leading to 
technical and economical losses in efficiency. While the North Alpine Foreland Basin 
(NAFB) is one of the most promising regions to explore deep hydrogeothermal energy 
(Weber et al. 2016; Eyerer et al. 2017), the waters present in the sediments of the Upper 
Jurassic limestones and dolomites are also vulnerable to a disruption of the lime-car-
bonic acid equilibrium which leads to the formation of scalings (mostly CaCO3 precipi-
tation) in pipes and plants (Köhl et al. 2020; Wanner et al. 2017).
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Based on gas inclusions in scalings, it was suggested that the development of a free 
gas phase causes stripping of CO2 and that boiling is the most plausible mechanism to 
generate the gas phase (Wanner et al. 2017). However, from a mechanistic point of view, 
the presence of gas inclusions in scalings only proves that a gas phase was present during 
a very fast precipitation event. Whether the gas phase was driving the scaling process 
or not depends on the total disruption of the equilibrium due to stripping effects. The 
assumption that boiling water is the main cause for CO2-stripping (Wanner et al. 2017), 
seems not justified. Previous and recent studies show that the water in the NAFB can 
contain high concentrations of dissolved gases, mostly N2 , CH4 , C2H6 . The bubble point 
of the geothermal waters at many facilities is above 1000 to 1200 kPa while the vapor 
pressure of water at temperatures up to 150 ◦C is below 470 kPa. Hence, more likely the 
driving force is stripping by other gases (Mayrhofer et al. 2013; Köhl et al. 2020).

The lime-carbonic acid equilibrium (see Eqs. 1–3) depends on the pressure, tempera-
ture, and the pH-value of the system (Appelo and Postma 2005):

Here, H2CO3
∗ is the sum of dissolved CO2 ( CO2(aq)

 ) and carbonic acid ( H2CO3 ). The 
equilibrium is heavily shifted towards CO2(aq)

 , at 25 ◦C only 0.2% of H2CO3
∗ is dissolved 

carbonic acid. The concentration of dissolved CO2 and the partial pressure of CO2 are 
related through the Henry constant (Sander 2015). Thus, a change of the CO2 partial 
pressure has a direct effect on the equilibrium.

The reaction rate of the dissolution of calcite is (Plummer et al. 1978):

with the reaction rate r and the rate constants k1 - k4 , which represent the influence of 
the following aspects: k1 the pH value, k2 the partial pressure of CO2 , k3 the activity of 
water and k4 the reverse reaction (precipitation of calcite, depends on the concentra-
tion of Ca2+ and HCO3

− ). In a closed system, a decreasing CO2 partial pressure shifts 
the equilibrium to higher pH-values and higher saturation (Gal et  al. 2002a, b; Lipus 
and Dobersek 2007). This frequently happens if gas bubbles are formed in the system. 
According to Henry’s law (1803), as soon as gas bubbles are formed, the gas phase has 
to fully equilibrate with the dissolved gases in the water phase. Thus, a net mass trans-
fer of CO2 from the water phase into the bubbles takes place. This stripping influences 
the lime-carbonic acid equilibrium and promotes scaling by increasing the pH of the 
solution. Considering the size of gas bubbles in such systems, the assumption of equal 
concentrations in the gas phase is justified. At turbulent flow conditions, diffusion in the 
water phase becomes negligible and a constant gradient between water and gas is a good 
approximation allowing to calculate the stripping effect. Likewise, increasing the CO2 
partial pressure, i.e. by injection of CO2 , shifts the equilibrium to lower pH-values and 

(1)CaCO3 +H2CO3
∗
⇋ Ca2+ + 2HCO3

−

(2)CaCO3 +H+
⇋ Ca2+ +HCO3

−

(3)CaCO3 +H2O ⇋ Ca2+ +HCO3
−
+OH−

(4)r = k1 · [H
+
] + k2 · [H2CO3] + k3 · [H2O] − k4 · [Ca

2+
][HCO3

−
]
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the system becomes less saturated. This has been used to prevent carbonate scalings in, 
e.g., heat storage applications (Ueckert and Baumann 2019).

While the general processes of scale formation processes are well understood (Köhl 
et  al. 2020; Schröder and Hesshaus 2009; Ueckert et  al. 2020; Chang et  al. 2017), the 
quantitative prediction of scales in technical systems is still not reliable enough for pre-
dictive maintenance. Part of this uncertainty is caused by a poor quantification of scale 
kinetics due to a simultaneous change of concentrations, gas phases, pressure, and tem-
perature. Current investigations (e.g., Köhl et al. 2020; Wanner et al. 2017) are site spe-
cific and can be extrapolated only with the respective calibration data set. They use the 
saturation index (SI) of CaCO3 ( SI = log IAP

Ksp
 , with the ion activity product, IAP, of the 

ion activities of Ca2+ and CO3
2− and the solubility product of CaCO3 , Ksp (Appelo and 

Postma 2005)) as a proxy to describe the development of scalings. At this stage, the 
results are perfect to test and validate models, but not for their parametrization, nor for 
the transfer to other sites. Most hydrogeochemical calculations for processes in the 
NAFB have been carried out using PhreeqC (Parkhurst and Appelo 2013) which was 
tested for geothermal applications (Hörbrand et al. 2018). Experimental backup was pro-
vided by the conversion of the Pullach Th2 well from an injection well to a production 
well after 5 years of operation. Here, the interactions of the injected cold water with the 
rock matrix were successfully modeled with an equilibrium model (Baumann et  al. 
2017). A kinetic PhreeqC model was also used to evaluate the results of the high-tem-
perature aquifer heat storage test (Ueckert and Baumann 2019). Recently, PhreeqC was 
applied for the thermodynamic modeling of CaCO3 scaling introduced by CO2 degassing 
while using inhibitors (Wedenig et al. 2021).

