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Abstract

:

Mining activities offer clear economic benefits for mineral-rich countries. However, mining operations can produce several environmental impacts. Many of these are associated with generating and managing mining waste known as tailings, which are typically stored in surface facilities. Windblown dust emissions from tailing deposits can cause severe damage to local ecosystems and adverse health effects for the surrounding population. Microbially induced calcite precipitation (MICP) can be used for the superficial biocementation of tailings, thereby preventing such emissions. This research studied the capacity of MICP for the biocementation of tailings. The effect of applying different doses of biocementation reagents and two different methods for their application were evaluated. Results show that a relevant increase in surface strength can be achieved, especially if reagents are mechanically mixed with the tailings to induce a more homogeneous distribution of precipitates. Micrographical and mineralogical analysis by SEM, FTIR and XRD analysis showed the precipitation of calcium in the form of anorthite, calcite or vaterite. Overall results indicate that calcite precipitation can be induced in tailing by microorganisms with urease activity, providing a potential technique for the biocementation of this material.
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1. Introduction


Mineral resource-rich nations face significant challenges when coupling economic growth with long-term inclusive and sustainable development [1,2]. Mining operations result in the simultaneous production of valuable mineral commodities and a vast volume of waste by-products that must be managed [3]. Tailings represent the main waste stream commonly deposited in surface tailing storage facilities (TSF), usually using dams [3]. Tailing storage facilities require enormous extensions of land, are virtually devoid of vegetation during their active state, and are exposed to environmental conditions [4].



Mine tailing may present low cohesion, loose structure and a small particle size distribution. Moreover, wind-induced shear stresses can lead to windblown dust emissions (WDE) into the atmosphere [4,5]. These emissions can cause damage to local ecosystems and severe health problems for people living in the surrounding areas. Indeed, WDE can mobilize dangerous levels of hazardous elements, such as Cd, Cr and As. Furthermore, exposure to these elements can reduce nervous system functions and, in the long term, lead to degenerative diseases such as Alzheimer’s, Parkinson’s and others [6,7].



Several alternatives have been proposed to address WDE from tailing deposits. The most commonly reported methods are the application of surface penetrants, surface covers, and the use of vegetation covers [4,8,9,10]. However, these treatments are often expensive and complex due to the large surface areas involved. Moreover, they present particular difficulties or limitations. For example, surface penetration methods, such as irrigation, are less viable in arid and semi-arid areas, as they favor rapid water evaporation and only provide a temporary treatment of a few hours [11,12]. In addition, when wet soils are exposed to high wind speeds (6–9 m s−1), dust emissions are similar to those for dry soils [13]. On the other hand, methods involving surface cover or phytoremediation are more likely to be applied in the case of inactive TSF or those that have already reached their capacity. Therefore, despite the alternatives already commented on, there is still a need to develop affordable, effective, and sustainable technologies to control dust emissions from TSF [4].



Biogeochemical processes are creating increasing interest as a potential tool to modify several properties of soil, such as density, porosity and saturation [14,15]. Compared with traditional methods, biogeochemical processes have been regarded as a more affordable alternative with a lower environmental impact [16]. Microbially induced calcite precipitation (MICP) is most likely the most studied biogeochemical process that has the potential to improve soil mechanical properties such as shear strength and stiffness [14,15].



MICP promotes calcium carbonate precipitation as a result of biological activity, which can be induced by a wide variety of microorganisms through different metabolic pathways. However, the most reported alternative is MICP driven by ureolytic activity [17,18]. In ureolytic-driven MICP, CaCO3 precipitation is induced by urease-producing microorganisms that catalyze the hydrolysis of urea, a phenomenon that is described in the following reactions [19,20]:


  CO       NH  2     2  +  H 2   O   Urease  → 2   NH  4 +  +      CO   3  2 −    



(R1)






    Ca   2 +   +   CO  3  2 −   →   CaCO   3    s     



(R2)







MICP requires the combined addition of a source of calcium, urea and an ureolytic-active microorganism. As a result of the ureolytic activity, urea is hydrolyzed into carbonate and ammonium [21]. The latter produces an alkalization of the environment, promoting the binding of calcium and carbonate and further CaCO3 precipitation [22].



