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ABSTRACT

Microbially Induced Carbonate Precipitation (MICP) is a biogeochemical process that forms
calcium carbonate as a binder between soil grains, enhancing soil strength. Traditionally, MICP
studies have focused on bioaugmentation using ureolytic bacteria in temperate climates. However,
biocementation offers broader applications utilizing different microbial pathways for carbonate
precipitation. Recent studies suggest that stimulating native soil bacteria (bio-stimulation) can
effectively induce MICP, although its efficiency depends on soil properties and environmental
conditions. This study investigates how the stimulation of bio-weathering affects the unconfined
compressive strength, focusing on how the soil physical properties across an Amazonian soil
profile influence the effect of bio-stimulation. Soil samples collected at three depths were treated
with a bio-stimulation solution, and their unconfined compressive strength (UCS) was evaluated.
Results indicate that bio-stimulation improved UCS more significantly at 1.0m depth. The findings
provide insights into the influence of soil characteristics on bio-stimulated MICP, contributing to
the broader understanding of this sustainable geotechnical solution.

INTRODUCTION

Microbially Induced Carbonate Precipitation (MICP) is a naturally occurring biogeochemical
process that results in the formation of calcium carbonate, which acts as a permanent inorganic
binder between soil particles, thereby enhancing soil strength and stability (Beatty et al. 2022; Bu
et al. 2022; Zhang et al. 2023). Traditionally, MICP research has focused on soil improvement
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through bioaugmentation, typically involving the introduction of ureolytic bacteria under
temperate conditions to induce calcium carbonate precipitation (Gomez et al. 2016). This process,
which relies on the enzymatic hydrolysis of urea, has demonstrated considerable potential for soil
strengthening and stabilization in a variety of geotechnical applications (He et al. 2019; Van
Paassen 2009). However, the focus on ureolytic MICP overlooks the broader range of microbial
pathways capable of inducing carbonate precipitation, as well as the impacts on soil beyond
strength improvements. This expanded perspective introduces opportunities for a diverse array of
applications, including CO: sequestration and the use of alternative metabolic pathways in
biogeotechnical engineering.

Various biogeochemical processes can induce calcium carbonate precipitation, such as urea
hydrolysis, denitrification, ammonification, sulphate reduction, photosynthesis, and methane
oxidation. However, most of these processes generate undesirable by-products (Osinubi et al.
2020).

Natural weathering processes also play a crucial role in facilitating calcium carbonate
precipitation, which serves as the foundation for bio-cementation. This process has significant
biogeochemical implications, including capturing atmospheric CO.. This natural phenomenon
begins with the dissolution of carbon dioxide (CO2) in water, forming carbonic acid (H2CO3):

€O, + H,0 — H,CO4 (1)

Carbonic acid is unstable and quickly dissociates, releasing bicarbonate ions (HC03') and
hydrogen ions (H"):

H,CO; - HCO3 + H (2)

The released hydrogen ions play a crucial role in cation breakdown, a process
fundamentally dependent on the availability of cation sources, such as calcium (Ca?"), in the
system. These cations, once mobilized, can react with bicarbonate ions, leading to carbonate
formation:

M?* + 2HCO; - MCO; + CO, + H,0 3)

where M represents cations such as calcium, magnesium, and iron.

The role of bacteria in this process (bio-weathering), particularly in the formation of
calcium carbonate in soil, remains partially elucidated. They may produce extracellular polymeric
substances (EPS), which accelerate calcium carbonate formation (Hao et al. 2024); may contribute
to generation of CO2 necessary for precipitation; and may provide nucleation sites on their cell
surfaces that aid the chemical reactions (Stocks-Fischer et al. 1999).