However, PhreeqC falls short for the quantitative prediction of scales in production 
pipes (Köhl et  al. 2020). This is due to the implementation of gas phases in PhreeqC 
which does not allow a kinetic mass transfer between liquid and gas (Parkhurst and 
Appelo 2013). Instead, as soon as a gas phase is present, PhreeqC always calculates a full 
equilibrium between liquid and gas based on Henry’s constants and partial pressures.

In order to improve the quantitative predictions of carbonate precipitation, controlled 
experimental data is required to quantify the stripping process and its effect on pH-
value and saturation. With this data, a hybrid model can be developed which calculates 
the gas–water-exchange in a python script while leaving all other geochemical calcula-
tions to PhreeqC. While stripping is the dominant process in geothermal applications, 
the model should be tested in both directions: precipitation and dissolution of CaCO3.

Controlled laboratory experiments have to be limited to a subset of the complex 
hydrochemical composition of geothermal fluids, which can contain even considerable 
amounts of immiscible fluids (Baumann et  al. 2017). Inhibition of crystallization has 
been recorded for ionic strength (Zhang et al. 2019; Qian et al. 2019) and the presence 
of Magnesium (Berner 1975; Gutjahr et al. 1996; Chen et al. 2006; Sanjuan and Girard 
1996). Magnesium not only inhibits the precipitation of calcite but also influences the 
growth and dissolution of aragonite (Berner 1975; Gutjahr et al. 1996; Chen et al. 2006). 
Thus, the precipitates built on a surface (e.g., at a wall) and the newly formed particles in 
solution should be analyzed using microscopic and spectroscopic methods.

This work provides experimental data and a model framework to simulate stripping 
processes in geothermal systems. Although the experimental conditions do not match 
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the conditions in geothermal reservoirs exactly, the evaluation with a hydrogeochemical 
model which has been applied and validated for geothermal systems, allows an extrapo-
lation to geothermal systems.

Materials and methods
Experimental setup of the bubble column

Given the variability of geothermal waters (see, e.g., (Heine et al. 2021)) the experiments 
were run with Munich tap water (ionic strength: 9.8× 10−3 mol/L) as a proxy (composi-
tion see Table 3). Higher ionic strength (0.0140 and 2.97 mol/L) was established by add-
ing plain table salt (NaCl) to tap water. The water was filled into an acrylic glass column 
(inner diameter: 0.100 m, height: 1.12 m). Acrylic glass was used to provide visual con-
trol on bubble movement and particle formation. Attachment to different pipe materials 
was not the focus of this study. The gas (air; CO2 , technical grade, Linde, Germany) was 
evenly injected at 15 cm above the bottom of the column (see Fig. 1) using a 3d-printed 
air sparging device. The rising gas bubbles ensure a thorough mixing of the solution 
(Amaral et al. 2018). The gas flow rate was approximately 12 L/h. For the experiments 
with air the partial pressure of CO2 was 0.04  bar. For the experiments with CO2 as gas 
the partial pressure of CO2 was slightly above 1.13  bar.

All experiments were performed under ambient conditions (i.e. room temperature 
and atmospheric pressure). During the experiment, the temperature, the pH value, and 
the electric conductivity (EC) of the solution were measured continuously with probes 
(Atlas Scientific, NY, USA) and recorded with an EZO circuit via a Raspberry Pi unit. 
The recorded water temperature was integrated in the model and can also be seen in 
Figs. 2, 3, 5, and 7 for selected experiments.

The experiment was started with the injection of air into the solution and terminated 
when an equilibrium of the pH and EC was reached. Then the water was removed and 
a sample of the precipitates from the column wall was taken with an adhesive stripe to 
keep the crystals in its original state. Then the column was filled with a fresh solution 
and the procedure was repeated until scalings on the column wall were clearly visible. 

Fig. 1  (left): Schematic figure of geothermal facility highlighting boundary conditions for pressure and 
temperature which drive the disruption of the lime-carbonic acid-equilibrium, and (right): experimental 
design to address processes occurring above the submersible pump (highlighted in red) and the disruption 
of the lime-carbonic acid equilibrium by the presence of a free gas phase
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Afterwards, CO2 was introduced through the air sparger instead of air to acquire data 
for the dissolution of the precipitates. Finally, the column wall was acidified with HNO3 
(1.00 M, Carl Roth, Karlsruhe, Germany) to close the mass balance.

