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A B S T R A C T

Microbially induced calcite precipitation (MICP) has emerged as a promising technique to 
contribute to a more sustainable management of mine tailings deposits. While ureolytic activity 
has been the predominant driver of conventional MICP to date, the associated release of ammonia 
poses significant environmental hazards. This study explores a novel, environmentally friendly 
approach by replacing urea with sodium bicarbonate as the carbon source for MICP, with the aim 
of reducing urea requirements and thus ammonia release. Leveraging the principles of the MICP, 
it was observed that when urea concentration was reduced to 0.7 M, by replacing it with bicar
bonate, surface strength was close to 400 kPa. Furthermore, wind tunnel testing showed a sig
nificant reduction in dust emission, where the mass loss rate of the biocemented sample was 
below 10 kg m⁻2 h⁻1, which means a 9-fold reduction compared to untreated samples. So, it was 
demonstrated that bicarbonate can effectively replace urea, achieving a relevant reduction of up 
to 75 % in urea use without compromising the surface strength of the biocemented tailings and 
reducing the environmental hazards of ammonia release. These results highlight the potential of 
bicarbonate-based MICP as an innovative and sustainable approach to mitigate the environmental 
impacts associated with tailings deposits.

1. Introduction

The development of societies globally depends on the use of minerals, which are necessary in applications such as manufacture of 
chemicals, glass, fertilizers, pharmaceuticals, plastics, paper and in many other types of industries (Pedro et al., 2017). As the pro
ductivity of mineral exploitation has significantly increased in the last decades, the management of wastes associated with this activity 
has also become more complex, costly, and time-consuming (Lottermoser, 2010). One of the most important wastes coming from 
mining operations is the mine tailings. They are normally stored in deposits of great dimensions, with extensive areas where material is 
exposed to the atmosphere. As a result, one of the main concerns associated with these tailings is the release of heavy metals through 
leaching (Nam et al., 2016; Proudfoot et al., 2022) and the possible emission of windblown dust, which have been shown to be 
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hazardous to the environment and human health (Csavina et al., 2012; Jaishankar et al., 2014; Martín-Velázquez et al., 2022). This is 
specially the case of inactive or abandoned tailings deposits, where supervision or control of their condition and evolution may be 
absent.

Microbially induced calcite precipitation (MICP) has been reported as an effective method for the reduction of wind erosion from 
natural soils (Martín-Velázquez et al., 2022; Meyer et al., 2011). In recent years, MICP has also been reported as a potential effective 
way to control dust emissions from mine tailings (Bao et al., 2024; Buikema et al., 2018; Ehsasi et al., 2022; Lai et al., 2021; Rodin et al., 
2023; Zúñiga-Barra et al., 2025). Briefly, the MICP process is based on calcium carbonate (CaCO3) precipitation through the hydrolysis 
of urea, by the microbial urease enzyme in the presence of calcium ions (Achal and Pan, 2014; Whiffin et al., 2007). Microorganisms, 
through their ureolytic activity, supply the inorganic carbon essential for the precipitation of CaCO3 and ammonia that lead to 
alkalinization of the environment, creating the conditions for this process. MICP facilitates a biocementation effect due to the CaCO3 
precipitation, as this reaction generates chemical bonds between the particles of mine tailings and the microorganisms (Chen et al., 
2024; Meyer et al., 2011). Further details of the chemical reactions that occur during the MICP are described in Table 1.

It has been reported that the dynamics of MICP is governed by the application methodology and dosage of biocementation reagents 
(Buikema et al., 2018; Ehsasi et al., 2022; Rodin et al., 2023). However, to date, the urea requirement during the biocementation of 
mine tailings has not been fully elucidated. Available reports describe urea dosages that vary between 10 and 1000 g urea per m2 of 
treated mine tailings (Zúñiga-Barra et al., 2022). Moreover, it should be noted that the typical concentration of urea used during MICP 
treatments for the reduction of wind erosion is close to 1.0 M (Nikseresht et al., 2020; Wang et al., 2018). So, considering that 2 moles 
of ammonium are released for each mole of hydrolysed urea (see Table 1, Reaction 1 and 2), significant atmospheric pollution may 
occur due to ammonium volatilization, with the obvious risks that this would involve. Indeed, ammonia is one of the main sources of 
nitrogen pollution (Kanter, 2018). It can volatilize and contribute to the formation of several aerosol compounds, which can affect 
climate behaviour (Erisman et al., 2011; Lelieveld et al., 2015). Ammonia can get accumulated, oxidized, and later leach into a surface 
water body as nitrate (NO3

- ), contributing to eutrophication and aquatic ecosystems pollution (Galloway et al., 2003). Therefore, one of 
the main challenges in the field of MICP is to reduce potential risk by ammonia emissions.

