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1 INTRODUCTION

SUMMARY

Induced calcite precipitation is used in geotechnics to modify the mechanical and hydrological
properties of the underground. Laboratory experiments have shown that spectral induced po-
larization (SIP) measurements can detect calcite precipitation. However, the results of previous
studies investigating the SIP response of calcite precipitation were not fully consistent. This
study aims to investigate how the SIP response of calcite depends on solute concentration to
explain the differences in SIP response observed in previous studies. A four-phase experiment
with SIP measurements on a column filled with sand was performed. In phase I, calcite pre-
cipitation was generated for a period of 12 d by co-injecting Na,CO3; and CaCl, solutions
through two different ports. This resulted in a well-defined calcite precipitation front, which
was associated with an increase in the imaginary part of the conductivity (o). In phase II,
diluted solutions were injected into the column. This resulted in a clear decrease in ¢”. In
phase 111, the injection of the two solutions was stopped while calcite precipitation continued
and solute concentrations in the mixing zone decreased. Again, this decreased o”. Finally,
the injection rate of the Na,CO; solution was reduced relative to that of the CaCl, solution
in phase IV. This resulted in a shift of the mixing zone away from the calcite precipitation
front established in phase I and an associated decrease of o”. These results imply that the SIP
response of calcite is highly sensitive to the solute concentration near the precipitates, which
may explain previously reported conflicting results.

Key words: Electrical properties; Microstructure; Permeability and porosity; Hydrogeo-
physics.

bioremediation (Fujita e al. 2008, 2010), stabilization of soil (Bur-
bank ef al. 2011; Gomez et al. 2015) and the reduction of liquid

Precipitation and dissolution dynamics of calcite in response to vari-
ations in groundwater pH and alkalinity are important in a range
of subsurface engineering applications. In the context of geotech-
nical engineering and subsurface remediation applications, calcite
precipitation can have both positive and negative effects. A range
of studies have reported undesirable effects of calcite precipita-
tion associated with well clogging, that is the reduction of hydraulic
conductivity around wells. This leads to the need for regular well re-
development in aquifer storage and recovery applications (Pavelic
et al. 2007) and reduces the accessible depth of a well for flu-
ids in geothermal applications (Regenspurg et al. 2015). Calcite
precipitation has also been reported to affect the working life-
time of permeable reactive barriers using Fe’ (Liang et al. 2003).
Besides these undesirable effects of calcite precipitation, benefi-
cial effects of calcite precipitation have also been widely explored
(Delong et al. 2013). For example, field tests with microbially
induced calcite precipitation have demonstrated its potential for

© The Author(s) 2019. Published by Oxford University Press on behalf of The Royal Astronomical Society.

permeability (Cuthbert ef al. 2013; Phillips et al. 2016). In many
of these studies, the effectiveness of calcite precipitation was moni-
tored by measuring hydraulic pressure, analysing biochemical prop-
erties of sampled solution and with cone penetration tests. However,
these methods are spatially and temporally limited, expensive and
laborious.

Geophysical methods offer the possibility of non-invasive mea-
surements at a range of spatial and temporal scales by using sensors
deployed on the boundary of the area of interest (Binley et al.
2015). Some studies have used seismic methods for real-time and
non-destructive monitoring of calcite precipitation (Mujah et al.
2017). However, seismic methods are less suitable for long-term
monitoring in field applications because this method requires a lot
of in situ manual procedures. Wu et al. (2010) have shown that
the spectral induced polarization (SIP) method also is sensitive to
calcite precipitation. Compared to seismic monitoring of calcite
precipitation, SIP measurements have the advantage that they are
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able to provide a higher spatial and temporal resolution, and addi-
tionally are suitable for long term monitoring due to the relatively
straightforward automation (Slater & Sandberg 2000). In addition,
it has been demonstrated that SIP measurements have unique sen-
sitivity to biogeochemical processes and products with applications
to characterize and monitor geochemically and biologically driven
processes in the subsurface (Abdel Aal et al. 2004; Williams et al.
2005; Mellage et al. 2018; Saneiyan et al. 2019).

