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Abstract:

Microbially induced calcium precipitation is a promising method for sealing fractures in
low-permeability reservoirs, yet the role of anaerobic indigenous microorganisms under
reservoir conditions remains unclear. In this study, reservoir samples were anaerobically
enriched, and a urease-producing indigenous strain identified as Bacillus megaterium
was isolated. Its growth, environmental tolerance, stimulation response, biomineralization
products, and fracture-sealing performance were systematically evaluated. The strain
showed good adaptability to fractured reservoir conditions and produced extracellular
polymeric substances that promoted calcium enrichment and calcite formation. Visual
fracture experiments demonstrated that microbial cementation significantly reduced fracture
permeability and achieved effective sealing. The results further indicate that the dominant
sealing mechanism depends on fracture aperture: surface adsorption controls sealing in
narrow fractures, whereas particle deposition, settling, and migration become increasingly
important in wider fractures. These findings clarify the fracture-sealing mechanisms of
indigenous anaerobic microorganisms and support their potential application in subsurface
permeability control.

1. Introduction

In recent years, low-permeability reservoirs have become

it is essential to mitigate reservoir heterogeneity. For decades,
polymer gels, microspheres, particles, and biopolymers have
been the main sealing agents employed in low-permeability

the main focus of oil and gas exploration and development in
China (Wang et al., 2017; Hu et al., 2018; Du and Bai, 2024).
Such reservoirs are characterized by low matrix permeability,
high heterogeneity and complex, varied fracture systems. Dur-
ing water injection, the injected water readily flows along frac-
tures, or the “thief zone”, decreasing the utilization efficiency
of the injected water (Liu et al., 2019; Li et al., 2024). Thus,

fractured reservoirs (Safdel et al., 2017; Jiang et al., 2024;
Zhang et al., 2024). However, traditional sealing agents remain
constrained by several drawbacks, including sensitivity to
reservoir temperature and water salinity, a potential mismatch
between particle size and fracture aperture, the insufficient
resistance of some chemical sealing agents, and certain en-
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vironmental or health risks associated with their application
(Wang and Bai, 2018; Chen et al., 2020; Wang et al., 2024,
Hu et al., 2025).

Microbial cement based on urea hydrolysis has been
studied for various engineering applications, such as ground
improvement (Whiffin et al., 2007; Choi et al., 2020), fracture
sealing in concrete (Chen et al., 2022), as well as geological
CO, storage (Lin et al.,, 2025; Jin et al., 2026). Previous
studies addressing fracture sealing have typically poured,
sprayed or dripped the treatment solution onto concrete block
or immersed fractured samples in the solution (Turner et
al., 2023; Zheng et al., 2024). However, profile control for low-
permeability reservoirs requires the injection of the treatment
fluid into the target location in the reservoir. This shift in
application highlights several advantages of microbial cement
as a sealing agent, including its low treatment-fluid viscosity,
greater durability compared to several conventional chemical
agents, adhesive behavior that can strengthen fracture sealing,
and compatibility with calcium ions already present in the
reservoir water (Minto et al., 2016; Turner et al., 2023).

In terms of microbially induced cementation, previous
research has primarily focused on urease-producing aerobic
microorganisms, such as Sporosarcina pasteurii. For example,
Peng and Liu (2019) investigated the effects of temperature
on microbial cementation, while Phillips et al. (2018) and
Kirkland et al. (2020) used Sporosarcina pasteurii in near-
wellbore zones of oil reservoirs. However, reports indicate that
the microbial cement precipitation induced by Sporosarcina
pasteurii under anaerobic conditions is negligible (Jain and
Arnepalli, 2019). Given that reservoir environments are char-
acterized by high temperature, high pressure, high salinity, and
a lack of oxygen, although extensive research has demon-
strated the potential of indigenous microorganisms in such
conditions for enhanced oil recovery (Sun et al., 2017; Yin
et al., 2023), experiments utilizing these microorganisms for
microbial cement sealing remain remarkably scarce (He et
al., 2025; Liu et al., 2025). This represents a gap in the devel-
opment of in situ microbial cement-based sealing solutions.
Accordingly, one of the main challenges is to harness and
utilize urease-producing anaerobic indigenous microorganisms
in developing a strategy that addresses reservoir heterogeneity.

In order to reduce fracture permeability and seal fractures
in low-permeability media, this study performs laboratory
experiments and constructs visualized fracture flow models to
investigate the potential of urease-producing anaerobic indige-
nous microorganisms. It should be noted that Bacillus mega-
terium has been reported as a ureolytic species in previous
microbially induced calcium carbonate precipitation (MICP)-
related studies, but this has not been verified or mechanistically
interpreted from an anaerobic aspect. Therefore, this organ-
ism is further investigated here under conditions relevant to
low-permeability reservoirs. Specifically, this study aimed to
analyze the microbial compositions of original and enriched
reservoir samples, identify and optimize the selected strain
under reservoir relevant conditions, characterize microbial
cement growth and products, and evaluate fracture sealing and
permeability reduction using visualized fracture models.