Limitation of urea dosage seems to be an obvious option for the control of ammonia production in the context of MICP. For example, 
Ashraf et al. (2021) used surface response methodology to optimize MICP during biocementation assays of a sand column, providing a 
reduction of 75 % in urea consumption per gram of sand, also significantly improving the compressive strength of biocemented sand 
columns. The use of inorganic carbon sources as a partial replacement of urea, such as NaHCO3 or CO2, has also been proposed as an 
alternative (Hussain et al., 2025). During bioprecipitation test (i.e., MICP test in liquid media), Kaur et al. (2016a) demonstrated the 
feasibility of using CO2-fixing bacteria and CO2 injection to produce CaCO3 precipitation. However, application of CO2-driven bio
cementation processes to soils or tailings can pose challenges due to mass transfer limitations. As a result, there is a need to develop 
practical ways to apply CO2 in large-scale geotechnical applications (Mwandira et al., 2023). In contrast, bicarbonate can be easily 
added to the biocementation media. Moreover, the cost of bicarbonate is USD 208 per tonne, 50 % less than that of urea (Trading 
Economics, 2025a, 2025b). Then, bicarbonate seems a suitable potential carbon source for tailings biocementation applications.

This research studied the viability of urea replacement by NaHCO3 as a carbon source during MICP, as a strategy to reduce urea 
requirements during the biocementation of mine tailings, to improve their resistance to wind erosion. Results of this research are 
expected to contribute to the development of an environmentally friendly MICP process that contributes to the safe management of 
mine tailings deposits.

2. Materials and methods

2.1. Microorganisms and growth conditions

To induce CaCO3 precipitation by MICP process, the bacterium Sporosarcina pasteurii (NCIMB 8841) was used. Microorganism was 
cultivated using a culture medium containing: 5 g L− 1 peptone, 5 g L− 1 NaCl, 2 g L− 1 yeast extract and 1 g L− 1 nutrient broth (Achal 
et al., 2009). Culture medium was sterilized by autoclaving for 30 minutes at 121◦C. Then, sterilized autoclaved solution was cooled at 
room temperature and supplemented with a urea solution (2 % p/p), previously sterilized using a sterile filtration system (Achal et al., 
2015). The microorganism was cultivated using a 3 L bioreactor (Applikon, Schiedam, The Netherlands) with a working volume of 
1.5 L. The culture was performed during 48 hours at 37◦C, under aerobic conditions using an agitation rate of 300 rpm and an air flow 
rate of 1.5 L min⁻1.

Table 1 
Details of the chemical reactions occurring in the MICP process.

Reaction N◦ Reaction MICP stage

1 CO(NH2)2 + H2O̅̅̅̅→UreaseNH2COOH + NH3 Urea hydrolysis
2 NH2COOH + H2O→H2CO3 + NH3

3 2NH3 + 2H2O ↔ 2NH+
4 + 2OH− Chemical equilibrium

4 H2CO3 ↔ HCO−
3 + H+

5 HCO−
3 + H+ + 2OH− ↔ CO2−

3 + 2H2O
6 Ca2+ + Cell→Cell − Ca2+complex Heterogeneous nucleation

7 Cell − Ca2+ + CO2−
3 →Cell − CaCO3complex
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2.2. Evaluation of urea substitution in bioprecipitation tests (MICP assays in liquid media)

Urea substitution was studied in bioprecipitation tests performed in liquid media. Design of experiments (DOE) 1 was conceived to 
identify the effect of calcium concentration and urea-NaHCO3 ratio on MICP behaviour. Different urea and NaHCO3 concentrations 
were tested at three CaCl2 levels (12.5, 25 and 50 mM). DOE 1 was performed following a full factorial design, evaluating a total of 15 
conditions. These experiments are described in Table 2. For all conditions, an equimolar total carbon (TC) - calcium ratio was used. pH 
was not controlled during the experiments.

