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Summary 19 

Induced calcite precipitation is used in geotechnics to modify the mechanical and hydrological properties 20 

of the underground. Laboratory experiments have shown that spectral induced polarization (SIP) 21 

measurements can detect calcite precipitation. However, the results of previous studies investigating the 22 

SIP response of calcite precipitation were not fully consistent. This study aims to investigate how the SIP 23 

response of calcite depends on solute concentration to explain the differences in SIP response observed in 24 

previous studies. A four-phase experiment with SIP measurements on a column filled with sand was 25 

performed. In phase I, calcite precipitation was generated for a period of 12 days by co-injecting Na2CO3 26 

and CaCl2 solutions through two different ports. This resulted in a well-defined calcite precipitation front, 27 

which was associated with an increase in the imaginary part of the conductivity ( ). In phase II, diluted 28 

solutions were injected into the column. This resulted in a clear decrease in . In phase III, the injection 29 

of the two solutions was stopped while calcite precipitation continued and solute concentrations in the 30 

mixing zone decreased. Again, this decreased . Finally, the injection rate of the Na2CO3 solution was 31 

reduced relative to that of the CaCl2 solution in phase IV. This resulted in a shift of the mixing zone away 32 

from the calcite precipitation front established in phase I and an associated decrease of . These results 33 

imply that the SIP response of calcite is highly sensitive to the solute concentration near the precipitates, 34 

which may explain previously reported conflicting results. 35 

  36 



 

 

1 Introduction 37 

Precipitation and dissolution dynamics of calcite in response to variations in groundwater pH and 38 

alkalinity are important in a range of subsurface engineering applications. In the context of geotechnical 39 

engineering and subsurface remediation applications, calcite precipitation can have both positive and 40 

negative effects. A range of studies have reported undesirable effects of calcite precipitation associated 41 

with well clogging, i.e.  the reduction of hydraulic conductivity around wells. This leads to the need for 42 

regular well redevelopment in aquifer storage and recovery applications (Pavelic et al. 2007) and reduces 43 

the accessible depth of a well for fluids in geothermal applications (Regenspurg et al. 2015). Calcite 44 

precipitation has also been reported to affect the working lifetime of permeable reactive barriers using Fe0 45 

(Liang et al. 2003). Besides these undesirable effects of calcite precipitation, beneficial effects of calcite 46 

precipitation have also been widely explored (DeJong et al. 2013). For example, field tests with 47 

microbially-induced calcite precipitation have demonstrated its potential for bioremediation (Fujita et al. 48 

2008, 2010), stabilization of soil (Burbank et al. 2011, Gomez et al. 2015) and the reduction of liquid 49 

permeability (Cuthbert et al. 2013, Phillips et al. 2016). In many of these studies, the effectiveness of 50 

calcite precipitation was monitored by measuring hydraulic pressure, analysing biochemical properties of 51 

sampled solution, and with cone penetration tests. However, these methods are spatially and temporally 52 

limited, expensive and laborious.  53 

Geophysical methods offer the possibility of non-invasive measurements at a range of spatial and 54 

temporal scales by using sensors deployed on the boundary of the area of interest (Binley et al. 2015). 55 

Some studies have used seismic methods for real-time and non-destructive monitoring of calcite 56 

precipitation (Mujah et al. 2017). However, seismic methods are less suitable for long-term monitoring in 57 

field applications because this method requires a lot of in-situ manual procedures. Wu et al. (2010) have 58 

shown that the spectral induced polarization (SIP) method also is sensitive to calcite precipitation. 59 

Compared to seismic monitoring of calcite precipitation, SIP measurements have the advantage that they 60 

are able to provide a higher spatial and temporal resolution, and additionally are suitable for long term 61 



 

 

monitoring due to the relatively straightforward automation (Slater & Sandberg 2000).  In addition, it has 62 

been demonstrated that SIP measurements have unique sensitivity to biogeochemical processes and 63 

products with applications to characterize and monitor geochemically and biologically driven processes in 64 

the subsurface (Abdel Aal et al. 2004, Williams et al. 2005, Mellage et al. 2018, Saneiyan et al. 2019). 65 