SIP measures the complex impedance in the mHz to kHz fre-
quency range by injecting a sinusoidal current with a known fre-
quency and measuring the resulting voltages. The measured com-
plex electrical conductivity is obtained from the complex impedance
using a cell constant and can be expressed as:

o () =0 (0)+io (w), (1)

where 7 indicates an imaginary number, o’ and ¢” are the real and
imaginary part of the electrical conductivity (S m~') and  is the
angular frequency (rad s™!). In the SIP frequency range, o’ of a
porous medium with a non-conducting solid phase is mainly re-
lated to electrolyte conduction in the water-filled pore space of the
measured sample, whereas ¢” is mainly related to polarization of
the measured sample and its relaxation process in an alternating
electric field. Schwartz (1962) proposed that this polarization is re-
lated to the electric double layer at the solid—fluid interface. Several
studies have developed more advanced mechanistic models based
on this work (e.g. Lyklema et al. 1983; Revil & Glover 1997; Leroy
et al. 2008). An alternative formulation for the complex electrical
conductivity is:

o =lo| e, @)

where |o| is the conductivity magnitude and ¢ is the phase shift
between the applied current and the resulting measured voltage.
The phase is related to ¢’ and ¢” through:

71 0// NO,//
o =t (Z) ~ 2, 3

o’ o’
where the approximation is valid for ¢ < 100 mrad, which is the
case in almost all SIP applications in natural sediments.

The results of the limited number of studies investigating the SIP
response of calcite precipitation are not fully consistent (Table 1).
Wau et al. (2010) mixed two solutions in a column filled with glass
beads to induce calcite precipitation and observed a strong increase
in o” with an increasing amount of calcite precipitation. The max-
imum ¢” and ¢ were about 4 mS m~! and 50 mrad, respectively.
However, other studies observed considerably weaker SIP responses
due to calcite precipitation. Saneiyan et al. (2018) induced calcite
precipitation by mixing of two saline solutions in a sand column and
observed a maximum ¢” of 0.45 mS m~!. Wu et al. (2011) used
natural groundwater amended with urea to induce calcite precipita-
tion in a column filled with natural sediment. The induced calcite
precipitation resulted in an increase in 6" of about 0.02 mS m~! and
a 1 mrad increase in ¢. Zhang et al. (2012) investigated a column
filled with silica gel amended with the urease enzyme, and induced
calcite precipitation by injecting urea. In this experiment, ¢” and
¢ decreased when calcite precipitation was induced. Although the
SIP response of calcite precipitation is expected to depend on the
amount of calcite precipitation, additional factors controlling the
SIP response have not yet been systematically investigated (Wu
et al. 2010).

It is well known that SIP is determined by the surface chemistry
of the investigated sample (Lesmes & Frye 2001; Merriam 2007).
Therefore, the relatively large differences in SIP response obtained

in previous studies may have been related to different chemical
conditions near the precipitated calcite surfaces. Recently, Leroy et
al. (2017) proposed a mechanistic grain polarization model con-
sidering the polarization of the electrical double layer of calcite.
Their model predicts that o” increases as the surface charge den-
sity of the calcite increases, which in turn is controlled by the
solute concentration and the equilibrium constants of the complex-
ation reactions at the calcite/water interface as defined in the model
of Heberling et al. (2014). Leroy et al. (2017) parametrized their
model using measured outflow data by Wu et al. (2010) after the
chemical composition of the outflow became roughly constant, and
solute concentration was assumed to be homogeneous throughout
the column. However, this assumption may not be fully appropriate
since calcite precipitation was induced under highly oversaturated
conditions in the absence of chemical equilibrium between the so-
lution and the calcite phase. In such a situation, it is likely that the
concentration of the outlet solution only partly represents the solute
concentration in contact with the calcite. Within this context, the aim
of this study is to investigate the sensitivity of the SIP response of
calcite to changes in solute concentration using laboratory column
experiments.