The bioprecipitation tests were performed in 50 mL conical tubes, shacked at 120 rpm at 30◦C. Tests lasted 24 hours. 1 mL of fresh 
culture broth obtained from the fermentation of S. pasteurii was added to each test. Note that by the end of the fermentation, a final 
biomass concentration of 1.96 ± 0.01 g L⁻1, and an ureolytic activity of 92.3 ± 4.1 U mL⁻1 was obtained.

2.3. Evaluation of urea substitution in biocementation tests (MICP assays in a solid matrix)

Two sets of experiments were designed and conducted (DOE 2 and 3) to determine the feasibility of urea replacement during 
biocementation tests (see Table 3). DOE 2 was conceived to evaluate different TC - calcium ratios (1:1, 2:1 and 3:1) to reduce the urea 
dose. Whereas DOE 3 was performed to evaluate the feasibility of urea substitution by using different urea - NaHCO3 ratios (2:1, 1:1 
and 1:2). DOE 2 and 3 were performed following a factorial design, evaluating a total of 3 and 4 conditions, respectively. These ex
periments are described in Table 3. For all assays, a synthetic tailing was used, using materials commercially available in the Val
paraíso region, Chile. Its characterization was previously described by Zúñiga-Barra et al. (2023) and is presented in Table S1 of 
Supplementary Material. Biomass used for these tests had a solids concentration of 1.3 ± 0.3 g L⁻1, while the ureolytic activity was 
34.8 ± 0.7 U mL⁻1. Biomass was concentrated by centrifugation to achieve the conditions described in Table 3.

For DOE 2 and 3, a suspension of S. pasteurii biomass was added at a dose of 0.06 g of dried biomass per kg of dried soil. As a result, 
biomass suspension dose corresponds to 0.15 L per kg dried tailings, equivalent to 2.5 L per m2. Biocementation media (i.e., solution of 
calcium and urea and/or bicarbonate) was provided in the same proportion (2.5 L per m2). Concentrations of biomass and reagents 
listed in Table 3 are reported considering total added liquid volume (biomass suspension plus biocementation media).

DOE 2 and 3 were performed using 300 g of dried tailings, which were added to 350 mL polyurethane cups acting as molds. Molds 
were placed into an incubating room at 30◦C during a curing time of 30 days. In all tests, the biomass suspension and biocementation 
media were added by the irrigation method, which consisted of adding the media to the top of the biocementation molds, allowing the 
solution to permeate through the sample without being contained.

2.4. Determination of calcium precipitation yield and CaCO3 content

The quantification of remaining calcium was used to estimate the calcium precipitation yield and thus to estimate the CaCO3 
content of biocemented samples. Therefore, calcium precipitation yield (Eq. 1) and CaCO3 content (Eq. 2) were calculated as the 
fraction of precipitated calcium relative to added calcium as follows: 

Calcium precipitation yield(%) =
nprecipitated Ca2+

nadded Ca2+
∗ 100 (1) 

CaCO3content(%) =
mCaCO3

msample
∗ 100 (2) 

Table 2 
Conditions of DOE 1: urea substitution in bioprecipitation tests.

Test Biomass conc. (g L⁻1) TIC - calcium ratio Calcium conc. (mM) Urea - NaHCO3 ratio

1 1.96 1:1 12.5 1:0
2 1.96 1:1 12.5 1:0.4
3 1.96 1:1 12.5 1:0.7
4 1.96 1:1 12.5 0.7:1
5 1.96 1:1 12.5 0.4:1
6 1.96 1:1 25 1:0
7 1.96 1:1 25 1:0.4
8 1.96 1:1 25 1:0.7
9 1.96 1:1 25 0.7:1
10 1.96 1:1 25 0.4:1
11 1.96 1:1 50 1:0
12 1.96 1:1 50 1:0.4
13 1.96 1:1 50 1:0.7
14 1.96 1:1 50 0.7:1
15 1.96 1:1 50 0.4:1

Observation: The experiments presented were carried out in triplicate to check the repeatability. The results were expressed as the arithmetic mean 
± standard deviation.
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Where ni and mi are the moles and mass of each specie.