2. Materials and methods

2.1 Strain screening and characterization

Drilling cuttings were obtained from the Yanchang Forma-
tion of the Wugqi Oilfield in northern Shaanxi. The microorgan-
ism screening method was similar to that reported by Minto
et al. (2016). To facilitate the enrichment and screening of
urease-producing microorganisms, the urea medium utilized
contained 5 g/LL NaCl, 20 g/L urea, 2 g/L. glucose, and 2
g/L. peptone (see the Supporting Material, Method. S0). For
more detailed information on the composition and specific
method of the culture medium, refer to Supporting Material
Method S1 for the screening of microorganisms. Subsequently,
the selected strains were sequenced by Shanghai Pysenno
Biotechnology Co., Ltd.

The growth characteristics of microorganisms are an im-
portant basis for engineering applications. One mL of stim-
ulated strain solution was inoculated into the urea liquid
medium and cultured at 47 °C with shaking at 180 r/min.
The absorbance method was used to measure microbial con-
centration (see the Supporting Material, Method. S2). The
spectrophotometer was set to 600 nm, and the cuvette had an
optical path length of 10 mm. Urease activity, as an important
indicator of a microorganism’s ability to decompose urea, was
assessed using the conductivity method, consistent with estab-
lished protocols. The urease activity of the strain was deter-
mined by measuring the change in solution conductivity during
urea hydrolysis over time (Maleki-Kakelar et al., 2022) (See
Supplementary file: Urease Activity Determination Method.
S3 for specific operation details). The pH of the culture
medium was determined using a pH meter, and all experiments
were performed in triplicate.

2.2 Environment factors and stimulation
medium

Microbial cement production is closely related to urease
activity. Therefore, single-factor experiments were conducted
to evaluate the effects of environmental factors and stim-
ulation medium components on urease activity (Table 1),
while response surface methodology was further applied to
optimize the stimulation medium (Table 2). The inoculum
size in both the single-factor experiment and the response
surface experiment was 1 mL of the 12-h bacterial culture.
The primary culture conditions were 47 °C and a pH of 7 for
39 h, and the primary medium was a urea liquid medium. The
pH and urease activity were measured using a pH meter (PHS-
25, Shanghai INESA Scientific Instrument Co., Ltd.) and
a conductivity meter (DDS-307, Shanghai INESA Scientific
Instrument Co., Ltd.).

Based on single-factor experiments on the stimulation
medium, urease activity (Y;) and the solution’s final pH (¥3)
were used as the response variables. The carbon and nitrogen
sources and urea concentration were optimized for urease
activity. Taking the Box-Behnken Design principle as a basis,
a response surface optimization design with three factors and
three levels was adopted (Dong et al., 2022).
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Table 1. Single factor design of environmental factors and stimulation medium.

Stimulation medium

Environmental factors

Carbon C. (g/L) Nitrogen Cy, (g/lL) Cy (g/L) Temperature (°C) pH Cqp+ (g/L) CMgz+ (g/L)
Glucose 1 Peptone 1 10 17 4.0 11.1 9.52
Maltose 5 Ammonium chloride 5 20 27 50 222 19.04
Soluble starch 10 Ammonium sulfate 10 30 37 7.0 333 28.56
Sucrose 15 / 15 40 47 8.0 444 38.08

/ 20 / 20 50 57 9.0 555 47.61

/ / / / 60 67 / / /

Notes: C,, C, and C, represent the concentrations of carbon, nitrogen and urea sources, respectively; Cr,2+ and CMg” represent

the concentrations of calcium and magnesium ions.

Table 2. Variables and levels used for the box-behnken

design.
. Level of variable (g/L)
Variable Component
-1 0 +1
X Sucrose 3 5 7
X, Peptone 8 10 12
X3 Urea 15 20 25
Pump a Pressure gage
Water __ Bacteria g Valve
U Fracture model
Cement

' Camera

Fig. 1. Schematic diagram of sealing the visual fracture model.

2.3 Characteristics of the microbial cement
2.3.1 Static microstructure characterization

Twenty-five mLs of the stimulation medium were prepared
and placed into an anaerobic bottle. The urea-liquid medium
was prepared as described in Section 2.1, except that glucose
was replaced by sucrose. Next, 1 mL of the stimulated strain
solution was added to the culture medium. Subsequently, 25
mL of 22.2 g/L CaCl, solution was injected to simulate a
Ca*-rich environment. The resulting medium was incubated
at 47 °C in a constant-temperature incubator, and microbial
cement growth was observed. During cultivation, the medium
was withdrawn with a syringe and its pH was measured.