Recent studies have also explored bio-stimulation, which involves enhancing the activity
of indigenous soil bacteria without introducing external microbial strains, as a viable method for
promoting MICP (Burbank et al. 2011; Gomez et al. 2016). Bio-stimulation offers an economically
and ecologically advantageous approach, as it relies on stimulating native microbial communities,
reducing the need for cultivating exogenous bacterial cultures. However, due to the natural
heterogeneity of soils, the efficiency of bio-stimulated MICP varies significantly, influenced by a
wide range of factors including soil texture, mineral composition, and nutrient availability (Tang
et al. 2020).
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Understanding how soil physical properties affect bio-stimulated MICP is therefore
critical, particularly in diverse and complex ecosystems such as the Amazon. The Amazon region
presents a unique opportunity for MICP research due to its complex soil profiles and varied
geochemical environments. Soil physical properties, such as particle size distribution, Atterberg
limits, specific gravity, and bulk density, significantly impact the flow of fluids and nutrients, the
mobility of bacteria, and the efficiency of carbonate precipitation. For example, soil texture and
porosity influence the pathways for microbial nutrient supply and gas exchange, affecting both
bacterial metabolism and the uniformity of calcium carbonate distribution. Moreover, changes in
these physical properties with soil depth—especially the increase in clay content—can further
affect the MICP process by altering the geochemical and physical environment available for
microbial activity.

This paper investigates the influence of soil physical properties on the effectiveness of bio-
stimulated MICP across an Amazonian soil profile. Soil samples were collected at three different
depths in a representative site within the Brazilian Amazon, subjected to a bio-stimulation
treatment, and subsequently analysed for unconfined compressive strength (UCS). By examining
the effect of soil profile characteristics on the bio-stimulation process, this study contributes to a
deeper understanding of how soil structure and properties interact with biogeochemical processes
to enhance soil stabilization. The findings will also help optimize MICP applications in tropical
environments.

METHODOLOGY

Soil samples were collected at three distinct depths (0.5m, 1.0m, and 1.5m) at Bosque dos
Papagaios, located in Roraima, Brazil. An excavation pit, approximately 0.8m x1.5m, was created
to facilitate sampling at varying depths. Undisturbed samples were extracted at each depth using
PVC cylindrical tubes, with dimensions of 10 cm in height and 4.75 cm in diameter, for subsequent
bio-stimulation treatment. Simultaneously, disturbed samples were collected to enable
comprehensive geotechnical characterization of the soil.

Laboratory tests were performed in accordance with relevant Brazilian standards, which
are equivalent to International standards, following sample preparation procedures outlined in
NBR 6457. Specific gravity of soil grains, liquid limit, and plastic limit were determined according
to NBR 6508, NBR 6459 and NBR 7180, respectively.

For particle size distribution analysis, particles retained on the 2.00mm sieve went through
sieving test according to NBR 7181. Sedimentation analyses were carried out using an automated
device (Pario, Meter Group). The reliability of the device was previously assessed by comparing
its sedimentation curve with that obtained by conventional sedimentation test, based on Stokes’
law, using the same soil samples. Results demonstrated adequate similarity, confirming the
device’s accuracy.

The bio-stimulating solution used in this study was the B4 enrichment medium, known for
its effectiveness in promoting bioprecipitation (Valencia-Gonzales et al., 2014; Valencia-Gonzélez
et al., 2015). César et al., (2024) investigated the impact of calcium source concentration and
incubation time on calcium carbonate precipitation through the bio-weathering process. They
concluded that while a calcium source concentration of 1.5% was optimal, the effectiveness of
calcium carbonate precipitation improved with longer incubation times. Consequently, the bio-
stimulation solution was prepared using 1.5% calcium acetate, 0.5% dextrose, 0.4% yeast extract,
and NaOH, which was added to adjust the pH to 8.5.
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Two control samples and two biocemented samples obtained at each depth were initially
saturated with distilled and carbonated water, respectively. After initial saturation, both the control
and biocemented samples were treated daily for two weeks by spraying 25 mL of the respective
solutions uniformly onto the soil surface. The control samples received distilled water, while the
biocemented samples received the bio-stimulating solution. This application volume was
approximately the average void volume of the samples. After the 2-week treatment period, all
samples were subjected to an additional incubation period of 10 weeks at controlled environmental
conditions in the lab, resulting in a total incubation time of 12 weeks. During sample collection,
two additional samples were collected at each depth. These samples, referred to as “Natural”, were
neither saturated nor treated with distilled water or bio-stimulating solution.