MICP has been proposed as a method for creating impermeable barriers, reducing soil liquefaction, and controlling dust emissions [23,24,25]. During surface treatment of soils by MICP, the produced CaCO3 creates bridges between soil particles, increasing the bearing capacity of the soil and resulting in the formation of a crust over the biocemented material, which increases the strength of the surface to wind erosion [26,27,28].



So far, the potential of MICP as a tool for the control of WDE has mainly been tested through research conducted on sand and silty sand. On those soils, results indicate that MICP treatment can, depending on the conditions, completely prevent WDE [26,28,29,30,31]. However, to date, only a few reports are available dealing with MICP application on mine tailing [4,23,27,32,33,34,35]. Tailing may represent a complex material for MICP application due to its physicochemical characteristics, which vary considerably depending on geographical location, the type of ore extracted and the applied mineral processes [18,36]. Considering the already identified potential of MICP as a useful tool for controlling WDE and the risks associated with those emissions, it seems logical that research is urgently required to determine the potential applicability of MICP-driven biocementation in tailing deposits.



This study aimed to evaluate the capacity of the MICP process to induce changes in tailing mechanical properties. For this purpose, the effect of different doses of biocemented reagents was evaluated, and two different methods for adding biocement reagents were compared.




2. Materials and Methods


2.1. Microorganism and Cultivation Conditions


This research was conducted using the microorganism Sporosarcina pasteurii NCIMB 8841. Biomass required for biocementation assays was produced by cultivation under batch conditions at 30 °C and 120 rpm.



Biomass concentration was estimated by measuring optical density, determined by spectrophotometry, at a wavelength of 600 nm. The relation between optical density and cell concentration (determined by dry cellular weight) was established by a calibration curve. Cell count was also determined by microscopic observation using a Neubauer counting chamber. Relation between cells concentration and cell count was established according to the following equation:


      C e l l       c o n c   = 1.82 ×   10   − 7       C e l l     c o u n t   − 0.88  



(1)




where [cell]conc is the value of cell concentration expressed in g L−1 and [cell]count is the cell count expressed in cells mL−1.



The composition of the culture medium was 1 g L−1 nutrient broth, 2 g L−1 yeast extract, 5 g L−1 peptone and 5 g L−1 NaCl and 20 g L−1 urea [37]. Culture medium without urea was sterilized in an autoclave at 121 °C for 30 min. Urea solution was sterilized using a 0.22 µm sterile filtration system to prevent thermal decomposition.




2.2. Biocementation Assays


A series of biocementation assays were conducted to determine the capacity of MICP to induce changes in tailing mechanical properties. Two testing materials were used. The first was natural sand, conceived as a control to facilitate comparison with results available in the literature. The second was a synthetic tailing, prepared from selected soil materials according to Gorakhki and Bareither [38,39]. Synthetic tailing was subjected to sieving in order to provide a particle size distribution (PSD) similar to that of natural mine tailings [12,40]. Soil materials were obtained from an aggregate processing company located in the region of Valparaíso, Chile. Geotechnical characterization of sand and synthetic tailing sample included mechanical sieve (ASTM D422-63, [41]), pH (ASTM D4972-19, [42]), specific gravity (ASTM D854-14, [43]), and hydraulic conductivity (ASTM D2434-22, [44]). A summary of the geotechnical characterization of the sand and synthetic tailing is presented in Table 1. Before assays were conducted, samples were dried in an oven at 65 °C for 24 h.



Biocementation assays were conducted using polyurethane cups as molds, according to the procedure described by Hamdan et al. [40]. The polyurethane molds had a diameter of 5 cm and a total volume of 100 mL. First, 30 g of the material was placed in the molds, and then biomass suspension and biocementation media were added. Biocementation media consisted of a solution of urea and CaCl2. Then, samples were left to cure and dry at 30 °C for 10 days. Each tested condition was replicated four times. In all experiments, the combined volumes of bacterial suspension and biocementation media were kept constant at 0.33 L per kgdrysoil (equivalent to 5 L per m2 of surface treated). Different doses of calcium were added in different experiments by changing the concentration of CaCl2 and urea, always keeping their molar ratio constant at 3:1.



