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Microbially-induced calcium carbonate (CaCO3) precipitation (MICP) is a widely explored and promising technology for
use in various engineering applications. In this review, CaCO3precipitation inducedviaurea hydrolysis (ureolysis) is
examined for improving construction materials, cementing porous media, hydraulic control, and remediating environmen-
tal concerns. The control of MICP is explored through the manipulation of three factors: (1) the ureolytic activity
(of microorganisms), (2) the reaction and transport rates of substrates, and (3) the saturation conditions of carbonate
minerals. Many combinations of these factors have been researched to spatially and temporally control precipitation. This
review discusses how optimization of MICP is attempted for different engineering applications in an effort to highlight
the key research and development questions necessary to move MICP technologies toward commercial scale applica-
tions.
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Introduction

Contrary to the commonly known detrimental effects of
biofilms in industrial and medical environments, biofilms
may be used for beneficial engineering applications. In
particular, ureolytic biofilms or microbes which induce
calcium carbonate (CaCO3) precipitation (MICP) have
been studied widely for beneficial use in construction
materials, cementation of porous media, hydraulic
control, and environmental remediation (Figure 1). A pri-
mary research focus has been controlling MICP by
manipulating parameters that influence the saturation
state to achieve specific engineering goals. In many
cases, engineered applications depend on controlling the
rate and distribution of CaCO3 precipitation in situ,
which is governed by the spatial and temporal variation
in saturation state.

Several reviews addressing MICP for use in engi-
neering, particularly, construction applications and
cementation of porous media have been prepared previ-
ously. De Muynck, De Belie, et al. (2010) elegantly
reviewed the role of MICP in enhancing and rehabilitat-
ing construction materials. Siddique and Chahal (2011)
also reviewed MICP for use in construction materials,
specifically focusing on concrete. Separately, Ivanov and
Chu (2008) and DeJong et al. (2010, 2011) comprehen-
sively highlighted the role of the biogeochemical MICP
processes in soil and porous media systems. In addition,

Al-Thawadi (2011) reviewed MICP for strengthening
of sand. This review focuses on how the spatial and
temporal control of MICP has been explored to treat
construction materials, consolidate porous media, control
hydraulics and remediate environmental problems.

Microbially-induced CaCO3precipitation

The involvement of microorganisms in mineral precipita-
tion occursviadifferent mechanisms (Benzerara et al.
2011; Northup & Lavoie 2001; Fouke 2011). Firstly, bio-
logically-controlled mineralization describes cellular
activities which specifically direct the formation of the
mineral, for example, the cell mediated process of exo-
skeleton, bone or teeth formation, or the formation of
intracellular magnetite crystals by magnetotactic bacteria
(Decho 2010; Benzerara et al. 2011). Secondly, biologi-
cally-influenced mineralization is the process by which
passive mineral precipitation is caused through the pres-
ence of cell surfaces or organic matter such as extracellu-
lar polymeric substances (EPS) associated with biofilm
(Decho 2010; Benzerara et al. 2011). Thirdly, biologi-
cally-induced mineralization is the chemical alteration of
an environment by biological activity that generally
results in supersaturation and precipitation of minerals
(Stocks-Fischer et al. 1999; De Muynck, De Belie, et al.
2010). Often combinations of the three different pro-
cesses are active at the same time in a system. For
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Figure 1. Proposed ureolysis-driven MICP engineering applications. White crystal hatch pattern represents CaCO3. (a) Sealing
subsurface hydraulic fractures (eg during well closure); (b) manipulating subsurfaceflow paths to improve oil recovery; (c)
strengthening earthen dams or consolidating porous materials; (d) minimizing dust dispersal from surfaces; (e) sealing or remediating
concrete fractures; (f) coating PCB-oil contaminated concrete resulting from leaking equipment; (g) treating or coating limestone or
concrete to minimize acid erosion; (h) sealing ponds or reservoirs; (i) forming subsurface barriers to control salt water or
contaminated groundwater intrusion; (j) remediating the subsurface contaminated with radionuclides or toxic metals (represented by
radioactivity symbols); (k) treating fractures (in cap rocks, well bore cements, or casing/cement/formation interfaces) to mitigate
leakage from geologically sequestered CO2injection sites.



instance, in the case of microbially-induced calcium car-
bonate precipitation or mineralization (MICP), where the
cellular activity influences chemical conditions (satura-
tion state) to promote mineralization, it is possible that
biologically-influenced mineralization is also occurring
since the cells themselves or their exudates may act as
nucleation sites for CaCO3 crystal formation (Stocks-
Fischer et al. 1999).