The microbial cement produced in anaerobic bottles was
carefully collected. Samples were washed three times with
sterile deionized water and dried at 50 °C for 12 h. The crystal
structure was analyzed using X-ray diffraction (XRD, D8 AD-
VANCE, Bruker, Beijing) using a Cu anode (40 kV, 40 mA).

Samples were scanned from 5° to 80° (20) at 12°/min with
a 0.02° step size. Jade 6 software was used for analysis. The
microstructure was observed directly with scanning electron
microscopy (SEM, MAIA3, TESCAN, Shanghai).

2.3.2 Evaluation of dynamic fracture sealing

(1) Fracture model

MICP was investigated in fractures with varying apertures.
For this purpose, fracture flow cells were fabricated using two
layers of transparent polycarbonate. The polycarbonate flow
cells, measuring 20 cm in length and 5 cm in width, were
designed to facilitate the visual monitoring of microbially
induced calcite precipitation on fracture surfaces over time.
Each flow cell consisted of a smooth top layer, a fractured
plate in the center (including a threaded interface), and a lower
etched layer (Fig. S1). Fig. 1 illustrates a schematic of the
experimental setup. Calcite precipitation was tracked over time
using a camera. The fracture flow cells were in the horizontal
position in all the experiments presented here, with the digital
camera placed on the side of the flow cells.

Natural cores were used to create fractured core models
simulating reservoir fractures. First, the natural core was split
into two blocks. Then, sealing tape was applied to cover the
sides of the two split cores to ensure that the fluid flowed
only from the fracture end face. The method for making
the fractured cores was similar to that applied by Wang and
Bai (2018). The fractured core, first dried and then saturated
with water, was placed in a core holder with a confining
pressure of 3 MPa. The plunger pump was then opened,
and the pressure difference across the core holder inlet and
outlet was recorded once the pressure and flow rate stabilized.
Permeability was determined using the liquid method, and
fracture permeability was calculated using Darcy’s formula.

(2) Injection strategy

This study utilized a stage injection method simulating
the distribution of the indigenous microbe (Dai et al., 2025).
Following the permeability measurement, 5 mL of bacterial
suspension (ODggp = 2.3-2.6, Fig. S6) was injected, followed
by a 60-minute static period to allow the attachment of bacteria
to solid surfaces. Next, 20 mL of water was injected to
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separate the bacterial suspension and cementing solution to
prevent calcite precipitation occurring within the pump and
tubing lines, and to simulate the distribution of indigenous
microorganisms in the fractures. Afterwards, 1 fracture volume
of the cementing solution was injected. The injection rate
during the experiment was 0.2 mL/min (Zhang et al., 2024).
Darcy’s law was applied to calculate the permeability of
fractures before and after bio-cement treatment (Zhang et
al., 2024):
q= (ap )]
u L
where ¢ denotes the flow rate, cm3/s; K denotes the core
permeability, D; A represents the cross-sectional, cm?; u
denotes the dynamic viscosity of the pore fluid, mPa-s; AP
denotes the pressure difference, 10~! MPa; L is the flow path
length, cm. For the reader’s convenience, 1 D = 0.987 umz.
The fracture sealing efficiency and residual resistance
factor was calculated based on fracture permeability before
and after Bacillus megaterium treatment (Zhang et al., 2024)
as follows:

K —K
n=-""2x100% )
K
K
RRF = ?” 3)

a
where 1 represents sealing efficiency, K| denotes the core

permeability before bio-cement treatment, D; and K is the
core permeability after bio-cement treatment, D; RRF means
residual resistance factor, K, means core permeability before
water flood, D; K, means core permeability after water flood
post treatment, D.

3. Results and discussion

3.1 Basic characteristics of indigenous
microorganisms in oil reservoirs

3.1.1 Original and enriched microbial composition

In this investigation, rock cuttings were collected from
different layers (Chang4+5, Chang6, Chang8, and Chang9)
of the Yanchang Formation in the Yanchang oilfield, Shaanxi
Province, China. Microbial communities in the initial and
enriched rock cutting samples were analyzed. In the original
samples (Fig. 2(a)), Paludibacter, Fontibacter, Pseudomonas,
and Hydrogenophaga were relatively abundant genera, and
their abundances were not significantly different across the
sample groups. After clustering the samples using the relative
abundance table, the classification units and samples were
sorted, and the results are presented in Fig. 2(b). It can be
seen that the microbial composition of Chang 8 and Chang 9
samples was relatively similar. Paludibacter, Paracoccus, Fan-
gibacter, Alishewanella, Lysinicrobium, Alkaliflexus, Geobac-
ter, Shewanella, Ruminococcus, UCG-014, and Desulfomonas
were more abundant in the Chang 445 sample, while Ercella,
Hydrogenophaga and Anaerocolumna were more abundant in
the Chang 6 sample. In the Chang 9 sample, the abundance
of Anaerovorax was relatively high, whereas Pseudomonas,
Thauera and Halomonas were more abundant in the Chang 8

sample.