SIP measures the complex impedance in the mHz to kHz frequency range by injecting a 66 

sinusoidal current with a known frequency and measuring the resulting voltages. The measured complex 67 

electrical conductivity is obtained from the complex impedance using a cell constant and can be 68 

expressed as: 69 

( ) = ( ) + ( )        (1) 70 

where i indicates an imaginary number,  and  are the real and imaginary part of the electrical 71 

conductivity (S m-1)  (rad s-1). 72 

medium with a non-conducting solid phase is mainly related to electrolyte conduction in the water-filled 73 

74 

and its relaxation process in an alternating electric field. Schwartz (1962) proposed that this polarization 75 

is related to the electric double layer at the solid-fluid interface. Several studies have developed more 76 

advanced mechanistic models based on this work (e.g. Lyklema et al. 1983, Revil & Glover 1997, Leroy 77 

et al. 2008).  An alternative formulation for the complex electrical conductivity is: 78 

= | |           (2) 79 

where | | is the conductivity magnitude and  is the phase shift between the applied current and the 80 

resulting measured voltage. The phase is related to  and  through: 81 

=          (3) 82 

where the approximation is valid for  < 100 mrad, which is the case in almost all SIP applications in 83 

natural sediments. 84 



 

 

The results of the limited number of studies investigating the SIP response of calcite precipitation 85 

are not fully consistent (Table 1). Wu et al. (2010) mixed two solutions in a column filled with glass 86 

beads to induce calcite precipitation and observed a strong increase in  with an increasing amount of 87 

calcite precipitation. The maximum  and  were about 4 mS m-1 and 50 mrad, respectively. However, 88 

other studies observed considerably weaker SIP responses due to calcite precipitation. Saneiyan et al. 89 

(2018) induced calcite precipitation by mixing of two saline solutions in a sand column and observed a 90 

maximum  of 0.45 mS m-1. Wu et al. (2011) used natural groundwater amended with urea to induce 91 

calcite precipitation in a column filled with natural sediment. The induced calcite precipitation resulted in 92 

an increase in  of about 0.02 mS m-1 and a 1 mrad increase in . Zhang et al. (2012) investigated a 93 

column filled with silica gel amended with the urease enzyme, and induced calcite precipitation by 94 

injecting urea. In this experiment,  and 95 

the SIP response of calcite precipitation is expected to depend on the amount of calcite precipitation, 96 

additional factors controlling the SIP response have not yet been systematically investigated (Wu et al. 97 

2010).  98 

It is well known that SIP is determined by the surface chemistry of the investigated sample 99 

(Lesmes & Frye 2001, Merriam 2007). Therefore, the relatively large differences in SIP response 100 

obtained in previous studies may have been related to different chemical conditions near the precipitated 101 

calcite surfaces. Recently, Leroy et al. (2017) proposed a mechanistic grain polarization model 102 

considering the polarization of the electrical double layer of calcite. Their model predicts that  103 

increases as the surface charge density of the calcite increases, which in turn is controlled by the solute 104 

concentration and the equilibrium constants of the complexation reactions at the calcite/water interface as 105 

defined in the model of Heberling et al. (2014). Leroy et al. (2017) parameterized their model using 106 

measured outflow data by Wu et al. (2010) after the chemical composition of the outflow became roughly 107 

constant, and solute concentration was assumed to be homogeneous throughout the column. However, 108 

this assumption may not be fully appropriate since calcite precipitation was induced under highly 109 



 

 

oversaturated conditions in the absence of chemical equilibrium between the solution and the calcite 110 

phase. In such a situation, it is likely that the concentration of the outlet solution only partly represents the 111 

solute concentration in contact with the calcite. Within this context, the aim of this study is to investigate 112 

the sensitivity of the SIP response of calcite to changes in solute concentration using laboratory column 113 

experiments. 114 

2 Materials and Methods 115 

Laboratory experiments were conducted using an acrylic column with an inner diameter of 3.0 116 

cm and a height of 18 cm (Figure 1), and the SIP measurement system developed by Zimmermann et al. 117 

(2008). This SIP system uses four electrode channels. Two channels were connected to porous brass 118 

plates at the top and bottom of the column that were used to inject current into the sample. The injected 119 

current was generated by applying a sinusoidal voltage wave of ±5V in the frequency range from 1 Hz to 120 