After incubation, samples were removed from the PVC tube and dried in an oven at 105°C
for 24 hours. Subsequently, they were subjected to Unconfined Compressive Strength (UCS)
testing at a strain rate of 1 mm/min, following NBR 12770. This testing procedure allows for the
analysis and comparison of the compressive strength of the samples, as well as their respective
stress-strain behaviour.

RESULTS

Soil characterization results (Table 1) revealed variations in geotechnical properties across the three
depths. Based on the particle size distribution curve (Figure 1), the uppermost layer (0.5m) and the
intermediate layer (1.0m) are both classified as sand with silty fines (SM), according to Unified
Soil Classification System (USCS) despite the differences in texture. The deepest layer (1.5m)
transitions to low-compressibility silt (ML), where clay dominates the soil matrix. Despite
variations in particle size and Atterberg limits across depth, the specific gravity remains almost
constant.

Table 1. Geotechnical properties of soil at different depths.

Depth  Specific Particle distribution Liquid Plastic  Plasticity

gravity (%) limit (%)  limit index
(m) Sand Silt  Clay (%) (%)
0.5 2.66 59 11 30 24 18 6
1.0 2.65 53 40 7 34 25 9
1.5 2.65 23 23 54 34 26 8
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Figure 1. Particle size distribution of soil material collected at different depths.
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The results presented in Figure 2a show that the bio-stimulation treatment significantly

increased the unconfined compressive strength at the first two depths, even when bulk densities
(Figure 2b) were comparable to or lower than those of control and untreated natural samples. At
1.0m depth, biocemented samples yielded the highest strength, exceeding 400 kPa on average,
despite similar bulk density among the other samples. However, at 1.5m depth, biocemented
samples did not outperform control samples in compressive strength. This is likely due to the
higher bulk density of the control samples at 1.5m depth (Figure 2b). Additionally, biocemented
samples showed reduced variability in compressive strength at 0.5m, with increasing variability at
1.5m and 1.0m.
Figure 3, shows the stress-strain relationship of the UCS test for duplicate samples at each depth.
Biocemented samples exhibit distinct peak stresses followed by sharp drops, a behaviour that is
less evident in the control and natural samples. Notably, biocemented samples at 1.5m depth
experienced the most localised failures.
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Figure 2. Average and standard deviation of: (a) UCS and (b) bulk density.
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Figure 3. Stress-strain curves for depths of: (a) 0.5m, (b) 1.0m, and (c¢) 1.5m.
DISCUSSION

The findings of this study highlight several critical factors affecting the performance of bio-
stimulation treatment in soils at different depths. The variability in particle size, soil texture, and
subsequent geotechnical properties across the three depths (0.5m, 1.0m, and 1.5m) influenced the
bio-stimulation effectiveness, particularly in enhancing bio-cementation, as evidenced by the
unconfined compressive strength (UCS) results.

Soil particle size variations suggest a transition from coarser to finer materials as depth
increases, which may influence the potential for calcium carbonate precipitation. The increasing
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clay content with depth could limit fluid flow and bacterial mobility, potentially reducing the
effectiveness of precipitation in the deeper layers. Therefore, understanding the particle size
distribution and mineralogical changes with depth is crucial for optimizing MICP treatments (Tang
et al. 2020). These factors contribute to the heterogeneity of calcium carbonate precipitation, as
observed by César et al. 2024, leading to enhanced bio-stimulation in the upper layers and reduced
effectiveness in deeper layers.

This pattern, reflected in the UCS test specimens, may explain the lower bio-cementation
results at the 1.5 m depth, where finer materials with reduced permeability further limit the process
at depth, as demonstrated in Figure 4. The clay content shows a decreasing linear trend with
increasing UCS. A lower clay content (7% and 30%) is associated with higher UCS values. Higher
clay content (54%) corresponds to lower UCS, which makes sense since higher clay content can
lead to weaker soil behavior due to increased plasticity and reduced permeability. For the
biocemented samples, the bacteria seem to improve bonding best when clay content is lower,
potentially because lower clay content allows better penetration of bacterial activity throughout
the soil.