Table 2 presents a summary of the biocementation assays performed during this research. Assays 1 and 2 were performed by adding CaCl2 in the range 0–1.1 M to evaluate the effect of MICP on sand and synthetics tailing samples. Biocementation media was added using irrigation method, which consisted of adding the media on top of the testing cup, enabling the solution to permeate through the sample (i.e., testing cup was perforated in the bottom). During assay 3, conditions were kept constant, but biocementation media was added using the mixing method. In this case, the tailing sample was mixed with biocementation media in the testing cup, using a vortex shaker to homogenize and remove trapped air. During mixing method, the media was contained, i.e., testing cups were not perforated at the bottom. Finally, assay 4 tested a larger calcium concentration range (0–2.5 M). All assays in Table 2 involved the same biomass dosage (0.06 g per kgdrysoil) and the same urea:calcium molar ratio (3:1).



Results are expressed as mean ± standard deviation. Existence of statistical differences was verified by Student’s t-test and analysis of variance using the MINITAB software [45]. Observed differences were considered statistically significant at p-values < 0.05.




2.3. Analytic Methods


2.3.1. Biocementation Effect


Different methodologies have been proposed to assess the capacity of MICP to increase bearing capacities of soil, such as unconfined compression tests, shear strength tests, penetration cone tests and thermal conductivity measurements [31,46,47,48]. In this work, the cone penetration test and thermal conductivity were selected to evaluate the performance of the MICP treatment.



Cone penetration test was used to measure the surface strength of the biocemented samples. High values could be then related with an increased resistance to wind erosion. Cone penetration test was performed with an electric compression press (ELE international, mod. T-1325A-4). The penetration cone was adjusted above the surface of biocemented sample before starting the test. Then, penetration cone with a flat-ended surface was set to penetrate 10 mm into the sample at a rate of 1.0 mm min−1. The surface of the cone varied from 0.5 to 2.5 cm2, depending on the strength of the sample [27].



Thermal conductivity is expected to respond to different levels of biocementation due to the formation of CaCO3 bridges between the particles [48,49]. Thermal conductivity was determined using an SH-3 dual sensor (Thermal properties analyzer, Tempos). The length of the thermocouples was 30 mm with a diameter of 1.2 mm and 6 mm spacing. Due to the high strength of biocemented samples, two holes with the dimensions of the thermocouples were drilled horizontally in the biocemented samples, where the SH-3 sensor was inserted.




2.3.2. Ureolytic Activity


Ureolytic activity was determined by measuring the amount of ammonia released by the hydrolysis of urea using the phenol-hypochlorite test method [37,50]. One unit of enzymatic activity (U) is defined as the amount of urease that hydrolyses 1 µmol urea per minute.




2.3.3. CaCO3 Content of the Biocemented Sample


Representative samples were taken from biocemented material, which was dried for 24 h at 105 °C. Then, 1 g of dried material was washed with 25 mL of distilled water and centrifuged at 10,000 rpm for 5 min. Supernatant containing unreacted soluble calcium was discharged. To remove interference coming from organic matter, sample was subjected to calcination for 5 h at 550 °C [51]. Calcined sample was then washed with 10 mL of 2 M HCl solution and left to react for 6 h. Sample pH was adjusted to 7.0 and then filtered using an MN 616 paper filter to remove solids. Filtrate was recovered and titrated with EDTA to determine the calcium concentration [51].




2.3.4. Micrographical and Mineralogical Analysis


The micrographical features of the precipitated crystals were observed by scanning electron microscopy (SEM) using HITACHI SU3500 equipment at accelerating voltages of 10 kV and WD 6 mm. Secondary electron imaging (SEI) and backscattered electron imaging (BSEI) techniques were used for electron micrography.