MICP can occur as a byproduct of urea hydrolysis,
photosynthesis, sulfate reduction, nitrate reduction, or
any other metabolic activity that leads to an increase in
the saturation state of calcium carbonate (DeJong et al.
2010; Benzerara et al. 2011). This review focuses on
urea hydrolysis (ureolysis) to promote CaCO3precipita-
tion. In ureolysis-driven MICP, the cellular or urease
enzyme activity influences chemical conditions (the satu-
ration state) to promote mineralization through four fac-
tors: (1) dissolved inorganic carbon (DIC) concentration,
(2) pH, (3) calcium concentration, and (4) potential
nucleation sites (Hammes & Verstraete 2002). Thefirst
three factors determine the saturation state, because DIC
and pH influence the carbonate ion concentration or
activity {CO3

2 }. The fourth factor impacts the critical
saturation state (Scrit), which is the saturation state at
which nucleation (ie precipitation) occurs under the
given conditions. Additionally, the species and the con-
centration of microbe(s), their ureolytic activity, the form
of microbial growth (ie biofilm or planktonic), tempera-
ture, salinity, injection strategy (ieflow rate, treatment
times), and reactant concentration (or activity) may
impact the saturation conditions and the efficiency and
extent of CaCO3 precipitation (Harkes et al. 2010;
Okwadha & Li 2010; Mortensen et al. 2011; Cuthbert
et al. 2012). Carefully manipulating: (1) the ureolytic
activity of microorganisms, (2) the reaction and transport
rates of substrates, and (3) the saturation state may
greatly influence treatment efficacy.

Ureolytic activity of microorganisms

The urease enzyme can be found in a wide variety of
microorganisms (Mobley & Hausinger 1989; Hammes
et al. 2003) and contributes to the ability of the cell to
utilize urea as a nitrogen source (Ferris et al. 2003;
Burbank et al. 2012). While urease production is quite
common across a wide range of soil organisms and
found in other natural environments, in the laboratory,
many researchers have examined ureolytic MICP using
the common soil organismSporosarcina pasteuriiATCC
11859, formerlyBacillus pasteurii(Yoon et al. 2001).
S. pasteuriiis non-pathogenic, does not readily aggregate
under most growth conditions, and produces large
quantities of active intracellular urease (Ferris et al.
1996; Stocks-Fischer et al. 1999; DeJong et al. 2006).
S. pasteuriihas been isolated from soil, water, sewage,

and urinal incrustations (De Muynck, De Belie, et al.
2010).

One disadvantage of studying laboratory strains is the
microbial complexity of real world environments. In the
context of soil stabilization, it was noted that injection of
these organisms may result in non-homogeneous distribu-
tion of the microbes, or the organisms may face challenges
of competition or predation from native organisms (van
Veen et al. 1997; van Elsas et al. 2007; Burbank et al.
2011). As such, to maintain ureolytic populations in sub-
surface applications, it may be advantageous to stimulate
native attached (biofilm) ureolytic populations rather than
augmenting the environment with laboratory strains not
adapted to the treatment environment (Fujita et al. 2010;
DeJong et al. 2011; Tobler et al. 2011; Burbank et al.
2012). Also, when considering the augmentation of the
subsurface with certain organisms, particularlyS. paste-
urii,described as a facultative anaerobe (Ferris et al. 1996;
Tobler et al. 2011) and more recently as an obligate aerobe
(Martin et al. 2012), it is important to consider the impact
of electron acceptors (for example, oxygen in the case of
S. pasteurii) on microbial growth. Although ureolytic
activity itself does not depend upon oxygen (Mortensen
et al. 2011), microbial growth and urease production could
be limited by the availability of electron acceptor. It has
been demonstrated thatS. pasteuriicannot anaerobically
synthesizede novourease; therefore the active urease may
be limited to the existing enzyme injected with the aerobi-
cally grown inoculum (Martin et al. 2012). To overcome
challenges associated with growth-coupled urease produc-
tion, stimulation of native populations, injection of elec-
tron-acceptor rich growth medium, or the injection of
urease enzyme might be considered.