Figure 4 also shows a decreasing trend in bulk density as UCS increases. This indicates
that lower bulk density may be related to a higher UCS, which is somewhat counterintuitive as
higher density often suggests better compaction and higher strength. In this case, however, the soil
structure with slightly lower bulk density seems to be improving the UCS. This could imply that
optimal voids or porosity, due to reduced clay content, allow better bacterial activity or bonding.
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Figure 4. Relationships between unconfined compressive strength (UCS) bulk density and clay
content.

A notable challenge during this study was maintaining the integrity of the samples while
removing them from the PVC moulds after the incubation period. Some samples exhibited slight
damage along the lateral surfaces, which might have impacted their overall unconfined strength
values. The control samples from the 1.5 m depth had the best integrity among all samples, likely
due to the higher clay content that imparted better cohesiveness and stability during extraction.
Typically, unmoulding grease is applied to facilitate sample removal; however, this was avoided
in this study as it could lead to the overgrowth of microorganisms in localized areas, potentially
affecting the bio-stimulation process. This highlights the need for improved sample extraction
techniques in future studies to mitigate damage and ensure consistency in unconfined strength
measurements.

The role of bacteria in the metabolic process of bio-weathering remains partially
elucidated. While the availability of dissolved COx is recognized as a key factor for natural soil
carbonation (Renforth et al. 2011; Washbourne et al. 2012) bacteria can influence this process
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through various mechanisms. They may produce extracellular polymeric substances (EPS) (Hao
et al. 2024), which facilitate calcium carbonate formation, or generate CO2 necessary for this
precipitation. Additionally, bacterial cell surfaces can serve as nucleation sites, enhancing the
conditions needed for calcium carbonate precipitation (Stocks-Fischer et al. 1999). However, these
bacterial mechanisms may be less effective in environments with low organic matter, where
bacterial activity tends to be limited (Castanier et al. 2000). This underscores the need for a deeper
understanding of the interplay between bacteria and geochemical conditions to optimize
atmospheric CO2 capture, emphasizing the potential of biologically induced mineralization for
sustainable geotechnical applications.

While this study did not include a biological analysis, the role of soil microbiota with depth
could still influence the effectiveness of bio-stimulation. Microbial community composition is
known to vary with soil depth, which could impact the bioavailability and metabolic activity of
indigenous bacteria involved in calcium carbonate precipitation. This underscores the importance
of including microbiological assessments in future research to better understand the interactions
between microbial populations and soil geochemistry at different depths.

CONCLUSION

This study investigated the influence of soil physical properties on bio-stimulated Microbially
Induced Carbonate Precipitation (MICP), focusing on the bio-weathering processes that facilitate
bio-cementation across different depths of an Amazonian soil profile. Soil samples collected at
three depths (0.5m, 1.0m, and 1.5m), were bio-stimulated, and tested for unconfined compressive
strength (UCS). Soil characterization provided insights into the variations in geotechnical
properties with depth and their impact on MICP effectiveness.

Key findings revealed that bio-stimulation significantly increased UCS at shallower depths
(0.5m and 1.0m), with the highest strength observed at 1.0m depth, exceeding 400kPa on average.
In contrast, biocemented samples at 1.5m depth did not outperform control samples, likely due to
higher bulk density of the control samples at this depth as well as a higher clay content, which
limited bacterial mobility and fluid flow, reducing calcium carbonate precipitation. This depth-
dependent variability highlights the importance of understanding soil physical properties to
optimize MICP treatments. Challenges in maintaining sample integrity during extraction also
impacted UCS measurements, underscoring the need for improved extraction techniques in future
studies.

Future research will focus on evaluating microbial activity and its interaction with soil
geochemistry across varying depths to fully understand MICP efficiency in heterogeneous
environments like the Amazon. Incorporating microbiological analysis will provide further
insights into the role of indigenous bacteria in the biocementation process, ultimately contributing
to sustainable geotechnical applications.
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