In the enriched samples (Fig. 2(c)), Bacillus was the most
abundant genus in all four groups. Acinetobacter followed,
which was mainly found in the Chang 9 sample. Using a
relative abundance table, clustering and sorting of taxonomic
units and samples yielded a species composition heatmap
(Fig. 2(d)). After enrichment and cultivation, samples Chang
445 and 8 showed similar compositions, as did Chang 6
and 9. The abundance of Bacillus was similar across Chang
445, Chang 6, and Chang 8, but lower in Chang 9. In
Chang 4+5, the most abundant genera after Bacillus were
Microbacterium, Aeromonas, Shewanella, and Fibromonas. In
Chang 8, Rhodococcus, Pseudomonas and Vibrio were the next
most abundant genera after Bacillus. In Chang 9, the order
of genera was Bacillus followed by Thauera, Clostridium
sensu stricito 3, Acinetobacter, and Lysinibacillus. In Chang
6, the major genera after Bacillus were Hydrogenophaga, Pae-
narthrobacter, Enterococcus, Exiguobacterium, Alishewanella,
and Salipaludibacillus.

In the comparison of composition before and after sam-
ple enrichment, Bacillus became the most abundant after
enrichment. It is the most likely microorganism to produce
urease in the reservoir, consistent with the source of urea-
decomposing microorganisms reported in the existing research.
However, this inference still requires further verification, since
the distribution of microorganisms in different strata after
enrichment is quite different, and the best approach is to find
the most widely distributed microorganisms.

3.1.2 Screening, sequencing and growth of strains

Based on the community changes outlined in Section 3.1.1,
urease-producing microorganisms were considered to most
likely originate from the genus Bacillus. This matches previous
findings for strains such as Sporosarcina pasteurii and Bacillus
megaterium. Bacillus megaterium and Sporosarcina pasteurii
are representative urease-producing bacteria (Jongvivatsakul et
al., 2019; Tang et al., 2020; Dong et al., 2025). Compared
to others, these two species adapt well, have larger surface
areas, and produce microbial cement quickly and efficiently
(Tang et al., 2020). By comparing the original culture medium
with the final culture medium, an indigenous urease-producing
anaerobic microorganism was found in the reservoir of the
Yanchang Formation (Fig. S2). After genetic sequencing (Fig.
S3) and phylogenetic tree construction (Fig. 3(c)), HN-01
was identified as Bacillus megaterium (CGMCC NO.24776),
consistent with our expectations. However, Sporosarcina pas-
teurii, though widely used, was not detected in the reservoir
rock cutting samples, indirectly suggesting that this species
does not suit the reservoir environment. Many studies also
showed that microbial cement precipitation by Sporosarcina
pasteurii is negligible under anaerobic conditions (Martin et
al., 2012; Jain and Arnepalli, 2019).

The microflora of the indigenous microorganism HN-
01 on the urease screening medium (Fig. 3(a)) appeared
as smooth, regular edges and opaque dots that were easily
picked up. According to Fig. 3(b), HN-01 was observed as
a short rod-shaped bacterium measuring approximately 2 wm
in length. The 16S rDNA sequences of HN-01 were submit-
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Fig. 2. Sample species composition heatmap and classification grade tree: (a) (c) Classification grade tree of the original and
enriched sample and (b) (d) heatmap of the original and enriched sample.

ted to the NCBI database under project accession number
SRR15733470. Microbial concentration (ODgyy) was used
to evaluate microbial growth, and urease activity was also
considered as a very important indicator. Microbial growth
consists of four phases (Fig. 3(d)): Lag phase (0-12 h),
exponential growth phase (12-27 h), stationary phase (27-45
h), and decline phase (> 45 h). Bacillus megaterium growth
was matched with that reported in previous studies (Sun et
al., 2019b). Because urease activity and bacterial concentration
was to be considered in the experiment, the exponential growth
(12-27 h) and the stationary phases (27-45 h) were critical. The
pH curve (Fig. 3(e)) remained unchanged or decreased after
45 h, further confirming urease decomposition. The decrease
in pH during the lag and exponential growth phases may have
been attributed to the microorganism continuously producing
acid in the solution. Similar observations were reported by
Ferris et al. (2004).

3.2 Environment adaptability and optimization
of urease activity

3.2.1 Environmental adaptability

Urease, as a protein biocatalyst, is strongly influenced
by environmental factors, among which temperature is a key
variable. As shown in Fig. 4(a), urease activity increased with
the temperature rising from 17 to 47 °C. Similar trends have
been observed by Xie et al. (2023), Sun et al. (2019a), and
Jiang et al. (2016). When the temperature exceeded 47 °C,
urease activity decreased gradually, indicating that 47 °C was
the optimum temperature for urease production. Temperature
affects urease in two opposing ways: It accelerates reaction
kinetics, whereas excessive heating may also cause protein
denaturation. As shown in Fig. 4(a), when the reservoir
temperature was lower than the optimal temperature, that is,
17-47 °C, it mainly accelerated the reaction speed; when the
temperature was higher than the optimal temperature, that is,
47-57 °C, it mainly inactivated urease, whereas it still had high
activity.