Additionally, mineral precipitation around cells can
influence ureolytic activity by either causing cell inactiva-
tion through membrane disruption or by limiting nutrient
transport to the cell (Stocks-Fischer et al. 1999; Parks
2009; Cuthbert et al. 2012). Zamarreńo et al. (2009) sug-
gest that precipitation and entombment might be a passive
process, which the organisms cannot help but be involved
in. Alternatively, they suggest that the precipitation pro-
tects cells for a short period of time from detrimental cal-
cium concentrations. In an engineering application, it is
important to consider that entombment may lead to
reduced ureolysis and potentially limit further precipita-
tion. To overcome inactivation and promote additional
CaCO3precipitation, resuscitation or reinjection of organ-
isms as well as additional treatments may be required to
maintain an active ureolytic population and maximize pre-
cipitation (Tobler et al. 2011; Ebigbo et al. 2012).

Reaction and transport

Chemical reactions.During ureolysis-driven MICP, ure-
ase catalyzes the hydrolysis of one mole of urea to form



one mole of ammonia and one mole of carbamic acid
(Equation 1), which spontaneously hydrolyses to
carbonic acid and another mole of ammonia (Equation
2). Under circum-neutral conditions, the two moles of
ammonia become protonated by deprotonating water to
form two moles of ammonium (NH4

+) and two moles of
hydroxide ions (Equation 3). The generated hydroxide
ions shift the equilibrium of DIC species towards bicar-
bonate (HCO3 ) and carbonate (CO3

2 ) (Equations 4
and 5) (Stocks-Fischer et al. 1999; Dick et al. 2006;
Mitchell et al. 2010).

COðNH2Þ2þH2O !
Urease

NH2COOHþNH3 ð1Þ

NH2COOHþH2O !
Spontaneous

NH3þH2CO3 ð2Þ

2NH3þ2H2O !2NHþ
4 þ2OH ð3Þ

H2CO3 !HCO3 þHþ ð4Þ

HCO3 þHþ þ2OH !CO2
3 þ2H2O ð5Þ

In the presence of sufficient calcium ion activity, sat-
uration conditions become favorable for CaCO3precipi-
tation (Equation 6).

Ca2þ þCO2
3 ! CaCO3ðsÞ ð6Þ

Kinetics of reactions.Although urease increases urea ure-
olysis rates 1014times over uncatalyzed rates (Mitchell
& Ferris 2005), ureolysis is the rate-limiting step in
MICP. The concentration of bacteria, temperature, pH,
saturation conditions, and salinity have been shown to
influence ureolysis kinetics (Ferris et al. 2003; Dupraz,
Parmentier, et al. 2009; Tobler et al. 2011). In general, a
higher concentration of cells producing urease has been
shown to positively impact the rate of ureolysis, as have
elevated (20 °Cvs10 °C) temperatures (Ferris et al.
2003; Mitchell & Ferris 2005; Tobler et al. 2011).

Several models to predict rates of ureolysis can be
considered. In conditions of excess urea, a zero order
model might be appropriate, where the rate of ureolysis,
rurea, is equal to the rate constant and not influenced by
the urea concentration [urea] (Equation 7):

rurea¼
½urea

time
¼ kurea ð7Þ

Most commonly, first order rate models are presented
(Equation 8) (Ferris et al. 2003; Mitchell & Ferris 2005;
Tobler et al. 2011; Cuthbert et al. 2012), where the ureol-
ysis rate is dependent on the urea concentration:

rurea¼ kurea½urea ð8Þ

Ureolysis rates have also been modeled using
Michaelis–Menten type expressions that include a term
accounting for non-competitive inhibition by ammonium
(Equation 9) (Fidaleo & Lavecchia 2003; Ebigbo et al.
2012). Herevmax is the maximum rate of ureolysis,Km

is the half saturation coefficient, [P] is the concentration
of ammonium, and KP is an inhibition constant for
ammonium:

rurea¼
vmax½urea

ðKmþ½ureaÞ1þ½P

KP

ð9Þ

The rates of ureolysis are dependent on a wide range
of factors and have been extensively studied in MICP
systems, particularly in laboratory batch systems. Simple
batch studies with planktonic cells produce valuable
parameters to be used in MICP models, recognizing that
the same parameters may not be fully transferable when
considering values associated with biofilm. Models can
help develop understanding of more complex environ-
ments not easily studied in the laboratory.

