
Proceedings of the 17th Pan-American Conference on Soil Mechanics and Geotechnical 

Engineering (XVII PCSMGE), and 2nd Latin-American Regional Conference of the International 

Association for Engineering Geology and the Environment (IAEG), La Serena Chile, 2024. 

1 

 

ROCK FRACTURES BIO-SEALING THROUGH MICROBIOLOGICAL INDUCED 
CALCIUM CARBONATE PRECIPITATION.  

Bio-sellado de fracturas en rocas mediante la precipitación de carbonatos inducidos 
microbiológicamente. 

 

Carlos Miguel Hernández-García1; Naren Zulamir Grajales-Ríos2; Álvaro J. Castro-Caicedo1; Marco Antonio 
Márquez-Godoy1; Victoria Elena Meza-Ochoa2 

 
1Facultad de Minas, Universidad Nacional de Colombia Sede Medellín, Medellín, Colombia; e-mail: 
cmhernandezga@unal.edu.co; ajcastro@unal.edu.co; mmarquez@unal.edu.co 
2Facultad de Ciencias, Universidad Nacional de Colombia Sede Medellín; e-mail: ngrajalesr@unal.edu.co 
3Facultad de Ingeniería, Politécnico Colombiano Jaime Isaza Cadavid, Medellín, Colombia; e-mail: 
vemeza@elpoli.edu.co 

 

ABSTRACT:  

Microbiologically induced carbonate precipitation (MICP) has been used to improve the mechanical properties of soils, concrete and 
rocks. The use of microorganisms is proposed as an alternative treatment. Three assemblies were made with fractured rock cores, using 
X-ray diffraction (XRD) for characterization. Sporosarcina pasteurii DSM 323 was used in Van Paasen culture medium, with CaCl2 
and urea 0.5 molar (M). Four variables were measured, in addition to quantifying the precipitation of CaCO3 (CC). In test 1, polyvinyl 
chloride (PVC) pipes and rock cores were used, generating CC precipitation in the spaces between internal PVC diameter and external 
core diameter, without evidence of sealing of fractures with a efficiency of 70%, in relation to the precipitation of CC (with calcite 
(78.9%) and vaterite (21.1%)). In trial 2, acetate sheets were used covering the rock cores, renewing CaCl2 and urea on day 3. An 
efficiency of 75% (with calcite (60%) and vaterite (40%) ), evidencing partial filling of the fractures. Finally, test 3 was made with total 
renewal of the culture medium and the cementation solution on day 3. A depletion of calcium on 3rd and 6th days, with an efficiency 
of 65% (100% calcite), showing a better sealing of fractures. It can be concluded that CC precipitation was successful, with some 
differences for the different assemblies. 
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1. INTRODUCTION.  

The massive and systematic fracturing of rocks is a common 
situation in the geological environment. This condition creates 
favorable conditions for landslides or instability in geological areas 
common in various settings such as natural or artificial slopes, 
considered a geologic risk of significant importance and concern. 
Rock instability is controlled and defined by various 
discontinuities such as stratification in sedimentary rocks, foliation 
in metamorphic rocks, as well as faults, fissures, fractures, among 
others, resulting from the diverse processes of genesis of different 
rock masses or the subsequent effects of tectonism on them, 
leading to additional costs and maintenance expenses (Bear et al., 
1993; Berkowitz, 2002; Bonnet et al., 2001; de Dreuzy et al., 2012; 
Olson et al., 2009; Tsang & Neretnieks, 1998). Therefore, the 
study, control, and mitigation of these factors are of vital 
importance for civil and mining engineering. Most fractures and 
fissures in rock masses are immediately permeable after their 
formation, providing pathways for fluid flow in formations. Hence, 
the sealing of porous rocks or soils, as well as their fractures and 
fissures, is crucial (Bergsaker et al., 2016; Eppes & Keanini, 2017; 
Olson et al., 2009). 