Water samples were taken before and after the gas was introduced. During the 
experiment, no water samples were taken to not disturb the pH sensitive system and 
in order not to falsify the results of the experiment itself. The concentration of the 
cations sodium, ammonium, potassium, calcium and magnesium were determined by 
Ionic chromatography (IC, 881 Compact IC pro, Metrohm Germany; column: C4-150, 
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Fig. 2  Parameter development over time for the first run of introducing air into tap water: Comparison of 
measured (blue) and simulated (black) values; the red line marks the time when the maximum SI is reached 
and from which precipitation takes place (868 min)
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Fig. 3  Example parameter development over time for subsequent runs of introducing air into tap water: 
Comparison of measured (blue) and simulated (black) values; the red line marks the time when the maximum 
SI is reached and from which precipitation takes place (182 min)
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Metrohm, Germany). Concentrations of the anions chloride, nitrite, nitrate, phosphate 
and sulfate were also determined by IC (Dionex IC 1100, ThermoFisher Scientific, USA). 
The analysis results were validated with an external standard and only used when the 
deviation was less than 3  %. The alkalinity of tap water was determined by titration. 
Particles in the solution were collected on polycarbonate filters (0.100 μm, Pieper Filter 
GmbH).

Samples from the column wall and on the filters were analyzed by Raman spectros-
copy (XploRA PLUS, HORIBA, Horiba France SAS).

Hydrogeochemical model

The hydrogeochemical model used Phree​qC (v. 3.6.2), python (v. 3.9.1) and PEST++ (v. 
5.0.11). The stock phreeqc.dat thermodynamic database (v. 3.6.2) was used for experi-
ments with tap water and the pitzer.dat database (v. 3.6.2) was used for the experiments 
with high ionic strength. Reaction rates of CaCO3 were taken from Plummer et  al. 
(1978).

To implement the kinetic mass transfer between gas bubbles and fluid, the model runs 
were split: A python script prepared the PhreeqC input files and took care of the mass 
transfer between gas phase and fluid, PhreeqC calculated the actual concentrations, 
partial pressure, and saturation indices and calculates the kinetics of precipitation and 
dissolution.

At first, the composition of the fluid (tap water/tap water plus NaCl) was implemented 
in PhreeqC and the partial pressure for CO2 in the solution was calculated. At this stage 
the mass transfer into the bubbles was a fitting parameter which was initialized using the 
measured bubble dimensions and bubble numbers per liter, the partial pressure of CO2 
in the solution, the partial pressure of CO2 in the gas phase and the diffusion coefficient 
across the gas–water-interface. The calculated mass of CO2 was then introduced as an 
“effective” gas volume, smaller than the actual volume of the bubble, into the PhreeqC 
input file for the following simulation where the solution was left to equilibrate kineti-
cally with calcite. After this and any following steps the results were dumped in PhreeqC 
for the next run. The python code can also handle other gases and could be extended 
to explicitely calculate the mass transfer across the gas–water-interface, if this data is 
available.

The fit of the model to the measured data was performed using PEST++. The input 
files for PEST++ were also prepared with a python script, which is also responsible for 
collecting the experimental data from the database and plotting the results.

Table  1 shows the initial values of the fitting parameters as well as their range. The 
initial solutions ion concentrations used in PhreeqC are those of tap water (with added 
NaCl concentration at higher ionic strength), determined by IC (see also Tables 3 and 4; 
Additional file 1).

Results and discussion
CO2 stripping from tap water with air

Figure 2 shows an example for the development of pH, EC, and the saturation index of 
calcite. Immediately after the air is injected into tap water the pH rises to a maximum 
but drops again to reach a minimum after roughly 1000 min until it equilibriates at ∼ pH 

https://pubs.usgs.gov/tm/06/a43/
https://www.python.org/downloads/
https://www.usgs.gov/software/pest-software-suite-parameter-estimation-uncertainty-analysis-management-optimization-and
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8.45 (see Fig. 2). The development of the pH-value over time was similar for all experi-
ments with air. The times at which the first maximum and the minimum occurred, and 
thus the dynamics of the pH-change, showed differences that were significant especially 
between the first and subsequent experiment (see Table 2). The maximum of the pH-
values marks the point at which CaCO3 begins to precipitate (Qian et al. 2019) and the 
concentration of the crystallization seeds is high enough.

When the experiment was performed for the first time, the initial crystallization seeds 
concentration was close to zero and it took longer until the first seeds were formed. This 
can be seen in the development of the pH value measured: After starting the injection of 
air into the with tap water filled column, the pH value increased within 1000 min from 
7.34 to a maximum of 8.66. After reaching the maximum, the pH value dropped to 8.22 
within the next 1473 min. The minimum showed a wider shape compared to the maxi-
mum. From the minimum the pH approached a value of 8.47 which indicates equilib-
rium conditions.

The numerical model showed that the increase of the pH goes along with an increase 
of the SI. Again, the first experiment was different and showed higher SI. The maximum 
of the SI preceded the maximum of the pH. This makes sense because it takes some time 
to precipitate larger amounts of crystals which would change the pH value.

In this first experiment, the modelled mass of CaCO3 increased from 1.00× 10
−9 g/L 

(a tiny amount of calcite is required by PhreeqC to simulate kinetic precipitation) to 
1.58× 10−3 g/L in 868 min until the saturation index increased to its maximum of 1.52. 
The following decrease of the SI indicates precipitation which was also visible at the col-
umn walls. The modelled mass of calcite increased continuously to 0.211 g and a plateau 
was reached. The model results are in agreement with IC measurements of the solu-
tion (see Table 3): The difference of the Ca2+ concentrations before (= tap water) and 
after the injection of air was 0.0763 g/L, which corresponds to a CaCO3 concentration of 
0.191 g.