45 kHz using a function generator (Agilent 33120A, Agilent Technologies, Santa Clara, CA). The amount 121 

of injected current was measured using a shunt resistor connected to the top current electrode. The other 122 

two channels of the SIP system were connected to two potential electrodes placed at 6.0 cm and 12.0 cm 123 

height between the current electrodes to measure voltages. These electrodes had a diameter of 0.8 cm and 124 

were made of brass. Cable glands with an inner diameter of 0.8 cm were used to connect the column and 125 

potential electrodes without water leakage. To avoid electrode polarization during the SIP measurements, 126 

the potential electrodes were retracted by 1.6 cm (twice the inner diameter of the cable gland) following 127 

recommendations of Zimmermann et al. (2008) and Huisman et al. (2016). The four electrodes were 128 

connected to an amplifier unit to minimize load during potential measurements. The measured voltages 129 

were digitized with data acquisition cards (NI4472, National Instruments, Austin, TX). The function 130 

generator and data acquisition cards were controlled by LabVIEW (National Instruments, Austin, TX). 131 

The column was equipped with two solute injection ports at the bottom and side, and one solute 132 

outlet port at the top (see Figure 1). For the injection port at the side of the column, an additional injection 133 

tube was inserted into the sample such that the injection point was in the middle between the potential 134 



 

 

electrodes. The column was filled with F36 sand (0.09-0.25 mm, Quarzwerke Frechen, Germany) up to 135 

1.4 cm below the top current electrode using a wet-packing procedure. The water-filled space between the 136 

sand surface and the top current electrode was used to prevent clogging of the current electrode by calcite 137 

precipitation in the flow experiments. Initially, the sample was saturated with 26.2 mM CaCl2 solution 138 

(Solution pair 1 in Table 2). 139 

The flow experiments with the sand column were separated in four phases. In phase I, 29.0 mM 140 

Na2CO3 and 26.2 mM CaCl2 solutions (Solution pair 1 in Table 2) were injected with a flow rate of 2.93 141 

ml h-1. The CaCl2 solution was injected from the bottom and the Na2CO3 solution was injected from the 142 

side, which resulted in a clear precipitation front within the sample (see Figure 1). The solute 143 

concentrations and flow rates were selected to be close to the values used in Wu et al. (2010). In that 144 

study, it was confirmed that the observed precipitation was calcite by direct observation with a scanning 145 

electron microscopy. Given the similar experimental conditions, we assumed that the precipitation 146 

observed in our experiment also was calcite. The precipitation of calcite is described by 147 

+ = ( )         (4) 148 

The degree of oversaturation can be described by the saturation index SI (Appelo & Postma 2007): 149 

= log( / )          (5) 150 

where IAP is the ion activity product and K is the solubility product (10 .  for calcite). For calcite, the 151 

IAP is defined as: 152 

=          (6) 153 

where  is the activity of the calcium ion and  is the activity of the carbonate ion. The 154 

saturation indices of the injected solutions (Table 2) were calculated based on chemical speciation by 155 

PhreeqC (Parkhurst & Appelo 2013). Throughout all experimental phases, the observed pH of the CaCl2 156 

solution (Table 2) was slightly below the expected pH calculated using PhreeqC (7.0), which indicated 157 

that CO2 from the atmosphere dissolved into the solution. However, PhreeqC calculations showed that the 158 



 

 

total amount of dissolved CO2 was less than 0.01% of the carbonate added as Na2CO3 in all the solution 159 

pairs. In addition, the maximum difference between the measured and calculated pH of the Na2CO3 160 

solution was only 0.1. For these reasons, dissolution of the CO2 into the solutions was ignored in the 161 

calculation of the saturation indices. It is important to note that calcite precipitation was expected to be 162 

mainly induced in the zone where the two injected solutions mixed. Therefore, the calculated saturation 163 

index based on the assumption of two fully mixed solutions may not be fully representative for the 164 

conditions near the precipitates since the ongoing calcite precipitation in the reaction front will locally 165 

reduce ion activity and the saturation index. In this first experimental phase, SIP measurements were 166 

made every 2 days for 12 days in order to investigate the SIP response associated with the development of 167 

calcite precipitates in the column. Additionally, the electrical conductivity of the outlet solution was 168 

measured every day.  169 

After phase I, three additional experimental phases (phase II to phase IV) were implemented to 170 

investigate the effect of solute concentration on the SIP response. Na2CO3 and CaCl2 solutions with the 171 

same salt concentrations as used in phase I (Solution pair 2 in Table 2) were injected between each of 172 

these experimental phases in order to approximately come to the same SIP response as at the end of phase 173 