 
   Grouting in fractured rock masses has been one of the primary 
choices for controlling the entry of groundwater and other 
phenomena, such as slope instability and tunnel-related issues 
(Abo-El-Enein et al., 2012; Stanaszek-Tomal, 2020). The purpose 
is to seal off groundwater ingress, reinforce in-situ soils and rock 
masses, especially in the implementation of underground mining 
projects and, more broadly, in open-pit environments. 
Conventional cement-based processes have been employed, 
including clay suspensions (bentonite) or chemicals such as soluble 
glass (water glass), acrylamide, polyurethanes, or epoxies, 
ensuring no water flow and, consequently, safe excavation and/or 
mining operations (Choi et al., 2017; Mujah et al., 2019; Portugal 
et al., 2020) 
    
Thus, in order to develop a safe method to automatically repair 
fractures in rocks, ensuring their durability, functionality and cost-
effectiveness, a technique called Microbiologically Enhanced 
Crack Remediation (MECR) has been proposed (Abo-El-Enein et 
al., 2012). In this method, ureolytic bacteria are used to produce a 
biocement (Choi et al., 2017; Mujah et al., 2019), which has the 
ability to continuously precipitate calcium carbonate. 
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Consequently, fractures can be quickly sealed by bioprecipitation 
of this mineral, hindering the entry of water and other chemical 
compounds. In this way, bacteria improve the strength of various 
composite materials by repairing cracks on the surfaces of their 
structures (Choi et al., 2017; Mujah et al., 2019; Portugal et al., 
2020). This process, known as Microbiologically Induced Calcite 
Precipitation (MICP), involves the bioprecipitation of calcium 
carbonate, a phenomenon widely investigated for various 
technological and scientific applications such as remediation of 
historical monuments, remediation of soils and rocks 
(biogeotechnology), synthesis of calcium carbonates, among 
others (Arias et al., 2019; Phillips et al., 2013). Within 
biomineralization, calcifying bacteria, of the genus Sporosarcina, 
play a crucial role in modifying the natural environment, 
generating significant quantities at low environmental and 
economic cost (Omoregie et al., 2019). 
 
   The focus of this work is directed towards finding optimal 
conditions for the bioprecipitation of calcium carbonate, 
employing one calcifying microorganism directly on rocks, for the 
self-remediation of fractures, fissures, and other structures, thereby 
mitigating the effects on the instability of rock masses. 
 
 
2. EXPERIMENTAL SETUP AND METHOD.  

   For the experimentation, Sporosarcina pasteurii DSM 323 was 
cultured in Van Paasen liquid medium (VP) at pH 8.0 (Yeast 
extract 20 g/L, NH4Cl 10 g/L, NiCl2 10 µM), at a temperature of 
30℃ for 24 hours with an agitation speed of 120 revolution per 
minute (rpm). In all setups, an inoculum of S. pasteurii DSM 323 
equivalent to 10% of the final volume was added. For the 
experimental setup, six pre-fractured core samples were used, and 
the initial weight of each of them was taken to verify the 
precipitation of carbonates on the core.  
 
   For the first experiment, the cores were placed in PVC tubes 
with dimensions of 0.2 m in height and 0.0762 m in diameter. One 
end of each tube was sealed with a standard market cap and the 
other with a plug made of gauze and cotton as shown in Figure 1. 
Additionally, the assembly (Batch) was done using the liquid 
medium VP and the cementation solution composed of calcium 
chloride (CaCl2) and 0.5 M urea, adding it only once.  
 
   For the second and third setups, acetate sheets were used and 
rolled into a cylinder shape adjusted for each core in a unique way 
as shown in Figure 2. The acetate sheet was adhered to a plastic 
base of 0.0762 m diameter. The difference between the second and 
third experiments was the method of MICP evaluation on the rocks. 
For the second (addition), the calcium source and 0.5 M urea were 
added on the third day. In contrast, in the third set-up (medium 
change), on the third day all VP medium was changed, as well as 
the cementing solution and a new inoculum of S. pasteurii DSM 
323. All setups were carried out until eight days of incubation at 
30℃. 
    
Four biotic and abiotic variables were measured for all assemblies. 
For cell growth, a Thermo Scientific Genesis 10 UV-Visible 
spectrophotometer at a wavelength of 600 nm and an Olympus 
CX31 optical microscope with Neubauer chamber (Achal et al., 

2009) were used to determine cell growth. The specific growth rate 
was calculated from the exponential phase cell growth data of each 
microorganism. Urease activity was determined using the phenol-
hypochlorite method (Natarajan, 1995). The pH measurements 
were carried out in a HACH HQ30d multiparametric equipment 
coupled with a pH probe (PHC101), and calcium was measured by 
the EDTA titration method, according to the method described in 
Standard Methods for the Examination of Water and Wastewater 
(3500-Ca B), using Eriochrome Blue Black R as an indicator. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. Experimental setup number one using PVC tubes for bio-sealing 

fractures in rock. 