2.5. Biocementation effect

To evaluate the biocementation effect by CaCO3 precipitation during DOE 2 and 3, surface strength and wind erosion resistance of 
the biocemented samples (inside the polyurethane mould) were quantified using cone penetration test and wind tunnel test, 
respectively. Different reports have shown that MICP may lead to the formation of different CaCO3 crystalline phases, such as calcite or 
vaterite (Behzadipour and Sadrekarimi, 2023; Kaur et al., 2016; Lai et al., 2021). Therefore, scanning electron microscopy (SEM) 
analysis was used to observe the crystal morphology of CaCO3.

2.6. Analytic methods

The cone penetration assay was performed with an electric compression press (ELE international, mod. T-1325A-4) to measure the 
surface strength of the biocemented tailings, as described by Zúñiga-Barra et al. (2023). Likewise, the wind tunnel test was performed 
on a laboratory-scale equipment at wind speed of 8.5 m s⁻1 for 30 minutes as described by (Zúñiga-Barra et al., 2025). The wind tunnel 
consisted of two sections: the first section was 1.2 m long, with a cross-section of 0.2 m in width and height. The second section was 
2.0 m long with a cross-section of 0.3 m width and height. A detailed schematic of the laboratory-scale wind tunnel is shown in 

Table 3 
Conditions of DOE 2 and 3: urea substitution in biocementation tests.

DOE Test Biomass Biomass dose CaCl2 Calcium dose (mol kg⁻1 dried soil) TC - calcium ratio Urea Urea - NaHCO3 ratio

(g L⁻1) (g kg⁻1 dried soil) (M) (M)

2 1 0.94 0.06 1.1 0.07 1:1 1.1 1:0
2 0.94 0.06 1.1 0.07 1:1 2.2 1:0
3 0.94 0.06 1.1 0.07 1:1 3.3 1:0

3 1 0.94 0.06 1.1 0.07 2:1 2.2 1:0
2 0.94 0.06 1.1 0.07 2:1 1.5 2:1
3 0.94 0.06 1.1 0.07 2:1 1.1 1:1
4 0.94 0.06 1.1 0.07 2:1 0.7 1:2

Fig. 1. (A-C) Calcium precipitation yields and (B-D) pH changes observed during bioprecipitation tests (DOE 1), at different levels of CaCl2 and urea 
- NaHCO3 ratio. Reported values after 24 hours. In all cases an equimolar TC - calcium ratio of 1:1 was provided. Error bars represent the standard 
deviation between triplicates.
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Figure S1 of the Supplementary Material.
Calcium precipitation yield (Eq. 1) and the CaCO3 content (Eq. 2) were determined by determining the remaining calcium by 

titration with EDTA to determine the concentration of dissolved calcium (APHA, 2005).
The micrographic characteristics of the precipitated crystals were observed by scanning electron microscope analysis using a 

HITACHI SU3500 at accelerating voltages of 10 kV and working distance (WD) of 6 mm. The electron micrographic characteristics 
were observed by secondary electron (SE) and backscattered electron (BSE) detectors.

2.7. Statistical analysis

Hypothesis testing was carried out in order to determine the existence of statistical differences between the responses observed at 
the different tested conditions. Student’s t-test were performed for that purpose. Differences between responses were considered to be 
statistically significant at p-values < 0.05. Statistical analysis of the data were performed using MINITAB software.

3. Results and discussion

Fig. 1 presents calcium precipitation yield, and initial and final pH of the assays involved in DOE 1. All the results were compared 
with a reference condition (i.e., conventional MICP). The later was defined as the experiments where urea - NaHCO3 ratio was 1:0, 
which means that only urea and CaCl2 were added. As can be observed in Fig. 1A, when 12.5 mM of CaCl2 was added, calcium 
precipitation yields close to 90 % were achieved. Fig. 1B show a slight decrease of pH, from around 9.2 to about 8.7. Despite this, in all 
cases, data suggest that the alkaline pH was suitable to favour the CaCO3 precipitation.

Fig. 1C and 1D show the behaviour of the precipitation tests, when 25 mM of CaCl2 was applied. Similar responses were obtained in 
comparison with assays involving 12.5 mM of CaCl2. Calcium precipitation yields were like those reported by other authors (Kaur 
et al., 2016; Stocks-Fischer et al., 1999). For example, Kaur et al. (2016) reported a calcium precipitation yield of 80 %, after 24 hours 
of reaction, when using 25 mM of TC and 13:1 urea - CaCl2 ratio (333 mM of urea). Results in Fig. 1 proves that, at 12.5 and 25 mM of 
CaCl2, a urea reduction of up to 70 % was possible. Moreover, data showed that urea - NaHCO3 ratio was not a statistically significant 
factor (p value > 0.05) for the calcium precipitation yield, implying that at this stage no relevant differences were detected in the 
performances of bicarbonate-based MICP and conventional MICP.