I at the start of phase II - IV. This was only partly successful since the  increased substantially between 174 

the start of phase II and III. This likely indicates additional calcite precipitation between phase II and 175 

phase III, which is difficult to avoid when working with oversaturated solutions. For this reason, care 176 

should be taken when comparing SIP measurements between phases. 177 

In phase II, the injected solutions were increasingly diluted in steps. First, the solution pair with a 178 

saturation index of 3.18 (more than 1500 times higher concentration than the equilibrium condition) was 179 

injected for 3 hours (solution pair 2 in Table 2), followed by the injection of solution pairs diluted by a 180 

factor of 1.9 for the first 2 steps and 2.5 for the last step (solution pair 3-5 in Table 2). The duration of the 181 

injection of each solution pair was 3 or 4 hours (Table 2). SIP measurements were made after each 182 

dilution step. To limit the amount of additional calcite precipitation in this experimental phase, the entire 183 



 

 

phase lasted only 13 hours. In order to sufficiently flush the column within the limited available 184 

experimental time, the injection rate was increased to 28.2 ml h-1 for both ports. With this higher flow 185 

rate, the total volume of the injected solution was at least 3.5 times larger than the pore volume of the 186 

sand (48.6 ml). In phase III, the injection of the two solutions was stopped for 50 hours and SIP 187 

measurements were made at regular time intervals. In phase IV, the injection rate of the Na2CO3 solution 188 

was reduced to 45% of the original injection rate (1.31 ml h-1) for 7 hours. This change in flow rate was 189 

expected to shift the position of solute mixing zone away from the original calcite precipitation front and 190 

thus change the solute concentration of the water in contact with the precipitated calcite.  191 

Because of the assumed importance of the position of the mixing zone of the two injected solutions, the 192 

streamlines and velocity fields within the column in phase I, II and IV were simulated using the open-193 

source simulation platform OpenFOAM® (http://www.openfoam.org). In these simulations, the hydraulic 194 

conductivity of the F36 sand was assumed to be 2.0×10-2 cm s-1 as determined by Koch et al. (2011). 195 

Porosity was 0.41 (cm3 cm-3) based on the measured weight of the packed sand. 196 

  197 

4 Results and Discussion 198 

Figure 2a shows the simulated streamlines for the injected Na2CO3 and CaCl2 solution in phase I 199 

indicating that the two solutions were not fully in contact with each other and thus incompletely mixed, 200 

which implies that only a part of the injected solutions reacted within the sand column. It is important to 201 

note that this simulation result should only be interpreted in a qualitative manner since the feedback of the 202 

calcite precipitation on the flow and the associated reaction kinetics in such a highly oversaturated 203 

solution have not been considered here. Figure 1 shows a photo of the column at the end of phase I (day 204 

12). The white area in the column indicates the calcite precipitation front at the position where the two 205 

solutions were expected to mix. The observed shape of the precipitation front was similar to the shape of 206 

the boundary between the streamlines of the two injected solutions. Also, it was visually observed that 207 



 

 

precipitation was strongest just below the injection point (Figure 1). This is consistent with the low 208 

simulated pore water velocity in this area (Figure 2a), which resulted in the largest residence time of the 209 

injected Na2CO3 solution. Additional calcite precipitation was observed on the surface of the sample, 210 

which also emphasizes the incomplete mixing in the sand column (Figure 1).  211 

The conductivity of the outlet solution varied between 2.83 and 2.92 mS cm-1 except for the first 212 

day where it was 3.73 mS cm-1.  A solution in equilibrium with calcite was calculated to have an electrical 213 

conductivity of 2.95 mS cm-1 using PhreeqC, which is near the observed conductivity values. However, it 214 

should be noted that the outlet solution likely did not represent the solute concentration within the SIP 215 

measurement zone between the potential electrodes, because the injected solutions were only fully mixed 216 

in the water layer above the sample material as indicated by the calcite precipitation on the surface of the 217 

sample (Figure 1) and by the simulated streamlines (Figure 2).  218 

Figure 3 shows the development of  and  during phase I. For the initial conditions at day 0, 219 

the cementation factor m in Archie’s law (Archie 1942) was calculated to be 1.5 using: 220 