The electrical conductivity decreased from 522 µS/cm to 517 µS/cm during the time 
(868 min) it took to reach the SI maximum; the slight increase in the EC at the beginning 
can be explained by the temperature dependence of the EC. Only when the precipitation 
started, the EC also decreased continuously—following the decrease of the Ca2+ concen-
trations in the solution—and reached a plateau at ∼ 245 µS/cm. The modeled EC value 
at the end was 218 µS/cm. The discrepancy here can be explained mainly by the fact 
that the used sensor did not detect the range between 380 and 330 µS/cm correctly and 
therefore provided an incorrect final value.

The development of pH and SI over time can be interpreted as follows: the injection 
of air strips CO2 from the solution and shifts the pH to higher values (Eqs. 1–3). Conse-
quently, the SI for CaCO3 increases. Precipitation of CaCO3 does not start immediately 
but only after first nuclei have formed. This explains the difference between first and 
subsequent runs.

In the subsequent experiment with tap water (Fig. 3), the pH value increased from 7.29 
to a maximum of 8.41 within 232 min. The pH value then decreased to a minimum of 
8.31 within the next 545 min and approached a value of 8.43 from that, again indicat-
ing equilibrium conditions. The model for the second experiment started with an initial 
mass of calcite of 5.57× 10−2 g/L (representing that precipitates have already built on 
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the column wall) and increased to 7.48× 10−2 g/L in the 182 min it took to reach the SI 
maximum of 1.14. The SI then dropped and the mass increased continuously until a pla-
teau was reached at 2.66× 10−1 g/L (the � (end–start) is equal to the modeled mass of 
CaCO3 at the end of the first experiment). The IC measurement confirmed this: The dif-
ference between the Ca2+ concentrations before and after the experiment was 0.0728 g/L 
corresponding to a CaCO3 concentration of 0.182 g/L. This is again in very good agree-
ment to the modeled mass of precipitated CaCO3 during this experiment.

The EC decreased from 509 µS/cm to 505 μS/cm in the time it took to reach the SI 
maximum. After precipitation took place, the EC decreased continuously until a plateau 
was reached at ∼ 265 μS/cm; the calculated EC at the end was 217 μS/cm. The reason for 
this discrepancy is, as mentioned above, the sensor used.

Regarding the IC measurements (see Table 3), the amount of precipitates formed did 
not vary between the first and the subsequent experiments. However, the time it took 
to reach the maximum SI as well as the first pH maximum—marking the beginning of 
precipitation—differed between the experiments by 686 min (SI) and 768 min (pH). This 
can be explained by the formation of crystallization seeds which takes longer in a freshly 
cleaned column than in a column where crystals are already on the column wall. As can 
be seen in Table 2 there was no significant difference between measured and modeled 
values.

Most of the crystals at the bottom presumably have been removed with the change of 
the water of the column and could not be quantified in most selected runs. Before the 
acidification of the column (wall), 1.65 g solid CaCO3 have been collected from the col-
umn bottom. On the polycarbonate filters from the water samples taken after selected 
runs (filtered volume ca. 0.50 L, 0.100 μm) no crystals have been found.

The particles taken from the column wall were needle shaped and were identified as 
aragonite by Raman spectroscopy (see Fig. 4). The length and width of the particles was 
19.5 ± 7.46 µ m and 4.35 ± 1.76 µ m, respectively.

Assuming cylindrical particles and taking the total mass of Ca2+ on the column wall 
of 3.58  g Ca2+ (= 8.94 g CaCO3 ) after final acidification of the column, the calculated 
surface area of CaCO3 was 32.6 ± 8.89 m2/mol (10 microscopic images were selected for 
this calculation). The high standard deviations of the particle sizes and the destructive 
sampling of particles from the column walls did not allow to assess the growth of the 
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particles experimentally. However, the calculated specific surface area served as an ini-
tial value ( 3.00× 105 cm2/mol) in the PEST++ fitting procedure.

The mass balance obtained after acid treatment of the column showed that after 
nine experiments using air to strip CO2 , a total of 78.6% of the available Ca2+ precipi-
tated, which means that full stripping occurred. 59.8 % of the CaCO3 precipitates were 
attached to the column wall, the rest precipitated as particles in the solution which was 
exchanged at the end of each experiment.

Influence of ionic strength on CO2 stripping and CaCO3 precipitation

To cover a broader range of potential geothermal waters, experiments were repeated at 
higher ionic strength. A slightly elevated ionic strength of 1.40× 10−2 mol/L showed a 
similar behavior in the development of the measured pH and EC during the first and 
subsequent injections of air, as well as in the calculated values of pH, EC and SI, mass and 
area of CaCO3 (see Fig. 5) as in the experiments with tap water (I = 9.83× 10−3 mol/L).

In comparison to the experiments with plain tap water, it took longer to reach the pH 
maximum: 530 min longer for the first run where air was introduced into the solution 
with I = 1.40× 10−2 mol/L and 131 min for one selected subsequent experiment (for 
absolute values see Table  2; the selected experiment is a representative for the subse-
quent experiments). The difference between the first runs of the experiments performed 
can also be explained by the fact that the sensor did not work for 300 min during the 
experiment with higher ionic strength and the next recorded value was at a slightly 
higher temperature. The modeled value for the time difference between the first runs 
of the experiments until the pH maximum was reached was 129 min. This trend, that 
it generally took longer to reach the pH maxima at a slightly higher ionic strength than 
plain tap water also applied to the other calculated values (e.g. SI maximum of 1.67 after 
964 min at I = 1.40× 10−2 mol/L; plain tap water: SI maximum of 1.52 after 868 min).