During the assays reported in Fig. 1 (DOE 1) an equimolar ratio of TC and calcium was provided. This ratio, combined with the high 
observed precipitation yield, means that carbon released during urea hydrolysis was insufficient to fulfil the requirements of calcium 

Fig. 2. (A) Surface strength determined by cone penetration method, (B) mass loss rate determined by wind tunnel test performed for 30 minutes at 
8.5 m s⁻1 and (C) CaCO3 content observed during biocementation test (DOE 2), applied to synthetic tailings samples when 1.1 M of CaCl2 was 
provided, at different levels of urea - calcium ratio. Error bars represent the standard deviation between quadruplicates.
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carbonate precipitation. Then, it is inferred that at least part of the inorganic carbon from bicarbonate participated in the precipitation 
phenomenon. As a result, the data from Fig. 1 provides strong evidence that substitution of the inorganic carbon donor is possible by 
replacing part of the urea with bicarbonate, without negatively impacting the calcium precipitation yield.

Subsequently, the reduction of the urea dose was evaluated during the biocementation test (DOE 2), in which 1.1 M of CaCl2 and 
different urea - calcium ratios were evaluated (see Table 3). Note that DOE 2 corresponds to a conventional MICP treatment. Fig. 2A 
show that when urea - calcium ratio was increased from 1:1–3:1, a 4-fold increment of the surface strength of biocemented tailings was 
observed (statistically relevant difference, p-value < 0.05). In general terms, a higher surface strength was observed in comparison 
with other reported studies, when similar conditions were used. For example, Rodin et al. (2023) reported biocemented tailings with a 
surface strength of 73 kPa, using a urea - calcium ratio of 2:1, when using 1.0 M of CaCl2 and a similar irrigation level (4 L m⁻2). 
Differences in the data provided by existing reports can be attributed to the diversity of physical and chemical characteristics of tested 
materials, such as particle size or mineral, as described by Chae et al. (2021).

Fig. 2 also presents data on mass loss rate using wind tunnel test, performed at 8.5 m s− 1, for 30 minutes. Dust emission rate below 
4 kg m⁻2 h⁻1 was observed, suggesting that the application of a urea - calcium ratio as low as 1:1 can be applied, without impairing the 
wind erosion resistance of the biocemented tailings. Mass loss rate for the untreated tailings was 91 kg m− 2 h− 1. Therefore, the results 
show that a conventional MICP treatment of tailings substantially improves the surface strength, leading to extremely low dust 
emissions, which is consistent with that reported by Zúñiga-Barra et al. (2025). This response is obviously attributed to the bio
cementation effect due to calcium precipitation that act as a bridge between the particles, which is consistent with previous reports (Lai 
et al., 2021; Meng et al., 2021).

Fig. 2C shows that at all tested conditions, CaCO3 content was close to 3 %, equivalent to a calcium precipitation yield of around 
50 %. In fact, different levels of CaCO3 content have been reported in the literature. For example, Meng et al. (2021) observed that by 
supplying a biocementation medium with 0.4 M CaCl2, a CaCO3 content of 0.8 % was achieved when biocementing sand samples. 
Similarly, Omoregie et al. (2019) reported a CaCO3 content of 7 %, when treating sand with 0.25 M CaCl2 This CaCO3 content is 
probably because the biocementation media was allowed to permeate through the sample, carrying away some of the calcium that did 
not precipitate.