Transport. Influid systems relevant to MICP, both
advective and diffusive transport occurs, and dominance
of one or the other depends on the system. Advection
refers to movement of a species withfluidflow. Diffu-
sion refers to the movement of species independent from
the bulkfluid movement and driven by concentration or
electrostatic potential gradients. Thefluidflow conditions
(such as whether theflow is laminar or turbulent, axial
or radial) and thefluid properties (density and viscosity)
influence the advective and diffusive properties of the
species transport. In MICP application, transport condi-
tions may be complex, particularly in the case of radial
flow where thefluid velocity changes with distance.

Damköhler (Da) number.The dimensionless Da number,
which describes the ratio of reaction rate to transport
rate, may serve as an important design tool in MICP
application. In biogeochemical processes such as MICP,
the reactions (particularly ureolysis) are coupled to the
transport of the reactive species. In general terms, Da
relates the reaction rate of a species to the advective or
diffusive mass transport rate of that species (Equation
10) (Berkowitz & Zhou 1996; Dijk & Berkowitz 1998;
Domenico & Schwartz 1998).

Da¼
Reaction rate

Transport rate
ð10Þ

More specifically, Da depends on the kinetics of the
reaction and the transport through a specific reactor (or



natural) system. For example, in a plugflow system
where advective transport dominates, Da represents a
ratio of the reaction rate to the advective mass transport
rate of the species. When Da < 1, it does not indicate that
reaction is not occurring; it does, however, imply that
not all the supplied substrate is utilized and may be
transported from the reaction zone. Da values >1 indicate
that the reaction is limited by the transport rate for a
given length scale.

In a pulsedflow system or within stagnant pore
spaces, where diffusive transport is likely to dominate,
Da is the ratio of reaction rate to the effective diffusion
rate of the reactive species. In diffusion dominated
cases, a Da < 1 indicates the reaction rate is limited by
reaction kinetics rather than diffusion; however, given
enough time, the reaction may proceed to completion.
Alternatively, Da >1 indicates the reaction rate drives
the establishment of concentration gradients of reactive
species.

Da incorporates many of the factors related to reac-
tion and transport into a single unitless number, for ease
of comparison and design. The systematic analysis of Da
may reveal a functional design tool (for example, pre-
dictingflow rates or pulsed treatment times) for MICP
not previously explored.

Saturation conditions

CaCO3precipitation is ultimately governed by the satura-
tion state (SorΩ) of calcium carbonate where {Ca2+} and
{CO3

2 } represent the activities of Ca2+and CO3
2 ions,

which are approximately equal to concentration for low
ionic strength conditions, andKsois the temperature-
dependent equilibrium solubility constant (Equation 11):

SorX¼
fCa2þgfCO2

3 g

Kso

ð11Þ

At S= 1, the solution is considered in equilibrium
with the solid phase. If S> 1, the solution is considered
supersaturated with respect to CaCO3and CaCO3precip-
itation is thermodynamically favored. IfS< 1, the solu-
tion is considered undersaturated and dissolution of solid
phase CaCO3, if present, is thermodynamically favorable
(Figure 2) (Stumm & Morgan 1996). The saturation
index (SI) is represented as the log10of the saturation
state (Equation 12). When SI is positive, then the solu-
tion is supersaturated andvice versa. Further detailed
calculations can be found in several publications of
potential interest to the reader (Ferris et al. 2003; Dup-
raz, Parmentier, et al. 2009; Tobler et al. 2011).

SI¼log10ðSÞ ð12Þ

While the Sor SI predicts whether precipitation is
thermodynamically favored, it does not necessarily pre-
dict the saturation state at which precipitation begins
(Scrit).Scrit or SIcrit are empirical values which reflect
how highly supersaturated a solution must become
before precipitation is observed. This critical supersatu-
ration is related to overcoming the nucleation activation
free energy barrier (Ferris et al. 2003) and is likely
impacted by a variety of system parameters influencing
the activity of Ca2+and CO3

2 ions. Saturation values
in the literature for batch systems have been reported in
the range ofS= 12–436 (Ferris et al. 2003; Mitchell &
Ferris 2005, 2006a; Dupraz, Parmentier, et al. 2009;
Tobler et al. 2011).Scritmay depend on many factors,
including the kinetics of ureolysis, the initial cell den-
sity, the presence of nucleation points, and the presence
of organics.