=          (7) 221 

s w is the solution conductivity of the CaCl2 solution in the column 222 

(4.95 mS cm-1),  is the real part of the conductivity at 1 kHz (1.33 mS cm-1223 

cm3 cm-3).  decreased between day 0 and day 2 after the injection of the Na2CO3 solution was initiated. 224 

This was expected because the conductivity of the Na2CO3 solution was smaller than the conductivity of 225 

the CaCl2 solution that was initially present (Table 2). Between day 2 and day 4,  did not change 226 

significantly. The porosity  at day 2 and day 4 can be estimated by assuming that  can be 227 

approximated by the average conductivity of the injected solutions and assuming that m is constant, 228 

which is reasonable given that m is only related to the shape of the grains (Sen et al. 1981, Bussian 1983). 229 

No significant changes in porosity were obtained using this approach.  230 



 

 

For the first four days,  was almost constant although calcite precipitation was observed 231 

visually. The lack of change in  and estimated porosity perhaps suggests that the amount of calcite 232 

precipitation may not have been sufficient to generate a SIP response in the early stages of the experiment 233 

as will be discussed below. The lack of response may also have been affected by the initial formation of 234 

meta-stable amorphous calcium carbonate, which is reportedly first formed when CaCl2 and Na2CO3 235 

solutions with a saturation index larger than 2.1 are mixed (Rodriguez-Navarro et al. 2016). This was 236 

confirmed for the two solutions used in phase I by mixing them in a beaker. This resulted in a white 237 

opaque solution that was created within some minutes after mixing. This metastable amorphous phase 238 

disappeared again after some hours, after which the solution became transparent again. Kinetic effects 239 

directly associated with calcite precipitation may also have played a role in the weak SIP response in the 240 

first days. It has been shown that the growth of calcite crystals highly depends on the availability of 241 

nucleation sites on calcite surfaces, because calcite crystals mainly grow through the attachment of ions or 242 

amorphous calcium carbonate to the surface of calcite (Morse et al. 2007, Rodriguez-Navarro et al. 243 

2016). For all these reasons, the growth rate of calcite may have been small in the first days of our 244 

experiment. 245 

 slightly decreased between day 4 to day 8, and  markedly increased in this period. The 246 

observed strong increase in  is consistent with the results presented in Wu et al. (2010), who mixed 247 

CaCl2 and Na2CO3 solutions with the same concentrations as used here in a column filled with glass 248 

beads. After day 8,  and  remained almost constant despite continuous input of solutes, indicating 249 

that the amount of calcite was almost constant within the measurement zone. This may be due to the 250 

limited further mixing and reaction between the injected solutions in the measurement zone because of 251 

the growth of the calcite precipitation within the pore space. This feedback between precipitation and 252 

reaction rate was already observed in a previous microfluidic experiment (Zhang et al. 2010).  253 

In phase II, the column was flushed with solutions with a different saturation index (Solution pair 254 

2-5 in Table 2) and a higher injection rate. Figure 2b shows the simulated streamlines and pore water 255 



 

 

velocity in phase II (again neglecting effects of calcite precipitation on the flow field). A comparison with 256 

the simulated streamlines of phase I (Figure 2a) shows that the boundary between the injected Na2CO3 257 

and CaCl2 solutions did not change between these two experimental phases. Obviously, the pore water 258 

velocity was higher in phase II due to the higher injection rate. These simulation results suggest that the 259 

calcite precipitation generated in phase I was expected to be in contact with the injected Na2CO3 and 260 