2 MATERIALS AND METHODS

Laboratory experiments were conducted using an acrylic column
with an inner diameter of 3.0 cm and a height of 18 cm (Fig. 1),
and the SIP measurement system developed by Zimmermann ef al.
(2008). This SIP system uses four electrode channels. Two channels
were connected to porous brass plates at the top and bottom of the
column that were used to inject current into the sample. The in-
jected current was generated by applying a sinusoidal voltage wave
of =5 V in the frequency range from 1 Hz to 45 kHz using a function
generator (Agilent 33120A, Agilent Technologies, Santa Clara, CA,
USA). The amount of injected current was measured using a shunt
resistor connected to the top current electrode. The other two chan-
nels of the SIP system were connected to two potential electrodes
placed at 6.0 and 12.0 cm height between the current electrodes to
measure voltages. These electrodes had a diameter of 0.8 cm and
were made of brass. Cable glands with an inner diameter of 0.8 cm
were used to connect the column and potential electrodes without
water leakage. To avoid electrode polarization during the SIP mea-
surements, the potential electrodes were retracted by 1.6 cm (twice
the inner diameter of the cable gland) following recommendations
of Zimmermann et al. (2008) and Huisman et al. (2016). The four
electrodes were connected to an amplifier unit to minimize load dur-
ing potential measurements. The measured voltages were digitized
with data acquisition cards (N14472, National Instruments, Austin,
TX, USA). The function generator and data acquisition cards were
controlled by LabVIEW (National Instruments, Austin, TX, USA).

The column was equipped with two solute injection ports at the
bottom and side, and one solute outlet port at the top (see Fig. 1). For
the injection port at the side of the column, an additional injection
tube was inserted into the sample such that the injection point was in
the middle between the potential electrodes. The column was filled
with F36 sand (0.09-0.25 mm, Quarzwerke Frechen, Germany)
up to 1.4 cm below the top current electrode using a wet-packing
procedure. The water-filled space between the sand surface and the
top current electrode was used to prevent clogging of the current
electrode by calcite precipitation in the flow experiments. Initially,
the sample was saturated with 26.2 mM CacCl, solution (Solution
pair 1 in Table 2).
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Table 1. Summary of previous researches about SIP response of calcite precipitation in laboratory experiments.
Increase in imaginary part of the conductivity and solute concentrations used in the experiments are shown.

Observed increase in imaginary

Reference part of conductivity (mS m~") Solute concentration
Wu et al. (2010) 4 CaCly: 26.2 mM

Na;CO3:29.0 mM
Wuet al. (2011) 0.02 Ca’t: 1 mM

Total dissolved carbonate: 4 mM
Zhang et al. (2012) Decreased Ca**: 10 mM
Urea: 10 mM

Saneiyan et al. (2018) 0.45 CaCl,: 20 mM

Na,CO3: 20 mM

Outlet 4 ﬁ‘

Current electrode jt ................ R

4.6cm

Potential
=
electrode ;

Na,CO, »:E\

. Potential
j electrode

Current electrode kb

cacl, »j

Figure 1. Schematic drawing of the column with electrode positions and a photo of the column at day 12. The injection tube for Na, CO3 was bent to inject
solution in the middle between the potential electrodes.

Table 2. Electrical conductivity, pH and concentration of injected solution pairs. Solution pair 1 with a
saturation index of 3.18 was used to generate calcite precipitation until day 12, and solution pair 2 with a
saturation index of 3.18 was used for rest of the experiments.

Solution pair no. 1 2 3 4 5
Saturation index 3.18 3.18 2.85 2.50 2.00
CaCl, Electrical conductivity (mS cm ™) 4.95 4.95 2.69 1.46 0.62
pH 6.07 6.64 6.76 6.38 6.98
Concentration (mmol 171) 26.2 26.2 13.6 7.1 29
Na,CO3 Electrical conductivity (mS cm ™) 443 4.44 2.51 1.44 0.62
pH 11.2 11.2 11.2 11.1 11.0
Concentration (mmol 171) 29.0 29.0 15.1 7.8 32
Injection time in phase II (hr) 3.0 4.0 3.0 3.0
The flow experiments with the sand column were separated in experiment also was calcite. The precipitation of calcite is described

four phases. In phase I, 29.0 mM Na,CO; and 26.2 mM CaCl, by
solutions (Solution pair 1 in Table 2) were injected with a flow rate
of 2.93 ml hr™!. The CaCl, solution was injected from the bottom
and the Na, CO; solution was injected from the side, which resulted
in a clear precipitation front within the sample (see Fig. 1). The
solute concentrgtions and flow rates were selecte‘d to be close to The degree of oversaturation can be described by the saturation
the values used in Wu ef ql. .(2010). In tha}t study, .1t was conﬁrn}ed index SI (Appelo & Postma 2007):

that the observed precipitation was calcite by direct observation

with a scanning electron microscopy. Given the similar experimen-

tal conditions, we assumed that the precipitation observed in our SI =log(IAP/K) , 3)