The above results also demonstrate the possibility of reducing urea dose during biocementation without greatly compromising 
treatment performance. In addition, Fig. 3 presents the results of the assays testing urea replacement during tailings biocementation 
assays. Note that conventional MICP corresponds to the experiments in which the urea - NaHCO3 ratio was 1:0, which means that only 
urea and CaCl2 were added. It shows that when urea concentration was reduced from 1.5 to 0.7 M, surface strength was close to 400 
kPa, showing no relevant changes. Mass loss rate of the samples, when tested in the wind tunnel, were in all cases below 10 kg m⁻2 h⁻1, 

Fig. 3. (A) Surface strength determined by cone penetration method, (B) mass loss rate determined by wind tunnel test performed for 30 minutes at 
8.5 m s⁻1 and (C) CaCO3 content observed during biocementation test (DOE3) applied to synthetic tailings samples, when 1.1 M of CaCl2 was 
provided at different levels of urea - NaHCO3 ratio. In all cases a TC - calcium ratio of 2:1 was added. Error bars represent the standard deviation 
between quadruplicates.
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which means a 9-fold reduction compared to untreated samples. Finally, Fig. 3 also show that CaCO3 content of biocemented samples 
were close to 3 %, value very similar to those presented in Fig. 2C, involving assays with no urea replacement.

The results show that the urea - NaHCO3 ratio was a statistically significant factor (p-value < 0.05) when the surface resistance was 
considered as response. This implies that, when compared with conventional MICP (urea - NaHCO3 ratio 1:0), urea substitution may 
induce a slightly lower bearing effect in terms of surface strength. Anyhow, results presented in Fig. 3 demonstrate that even when 
providing a relevant level of urea substitution by NaHCO3 (75 %), it is possible to maintain a good performance of the biocemented 
tailings in terms of mass loss rate, reaching values that are comparable with conventional MICP (i.e. urea - NaHCO3 of 1:0). This is an 
unpublished response that confirms that bicarbonate-based MICP can be carried out during bioprecipitation and biocementation 
treatments, reducing the environmental hazards of ammonia release from conventional MICP.

Fig. 4 presents the EBDS images of precipitates formed during bioprecipitation test (DOE 1), using 25 mM of CaCl2, at two different 
urea - NaHCO3 ratios. Observations revealed the development of precipitates presenting different microstructures. Fig. 4A shows that 
during conventional MICP, the microstructure of precipitates formed aggregates of spherical microcrystals of 10–15 μm in diameter 
(indicated by yellow circles), like those presented by Rodriguez-Blanco et al. (2011), which they attribute to vaterite spheres crystals. 
On the other hand, Fig. 4B shows that when replacing urea by NaHCO3, the microstructure of formed precipitates was composed by 
irregular euhedral crystals (indicated by red circles), which may be products of the calcite crystals, which also agrees with that re
ported by Rodriguez-Blanco et al. (2011).

During conventional MICP, it is inferred that formation of vaterite crystals occurs during the initial stage of the reaction, when 
supersaturation and pH increase, induced by the activity of the microorganisms (Chekroun et al., 2004; Jiménez-López et al., 2001a). 
Then, the vaterite crystal phase leads to the formation of the calcite crystal phase as the reaction proceeds (Jiménez-López et al., 
2001b). On the other hand, during bicarbonate-based MICP initial addition of inorganic carbon increases supersaturation. Moreover, 
bicarbonate acts as a reservoir providing carbonate ions that can accelerate CaCO3 formation. Consequently, bicarbonate addition may 
facilitate nucleation and growth of calcite crystals, which is consistent with the calcite crystals observed in Fig. 4B.

The above results indicate that the use of NaHCO3 as a source of inorganic carbon could favour the transformation rate of CaCO3 
crystals and, consequently, the type of crystals produced. This would be especially beneficial to improve the performance of the MICP 
process when a biocementation effect is sought in a short period of time in practical applications.

Surface microstructure of tailings was also observed by SEM analysis. Fig. 5 presents EBDS images of untreated biocemented 
tailings using the irrigation method, at two conditions: urea - NaHCO3 ratios of 1:0 and 1:2. Images show structures of irregular shapes 
and relatively dispersed precipitates, some of which are deposited on the surface of the tailings particles (indicated by yellow arrows). 
In addition, it can be observed that both biocemented samples also exhibit bonding patterns due to the presence of irregularly shaped 
precipitates between the tailings particles, presumably acting as bridges (indicated by red squares), which agrees with the observations 
of previous reports (Bu et al., 2018; Duo et al., 2018). This response allows us to demonstrate that the reduction of wind erosion could 
be due to bridging between tailings particles (by precipitated CaCO3) and that this effect can even occur by replacing urea with bi
carbonate, as shown in Fig. 3B.

Results show how MICP may indeed be employed to control wind erosion in mine tailings deposits. Moreover, that important part 
of the urea can be replaced by bicarbonate, with minor effects on superficial strength and wind erosion resistance achieved, a response 
not reported so far.