Nucleation. As outlined above, it is quite possible that
combinations of different biomineralization processes are
active at the same time in a system. For instance, while
ureolysis can increase the saturation state of the bulk
environment (biologically-induced mineralization) the
precipitation process itself might be initiated by the
microbes serving as nucleation sites (biologically-influ-
enced mineralization) (Figure 3a and b) (Stocks-Fischer
et al. 1999; De Muynck, De Belie, et al. 2010). Once

Figure 2. Influence of saturation on precipitation in a cross
section of a groundwater aquifer (precipitates are represented
by white crystal hatch pattern). Saturation states >1 (S > 1) and
saturation indices >0 (SI > 0) indicate that precipitation is
thermodynamically favored; saturation states <1 (S < 1) and
saturation indices <0 (SI < 0) indicate that dissolution is favored
if the mineral form is present. The saturation state can vary
spatially and temporally due to reaction and transport rates
which create concentration gradients (Zhang et al. 2010).



precipitation has commenced, ureolysis may maintain a
high SI and cells as well as newly precipitated minerals
likely act as additional templates or nucleation sites to
facilitate crystal growth (Stocks-Fischer et al. 1999;
Hammes 2002). While the influence of cell surfaces as
nucleation sites has been widely discussed (Douglas &
Beveridge 1998), Mitchell and Ferris (2006b) observed
an equalScritin solutions with and without bacterial cells
separated by dialysis membranes that allowed for trans-
port of solutes between the two solutions. In addition,
CaCO3nucleation has been noted in a variety of systems
to be influenced by the presence of certain proteins,
microbial biomolecules, EPS, other available passive
substrates, heterogeneous nucleation on bottle walls or
be solely occurring homogeneously in solution (Mitchell
& Ferris 2006b; Dupraz, Parmentier, et al. 2009; Fouke
2011).

Mineralogy. Three primary polymorphs of CaCO3exist:
calcite, vaterite, and aragonite. It is well known that sur-
face-attached communities of microorganisms, or bio-
films, secrete EPS rich in polysaccharides and other
organic macromolecules. EPS and organic matter have
been linked to the formation of vaterite which may be
stabilized in the presence of certain organics (Braissant
et al. 2003; Rodriguez-Navarro et al. 2007). Vaterite has
been found as a minor, meta-stable, or transitional phase
in the formation of calcite (Tourney & Ngwenya 2009).
The maturation of CaCO3from vaterite to calcite may be
described by the Ostwald Step Rule where metastable
forms nucleate and then are replaced with more stable
forms, a sequential formation in time also known as

paragenesis (Morse & Casey 1988). The mechanisms of
initial nucleation, which may be influenced by the micro-
bial growth conditions, the presence of certain organics,
such as EPS, or the saturation conditions of thefluid, as
well as subsequent maturation are not completely under-
stood (Morse & Casey 1988; Jiménez-López et al. 2001;
Braissant et al. 2003; Zamarreńo et al. 2009). Crystal
size may be a factor in the efficacy of an MICP technol-
ogy. CaCO3 crystals precipitatedviaureolysis-driven
MICP have been observed to be generally larger and less
soluble than those precipitated under the same abiotic
bulk solution conditions (Mitchell & Ferris 2006b;
Mitchell et al. 2013).

To summarize, CaCO3precipitationviaureolysis-dri-
ven MICP is initiated by creating conditions oversaturat-
ed with respect to CaCO3, likely combined with the
increased abundance of cell surfaces as nucleation points
at the point of critical saturation andfinally crystal
growth on nuclei (Ferris et al. 2003).