Ca?" 4+ CO3™ = CaCO; (). (4)
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where IAP is the ion activity product and K is the solubility product
(107348 for calcite). For calcite, the IAP is defined as:

[APCacite = acq2+ aco§*$ (6)

where ac,+ is the activity of the calcium ion and a2 is the activ-
ity of the carbonate ion. The saturation indices of the injected solu-
tions (Table 2) were calculated based on chemical specialization by
PhreeqC (Parkhurst & Appelo 2013). Throughout all experimental
phases, the observed pH of the CaCl, solution (Table 2) was slightly
below the expected pH calculated using PhreeqC (7.0), which in-
dicated that CO, from the atmosphere dissolved into the solution.
However, PhreeqC calculations showed that the total amount of dis-
solved CO, was less than 0.01 per cent of the carbonate added as
Na,CO; in all the solution pairs. In addition, the maximum dif-
ference between the measured and calculated pH of the Na, CO3
solution was only 0.1. For these reasons, dissolution of the CO, into
the solutions was ignored in the calculation of the saturation indices.
It is important to note that calcite precipitation was expected to be
mainly induced in the zone where the two injected solutions mixed.
Therefore, the calculated saturation index based on the assumption
of two fully mixed solutions may not be fully representative for the
conditions near the precipitates since the ongoing calcite precipi-
tation in the reaction front will locally reduce ion activity and the
saturation index. In this first experimental phase, SIP measurements
were made every 2 d for 12 d in order to investigate the SIP response
associated with the development of calcite precipitates in the col-
umn. Additionally, the electrical conductivity of the outlet solution
was measured every day.

After phase I, three additional experimental phases (phase II
to phase IV) were implemented to investigate the effect of solute
concentration on the SIP response. Na,CO; and CaCl, solutions
with the same salt concentrations as used in phase I (Solution pair
2 in Table 2) were injected between each of these experimental
phases in order to approximately come to the same SIP response
as at the end of phase I at the start of phase II-IV. This was only
partly successful since the o” increased substantially between the
start of phase II and III. This likely indicates additional calcite
precipitation between phase Il and phase III, which is difficult to
avoid when working with oversaturated solutions. For this reason,
care should be taken when comparing SIP measurements between
phases.

In phase II, the injected solutions were increasingly diluted in
steps. First, the solution pair with a saturation index of 3.18 (more
than 1500 times higher concentration than the equilibrium condi-
tion) was injected for 3 hr (solution pair 2 in Table 2), followed by
the injection of solution pairs diluted by a factor of 1.9 for the first 2
steps and 2.5 for the last step (solution pair 3—5 in Table 2). The du-
ration of the injection of each solution pair was 3 or 4 hr (Table 2).
SIP measurements were made after each dilution step. To limit
the amount of additional calcite precipitation in this experimental
phase, the entire phase lasted only 13 hr. In order to sufficiently
flush the column within the limited available experimental time, the
injection rate was increased to 28.2 ml hr~! for both ports. With
this higher flow rate, the total volume of the injected solution was
at least 3.5 times larger than the pore volume of the sand (48.6 ml).
In phase 111, the injection of the two solutions was stopped for 50
hr and SIP measurements were made at regular time intervals. In
phase IV, the injection rate of the Na,CO; solution was reduced to
45 per cent of the original injection rate (1.31 ml hr™!) for 7 hr.
This change in flow rate was expected to shift the position of solute
mixing zone away from the original calcite precipitation front and

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

Because of the assumed importance of the position of the mixing
zone of the two injected solutions, the streamlines and velocity
fields within the column in phase I, I and IV were simulated using
the open-source simulation platform OpenFOAM®) (http://www.
openfoam.org). In these simulations, the hydraulic conductivity of
the F36 sand was assumed to be 2.0 x 1072 cm s~! as determined
by Koch et al. (2011). Porosity was 0.41 (cm® cm™>) based on the
measured weight of the packed sand.