FTIR analysis was used to identify the mineralogical features of the precipitated crystals. The spectra were acquired by a JASCO FT/IR-4600 spectrometer, using a diamond single reflection attenuated total reflectance (FTIR-ATR). Spectra were obtained with 64 scans per spectrum, at a spectral resolution of 0.5 cm−1, in the range of 4000 to 600 cm−1. Baseline correction and scaling normalization were made in Wiley’s KnowItAllTM Software. Spectral analysis was made to promote a better understanding of the peaks position and intensity. Deconvolution was made using Origin 2019 PRO software by modeling the spectra to a Gaussian function (Equation (2)).


  y =  y 0  +   A    e    − 4   l n  2      X −  X c     2     W 2        W    π  4   l n  2         



(2)




where y is the intensity of the peak at a wavenumber X, y0 is the base intensity, XC is the center of the peak (cm −1), A is the area and W is full width at half maximum (FWHM).



Quantitative X-ray diffraction (XRD) analysis was used to determine the nature of the precipitated calcium. The XRD patterns were collected by scanning between 10° and 90° (2θ) in the continuous mode by employing a Bruker D8 Advance Diffractometer, using Cu Kα (k = 1.54 Å) radiation. The diffractometer was run in the continuous mode with an integrated step scan of 0.020° (2θ), using a PIXcel detector with a time per step of 340 s. To quantitatively examine the polymorph content of CaCO3 precipitates, the sample XRD patterns were analyzed using the Rietveld refinement method [52] with the material analysis using a diffraction package.



Before micrographical and mineralogical analysis, 1–2 g of samples were passed through a sieve (Mesh N° 50) to remove fine particles, favoring the presence of particles containing precipitated CaCO3 to facilitate the analyses.






3. Results and Discussion


3.1. Assays to Characterize the MICP Precipitation Process


Biomass suspension used for biocementation assays was applied at a concentration of 0.90 ± 0.01 g L−1, equivalent to 5.0 ± 0.1 × 106 cells mL−1. Ureolytic activity was 78.3 ± 6.8 U mL−1. Thermal conductivity, surface strength, CaCO3 content and calcium precipitation yield during assays 1 and 2 are shown in Figure 1. Precipitation yield refers to the proportion of added calcium found in the form of calcium carbonate due to the bioprecipitation phenomenon. Results show that application of different levels of CaCl2 induced little or no changes in thermal conductivity (Figure 1A). Biocemented sand and tailing showed similar thermal conductivities of about 0.20 W m−2 K−1. On the other hand, results show a relevant increase in surface strength (Figure 1B) when applying increasing levels of CaCl2. Biocemented samples treated with 1.1 M CaCl2 presented an average strength of 1000–1500 kPa, three times higher than those without calcium addition (Figure 1B). The surface strength achieved in this study is higher than that observed in other studies on soil biocementation using S. pasteurii under similar conditions. Katebi et al. [53] reported a penetration strength of 250 kPa when applying MICP to sand samples using a similar dosage of biocementation media (0.3 L kg−1drysoil). On the other hand, Meng et al. [20] reported that biocemented sand achieved a surface strength of about 366 kPa. The difference may be related to using the equimolar urea:calcium ratio.



Figure 1C,D shows that precipitation occurred at a greater extent in the tailing. Differences between tailing and sand were statistically significant (p-value <0.05). In the case of tailing, CaCO3 content, and precipitation yield were close to 3% and 40%, respectively, when 1.1 M of CaCl was applied. This may result from a lower hydraulic conductivity of tailings, with respect to sand (2.5 times lower), which increases retention of biocementation media, providing a longer reaction time and favoring precipitation [26]. Our results are in agreement with those of Lai et al. [23], who also observed higher levels of biocementation on iron tailing than in quartz sand. Therefore, the results shown in Figure 1 suggest that tailings may indeed provide an environment enabling effective MICP driven by S. pasteurii.