CaCl2 solutions in phase II.  This was further confirmed by the SIP measurements for solution pair 2, 261 

where it was found that the increase in injection rate only resulted in a maximum decrease of 1.2 mS m-1 262 

at 40 kHz for  within the first hour. This initial small decrease may be because some calcite 263 

precipitation was dislodged and flushed out of the sample due to the increased shear stress associated with 264 

higher flow velocities. 265 

When the column was flushed with solution pairs with decreasing saturation index,  and  266 

both decreased (Figure 4). The decrease in  is directly related to the decrease in the electrical 267 

conductivity of the two solutions (Table 2). In addition, it is well known that   depends strongly on 268 

solution conductivity for several geological media (Revil & Skold 2011, Weller & Slater 2012). The 269 

relationship between  and the electrical conductivity of the solution ( ) is shown in Figure 5 for three 270 

different frequencies. As the reaction kinetics of the calcite precipitation were not clear in our experiment, 271 

 was calculated by assuming that the reaction rate is either very slow (Figure 5a) or very fast (Figure 272 

5b). In the first case,  equals the average electrical conductivity of the injected solution. In the second 273 

case, the  was calculated using PhreeqC assuming that the solution is in equilibrium with calcite. In 274 

both cases, a simple power law function was fitted to the observed  (1 kHz, 10 kHz and 45 kHz) and 275 

: 276 

( ) = ( )          (8) 277 

where  and  are fitting parameters (Weller & Slater 2012). The  value in the fitted power law varied 278 

from 0.83 to 1.05 with increasing frequency. Weller and Slater (2012) reported  values for sand and 279 

sandstone that ranged from 0.10 to 0.64, with a mean value of 0.34 for solute conductivities less than 280 



 

 

1000 mS m-1. Although the values of Weller and Slater (2012) were obtained for a lower frequency (less 281 

than 30 Hz), the larger  values in our experiment suggest that the SIP response of calcite has a stronger 282 

dependence on the solute conductivity than sand and sandstone. It is important to note that the 283 

petrophysical model from Weller and Slater (2012) is for equilibrium conditions, while our system is not 284 

in equilibrium and precipitation of calcite is occurring continuously during the experiment.  285 

When the injection of both solutions was stopped in phase III, the  varied only ±5% and showed 286 

an initial increase and a subsequent small decrease (Figure 6a). This change was much smaller than the 287 

difference between  at the start and at the end of phase III. Thus, this change in  was not attributed to 288 

the formation of calcite precipitation, but to a moderate change in solute concentration. Considering that 289 

 varied only ±5%, only a small part of the ions in the column could have been consumed due to calcite 290 

precipitation after flow was stopped. Nevertheless,  significantly decreased over time (Figure 6b) albeit 291 

with a decreasing rate as shown exemplary in Figure 7 for a frequency of 1 kHz. We hypothesize that this 292 

strong decrease in  is related to a decrease of the solute concentration in contact with the calcite in the 293 

precipitation front. When injection and flow was stopped, calcite precipitation continued and the 294 

concentration of Ca2+ and carbonate species (HCO3
- and CO3

2-) in the mixing zone decreased, whereas 295 

Na+ and Cl- did not react. Such a decrease in the concentration of Ca2+ and carbonate species will lead to a 296 

decrease in  as already shown in phase II of the experiment. Interestingly, this decrease in  is fully 297 

reversible since the  returned to very similar values 21 hours after injection was started again (Figure 298 

6). It should be noted that  continued decreasing even 50 hours after stopping the injection. This long 299 

duration probably reflects the slow change in solute concentration near the calcite precipitation as a result 300 

of a balance between the kinetics of the precipitation reaction and the continuous supply of solutes from 301 

outside the mixing zone through diffusion. This interpretation of the experimental data suggests that it is 302 

important to consider the solute concentration in contact with calcite, and not the solute concentration in 303 

the bulk water or the outflow. While direct evidence is absent to support this interpretation, it is 304 



 