Engineering applications

Construction materials

Biodeposition

Biodeposition refers to the deposition of MICP to protect
the surface of porous materials (such as limestone, con-
crete, or bricks) from water intrusion. MICP treatment
can decrease the ability of a material to absorb water,
restore the surface, and reduce further potential weather-
ing (Figure 1g) (Dick et al. 2006; De Muynck, De Belie,
et al. 2010). For example, in reinforced concrete, pores

Figure 3. Images of cells associated with minerals. (a) SEM image of tube-like calcium-containing minerals (with similar diameters
to bacterial cells) possibly entombingS. pasteuriishaped cells. Other researchers have noted similarfindingsviaSEM analysis where
rod shaped bacteria-like structures were observed inside and adjacent to CaCO3crystals or as rod shaped impressions in the CaCO3

crystal (Stocks-Fischer et al. 1999; Fujita et al. 2004; Mitchell & Ferris 2005; De Muynck et al. 2008; Dupraz, Parmentier, et al.
2009); (b) CLSM image of bacterial cells (red and green) closely associated with CaCO3precipitates (grey). © Cambridge University
Press. Reprinted with permission. From Schultz et al. (2011).



might allow penetration of water and ions, particularly
chloride or acids, leading to deleterious corrosive effects
to the embedded reinforcing steel (Dick et al. 2006;
Achal et al. 2011a; De Muynck et al. 2011). In a MICP
treated surface, CaCO3 can clog pores and decrease
water penetration through a protective calcite layer. Since
De Muynck, De Belie, et al. (2010) provided a very
comprehensive review of this topic, this review will dis-
cuss how the experimental conditions, particularly the
promotion of ureolytic activity and application of sub-
strates, influence treatment efficacy.

First, ureolytic Bacillus sphaericus isolates from
calcareous sludge were found to be effective at CaCO3

precipitation on limestone cubes (Dick et al. 2006). The
cubes were immersed in liquid bacterial cultures to
promote biofilms and then immersed in urea and calcium
chloride treatments to promote CaCO3formation. It was
concluded, that isolates with a highly negative zeta
(ζ)-potential, an indication of electrical surface potential of
cells, would more successfully colonize positiveζ-poten-
tial limestone. It was also concluded, that the high initial
urea degradation rate and the high surface covering with
CaCO3on the biofilm produce the most homogeneous and
coherent CaCO3coating to provide protection of limestone
from water intrusion (Dick et al. 2006).

De Muynck et al. (2008) performed similar biodepo-
sition tests on concrete cubes treated with urea and cal-
cium chloride or calcium acetate (an alternative to
corrosive chloride) treatment solutions. Their study found
no difference between calcium sources when examining
B. sphaericusureolysis-driven MICP in terms of weight
gain of the samples due to precipitation or chloride pene-
tration resistance. Additionally, they concluded that the
biofilm may act as a template or primer for initial depo-
sition of CaCO3(De Muynck et al. 2008). Secondly, De
Muynck, Verbeken, et al. (2010) examined the influence
of urea and calcium concentrations on MICP coating of
limestone. It was reported that increasing urea and cal-
cium concentrations and repeated treatment improved the
resistance of the limestone to water absorption due to
CaCO3precipitation. It was nevertheless concluded that
the benefits of increased urea and calcium chloride con-
centration should be balanced with the detrimental
impacts such as unwanted ammonium by-product forma-
tion or stone discoloration (De Muynck, Verbeken, et al.
2010). Finally, De Muynck et al. (2011) investigated the
pore structure of French limestone base materials to
determine the impact on the penetration depth and pro-
tective performance ofB. sphaericus ureolysis-driven
MICP deposits. More successful bacterial penetration of
larger pores resulted in more deposition in stones with
higher porosity.

Chunxiang et al. (2009) usedS. pasteurii-facilitated
MICP to coat cement with CaCO3biodeposits to study
corrosion resistance. By altering the order of addition of

calcium and urea, the researchers increased the effective-
ness of the MICP deposits against water absorption and
acid corrosion of the cement. They concluded that add-
ing calcium before urea to a stationary phase bacterial
culture produced a more compact CaCO3 deposit
because calcium influenced ureolysis activity and rates
which may impact the adhesion and thickness of the
CaCO3 layer (Chunxiang et al. 2009). Whiffin (2004)
suggested that high calcium nitrate (Ca(NO3)2) concen-
trations may inhibit urease activity, although mixed
effects on activity were observed among environmental
isolates or a microbial consortium (Hammes et al. 2003;
Burbank et al. 2011). Therefore, depending on the organ-
isms’tolerance for calcium concentrations, a balance
might need to be struck between high Ca2+concentra-
tions which may inhibit ureolysis and low Ca2+concen-
tration which may not allow for the formation of
sufficiently protective deposits.