 

   XRD analysis was carried out to identify the main 
mineralogical phases of the precipitates previously macerated to 
200 mesh. A Rigaku Miniflex II X-ray diffractometer with Cu Kα 
radiation, nickel filter, 30 kV and 15 mA and graphite 
monochromator were used. The scans were made in an interval of 
3 to 80° 2θ, with a step of 0.02° and a counting time per step of 2 
s. The results were further processed and analyzed with the X'pert 
Highscore Plus v. 2.2.9 software. In addition, a semi-quantification 
of the mineral phases was performed by means of the Rietveld 
method, using the described software. 
 
 

 

 

 

 

 

 

 

 

 

Figure 2. Experimental setup number two and three using acetate sheets for 

bio-sealing fractures in rock using addition and change of media as different 

assemblies. 

 

3. RESULTS AND DISCUSSION  

   The pH behavior of S. pasteurii DSM 323 is presented in Figure 
3. For all the assays, it is observed that in general, the pH decreases 
after the first 24 hours due to the metabolism of the urea and 
calcium chloride source, then it begins to increase after 24 hours, 
being variable in each set-up. In the Batch type assembly, it is 
observed that this behavior is increasing, due to the generation of 
ammonium by the breaking of the urea molecule, making the pH 
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become more basic and having an increase of 1.25 units with 
respect to the initial pH. However, in the addition and medium 
change assemblies, it can be observed at 48 hours in both pH and 
biological treatment, the decrease in pH due to the new sources of 
the cementation solution. Subsequently, it is observed that the pH 
of the addition set-up increases 0.37 units with respect to the initial 
pH, on the contrary, the pH of the medium set-up increased 1.96 
units reaching a value of 10.11, a value so alkaline that it is not 
favorable for cell growth for microbial metabolism. In addition, no 
increase in the pH value of the controls was observed, which were 
evaluated at the same conditions in all experiments, but without the 
addition of the biological agent, which in our case was the 
bacterium Sporosarcina pasteurii DSM 323, indicating the safety 
of these rock cores due to the non-formation of CaCO3. The pH is 
a key factor that governs the MICP process, pH conditions higher 
than 8.0, favor the formation of carbonates from bicarbonate (Anbu 
et al., 2016; De Muynck et al., 2013; Németh et al., 2018), in 
addition, pH influences the solubility and bioavailability of 
nutrient, being more efficient the process in a semi-alkaline 
medium (pH 7.5 - 8.5) (Hashim et al., 2011). On the contrary, 
native microorganisms have been reported to have the capacity to 
grow in very alkaline pH values higher than 10 (J. L. Arias & 
Fernández, 2008; Kawaguchi & Decho, 2002; Lian et al., 2006; 
Warthmann et al., 2000; Wei et al., 2015), however, in our case it 
is not possible to visualize an improvement in cell growth but 
rather a decrease in it by slowing down carbonate precipitation. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Behavior of pH with respect to time in three distinct types of 

setups. Letter B indicates Batch type set-up, letter A, addition set-up, and 

letters CM, the third medium change set-up.  

 

   Cell growth is indicative of the metabolic capacity of S. 
pasteurii DSM 323 to generate metabolites and compounds of 
interest such as calcium carbonate. In general, in Figure 4., it can 
be observed that cell growth in the Batch type set-up has a period 
of cell adaptation during the first 24 hours, after which the 
microorganism grows exponentially until it remains constant for 
the rest of the incubation time. On the contrary, in the addition and 
medium change assemblies it can be observed that the growth starts 
being exponential, being higher in the addition than in the medium 
change at 48 hours, at which point the population decreases due to 
the calcium and urea sources added, after this, a tendency of 
increase in the biomass and subsequent decay can be observed, 
possibly indicating a cell death, at which point the precipitation of 
carbonates stops and the metabolic process comes to an end. 
 

Figure 4. Cell growth of Sporosarcina pasteurii DSM 323 in three different 

setups with respect to time. The letter B indicates the Batch type 

configuration, the letter A, the addition configuration, and the letters CM, 

the third medium change configuration. 