Studies have typically placed the optimal pH range for
maximum urease activity at 7-9 (Shi et al., 2022; Whiffin et
al.,, 2007). As shown in Fig. 4(b), urease activity remained



90 He, Y., et al. Advances in Geo-Energy Research, 2026, 20(1): 85-97

93% Bacillus megaterium strain NEPZ-22 MT184834.1
Bacillus megaterium strain Y74 MN509795.1
Bacillus megaterium strain SK1-10M MN421022.1
Bacillus sp.(in: Bacteria) strain IC-1C2 MT649293.1
Bacillus megaterium strain psau-1 MN435625.1
Bacillus megaterium strain ROA024 MT510154.1
Bacillus megaterium strain BHS1 MT033060.1
Bacillus megaterium strain TRQ8 MN240409.1
Bacillus strain BS0942 MK824130.1
Bacillus megaterium strain Y2 MN509794.1
Bacillus megaterium strain SK5-1.3 MN421126.1
— Bacillus strain MTL4-22 MH151221.1

92%l— Bacillus strain BS0873 MK824061.1

Bacillus strain BS0800 MK823988.1

89%\_‘: Bacillus megaterium strain DW7 MK318784.1

90% Bacillus strain BS0919 MK824107.1
Bacillus megaterium strain A-3 MT026570.1

90% 19
m‘; Bacillus megaterium strain N3 MN555366.1
92% Bacillus strain BS1464 MK824652.1

0.4 (e)

~ | gHeeS S SHeEmeSLG 9.5
277 9% r 0.3
ZE g 8.5
=7, 00T 025 =
2" o
72 30 —e— Urease activity [4 0.1 75
5 § —a—0Dy

0 0.0 6.5 - -

0 20 40 60 80 0 20 40 60 80
Time (h) Time (h)

Fig. 3. Indigenous microorganism HN-01: (a) Plate diagram of strain HN-01 (b) SEM image of strain HN-01, (c) phylogenetic
tree of strain HN-01, (d) curve of urease activity and strain concentration and (e) pH curve.

@ !9 [E==Urease activity —o—pH 10 ® 19 MeE==Urease activity —o—pH 10:5
= 1 95 o 1 10
2% 4| 2 L
2 E 19 & E 195
3~ &~ T
g = 185 % g= 19 =
8 g 0.5 g5 0.5
5 é 18 5 g 185
0 . 0 8
17 27 37 47 57 5 6 7 8 9 10
Temperature (°C) Original pH
(c) 1.2 — - 8.4 (d) 1.2 — - 9.7
—@— Precipitation conyersion rate ) —@— Precipitation conversion rate
o -t 1738 L, 09 | & PH
£ 0.8 ==t 1 8.7
z = < g F
S8 172z §506 | =
E2 &%
0 204 o 0 1 7.7
2z 166 2z03¢
~ o ~ o
o o
0 L L L L 6 0 e @ @ © e— 0.7
11.1 222 333 444 555 9.52 19.04 28.56 38.08 47.61
Ca?* concentration (g/L) Mg?* concentration (g/L)

Fig. 4. Results of single-factor optimization experiment: (a)-(d) Optimization of temperature, initial pH, Ca** concentration,
and Mg+ concentration.



He, Y, et al. Advances in Geo-

(b)

Urease activity € 4
(mmol/(L-min)) r;

4.0

a}

o

35 3T
30
25
20
15
10
0.5
0.0

() o) ANANOR ISLAL
“

2
S ((uu ) |oway AnAnoe
5 (ay

>

Energy Research, 2026, 20(1): 85-97 91

©
roace a0tivi c
Urease activity €
(mmol/(L-min)) £
4.0
35
3.0
25
2.0
1.5
1.0
0.5
0.0

Urease activity
(mmol/(L-min))
4.0

w

35
3.0
25
2.0
15
1.0
0.5
0.0

(i) \ow) AnAnoE
N

Fig. 5. Results of response surface experiment: (a) (d) Effects of saccharose and peptone on urease activity and pH, (b) (e)
effect of saccharose and urea on urease activity and pH and (c) (f) effect of urea and peptone on urease activity and pH.

relatively high when the initial pH ranged from 5 to 9, and
the optimum initial pH was 8. This result is consistent with
the findings of Sun et al. (2019a) in their study on Bacillus
megaterium. Fig. 4(b) shows that urease activity decreased
sharply at pH 10, which may be because the strong alkalinity
affected the cell membrane permeability and cell metabolism.
Furthermore, the solution pH influenced not only the three-
dimensional enzyme structure but also the ionization states of
the enzyme binding and catalytic site. The pH of the medium
also had an effect on the separation of substrate and coenzyme,
thereby affecting enzyme binding to the substrate (Xie et
al., 2023). Accordingly, microbial cement sealing technology
can be applied in weakly acidic to weakly alkaline reservoir
environments.