3 RESULTS AND DISCUSSION

Fig. 2(a) shows the simulated streamlines for the injected Na,CO;
and CaCl, solution in phase I indicating that the two solutions were
not fully in contact with each other and thus incompletely mixed,
which implies that only a part of the injected solutions reacted
within the sand column. It is important to note that this simulation
result should only be interpreted in a qualitative manner since the
feedback of the calcite precipitation on the flow and the associated
reaction kinetics in such a highly oversaturated solution have not
been considered here. Fig. 1 shows a photo of the column at the
end of phase I (day 12). The white area in the column indicates the
calcite precipitation front at the position where the two solutions
were expected to mix. The observed shape of the precipitation front
was similar to the shape of the boundary between the streamlines
of the two injected solutions. Also, it was visually observed that
precipitation was strongest just below the injection point (Fig. 1).
This is consistent with the low simulated pore water velocity in
this area (Fig. 2a), which resulted in the largest residence time of
the injected Na,COs solution. Additional calcite precipitation was
observed on the surface of the sample, which also emphasizes the
incomplete mixing in the sand column (Fig. 1).

The conductivity of the outlet solution varied between 2.83 and
2.92mS cm~! except for the first day where it was 3.73 mS cm™!. A
solution in equilibrium with calcite was calculated to have an elec-
trical conductivity of 2.95 mS cm~! using PhreeqC, which is near
the observed conductivity values. However, it should be noted that
the outlet solution likely did not represent the solute concentration
within the SIP measurement zone between the potential electrodes,
because the injected solutions were only fully mixed in the water
layer above the sample material as indicated by the calcite precip-
itation on the surface of the sample (Fig. 1) and by the simulated
streamlines (Fig. 2).

Fig. 3 shows the development of ¢’ and ¢” during phase 1. For
the initial conditions at day 0, the cementation factor m in Archie’s
law (Archie 1942) was calculated to be 1.5 using:

lim (%) =", )
o5—0 o
where o is the surface conductivity, o, is the solution conductivity
ofthe CaCl, solution in the column (4.95 mS cm ™), o is the real part
of the conductivity at 1 kHz (1.33 mS cm™!), and ¢ is the porosity
(0.41 cm® cm™3). o’ decreased between day 0 and day 2 after the
injection of the Na,COj5 solution was initiated. This was expected
because the conductivity of the Na,CO; solution was smaller than
the conductivity of the CaCl, solution that was initially present
(Table 2). Between day 2 and day 4, ¢’ did not change significantly.
The porosity ¢ at day 2 and day 4 can be estimated by assuming that
oy can be approximated by the average conductivity of the injected
solutions and assuming that m is constant, which is reasonable given
that m is only related to the shape of the grains (Sen ef al. 1981;
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Figure 3. Change in (a) o’ and (b) 0" caused by calcite precipitation during the first 12 d of phase 1. Open symbols represent the measured values in the initial

condition before starting the injection.

Bussian 1983). No significant changes in porosity were obtained
using this approach.

For the first 4 d, 0" was almost constant although calcite precipi-
tation was observed visually. The lack of change in ¢” and estimated
porosity perhaps suggests that the amount of calcite precipitation
may not have been sufficient to generate a SIP response in the early
stages of the experiment as will be discussed below. The lack of

response may also have been affected by the initial formation of
meta-stable amorphous calcium carbonate, which is reportedly first
formed when CaCl, and Na,CO; solutions with a saturation index
larger than 2.1 are mixed (Rodriguez-Navarro et al. 2016). This
was confirmed for the two solutions used in phase I by mixing them
in a beaker. This resulted in a white opaque solution that was cre-
ated within some minutes after mixing. This metastable amorphous
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phase disappeared again after some hours, after which the solution
became transparent again. Kinetic effects directly associated with
calcite precipitation may also have played a role in the weak SIP re-
sponse in the first days. It has been shown that the growth of calcite
crystals highly depends on the availability of nucleation sites on
calcite surfaces, because calcite crystals mainly grow through the
attachment of ions or amorphous calcium carbonate to the surface
of calcite (Morse et al. 2007; Rodriguez-Navarro et al. 2016). For
all these reasons, the growth rate of calcite may have been small in
the first days of our experiment.