Biocement

Concrete is one of the most commonly used construction
materials, but it is prone to weathering and cracking.
Cracks form in concrete due to aging and/or freeze thaw
cycles which lead to pathways for corrosivefluid intru-
sion (Bang et al. 2010; Jonkers et al. 2010; Achal et al.
2011b; Wiktor & Jonkers 2011). Healing of fractures in
concrete with MICP (Figure 1e) would be advantageous
since other sealants may degrade over time or are envi-
ronmentally toxic, whereas CaCO3 may be a more
benign treatment (Siddique & Chahal 2011). Here, bioce-
ment refers to the use of MICP to produce binder materi-
als to seal fractures or improve strength and durability of
cementitious materials (such as adding microbes to
cement mixtures). Since this topic has been extensively
reviewed by others (De Muynck, De Belie, et al. 2010;
Siddique & Chahal 2011), this section will focus on
investigations related to the control of MICP treatment
for both concrete fracture sealing and improvement of
cementitious material.

Bacteria in or applied to concrete may face chal-
lenges to their activity including small pore sizes as con-
crete cures, which may damage or inhibit the penetration
of organisms, and the high pH, which may inhibit bio-
logical activity. Cement, or rather the water associated
with cement, can have a pH of 11–13 even after it is
completely cured (Bang et al. 2001; Jonkers et al. 2010).
Alkaliphilic spores embedded in concrete were observed
to retain culturability for <4 months presumably due to
cell damage as the cement cured and pore size decreased
(Jonkers et al. 2010). Given small pore sizes and high
pH conditions, research has focused on the use of alkali-
philic organisms and/or methods to protect the organisms
in order to maintain viability and ureolytic activity dur-
ing treatment.



To protect microbial urease activity from high pH in
cement,S. pasteuriicells were immobilized in polyure-
thane (PU) foam in cement fractures and treated with
urea/calcium solutions. Researchers found urease activity
was maintained and hypothesized that enzyme activity
might be stabilized for longer periods of time when
embedded in a matrix such as PU foam (Bang et al.
2001). Instead of immobilizing cells, Bachmeier et al.
(2002) investigated the use of urease immobilized in PU
foam, since this treatment methodology does not depend
upon maintaining cell viability for ureolysis. Immobi-
lized enzyme treatments showed decreased CaCO3pre-
cipitation rates, possibly due to diffusion limitation of
either calcium or carbonate. However, increased enzyme
stability was observed at elevated temperature compared
to the free enzyme (Bachmeier et al. 2002). More
recently, Bang et al. (2010) immobilized varying concen-
trations ofS. pasteuriicells on SiranTM glass beads to
fill into concrete cracks for crack remediation. Once
again immobilization was speculated to have stabilized
cell and urease activity from the adverse effects of the
high pH of the concrete (Bang et al. 2010).

Van Tittelboom et al. (2010) studied the efficacy of
silica gel supplemented withB. sphaericuscells injected
into concrete fractures and treated with calcium chloride,
calcium acetate, calcium nitrate, and urea solutions. The
calcium source did not change the reduction in water
absorption (all sources worked to produce deposits in
fractures) indicating the possibility of using alternative
calcium sources. The necessity for some protection of
cells from the high pH in concrete was suggested as bac-
teria injected without gel failed to precipitate CaCO3,
although it is also possible that cells injected in the frac-
ture without silica gel may have not attached well and
thus resulted in reduced treatment efficacy (Van Tittel-
boom et al. 2010). Another approach to concrete fracture
remediation is self-healing, where healing agents are
released or activated when fractures form (Wiktor &
Jonkers 2011; Wang et al. 2012). In one unique study,
carrying agents including PU or silica-gel,B. sphaericus,
and urea/calcium nitrate treatments were loaded into
separate glass capillaries and embedded in mortar, which
upon cracking fractured the glass capillaries allowing the
carrying agents, cells, and treatment solutions to mix.
The bacteria retained ureolytic and CaCO3precipitating
activity after immobilization in both PU and silica, but a
more homogeneous distribution of CaCO3crystals was
observed in the silica gelvsthe PU foam which was
attributed to the ability of bacteria to distribute more
homogeneously through the less viscous silica sol
(before gelation) than PU pre-polymer (Wang et al.
2012).