Another difference between the experiments with plain tap water and slightly higher 
ionic strength is shown by the samples taken from the column wall after selected 
experiments. At higher ionic strength they showed cubic crystals with a length of 
23.8 ± 0.257 µ m and a width of 19.2 ± 1.47 µ m. The crystals could be identified as cal-
cite by Raman spectroscopy (see Fig.  6)—in contrast, aragonite was identified in the 
experiments with plain tap water.

This is in line with previous work, which showed that salinity influences the poly-
morphic form of the precipitates. The precipitation rate of aragonite decreases with 
an increasing salinity (Zhong and Mucci 1989; Morse et al. 2007) and increasing NaCl 
concentrations accelerate the transformation of aragonite to calcite (Bischoff and Fyfe 
1968). Reports that calcite was the predominant polymorph at higher salinity (Zhang 
et al. 2019) are consistent with this work.

The ionic strength of I = 1.40× 10−2 mol/L was obviously too weak for proper inhi-
bition, additionally the fact comes into play that at higher ionic strength the solubil-
ity of gases decreases, which means that the effect of stripping is emphasized. This 
might indicate that the rather fast stripping of CO2 leads to local precipitation around 
the bubbles. However, the reaction rates without crystallization nuclei at the walls 
were generally slower, as indicated by the times to reach the pH maximum (1030 
min without crystallization nuclei vs. 262 min with crystallization nuclei present; for 
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clarification and to avoid the error of the sensor, modeled values of the experiments 
with higher ionic strength are mentioned here).

The mass balance after acid treatment of the column showed that 76.7% of the Ca2+ 
precipitated as CaCO3 , which means a full stripping occurred, equally to the mass 
balance of the experiment with plain tap water. But, in contrast to the experiment 
conducted with plain tap water, no particles could be collected from the bottom of 
the column and 81.5% of the CaCO3 precipitates were attached to the column wall. 
The summary of ionic concentrations determined by IC of the experiments of inject-
ing air into water with an ionic strength of I = 1.40× 10−2  mol/L can be found in 
Additional file 1.
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Fig. 5  (top): Parameter development over time for the first and (bottom): selected subsequent run of 
introducing air into water with an ionic strength of 1.40× 10

−2 mol/L: Comparison of measured (blue) and 
simulated (black) values; the red line marks the time when the maximum SI is reached (a: 964 min, b: 223 min)
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The injection of air into water with a higher salinity content (tap water with ∼ 120 g/L 
NaCl, I = 2.97 mol/L) resulted in the well known sharp increase of the pH value at the 
start of the experiment. However, instead of decreasing then, it continuously increased 
to a pH value of ∼ 8.32 (see Fig. 7). This indicates that no precipitation occurred.

The samples taken from the column wall showed cubical shaped crystals. No CaCO3 
specific Raman spectra (see Fig. 8) were detected and the crystals were NaCl which is 
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lines show the peaks of calcite (Gabrielli et al. 2003; Dandeu et al. 2006)
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2.97 mol/L: Comparison of measured (blue) and simulated (black) values
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commonly formed after drying. This also demonstrates that the precipitation of CaCO3 
was inhibited at the ionic strength of 2.97 mol/L. Due to the high NaCl content, the con-
centrations of Ca2+ and Mg2+ were below the limit of detection of the IC, so that a direct 
validation by a mass balance was not achievable.

For the simulation of this series of experiments, the thermodynamic database pitzer.
dat was used to reflect the high salinity. The model results showed a slight increase of 
the mass of CaCO3 from 0.230 to 0.339 g/L which means that 0.109 g/L CaCO3 should 
have precipitated. In accordance to the increase of the mass in the model, the SI also 
increased from −0.660 to a maximum of 0.673 after 930 min and then slightly decreased 
to 0.412, also indicating that a precipitation should take place. This is in contrast to the 
samples taken from the column wall, where no CaCO3 could be detected. It is also in 
contrast to previous work: It was shown that high salinity prolonged the CaCO3 crystal-
lization (Qian et  al. 2019) and that high salinity content hindered the CaCO3 precipi-
tation (Zhang et  al. 2019). This supports our experimental findings and reflects a low 
sensitivity of the model. When the area of CaCO3 was set to zero and was not adjusted 
by PEST++, the mass did not change either and was calculated by the model to a value 
of 1.00× 10−7 g. The SI increased to 0.958 but showed no sign of precipitation occur-
ring, i.e. no decrease. The parameter development without fitting the area is shown in 
Additional file 1.

The salinity of the solution in this set of experiments was clearly outside the precision 
range for the EC probe. This explains the offset between measured values and model 
data. Still, the lines are roughly parallel, indicating that all significant processes in the 
column are covered in the model.