o’ slightly decreased between day 4 to day 8, and o” markedly
increased in this period. The observed strong increase in o” is con-
sistent with the results presented in Wu et al. (2010), who mixed
CaCl, and Na,COs solutions with the same concentrations as used
here in a column filled with glass beads. After day 8, o’ and o”
remained almost constant despite continuous input of solutes, in-
dicating that the amount of calcite was almost constant within the
measurement zone. This may be due to the limited further mix-
ing and reaction between the injected solutions in the measurement
zone because of the growth of the calcite precipitation within the
pore space. This feedback between precipitation and reaction rate
was already observed in a previous microfluidic experiment (Zhang
et al. 2010).

In phase I, the column was flushed with solutions with a different
saturation index (Solution pair 2—5 in Table 2) and a higher injection
rate. Fig. 2(b) shows the simulated streamlines and pore water veloc-
ity in phase II (again neglecting effects of calcite precipitation on the
flow field). A comparison with the simulated streamlines of phase
I (Fig. 2a) shows that the boundary between the injected Na,CO;
and CaCl, solutions did not change between these two experimental
phases. Obviously, the pore water velocity was higher in phase II
due to the higher injection rate. These simulation results suggest
that the calcite precipitation generated in phase I was expected to be
in contact with the injected Na,CO; and CaCl, solutions in phase
II. This was further confirmed by the SIP measurements for solu-
tion pair 2, where it was found that the increase in injection rate
only resulted in a maximum decrease of 1.2 mS m™' at 40 kHz
for ¢” within the first hour. This initial small decrease may be be-
cause some calcite precipitation was dislodged and flushed out of
the sample due to the increased shear stress associated with higher
flow velocities.

When the column was flushed with solution pairs with decreasing
saturation index, o’ and o” both decreased (Fig. 4). The decrease
in ¢’ is directly related to the decrease in the electrical conductivity
of the two solutions (Table 2). In addition, it is well known that
o depends strongly on solution conductivity for several geological
media (Revil & Skold 2011; Weller & Slater 2012). The relationship
between o” and the electrical conductivity of the solution (oy) is
shown in Fig. 5 for three different frequencies. As the reaction
kinetics of the calcite precipitation were not clear in our experiment,
oy, was calculated by assuming that the reaction rate is either very
slow (Fig. 5a) or very fast (Fig. 5b). In the first case, o, equals
the average electrical conductivity of the injected solution. In the
second case, the oy, was calculated using PhreeqC assuming that
the solution is in equilibrium with calcite. In both cases, a simple
power-law function was fitted to the observed ¢” (1, 10 and 45 kHz)
and oy:

" (f) = a(ow)’, ®)

where a and b are fitting parameters (Weller & Slater 2012). The b
value in the fitted power law varied from 0.83 to 1.05 with increasing
frequency. Weller & Slater (2012) reported b values for sand and

sandstone that ranged from 0.10 to 0.64, with a mean value of
0.34 for solute conductivities less than 1000 mS m~!. Although the
values of Weller & Slater (2012) were obtained for a lower frequency
(less than 30 Hz), the larger b values in our experiment suggest that
the SIP response of calcite has a stronger dependence on the solute
conductivity than sand and sandstone. It is important to note that the
petrophysical model from Weller & Slater (2012) is for equilibrium
conditions, while our system is not in equilibrium and precipitation
of calcite is occurring continuously during the experiment.