 

speculated that the concentration of calcium and carbonate near the calcite surface have a large effect on 305 

the surface charge properties of calcite and thus on . 306 

In phase IV, the injection rate of the Na2CO3 solution was reduced. Compared to the streamlines 307 

in phase I and II (Figure 2a and 2b), this reduction shifted the mixing zone upward and slightly to the 308 

right (Figure 2c).  increased slightly during phase IV (Figure 8a) because the more conductive CaCl2 309 

solution occupied a larger volume of the sample. Again,  was found to decrease strongly (Figure 8b) 310 

despite the slight increase in mean electric conductivity of the pore water. These results apparently 311 

contradict the results of phase II and III. However, it is important to realize that the pore water solution in 312 

contact with the calcite in phase IV was probably different from that in phase II and III because the 313 

mixing zone was moved as shown in the simulation results (Figure 2). Part of the calcite precipitated 314 

before phase IV is now only in contact with CaCl2 solution, which has larger , lower pH, higher 315 

concentration of Ca2+ and lower concentration of carbonate species than the Na2CO3 solution. The 316 

observed decrease in  can thus reasonably be explained by assuming that changes in solute 317 

concentration of the water in contact with the calcite affected the surface chemistry of the calcite. 318 

Although previous studies have shown a large variation in pH dependence of surface charges of calcite 319 

(Wolthers et al. 2008), it is generally agreed that a decreasing pH leads to an increase of protonation on 320 

the calcite surface. For example, Eriksson et al. (2007) showed that the net proton charge on the calcite 321 

surface strongly increased below a pH of 8. Since the pH of the CaCl2 solution in our experiment was 322 

6.64, this increase in proton charge may have decreased the number of negatively charged sites on the 323 

calcite surface and thus decreased the SIP response (Philippe Leroy et al. 2017). Because the calcite 324 

surface charge and the solute concentration near the precipitation front cannot directly be observed in our 325 

experimental setup, this will need to be examined in more detail in future work.  326 

The results of the flow experiments in phase II, III and IV qualitatively showed that the SIP 327 

response of calcite precipitation depended on the solute concentration near the zone of calcite 328 

precipitation. A more quantitative analysis does not seem meaningful. One reason is that there was 329 



 

 

unexpected increase in maximum  between the start of the phase II and III (3.5 mS m-1) and between 330 

the start of phase III and IV (0.3 mS m-1). This suggests that the amount of calcite precipitation increased 331 

after the start of phase II. It should be noted that  decreased in each phase, thus the variation in  was 332 

not attributed to the amount of calcite but to the solute concentration. The other reason is the unknown 333 

spatial distribution and kinetics of calcite precipitation in combination with the heterogeneity of the flow 334 

velocity field in the column. The most promising way forward towards a quantitative understanding of the 335 

SIP response of calcite precipitation requires a combination of reactive transport modelling with more 336 

advanced experimental setups that allow determining the distribution of calcite precipitation and solute 337 

concentration (e.g. a 2D milli-fluidic measurement cell).  338 

Despite the qualitative nature of the insights obtained here, it is interesting to evaluate the results 339 

of previous studies (Table 1) on the SIP response of calcite precipitation within the light of the current 340 

results. For example, Wu et al. (2011), Zhang et al. (2012) and Saneiyan et al. (2018) all reported 341 

significantly smaller SIP responses than presented in this study and Wu et al. (2010). Although part of the 342 

differences is certainly due to the different amounts of calcite precipitation in these studies, it is now clear 343 

that the concentration of Ca2+ and the carbonate species also need to be considered. In Wu et al. (2011), 344 

the Ca2+ and the total dissolved carbonate concentration in the influent solution were about 1 mM and 4 345 

mM, respectively. These concentrations were much lower than the concentration of Ca2+ (29 mM) and 346 

dissolved carbonate concentration (26.2 mM) in the injected solutions in phase I of our study. Therefore, 347 

the concentration of Ca2+ and carbonate species in Wu et al. (2011) may not have been enough to generate 348 

a strong SIP response even in the presence of sufficient calcite precipitation. In Zhang et al. (2012), the 349 

concentration of Ca2+ and urea were 10 mM. Considering that the urease enzyme produces dissolved 350 

carbonate due to the decomposition of urea, the maximum concentration of carbonate species was 10 351 

mM. However, Ca2+ adsorption on silica gel was strong as described in Zhang et al. (2012). Thus, the 352 

concentration of Ca2+ in the solution in contact with the precipitated calcite was probably not high enough 353 

to generate a significant SIP response. In the column experiment by Saneiyan et al. (2018), the 354 



 