As depicted in Table 2, assay 3 was performed under the same conditions as 2 but with a different supply method for the biocementation media. A comparison of the performance of both methods (assays 2 and 3) is presented in Figure 2 for tailings. Results show an increase in thermal conductivity as CaCl2 concentration was progressively increased from 0.3 to 1.1 M. Results also show a dramatic increase in surface strength when the mixing method was applied. The results show that the method of supplying the biocementation medium and the concentration of CaCl2 applied were statistically significant factors (p-value 0.001) when thermal conductivity and surface strength were considered responses. Figure 2 indicates that using mixing methods with a CaCl2 concentration of 1.1 M induced thermal conductivity (0.26 ± 0.02 W m−2 K−1) and surface strength (7432 ± 932 kPa), 2 and 5 times higher than the assays without calcium addition. Moreover, the maximum CaCO3 content was almost 6%, similar to that reported by Wang et al. [49].



Moreover, at a CaCl2 concentration of 1.1 M, the mixing method provided twice the CaCO3 content and calcium precipitation yield than the irrigation method. Again, the reason can be ascribed to the low hydraulic conductivity of tailings (7.21 × 10−5 cm s−1), which limited the permeation and distribution of the biocementation medium. Then, the substantial biocementation improvement induced by the mixing method can be attributed to the mechanical mixing, which promotes a more homogeneous CaCO3 precipitation, enhancing the bearing effect induced by MICP. Our results are in agreement with those of Chae et al. [26], who also observed that calcite precipitated uniformly in the fine sand when the mixing method was applied.



Previous results identified a clear relation between CaCO3 content and surface strength. In order to clarify if such a relation remains when providing a more intensive treatment, assay 4 was performed, using CaCl2 concentration in the range 0–2.5 M. Biomass dosage and urea:calcium molar ratio was kept at the same values used in previous assays. Figure 3A,B shows that the surface strength and CaCO3 content increase when the CaCl2 concentration is increased, which is in agreement with Meng et al. [20]. A maximum surface strength of 12,241 ± 1670 kPa was reached (at 1.8 M of CaCl2), a value higher than those reported by other studies under similar conditions [21,27]. For example, Ehsasi et al. [27] reported a surface strength of 4990 kPa, and a CaCO3 content of 3% (in a crust layer). Differences may be related to using a lower calcium dose, different urea:calcium ratio, tailing composition and/or particle size. Figure 3C suggests the presence of a maximum in the calcium precipitation yield (a little over 90%) at 1.1 M of CaCl2 concentration. As a result, further increases in CaCl2 resulted in a decrease in yield, which may be a consequence of the inhibition of ureolysis by high Ca2+ concentrations [54]. Unhydrolyzed urea may re-consolidate as a crystal as the tailing dries, which does not contribute to mechanical strength and may even reduce it. To analyze this effect, the CaCO3 content and its relationship with surface strength is illustrated in Figure 3D. This figure shows the existence of a maximum over which a decrease in surface strength exists. This behavior may be indeed related to the re-consolidation of unconverted urea. Then, according to Figure 3, it would not be possible to provide higher levels of biocementation by simply increasing the dosage of calcium or urea.




3.2. Micrographical and Mineralogical Analysis of Synthetic Tailing Samples Treated by MICP


The surface microstructure of tailings was observed by SEM analysis. Figure 4 presents SEM images of untreated tailing (Figure 4A) and biocemented tailing using the mixing method at a concentration of 1.1 M of CaCl2 (Figure 4B). SEM images show the dramatic effect that biocementation treatment induced. No bonding patterns were identified in the untreated sample. Instead, the image shows individual particles, loosely stacked and with smooth surfaces (indicated by yellow circles in Figure 4A).



On the other hand, Figure 4B shows that biocemented samples presented irregularly shaped precipitates, that were relatively sparse, with some of them deposited on the surface of the tailing particles (indicated by yellow circles in Figure 4B). In addition, it can be observed that the biocemented sample has bonding patterns due to a large number of irregularly shaped precipitates between the tailing particles, presumably acting as bridges (indicated by yellow arrows in Figure 4B). This observation is similar to Bu et al. [55] and Duo et al. [29]. Furthermore, this phenomenon correlates well with the observed improved surface strength (see Figure 3A) and is consistent with previous studies [32,56,57].