When the injection of both solutions was stopped in phase III,
the o’ varied only £5 per cent and showed an initial increase and a
subsequent small decrease (Fig. 6a). This change was much smaller
than the difference between o’ at the start and at the end of phase
III. Thus, this change in o’ was not attributed to the formation of
calcite precipitation, but to a moderate change in solute concentra-
tion. Considering that o’ varied only £5 per cent, only a small part
of the ions in the column could have been consumed due to calcite
precipitation after flow was stopped. Nevertheless, o” significantly
decreased over time (Fig. 6b) albeit with a decreasing rate as shown
exemplary in Fig. 7 for a frequency of 1 kHz. We hypothesize that
this strong decrease in ¢” is related to a decrease of the solute
concentration in contact with the calcite in the precipitation front.
When injection and flow was stopped, calcite precipitation contin-
ued and the concentration of Ca?* and carbonate species (HCO3~
and CO3%7) in the mixing zone decreased, whereas Na* and CI~
did not react. Such a decrease in the concentration of Ca** and
carbonate species will lead to a decrease in o” as already shown in
phase II of the experiment. Interestingly, this decrease in o” is fully
reversible since the o” returned to very similar values 21 hr after
injection was started again (Fig. 6). It should be noted that o” con-
tinued decreasing even 50 hr after stopping the injection. This long
duration probably reflects the slow change in solute concentration
near the calcite precipitation as a result of a balance between the
kinetics of the precipitation reaction and the continuous supply of
solutes from outside the mixing zone through diffusion. This inter-
pretation of the experimental data suggests that it is important to
consider the solute concentration in contact with calcite, and not the
solute concentration in the bulk water or the outflow. While direct
evidence is absent to support this interpretation, it is speculated that
the concentration of calcium and carbonate near the calcite surface
have a large effect on the surface charge properties of calcite and
thus on o”.

In phase 1V, the injection rate of the Na,COj; solution was re-
duced. Compared to the streamlines in phase I and II (Figs 2a and
b), this reduction shifted the mixing zone upward and slightly to the
right (Fig. 2¢). o’ increased slightly during phase IV (Fig. 8a) be-
cause the more conductive CaCl, solution occupied a larger volume
of the sample. Again, o” was found to decrease strongly (Fig. 8b)
despite the slight increase in mean electric conductivity of the pore
water. These results apparently contradict the results of phase II and
III. However, it is important to realize that the pore water solution in
contact with the calcite in phase IV was probably different from that
in phase II and III because the mixing zone was moved as shown
in the simulation results (Fig. 2). Part of the calcite precipitated
before phase IV is now only in contact with CaCl, solution, which
has larger o, lower pH, higher concentration of Ca** and lower
concentration of carbonate species than the Na,COj; solution. The
observed decrease in ¢” can thus reasonably be explained by assum-
ing that changes in solute concentration of the water in contact with
the calcite affected the surface chemistry of the calcite. Although
previous studies have shown a large variation in pH dependence
of surface charges of calcite (Wolthers et al. 2008), it is generally
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Figure 4. Change in (a) o’ and (b) 0" when the column was flushed with solution pairs with different saturation index (solution pair 2-5 in Table 1) in phase
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Figure 5. Relationship between oy, and o in phase II for different frequencies by assuming that the injected solutions were (a) reacting slowly and thus not in
equilibrium with calcite and (b) reacting quickly and thus in equilibrium with calcite. The associated fits of eq. (7) to the measured values are also presented.

agreed that a decreasing pH leads to an increase of protonation on
the calcite surface. For example, Eriksson et al. (2007) showed that
the net proton charge on the calcite surface strongly increased below
apH of 8. Since the pH of the CaCl, solution in our experiment was
6.64, this increase in proton charge may have decreased the number
of negatively charged sites on the calcite surface and thus decreased
the SIP response (Philippe Leroy et al. 2017). Because the calcite
surface charge and the solute concentration near the precipitation
front cannot directly be observed in our experimental setup, this
will need to be examined in more detail in future work.

The results of the flow experiments in phase II, IIl and IV qualita-
tively showed that the SIP response of calcite precipitation depended
on the solute concentration near the zone of calcite precipitation. A
more quantitative analysis does not seem meaningful. One reason is
that there was unexpected increase in maximum o” between the start
of the phase II and I1I (3.5 mS m~") and between the start of phase

I and IV (0.3 mS m~"). This suggests that the amount of calcite
precipitation increased after the start of phase II. It should be noted
that o” decreased in each phase, thus the variation in o” was not
attributed to the amount of calcite but to the solute concentration.
The other reason is the unknown spatial distribution and kinetics of
calcite precipitation in combination with the heterogeneity of the
flow velocity field in the column. The most promising way forward
towards a quantitative understanding of the SIP response of calcite
precipitation requires a combination of reactive transport modelling
with more advanced experimental setups that allow determining the
distribution of calcite precipitation and solute concentration (e.g. a
2-D milli-fluidic measurement cell).