 

   For MICP-mediated calcium carbonate precipitation, several 
metabolic pathways of bacterial growth have been reported. 
Among all of these, urea hydrolysis, ammonification, 
denitrification, sulfate reduction, mediated by extracellular 
polymeric substances and photosynthesis (Lian et al., 2006; 
Warthmann et al., 2000; Wei et al., 2015), however, of all the 
mentioned metabolisms, the least complex, most reported and 
where higher percentages of carbonate precipitation have been 
obtained, is by urea hydrolysis, catalyzed by the enzyme urease 
(Rajasekar et al., 2017; Umar et al., 2016; Whiffin et al., 2007). In 
enzymatic hydrolysis, one mole of hydrolyzed urea generates one 
mole of ammonium and through various biochemical reactions, 
carbonate ion is synthesized to allow precipitation of calcium 
carbonate when this metal is added or in the environment. 
However, the generation of the ammonium ion increases the pH of 
the medium and the reaction continues spontaneously favoring the 
formation of calcium carbonate. It is at this point, where the urease 
activity can be measured, that the ammonium ions make it possible 
to quantify the amount of enzyme synthesized by S. pasteurii DSM 
323. In our results, it was determined that the highest urease 
activity is at 24 hours of cell growth. Likewise, it was evidenced 
that the highest urease activity of S. pasteurii DSM 323 in the three 
assemblies obtained was a value of 530 U.ml-1 for the medium 
change assembly, followed by the addition assembly with an 
enzymatic value of 138 U.mL-1 and 73 U.mL-1 in the Batch type 
assembly, allowing to determine that the renewal of VP culture 
medium, cementing solution and inoculum allows to improve the 
conditions of microbiologically induced carbonate precipitation. 
 

   In addition to the above, it should be noted that carbonate 
precipitation is obtained by the reaction between the carbonate ion 
generated by urease activity and the addition of a calcium source. 
In our experimentation we used CaCl2, since it has been the 
calcium source with the highest reports and yields in works using 
MICP (Cheng et al., 2017; Cheng & Shahin, 2016; Mwandira et 
al., 2017; Portugal et al., 2020). In Figure 5, it can be seen that in a 
Batch system process or without adding nutritional sources to the 
assembly, the calcium source is exhausted after the third day (72 
hours), indicating the end of the reaction, causing the precipitation 
of calcium carbonate stop. On the contrary, when there is a change 
of medium or an addition of cementing solution, it is possible to 
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provide a longer chemical and enzymatic reaction time to increase 
the amount of this mineral in the cracks of the rocks evaluated, thus 
allowing sealing these fractures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Calcium behavior in solution in three different setups. Letter B 

indicates Batch type set-up, letter A, addition set-up, and letters CM, the 

third medium change set-up.  
 
   At the end of the experimentation, disassembly and drying of 
the rock samples, it could be determined that depending on the type 
of assembly, the sealing of the fractures in the rocks in the 
biological treatment varied from one another. For the Batch type 
assemblies, 70% of the carbonates were precipitated according to 
the initial concentration of the calcium source (0.0105 kg), of 
which only 0.002 kg remained resting on and between some cracks 
of the evaluated core (Figure 6a-b.), the above mentioned can be 
verified in Table 1., where it is evident that the difference between 
the final and initial mass of the core corresponds to two units. This 
allows determining that the type of assembly with PVC tubes needs 
to be modified in such a way as to guarantee that the calcium 
precipitates in the form of calcium carbonate in the fractures of the 
core and not at the bottom of the vessel as occurred in this case. 
This could be achieved by adjusting the tubes or cylinders to be 
used to the dimensions of the cores to be treated. 
 
Table 1. Quantification of precipitated CaCO3 adhered or not adhered to 

the rock cores evaluated in three types of assemblies. 