Dissolution of carbonate scales through CO2‑sparging

The use of CO2 in geothermal applications is considered a minimal invasive, environ-
mentally friendly method to prevent and remove scalings. To test the kinetics of scale 
removal by CO2 , scales at the column wall were prepared in another experiment. Then 
pure CO2 was injected as gas phase, which is equivalent to the injection of CO2 below 
the submersible pump in geothermal applications.

Figure 9 shows the development of the measured and simulated parameters after CO2

-injection. The pH decreased from 8.30 to a minimum of 5.55 and then slowly increased 
to an end value of 6.19. It took just 40 min to reach the pH minimum, indicating that 
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the dissolution of CaCO3 begins much earlier than the precipitation. This makes sense 
because the dissolving of CaCO3 can start when the equilibrium is disrupted but for 
precipitation crystallization seeds have to be present first. The model showed that the 
minimum SI of −2.56 is reached after 28 min and then increased continuously to an end 
value of −0.014. The negative SI and the development of the pH value prove a net mass 
transfer of CO2 from the CO2 bubbles into the water and thus a disruption of the lime-
carbonic acid equilibrium and the dissolution of solid CaCO3 from the column wall. The 
calculated mass of CaCO3 decreased from 1.07 to 1.06 g/L in the first 28 min and con-
tinuously decreased to 0.0170 g/L at the end. This was validated by the IC measurements 
(see Table 4): The difference of the Ca2+ concentration before and after the first injec-
tion of CO2 was 0.431  g/L, which corresponds to a CaCO3 concentration of 1.08  g/L. 
This differs by 0.0190 g/L ( ̂= 1.80%) from the calculated dissolved CaCO3 mass. The first 
and subsequent run of this experiment hardly differed (the parameter development of a 
subsequent run is shown in Additional file 1). A comparison of pH minima is shown in 
Table 2. Again, there is no significant deviation between measured and modeled values.

The very quick dissolution of CaCO3 scalings from the column wall after intro-
ducing CO2 into the solution is also shown in the behavior of the EC: It increased 
continuously from 248 μS/cm until an end value of 1813 μS/cm was reached. The cal-
culated EC was 1808 μS/cm which means a deviation of 5.00 μS/cm ( ̂= 0.276%) from 
the measured value, far less than in the experiment with air, which indicates that the 
deviation of the final EC value between measurements and model results at lower EC 
is likely a bug in the firmware of the used system.

In contrast to the precipitation experiments, the samples taken from the column 
wall after the first injection of CO2 into the water filled column showed not only nee-
dle-shaped particles which were identified as aragonite, but also particles identified 
as calcite by Raman spectroscopy (see Fig. 10). This transformation of aragonite into 
calcite is accelerated by high CO2 pressures (Bischoff and Fyfe 1968; Fyfe et al. 1965).
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Parameter analysis

The model results for the different experiments are compared in Fig. 11: It shows the 
boxplots of the parameters initial mass, area and exponent of CaCO3 as well as the SI 
when mineralisation takes place (SI min) and the effective gas volume for the simula-
tions of the experiments conducted.
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Table 1  Parameters adjusted by PEST++, initial value and range

Unit Initial value Range

Mass CaCO3 mol 1.00× 10−9 1.00× 10−10 – 1.00× 10−1

Area CaCO3 cm2/mol 3.00× 105 1.00× 104 – 1.00× 108

Gas volume L per timestep 3.20× 10−2 5.00× 10−6 – 8.00× 10−2

SI mineralisation – 0.150 0 − 0.400

Exponent CaCO3 (M/M0) – 0.900 0.500 − 1.00

Table 2  Maxima and minima of pH value in the conducted experiments, comparison of measured 
and modeled values

pH maximum Within time, /
min

pH minimum Within 
time, /
min

CO2 stripping from air

Tap water

First run—measured 8.66 1000 8.22 2470

First run—modeled 8.73 901 8.16 1760

Subsequent run—measured 8.41 233 8.31 778

Subsequent run—modeled 8.40 242 8.32 802

I = 1.40× 10−2mol/L

First run—measured 8.83 1530 8.29 2410

First run—modeled 8.79 1030 8.32 2720

Subsequent run—measured 8.61 364 8.36 697

Subsequent run—modeled 8.62 262 8.36 886

Dissolution of CaCO3 with CO2

Tap water

First run—measured – – 5.55 40.0

First run—modeled – – 5.53 74.0

Subsequent run—measured – – 5.65 64.0

Subsequent run—modeled – – 5.58 50.0

Table 3  Concentration of the ions of the solutions in mg/L (± standard deviation) before and after 
the injection of air into tap water and the mass balance after acidification of the column wall (in mg)

Before (tap water) After
∑

 end
∑

 start � (start–end) Acidification

mg/L mg/L mg mg mg mg

Na+ 4.088 0.866 4.22 0.381 364 331 – 32.8 28.8 8.69

NH4
+ n.d. n.d. n.d. n.d. n.d. n.d.

K+ 1.20 0.101 1.46 0.0898 122 97.4 – 24.8 n.d.

Ca2+ 93.9 8.31 28.2 1.95 1628 7610 5982 3578 96.9

Mg2+ 23.6 1.36 19.7 1.42 1878 1909 30.9 n.d.

Cl− 12.7 0.0585 13.7 0.0800 1151 1032 – 119 149 0.276

NO2
− n.d. n.d. n.d. n.d. n.d. 17.8 0.833

NO3
− 8.98 0.125 6.65 0.01732 641 727 85.8 22927 43.8

PO4
3− n.d. n.d. n.d. n.d. n.d. n.d.