Despite the qualitative nature of the insights obtained here, it
is interesting to evaluate the results of previous studies (Table 1)
on the SIP response of calcite precipitation within the light of the
current results. For example, Wu et al. (2011), Zhang et al. (2012)
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Figure 6. The development of (a) o’ and (b) o” as a function of time when solute injection was stopped in phase III. Open symbols represent the measured
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of the condition at the start of this phase by injecting solution pair 2 of Table 1.
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Figure 7. Change in ¢” at 1 kHz over time after stopping injection of both
CaCl, and NayCOs3 solution in phase I11.

and Saneiyan et al. (2018) all reported significantly smaller SIP re-
sponses than presented in this study and Wu ez al. (2010). Although
part of the differences is certainly due to the different amounts
of calcite precipitation in these studies, it is now clear that the
concentration of Ca®* and the carbonate species also need to be
considered. In Wu et al. (2011), the Ca?* and the total dissolved
carbonate concentration in the influent solution were about 1 and
4 mM, respectively. These concentrations were much lower than the
concentration of Ca?* (29 mM) and dissolved carbonate concen-
tration (26.2 mM) in the injected solutions in phase I of our study.
Therefore, the concentration of Ca*t and carbonate species in Wu
et al. (2011) may not have been enough to generate a strong SIP
response even in the presence of sufficient calcite precipitation. In

Zhang et al. (2012), the concentration of Ca?* and urea were 10 mM.
Considering that the urease enzyme produces dissolved carbonate
due to the decomposition of urea, the maximum concentration of
carbonate species was 10 mM. However, Ca>" adsorption on silica
gel was strong as described in Zhang et al. (2012). Thus, the con-
centration of Ca’* in the solution in contact with the precipitated
calcite was probably not high enough to generate a significant SIP
response. In the column experiment by Saneiyan ef al. (2018), the
distribution of calcite precipitation and solute concentration were
not clear, and it may be possible that the calcite precipitation did
not overlap with the mixing zone of the solutions. Based on this
short survey of previous work, it seems likely that some of the
observed weak SIP responses may be attributed to lower concentra-
tions of Ca>* and carbonate species in the solution in contact with
the precipitated calcite in addition to potentially different amounts
of calcite precipitation.

4 CONCLUSIONS

In this study, calcite precipitation was induced in a column by mix-
ing Na, CO; and CaCl, solutions and SIP measurements were made
during a flow experiment composed of four phases. In phase I, a
significant SIP response was observed due to the calcite precipi-
tation induced in the column. In phase II, the column was flushed
with solutions with a different saturation index and thus a different
pore water conductivity. The results suggested that the SIP response
of calcite has a stronger dependence on the solution conductivity
than sand and sandstone. When the injection of both solutions was
stopped in phase 111, o” decreased. This was attributed to a decrease
in the concentration of Ca?* and CO52~ in contact with the calcite in
the precipitation front. In phase IV, the injection rate of the Na,CO;
solution was reduced to shift the mixing zone away from the calcite
precipitation front. Therefore, part of the calcite precipitation front
generated in phase I was only in contact with the CaCl, solution.
Despite a bulk increase in the electric conductivity of the pore water
due to the more conductive CaCl, solution, it was observed that o”
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Figure 8. Development of (a) o’ and (b) o” when the injection rate of the Na;COj3 solution was reduced relative to that of the CaCl, solution. Darker colour

represents longer elapsed time.

decreased. This was attributed to interactions between solute con-
centration and surface chemistry of the calcite. The experimental
results presented here clearly highlighted the complex dependency
of the SIP response of calcite precipitation on solute concentra-
tion. Based on our results, the previously observed relatively weak
SIP responses of calcite precipitation (Wu et al. 2011; Zhang et al.
2012; Saneiyan et al. 2018) may be related to lower concentrations
of Ca®* and carbonate species in the solution in contact with cal-
cite in addition to variable amounts of calcite precipitation. Future
work should focus on obtaining a more quantitative understand-
ing of the relationship between surface chemistry of calcite and
SIP response. For this purpose, it is important to quantify how so-
lute concentration affects the SIP response of calcite precipitation,
which can only be obtained by a combination of advanced experi-
mental set-ups, spatially resolved reactive transport modelling and

deterministic modelling of the SIP response.
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