Mounting type Initial mass (kg) Final mass (kg) 

Batch 0.458 0.460 

Addition 0.434 0.448 

Medium Change 0.411 0.416 

 
   On the contrary, in the addition type assemblies, it was possible 
to determine that there was a 6% increase in precipitation with 
respect to the Batch type assembly, in this assembly a change was 
made to acetate sheets, which allowed half of the total carbonate 
precipitated to adhere to the core and not at the bottom as in the 
Batch assembly. In total, 0.014 kg of carbonate was precipitated on 
the core (Table 1), thus allowing for improved sealing of the rock 
fractures (Figure 7a-b). Likewise, in the medium change set-up, 
having a greater nutrient source, it would be expected that the 
precipitation of carbonates on and between the fractures would 
increase, however, this is not observed in this set-up, only the 
fractures were sealed with an amount of 0.005 kg (Figure 8a-b), 
this may be due to the fact that by decanting to remove the culture 
medium it was possible to wash the calcium carbonate 

superimposed on or in the rock fractures, thus allowing its removal 
and precipitation in the external zone. However, despite this 
occurrence, the media change set-up was the best among the three 
for sealing the fractures in the rocks evaluated. 
 
 
 
 
 
 
 
    
 

 
Figure 6. Rock core used in batch-type assembly (in 5 mm). a. Control core 

evaluated. b. Core evaluated with bioprecipitated carbonate. The red arrows 

indicate the empty (a) and calcium carbonate-filled (b) cracks. 

 
 
 
 
 
 
 
 
 

 
Figure 7. Rock core used in Addition-type assembly (in 5 mm). a. Control 

core evaluated. b. Core evaluated with the presence of S. pasteurii DSM 

323 and the bioprecipitated carbonate. The red arrows indicate the empty 

(a) and calcium carbonate-filled (b) cracks. 
 
 
 
   
 
 
 
 
 

 

Figure 8. Rock core used in Medium Change-type assembly (in 5 mm). a. 

Control core evaluated. b. Core after exposure to a biological MICP 

treatment. The red arrows indicate the empty (a) and calcium carbonate-

filled (b) cracks. 
 
   XRD spectra of the bioprecipitated carbonates (Figure 9a, b, c) 
showed the presence of calcite and vaterite as the main mineral 
phases formed in all treatments. As can be seen in Table 2, in all 
treatments the most abundant mineral was calcite (on average in all 
tests 79.6%). The occurrence of vaterite also showed a similar 
trend to that of calcite, its proportion being 20.4% in all 
experiments using 0.5 M calcium. It should be noted that vaterite 
was not determined in the Change of Medium setup, due to the 
elevation of pH above 10, which allows all the carbonate chemical 
species to rearrange the crystal cell parameters, allowing the more 
stable and energetically favorable polymorph to form which is 
calcite. This also allows us to determine that in the addition 
experiment, vaterite is in a higher proportion, being 40.2%, and 
that in relation to the pH of the medium, this treatment had a final 

A. B. 

A. B. 

A. B. 
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pH of approximately 8.5, allowing different crystalline species to 
form among the polymorphs of calcium carbonate, being more 
equitable the proportion of vaterite with respect to that of calcite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. XRD spectra of precipitates produced by S. pasteurii DSM 323 

in three distinct types of setups. A. Batch type. B. Addition. C. Change of 

medium. 

 

Table 2. Semi-quantification of phases in XRD by the Rietveld method of 

precipitates obtained by S. pasteurii DSM 323 in three distinct types of 

assemblies. 

Mounting  

type 

Reference  

code 

Mineralogical Fase 

and Percentage 

Batch 
ICSD 98-004-0107 

ICSD 98-001-5879 

Calcite (78.9%) 

Vaterite (21.1%) 

Addition 
ICSD 98-003-7241 

ICSD 98-001-5879 

Calcite (59.8%) 

Vaterite (40.2%) 

Medium Change ICSD 98-004-0107 Calcite (100%) 

4.  CONCLUSIONS 

   The overall efficiency of CaCO3 precipitation is 70%, being the 
addition assembly with the highest efficiency with 76%, in fact, it 
was the one with the highest adhesion of CaCO3, indicating that 
the method of addition of culture medium and cementation solution 
is the most optimal condition for Sporosarcina pasteurii DSM 323 
to achieve growth without difficulty and bioprecipitate a greater 
amount of calcium carbonate. This is affected by biological agents 
and chemical composition of the medium in which it is carried out, 
on the other hand, the rock cores behave in an inert manner in the 
treatment allowing to determine that they may have some 
electrochemical affinity when they bioprecipitate CaCO3. It was 
observed that in the three different assemblies CaCO3 precipitation 
is in the form of calcite and vaterite, with calcite being the 
polymorph with the highest proportion in all three assemblies.  
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