SO4
2− 6.68 0.0279 12.8 0.0306 755 541 – 214 45.0 0.102
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The initial mass, the area and the exponent of CaCO3 are important for the overall 
reaction rate (R, in mol/L· s) of the precipitation of CaCO3 (Appelo and Postma 2005):

with r the specific reaction rate (mol/m2 ·s), the CaCO3 surface area A0 (m2 ), the volume 
V (m3 ), the initial moles (m0 ) and the moles at specific time (mt  ) of CaCO3 . n provides 
information about the change of surface/volume during dissolution and g(C) includes 
effects of the solution on the rate (Appelo and Postma 2005).

The exponent of CaCO3 (exp) comes into effect when the initial mass is greater than 0, 
then the area A in the simulation is defined as:

with SSA the specific surface area (cm2/mol), M0 the initial mass (mol), and M the cur-
rent mass (mol) of CaCO3.

For the parameter discussion, the data situation has to be considered: The experiments 
of tap water and water of low ionic strength (I = 1.40× 10−2 mol/L) with air were car-
ried out more often (providing 18 and 7 data points respectively from the parameter 
adjustment) than the experiments of tap water with CO2 and water of high ionic strength 
(I = 2.97 mol/L) with air (with only 4 and 3 data points respectively).

Affected are the mass, the surface area, and the parameter which controls the surface-
to-mass ratio in the kinetic equations (exp Calcite/Aragonite). Except for the experi-
ments with CO2-injection the variation between experiments was rather small. The 
values for the initial mass in the CO2 experiment was the highest and the lowest in com-
parison to the other experiments (first run of the CO2 experiment: 1.07  g; last run of 
the CO2 experiment: 1.00× 10−8 g). This makes sense, because during the experiments 
with CO2 the carbonates were removed from the column wall. In all other experiments 
the carbonates at the column wall seem to react with an effective mass (consider a mul-
tilayer scaling where only the topmost precipitates react): The initial mass differed only 

(5)R = r ·
A0

V
· (

mt

m0
)n · g(C)

(6)A = SSA ·M0 · (M/M0)
exp

Table 4  Concentration of the ions in mg/L (± standard deviation)—descaling with CO2 , before and 
after injecting the gas until an equilibrium was reached, as well as the mass balance of all CO2 cycles 
and the scaled column (mg)

Before After
∑

 CO2 cycles � CO2 start - CO2 end
∑

 precipitated

mg/L mg/L mg mg mg

Na+ 4.088 0.866 n.d. 9.53 6.58 − 82.5

NH4
+ n.d. n.d. n.d. n.d. n.d.

K+ 1.20 0.101  4.03 0.483 9.82 4.68 − 45.0

Ca2+ 93.9 8.31 452 0.904 1101 798 7922

Mg2+ 23.6 1.36 27.0 0.433 103 7.90 − 108

Cl− 12.7 0.0585 8.19 0.257 299 172 − 72.5

NO2
− n.d. n.d. n.d. n.d. n.d.

NO3
− 8.98 0.125 2.71 0.0252 103 213 31.7

PO4
3− n.d. n.d. n.d. n.d. n.d.

SO4
2− 6.68 0.0279 3.20 0.04000 92.7 151 − 73.8
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by 0.0184 g between the parameter adjustments for the experiments with tap water (mc: 
0.0793 g) and water with an ionic strength of 1.40× 10−2 mol/L (mc: 0.0609 g), which 
can also be explained by the nature of these experiments: They only differed in the ionic 
strength of the solution and the formed polymorph of CaCO3 , but not the amount of 
precipitates built (as discussed above). The average initial mass of the experiment of the 
solution of high ionic strength (I = 2.97 mol/L) with air was 0.176 ± 0.0924 g which is 
contrary to the fact that no precipitates formed and the column was cleaned before the 
start of the experiment. The reason here is likely the simulation itself and the insensitiv-
ity of the initial mass of CaCO3 as mentioned above.

The results of the high salinity experiments also stand out with higher surface areas. 
Here the surface-to-mass exponent was lower compared to the other experiments of 
CO2 stripping from air (I = 2.97 mol/L, exp: 0.773 ± 0.0922; I = 1.40× 10−2 mol/L, exp: 
0.849 ± 0.0312; tap water, exp: 0.807 ± 0.0407). This indicates that the inhibition of scal-
ings at high ionic strength in the experiment was lower compared to the theoretical inhi-
bition. In the model this was compensated by higher masses and surface areas.

The effective gas volume, i. e., the mass transfer between gas bubbles and solution, was 
slightly lower for the experiments with CO2-injection (0.0150 ± 0.00761 L) and high salin-
ity (0.0155 ± 0.00282 L). For high ionic strength this can be explained with the lower solu-
bility (= higher partial pressures) of the gases. Here, less air is needed to strip the CO2 . For 
CO2-injection, the lower effective gas volume can be explained with the high partial pres-
sure of CO2 in the gas phase, which results in a higher gradient for dissolved CO2 around 
the bubbles and increased diffusive mass transfer in the solution. Vice versa this also 
explains the higher effective gas volume for the experiments of tap water with air (0.0262 
± 0.0119  L) and water with an ionic strength of 1.40× 10−2  mol/L with air (0.0348 ± 
0.0212 L) (low partial pressure of CO2 in gas phase, gradient, mass transfer in gas bubble).