Ca®* and Mg?* are important reactants in the production
of microbial cement. In situ, urease-producing microorganisms
utilize calcium ions in oil reservoirs without any negative
effects. In this study, CaCOs3 precipitation conversion was
higher when the Ca®* concentration was 4.0-16.0 g/L (Fig.
4(c)), whereas the conversion rate decreased at higher Ca%t
concentrations. This is consistent with previous reports that ex-
cessive Ca?* can inhibit urease activity (Erdmann et al., 2025).
The Mg?* concentration did not reach the solubility product of
MgCOs3, hence no MgCOj3 precipitation occurred (Fig. 4(d)).
These results provide only a preliminary evaluation under the
tested reservoir-relevant factors and are not a full compatibility
assessment with actual formation water. Therefore, further
testing of Na*, total salinity and multi-ion coupling using
simulated formation brine is recommended.

3.2.2 Stimulation medium
Based on the single-factor experimental results (see Sup-

plementary Material Fig. S4), sucrose was identified as the
best carbon source and peptone as the best nitrogen source.

To further optimize these findings, a Box-Behnken Design
response surface experiment was applied, enabling the refine-
ment of process parameters for optimal urease activity. To
clarify the variable interaction, this study employed a square
model with coefficients of determination of R2,.,. = 0.9816
and RgH = 0.9839. Given that a coefficient of determination
(R?) ranging from 0.94 to 0.99 indicates sufficient model
accuracy, the resulting second-order polynomials (4) and (5)
were deemed reliable. Furthermore, according to the prediction
equation, the optimal medium comprised sucrose (4.622 g/L),
peptone (10.196 g/L), and urea (21.419 g/L):

Y1 =3.53-0.1395X; +0.2858X, + 0.4435X3
—0.0027X1X, —0.5967X, X3+ 0.1311X,X3

—0.8173X{ — 1.65X5 — 1.01X3 @
R? =0.9816
Ys = 9.04 — 0.3387X; — 0.4612X; + 0.9400X;
—0.29X; X5 +0.1875X, X3 4 0.0375X, X5
—0.4650X7 —0.0150X35 — 1.46X3 ©)

R* =0.9839

The results of variance analysis were obtained from the
quadratic model (Table S1). The influencing factor was sig-
nificant when the p value was less than 0.05. Table S1 shows
that the two factors with the greatest influence on urease
activity were peptone concentration and urea concentration.
The peptone and urea concentrations affected the growth of the
indigenous microorganism HN-01 and thus influenced urease
activity. The most critical factor affecting the solution’s pH
was urea concentration. This is because urea, an essential
participant in MICP, is hydrolyzed by urease to produce
ammonia, which inhibits urease activity at high pH values (Sun
et al., 2019a; Xie et al., 2023). All three-dimensional diagrams
revealing the relevant interactions are shown in Fig. 5. In
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Fig. 6. XRD and SEM analysis of microbial cement: (a) FTIR of extracellular polymer, (b) X-ray diffraction of microbial
cement, (c) and (d) 1,000x and 10,000x SEM images of microbial cement in anaerobic bottles.

this study, urease activity was significantly affected by pep-
tone concentration (p = 0.0158) and urea concentration (p =
0.0017). Moreover, the sucrose concentration (p = 0.0033),
peptone concentration (p = 0.0006), and urea concentration
(p < 0.0001) had significant effects on pH. Regarding the in-
teractions, X X3 (sucrose concentration and urea concentration,
p =0.0023, Fig. 5(b)) significantly affected the urease activity,
and XX, (sucrose concentration and peptone concentration,
p =0.0330, Fig. 5(d)) significantly affected the medium pH.

3.3 Characteristic analysis of microbial cement
3.3.1 Static morphological features

The growth of microbial cement in an anaerobic bottle
was observed throughout the incubation (see Supplementary
Material Fig. S5), which suggested that microbial cement
accumulated through both adsorption and deposition. The
microbial cement production included three distinct stages:
supersaturation of the solution, overcoming of the nucleation
energy barrier, and spontaneous growth of crystals on the
stable nucleus. Previous studies have shown that calcite may
precipitate in both bacteria-containing and bacteria-free sys-
tems (Mitchell et al., 2010). Because HN-01 is a Gram-positive
strain, negatively charged groups exposed on the cell surface
may lower the nucleation barrier and favor Ca?* enrichment
(Mountassir et al., 2014). The FTIR results further showed
that the extracellular polymeric substances (EPS) secreted by
HN-01 contained —OH and —COOH functional groups. Com-
bined with the findings of previous studies, these groups may

participate in Ca®* binding and provide potential nucleation
sites during biomineralization. However, because EPS yield,
zeta potential and Ca®* binding capacity were not quantified
in this study, EPS is interpreted here as a participating factor
rather than a dominant one in nucleation.