Visualization of the effect of urea replacement on potential ammonia emissions can be done comparing two of the scenarios tested 
during DOE 2 and 3. Table 4 presents data from 2 assays using a CaCl2 concentration in the biocementation media of 1.1 M, one with 
and one without urea replacement (Urea - NaHCO3 ratios of 1:0 and 1:2). If the applied irrigation of biocementation media is combined 
with urea and bicarbonate concentrations, then maximum potential ammonia releases can be estimated, assuming complete urea 

Fig. 4. EBSD images of precipitates from DOE 1. (A) 25 mM CaCl2 and 25 mM urea (urea - NaHCO3 ratio of 1:0). (B) 25 mM CaCl2, 7.5 mM urea 
(urea - NaHCO3 ratio of 0.4:1). Yellow circles indicate the presence of spherical aggregated precipitates attributed to vaterite crystals. Red circles 
indicate the presence of irregular euhedral aggregated precipitates attributed to calcite crystals. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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conversion. As can be seen in Table 1, the potential maximum ammonia release in the scenario with urea replacement is equivalent to 
124 g per m2 of treated soil, which corresponds to one third of the of that for conventional MICP. This represents a significant and 
relevant reduction of the risks associated with potential ammonia pollution when biocementation by MICP is applied.

Despite the potential benefits of bicarbonate-based MICP, its full-scale application for the effective biocementation of tailings faces 
few challenges. Scaling-up is certainly one of them, especially considering the large scale of mining operations, especially in countries 
such as Chile. Long term stability of precipitates formed during cementation and the persistence of its effect to agglomerate tailings also 
needs to be further studied, in order to determine the need for the application of consecutive treatments. Finally, cost-benefit and 
sustainability analyses would be required before effective implementation. As a result, it is inferred tat future research would need to 
be directed to address these aspects.

4. Conclusions

This study investigated the feasibility of replacing urea by NaHCO3 as a carbon source for MICP, to reduce urea requirements during 
the biocementation of mine tailings, to improve their wind erosion resistance. The following conclusions can be drawn from this work: 

• Results of the micrographic analysis showed that, for the bioprecipitation test, there are relevant differences in the morphology of 
the precipitated CaCO3 crystals when urea is substituted, which allows inferring that, when bicarbonate is added, the trans
formation rate of the CaCO3 crystals from vaterite to calcite tends to be faster.

• Under the conditions used during the bioprecipitation test, solid evidence was obtained that urea substitution is indeed possible. In 
fact, the results show that using an equimolar ratio of total carbon - calcium, when bicarbonate is added in substitution to urea, at 
least part of the inorganic carbon coming from the bicarbonate participated in the precipitation phenomenon, since the carbon 
released from the hydrolysis of urea was not sufficient to satisfy the calcium carbonate precipitation levels obtained.

• This possibility of replacing urea with bicarbonate was also demonstrated in biocementation tests. First, the possibility of reducing 
urea doses during treatment without greatly compromising treatment performance was validated. In fact, the substantially 
improved surface strength of the biocemented tailings was maintained, resulting in extremely low dust emission. Second, it was 
possible to drastically replace the addition of urea with bicarbonate as a source of inorganic carbon. These findings highlight the 
potential of bicarbonate-based MICP as a more environmentally friendly approach, which contributes to the safe management of 
mine tailings deposits.

Fig. 5. EBSD images of biocemented sample from DOE 2 and 3. (A) 1.1 M CaCl2 and 2.2 M urea (urea - NaHCO3 ratio of 1:0). (B) 1.1 M CaCl2, 
0.75 M urea (urea - NaHCO3 ratio of 1:2). Red squares indicate the presence of binding patters between biocemented tailings particles. Yellow 
arrows indicate the presence of irregularly shaped precipitated on biocemented tailings particles. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

Table 4 
Estimation of maximal potential ammonia emission during MICP applied to biocementation of a mine tailings deposit when only urea is used as 
carbon source and when urea is replaced by bicarbonate.

Scenario CaCl2 

(M)
Irrigation (biocementation media plus biomass suspension) 

(L m⁻2)
Urea 
(M)

NaHCO3 

(M)
Potential maximum ammonia release 

(g m⁻2)

1 1.1 5.0 2.2 0 374
2 1.1 5.0 0.73 1.47 124
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