Mineralogical features of the precipitated crystals were identified by FTIR analysis. Figure 5A presents the FTIR spectra of untreated tailing, and Figure 5B shows the spectra of the biocemented tailing using the mixing method at a concentration of 1.1 M of CaCl2. Peaks in the range 3000 cm−1 and 3600 cm−1 were observed in the case of the biocemented sample (Figure 5B), which correlate with the stretching of O-H and N-H bonds [58], suggesting the presence of unhydrolyzed urea. This is supported by the differences observed in the peaks at 1590 cm−1, 1615 cm−1 and 1660 cm−1, which are correlated with the ν(CO), δas (NH2) and δs (NH2) vibrations of urea [59,60].



To assess with better precision the IR spectra changes in the range between 1200 cm−1 and 800 cm−1, a deconvolution of the spectra was made according to Equation (3). An increase in the peak at 913 cm−1 was observed (Figure 5B), which can be attributed to Si-O-Ca bonds [61,62], indicating a possible chemical interaction between the synthetic tailing and calcium ion, which may have induced some bearing effect on the tailing particles. Chemical interaction between Ca and Si may occur when traces of calcium remain unprecipitated. This could happen because of a deficit of inorganic carbon available due to an inhibition of the urease enzyme at high calcium concentrations [54]. This may explain the presence of a fraction of unhydrolyzed urea, as identified above. Spectra also shows a peak at 1468 cm−1, which may be attributed to the asymmetric stretching of the carbonate ion [62,63,64,65]. Additionally, the peak at 780 cm−1 may be correlated with the in-plane bending of the carbonate (Figure 5B), indicating that CaCO3 was present in a crystalline form, presumably vaterite or calcite [52]. This may explain the observed irregularly shaped precipitates (see Figure 4B) and the improved surface strength (see Figure 3A).



XRD analysis was used to identify the type of crystals formed during biocementation. Table 3 shows the detail of the crystalline phases of untreated and biocement tailings (by the mixing method). Several general observations can be derived from the presented data. Probably the most relevant is that precipitated calcium exists as anorthite and CaCO3, the first in the predominant form. Anorthite is a porous ceramic that occurs naturally on the earth’s surface and is composed of calcium oxide, corundum and silica [66]. It was not present in the untreated tailing, so it was inferred that it was produced during MICP treatment due to the chemical interaction between Ca and Si [61]. Vaterite and calcite were the crystalline forms of CaCO3 that were mainly produced, which is consistent with previous studies [23,34]. Table 3 also shows that the application of treatment using 1.1 M of CaCl2 induced a higher concentration of anorthite, vaterite and calcite compared to the other treatments, which correlates well with the significant improvement of surface strength (Figure 3A).



It should be noted that the results derived from micrographic and mineralogical characterization (SEM, FTIR and XRD analysis) showed good consistency and helped to identify the mechanisms through which MICP successfully increased the mechanical strength of tailing. The results of this study demonstrate that tailing provides a suitable environment for the successful application of MICP as a bearing agent to produce a precipitated CaCO3 surface crust on tailing material.





4. Conclusions


	
Tailings offer a promising environment for the application of MICP. Biocemented tailings showed a relevant improvement in their mechanical surface strength, which may imply a potential use to control wind-blown dust emissions from tailing deposits.



	
CaCl2 dosage represents an important factor governing the ability of MICP to induce a bearing capacity on tailings. Therefore, an increase in calcium dosage should induce increments in surface strength. However, a maximum was detected, over which further increases in CaCl2 dosage produce no improvements in the treatment.



	
The method for reagent supplementation is also a key factor in determining the biocementation of tailings. The use of mechanical mixing of biocementation reagents and tailings induces a more homogeneous treatment that substantially improves the surface strength of the biocemented material.