In the MICP/enzyme induced calcium precipitation system,
reported microbial cement commonly occurs in the forms
of calcite, vaterite and aragonite (Al Imran et al., 2018;
Almajed et al., 2019). The XRD results (Fig. 6(b)) showed
ten peaks at 23.1°, 29.4°, 36.0°, 39.4°, 43.2°, 47.5°, 48.5°,
57.4°, 60.7°, and 64.7°, which are characteristic of the (012),
(104), (110), (113), (202), (018), (116), (122), (214), and
(300) planes of calcite, respectively (Standard XRD pattern
of calcite, PDF#72-1214). The presence of aragonite and
vaterite phases was not observed. No aragonite or vaterite
peaks were detected, indicating that calcite was the dominant
CaCOj3 polymorph under the tested anaerobic culture condi-
tions. Previous studies have shown that bacterial type, EPS,
temperature, and solution chemistry may all affect the crystal
form (Dhami et al., 2013; Achal and Pan, 2014). In the present
study, temperature and EPS may have contributed to the
dominance of calcite; however, because no aerobic/anaerobic
control experiments or comparative tests under different ionic
strengths were conducted, the independent role of anaerobic
conditions in polymorph regulation cannot be confirmed.

SEM was employed to examine the microscopic morphol-
ogy of microbial cement. The reported forms include pris-
matic, ball and needle morphologies (Lin et al., 2023). Each
shape corresponds to a different crystalline form; for example,
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Fig. 7. Effect of microbial cement on fracture sealing: (a)-(c) Permeability changes of 0.5, 0.3, 0.05 mm fracture and (d)

sealing efficiency of fractures with different apertures.

prismatic CaCOs3 crystals are calcite, spherical crystals are
vaterite, and acicular crystals are aragonite. In this study,
most microbial cement produced in the anaerobic bottle was
rhombus-shaped and prismatic, the side lengths ranged from
5 to 10 wm, and it was mostly calcite. As mentioned earlier,
culture temperature and extracellular polymers might have
contributed to calcite production.

3.3.2 Dynamic fracture sealing and permeability reduction

(1) Permeability change

The fracture sealing efficiency for different apertures is
shown in Fig. 7. With an increasing number of injection cycles,
fracture permeability decreased, leading to a gradual increase
in the fracture sealing effect. Among the tested apertures,
the 0.05 mm fracture exhibited the highest sealing efficiency,
followed by the 0.3 mm fracture, and lastly the 0.5 mm
fracture. This trend occurred because sealing a large aperture
fracture requires more microbial cement (Shi et al., 2024).
Furthermore, Fig. S7 illustrates that the macroscopic distribu-
tion of microbial cement varied notably across fractures with
different apertures:

1) In the 0.5 mm fracture, microbial cement was mainly
deposited at the bottom of the fracture and less microbial
cement was adsorbed on the fracture surface. The amount
of microbial cement near the outlet was greater than
that near the inlet, indicating evident migration before
deposition. The fracture permeability decreased from
9,500 to 1,416.667 umz, with a reduction of 85.09%.
After the 20 injection cycle, the decline rate of fracture

permeability decreased. After fitting the permeability
data, the slope of the fitting curve decreased from 408.79
to 43.981.

In the 0.3 mm fracture, microbial cement occurred as
deposition and adsorption onto surfaces. More microbial
cement was retained on the fracture surface and bottom,
and the spatial distribution was relatively uniform. The
permeability decreased from 8,621.201 to 805 umz, with
a decrease of 90.66%. After the 16th injection cycle, the
decline rate of fracture permeability slowed down, and
the slope of the data fitting curve decreased from 337.93
to 110.97.

In the 0.05 mm fracture, microbial cement mainly ad-
sorbed on the fracture surface and was distributed rela-
tively uniformly. The permeability decreased from 818.45
to 42.301 umz, with a reduction of 94.83%. After the
fourth cycle, the decline rate of fracture permeability
slowed down, and the slope of the permeability fitting
curve decreased from 127.45 to 13.018.

Based on the permeability data before and after treatment,
the RRF was further calculated to preliminarily characterize
the residual flow resistance effect of the microbial plugging
system. The RRF values of the 0.5, 0.3, and 0.05 mm frac-
tures were 6.71, 10.71, and 19.35, respectively. These results
indicate that microbial cementation not only reduced fracture
permeability significantly but also generated an increasingly
stronger residual resistance effect as the fracture aperture
decreased. In particular, the highest RRF obtained in the 0.05
mm fracture suggests that the microbial cement system was

2)

3)
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more effective in restricting subsequent fluid flow in relatively
narrow fractures.