 

distribution of calcite precipitation and solute concentration were not clear, and it may be possible that the 355 

calcite precipitation did not overlap with the mixing zone of the solutions. Based on this short survey of 356 

previous work, it seems likely that some of the observed weak SIP responses may be attributed to lower 357 

concentrations of Ca2+ and carbonate species in the solution in contact with the precipitated calcite in 358 

addition to potentially different amounts of calcite precipitation. 359 

 360 

5 Conclusions 361 

In this study, calcite precipitation was induced in a column by mixing Na2CO3 and CaCl2 362 

solutions and SIP measurements were made during a flow experiment composed of four phases. In phase 363 

I, a significant SIP response was observed due to the calcite precipitation induced in the column. In phase 364 

II, the column was flushed with solutions with a different saturation index and thus a different pore water 365 

conductivity. The results suggested that the SIP response of calcite has a stronger dependence on the 366 

solution conductivity than sand and sandstone. When the injection of both solutions was stopped in phase 367 

III,  decreased. This was attributed to a decrease in the concentration of Ca2+ and CO3
2- in contact with 368 

the calcite in the precipitation front. In phase IV, the injection rate of the Na2CO3 solution was reduced to 369 

shift the mixing zone away from the calcite precipitation front. Therefore, part of the calcite precipitation 370 

front generated in phase I was only in contact with the CaCl2 solution. Despite a bulk increase in the 371 

electric conductivity of the pore water due to the more conductive CaCl2 solution, it was observed that  372 

decreased. This was attributed to interactions between solute concentration and surface chemistry of the 373 

calcite. The experimental results presented here clearly highlighted the complex dependency of the SIP 374 

response of calcite precipitation on solute concentration. Based on our results, the previously observed 375 

relatively weak SIP responses of calcite precipitation (Wu et al. 2011, Zhang et al. 2012, Saneiyan et al. 376 

2018) may be related to lower concentrations of Ca2+ and carbonate species in the solution in contact with 377 

calcite in addition to variable amounts of calcite precipitation. Future work should focus on obtaining a 378 

more quantitative understanding of the relationship between surface chemistry of calcite and SIP 379 



 

 

response. For this purpose, it is important to quantify how solute concentration affects the SIP response of 380 

calcite precipitation, which can only be obtained by a combination of advanced experimental set-ups, 381 

spatially resolved reactive transport modelling, and deterministic modelling of the SIP response. 382 
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Table 1. Summary of previous researches about SIP response of calcite precipitation in laboratory 520 

experiments. Increase in imaginary part of the conductivity and solute concentrations used in the 521 

experiments are shown. 522 

 523 

 524 

 525 

  526 

Reference Observed increase in imaginary 

part of conductivity (mS m-1) 

Solute concentration 

Wu et al. (2010) 4 CaCl2: 26.2 mM 

Na2CO3: 29.0 mM 

Wu et al. (2011) 0.02 Ca2+: 1 mM 

Total dissolved carbonate: 4 mM 

Zhang et al. (2012) Decreased Ca2+: 10 mM 

Urea: 10 mM 

Saneiyan et al. (2018) 0.45 CaCl2: 20 mM 

Na2CO3: 20 mM 



 

 

Table 2. Electrical conductivity, pH and concentration of injected solution pairs. Solution pair 1 with a 527 

saturation index of 3.18 was used to generate calcite precipitation until day 12, and solution pair 2 with a 528 

saturation index of 3.18 was used for rest of the experiments. 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

Solution pair No. 1 2 3 4 5 

Saturation index 3.18 3.18 2.85 2.50 2.00 

CaCl2 

Electrical conductivity (mS cm
-1

) 4.95 4.95 2.69 1.46 0.62 

pH 6.07 6.64 6.76 6.38 6.98 

Concentration (mmol L
-1

) 26.2 26.2 13.6 7.1 2.9 

Na2CO3 

Electrical conductivity (mS cm
-1

) 4.43 4.44 2.51 1.44 0.62 

pH 11.2 11.2 11.2 11.1 11.0 

Concentration (mmol L
-1

) 29.0 29.0 15.1 7.8 3.2 

 Injection time in phase II (h)  3.0 4.0 3.0 3.0 