	
Micrographical and mineralogical analysis showed how MICP treatment increases the bonding patterns between tailings particles through the formation of bridges by calcium precipitates present in the form of an anorthite-calcite-vaterite crystalline form. In addition, chemical interaction between tailings and calcium ions in the crystalline form of anorthite was observed, a phenomenon that has not been reported before.
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Figure 1. Performance of MICP applied for the biocementation of sand and synthetic tailings. (A) Thermal conductivity, (B) surface strength determined by cone penetration method, (C) CaCO3 content, (D) calcium precipitation yield. Error bars represent the standard deviation between quadruplicates. 
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Figure 2. Performance of MICP process applied for the biocementation of synthetic tailing, using irrigation and mixing methods for the addition of biocementation medium. (A) Thermal conductivity, (B) surface strength by cone penetration method, (C) CaCO3 content, (D) calcium precipitation yield. Error bars represent the standard deviation between quadruplicates. 
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Figure 3. Performance of MICP applied for the biocementation of synthetic tailing, using mixing methods for the addition of biocementation medium. (A) Surface strength by cone penetration method, (B) CaCO3 content, (C) calcium precipitation yield, (D) relationship between surface strength and CaCO3 content. Error bars represent the standard deviation between quadruplicates. 
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Figure 4. SEM micrographs of (A) untreated tailing sample and (B) biocemented tailing sample treated by mixing method at 1.1 M CaCl2. In image (B), yellow circles indicate the presence of irregularly shaped precipitates on biocemented tailing particles. Yellow arrows indicate the presence of binding patterns between biocemented tailing particles (image (B)). 
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Figure 5. IR spectra of (A) Untreated sample, (B) Biocemented sample treated by mixing method at 1.1 M of CaCl2. Detail of the symbology: ν: stretching, δas: asymmetric bending, δs: symmetric bending ρ: in-plane bending (rocking). ν1 CO3−2 is the asymmetric stretching of the carbonate. ν2 CO3−2 is the in-plane bending of the carbonate. 
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Table 1. Geotechnical characteristics of sand and synthetic tailing used for biocemented assays.
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Parameter

	
Sample






	
Type of soil

	
Particle size (μm)

	
Synthetic tailing

	
Sand




	
Medium sand

	
>250

	
67.4%

	
85.6%




	
Fine sand

	
250–106

	
30.2%

	
12%




	
Loamy fine sand

	
106–75

	
1.5%

	
1.7%




	
Silt

	
<75

	
0.9%

	
0.7%




	
pH

	
7.8

	
8.5




	
Specific gravity

	
2.5 (g mL−1)

	
1.9 (g mL−1)




	
Minimum dry density

	
1.9 (g mL−1)

	
1.5 (g mL−1)




	
Hydraulic conductivity

	
7.21 × 10−5 (cm s−1)

	
10−4 (cm s−1)
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Table 2. Description of biocementation assays.
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	Assay
	Soil

Sample
	Addition of

Biocementation

Media
	Biomass

(g L−1)
	CaCl2

(M)
	Biomass Dose

(g kg−1drysoil)
	CaCl2 Dose

(mol kg−1drysoil)





	1
	Sand
	Irrigation
	0.90
	0, 0.3, 1.1
	0.06
	0, 0.2, 0.7



	2
	Synthetic tailing
	Irrigation
	0.90
	0, 0.3, 1.1
	0.06
	0, 0.2, 0.7



	3
	Synthetic tailing
	Mixing
	0.90
	0, 0.3, 1.1
	0.06
	0, 0.2, 0.7



	4
	Synthetic tailing
	Mixing
	0.90
	0–2.5
	0.06
	0–1.5







Observation: Biomass and CaCl2 concentrations indicated refer to the amount of water added to each assay (0.33 L per kgdrysoil).
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Table 3. Detail the crystalline phases of untreated and biocemented tailing treated by the mixing method at different calcium concentrations.
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Type of Treatment

	
CaCl2 (M)

	
Composition (%)




	
Albite

	
Quartz

	
Sanidine

	
Kaolinite

	
Anorthite

	
Vaterite

	
Calcite






	
Untreated

	
-

	
67.2

	
23.9

	
6.9

	
2

	
0

	
0

	
0




	
MICP

	
0.3

	
30.3

	
13.9

	
24.6

	
0

	
31.1

	
0.2

	
0




	
1.1

	
5.4

	
24.4

	
6.5

	
0

	
51.4

	
8

	
4.2




	
2.5

	
30.1

	
16.9

	
17.7

	
0

	
33

	
1.3

	
1.1
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