It should be noted that the transparent fracture model
was primarily used to visualize the deposition and adsorption
behavior of biomineralization products within fractures, and it
was not intended to fully reproduce the seepage conditions
of actual low-permeability reservoirs. To improve reservoir
relevance, an additional 0.3 mm fractured-core displacement
experiment was included. The results showed a marked decline
in permeability after treatment, indicating that this method can
also achieve substantial permeability reduction and sealing
under flow conditions closer to those in porous media. The
fractured core sealing performance is shown in the Supporting
Material (Fig. S8). Nevertheless, verification under confining
pressure, in situ stress, and real formation-water conditions
should be performed.

The decline rate of single fracture permeability slowed
down because microorganisms’ adsorption sites filled the
entire fracture at the initial stage of sealing. However, with the

extended injection cycle, microbial cement gradually occupied
the fracture space, mainly through adsorption and deposition
(Fig. S7). The injection volume of cement fluid decreased,
and the decline rate of permeability gradually slowed down.
The spatial distribution observed here differs somewhat from
reports by Mountassir et al. (2014), Wu et al. (2019) and
Minto et al. (2016). One possible reason is that the staged
heterogeneous injection strategy used in this study better
mimics indigenous microbial distribution, reduces the risk of
severe inlet clogging, and enhances more uniform in-fracture
retention.

(2) Multi-scale fracture sealing mechanism

Observing the sealing process of the visual fracture model
revealed that flocculent material appeared before microbial
cement formation. This behavior is consistent with the static
experimental results, as the extracellular polymer disappeared
after 30 minutes as mineralization progressed (Figs. 8(a) and
8(b)). According to the distribution of microbial cement in
the visual fracture model (Fig. S7), microbial cement mainly
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seals fractures by precipitation and adsorption. In the 0.5
mm fracture, the deposited microbial cement formed layered
accumulations because the larger aperture allowed greater
migration and settling, and fracture flow still dominated after
treatment, even though permeability was reduced by 85.09%.
By contrast, in the 0.05 mm fracture, microbial cement was
mainly adsorbed on the fracture surface, converting channel-
dominated flow into pore-like flow, thereby significantly re-
ducing permeability (Liu et al., 2024).

Thus, based on the evolution of permeability and its spatial
distribution, this study proposes a mechanism for anaerobic
indigenous microbial sealing in fractures in low-permeability
reservoirs. In large-aperture fractures, settling velocity, shear
velocity and spatial migration become more important, and
surface adsorption contributes to initial retention, whereas
in intermediate apertures, adsorption and deposition jointly
control the final sealing pattern. The spatial distribution of
microbial cement is governed by settling velocity, shear ve-
locity, fracture aperture, and surface adsorption (Figs. 8(e)
and 8(f)). Given these findings, this study offers laboratory-
scale mechanistic interpretation and trends, while quantitative
relationships for the adsorption amount, deposition rate, and
critical fracture aperture remain to be established in future
work.

4. Conclusions

In this study, a urease-producing strain was isolated from
reservoir environments and its stimulation medium and en-
vironmental adaptability were optimized through single-factor
experiments and response surface methodology. By integrating
microbial community analysis, with biomineral characteriza-
tion and visualized fracture experiments, a laboratory-scale
framework for fracture sealing and permeability reduction by
anaerobic indigenous microorganisms was established.

The results indicated that Bacillus became the dominant
genus in the reservoir environment after enrichment; strain
HN-01 entered the logarithmic growth phase within 12 h.
FTIR, XRD and SEM analyses indicated that HN-01 secreted
EPS containing —OH and —COOH functional groups, and
produced predominantly calcite under the tested anaerobic
conditions. In dynamic fracture experiments, microbial cement
reduced the permeability by more than 80%. Moreover, the
calculated residual resistance factors were 6.71, 10.71 and
19.35 for the 0.5, 0.3 and 0.05 mm fractures, respectively.
Based on permeability evolution and visualized spatial dis-
tribution, the existence of an adsorption-deposition competi-
tion is proposed: Adsorption dominates in narrow fractures,
whereas settling and spatial migration become more significant
in large fractures, and the two mechanisms jointly operate
in intermediate apertures. This reveals the dominant role of
fracture aperture in controlling microbial cement distribution
and therefore provides a theoretical basis for the targeted
sealing of fractures with different apertures. At the same time,
it must be noted that this study remains a laboratory-scale
investigation. Further work should evaluate the effects of con-
fining pressure, real formation water, and multi-ion coupling,
as well as explore the composite cementation behavior of HN-

01 with other microorganisms or treatment strategies.
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