The model introduced a minimum SI value for initial precipitation and all precipitation 
experiments showed roughly the same positive value. This reflects an initial oversatura-
tion before precipitation can start. For the experiment with tap water (0.153 ± 0.0118) 
and water with low ionic strength (0.149 ± 0.00166), the SI min hardly deviated from 
the start value of SI min (0.150) in the PEST++ adjustment. The adjustment of SI was 
tested in a range between 0.0500 and 0.400 for the experiment of tap water with air and 
it resulted that the simulation was insensitive to the actual value of the minimum sat-
uration index as long as it was positive. This makes sense because the SI rose quickly 
immediately after the stripping started. Therefore, a higher minimum SI, which reflects 
the delay due to the formation of initial crystallization nuclei, shifts the beginning of 
crystallization only very slightly. As geothermal waters are never free of particles, the 
presence of crystallization nuclei is not a limiting factor. Here, the model could drop 
this extra boundary condition. The SI min of the CO2 experiment had the highest devia-
tion which is caused by the high starting pH in the first experiment providing a SI min 
of 0.15. In the remaining CO2 experiments the SI min was 0.00 since no precipitation 
and only dissolution of CaCO3 occurred, it makes sense that here no oversaturation is 
required. The SI min of the experiment with the high ionic strength (I= 2.97 mol/L) was 
0.106 ± 0.0634. CaCO3 growth initiates with the formation of surface nuclei when the 
saturation state is greater than 2 ( ̂= SI of 0.301) (Dove and Hochella 1993).
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The area of CaCO3 was the highest in the experiment of tap water with CO2 (87.1 ± 
50.2 m2/mol) which can be explained by—same as in the case of the mass of CaCO3—the 
experiment: At the start, scaling of CaCO3 was attached on the column wall resulting 
in a high area (143 m2/mol) but by dissolving it with CO2 , the area decreased (30.3 m2/
mol). For the experiment of high ionic strength (I = 2.97 mol/L) with air the simulated 
value for the area of CaCO3 was 52.2 ± 21.0 m2/mol which is high considering the fact 
that no CaCO3 precipitates. This could be counteracted by setting the area to zero and 
not adjusting it in this particular case. The values of the area of CaCO3 differed only by 
2.37 m2/mol between the experiments of tap water (38.3 ± 16.7 m2/mol) and water with 
ionic strength of I = 1.40× 10−2 mol/L (40.7 ± 19.2 m2/mol) with air and are in range 
with the calculated value from the microscopic images (30.0 m 2/mol).

Conclusion
With our work we could validate the effect of stripping on carbonate precipitation and 
the disruption of the lime–carbonic-acid equilibrium by experiments and a hydrogeo-
chemical model. As scalings in geothermal systems are strongly connected to the forma-
tion of gas bubbles, the experimental set up was a column filled with a solution where 
gas was introduced at the bottom. To cover a broader range of geothermal waters, 
the ionic strength of the solution was varied at the experiments of introducing air: At 
I = 9.80× 10−3 mol/L (tap water) 59.8% of the precipitated CaCO3 remained attached 
to the column wall, at I = 1.40× 10−2 mol/L 81.5% and at I = 2.97 mol/L the precipita-
tion was inhibited. By introducing CO2 into a scaled column filled with tap water, the 
scaling from the column wall dissolved completely. The ionic strength had also an influ-
ence on the built polymorph: When tap water was used, aragonite was formed and at I 
= 1.40× 10−2 mol/L calcite was formed. Introducing of CO2 resulted in a change of the 
polymorphic form from aragonite to calcite, both polymorphs were present.

Precipitation took longer in experiments where air was introduced into a clean column 
compared to a column with some scalings present. This can be explained by the pres-
ence of crystallization nuclei. There was, however, no difference in the amount of scal-
ings at the column wall. It should also be noted that geothermal waters always contain 
crystal particles and therefore this difference should not be observed in natural systems.

The precipitation of CaCO3 by stripping of CO2 from the solution into the gas phase 
cannot be simulated using stock PhreeqC model, because the gas phases in PhreeqC 
always equilibrate fully and instantaneous. The kinetic exchange between gas phase and 
water phase was implemented externally using a python script. With this, the model cal-
culates the pH and EC as well as the precipitated mass correctly. Inhibition and dissolu-
tion of carbonate precipitation could also be covered in the model.

The parameter adjustment of the hydrogeochemical model with PEST++ showed that 
the input parameters (SI min, effective gas volume, exp CaCO3 , mass CaCO3 and area 
CaCO3 ) variation was rather small for the precipitation experiments. The adjustment 
also revealed that the minimum saturation index, which translates into the time it takes 
to form initial crystallization nuclei, is an insensitive parameter. For the dissolution of 
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CaCO3 with CO2 the variation of the input parameters was high because of the nature of 
the experiment (e.g., really high area of CaCO3 at the start (143 m2/mol) vs. small area of 
CaCO3 at the end (30.3 m2/mol)).

While this work lays the foundation for a process based prediction of the scales in geo-
thermal systems, future work has to address dynamic conditions (e.g., shear stress) and dif-
ferent materials.
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