Ureolytic MICP can potentially improve the strength
of cement by incorporating cells into the cement mixture,
although high concentrations of cells may reduce the

compressive strength due to interference by the biomass
with the integrity of the mortar (Ramachandran 2001).
When certain cell concentrations of Bacillussp.,isolated
from commercially available cement, were mixed into a
water, cement, sand mixture and cured in urea/CaCl2

treatment, the microbial cement was found to resist water
uptake better and showed improved compressive strength
compared to the control cement (Achal et al. 2011b).
The compressive strength of fly ash or silica fume
amended concrete was also found to be improved by
MICP induced by B. megaterium (Achal, Pan, et al.
2011) andS. pasteurii(Chahal et al. 2012a, 2012b).

In summary, construction materials may be improved
by MICP. It has been shown that increasing the number
of treatment applications, changing the calcium source to
avoid deleterious impacts from chloride, applying treat-
ment to higher porosity materials, promoting biofilm
growth before calcium treatment, and varying the order
in which the constituents are applied (calcium before
urea) can yield improvements in protective CaCO3coat-
ingsviathe MICP process. Also, some promise was
found in using ureolytic MICP to improve the strength
of concrete and remediate concrete fractures, but immo-
bilization of cells or urease enzyme in gels or PU was
required to provide protection from high pH activity
inhibition or damage to cells during cement curing.
Immobilization in turn may lead to diffusion limitations
and potentially reduced precipitation. These studies dem-
onstrate the importance of protecting the urease activity
by either promoting cells to attach to the surface or
immobilizing them.

Cementation of porous media

Ureolysis-driven MICP to alter or improve the mechani-
cal properties of unconsolidated porous media has been
extensively investigated. This method has been proposed
to suppress dust (Figure 1d), reduce permeability in
granular media, improve soils, stabilize slopes (Fig-
ure 1c), and strengthen liquefiable soils (Gollapudi et al.
1995; Ferris et al. 1996; Whiffin et al. 2007; Bang et al.
2011; Burbank et al. 2011). CaCO3crystals precipitated
during MICP can bridge gaps between the grains in por-
ous media to bind them together; precipitation can also
reduce the pore throat size, porosity, and permeability,
and increase the stiffness and strength of the porous
media matrix (DeJong et al. 2010). Much of the work to
date has been performed to improve the efficiency of
precipitation, maximize the extent of the treatments, and
balance chemical use to reduce costs forfield applica-
tion. In engineering applications such as sand consolida-
tion or soil strengthening, it is preferable to precipitate
CaCO3 homogeneously over distance and use as little
reactant volume as possible for economic reasons
(Harkes et al. 2010; van Paassen et al. 2010). While
preferential plugging may be effective in some engineer-



ing applications, non-homogeneous bacterial distribution
and non-homogeneous precipitation may have the disad-
vantage of near-injection-point plugging where substrates
are abundant, limiting the spatial extent of the treatment
(Cunningham et al. 2007; Gerlach & Cunningham 2011;
Mortensen et al. 2011). Proposed strategies for control-
ling precipitation include promoting the spatial distribu-
tion of ureolytic activity of cells or biofilm, manipulating
the transport and reaction rates of the reactive species
and promoting favorable saturation conditions in specific
regions.

Sand consolidation

Whiffin et al. (2007) described a sand stabilization treat-
ment method (BioGrout), which followed S. pasteurii
inoculation with a calcium chloride solution to increase
bacterial adhesion to the sand before MICP treatment.
This treatment sequence achieved significant strength
improvement and porosity reduction in sand packed
columns. Although non-uniform precipitation was
observed along the length of the column, it was reasoned
that a more homogeneous distribution could be achieved
by shifting the balance of supply and conversion (ie Da)
by increasingflow rates or lowering conversion rates to
achieve higher reactant infiltration (Whiffin et al.
2007).

Following this initial Biogrout work, Harkes et al.
(2010) altered the ionic strength andflow rates, again
influencing the reaction kinetics and transport rates
related to Da, to study the impact on ureolytic bacterial
distribution in sand to prevent near-injection-point clog-
ging. Bacterial attachment was found to be positively
influenced by increased salinity or ionic strength of the
transportingfluids, which could be due to a decrease in
the electrostatic repulsion forces between the cells and
the porous media surfaces (Scholl et al. 1990; Foppen
& Schijven 2006). However, the increase in ionic
strength might also promote attachment of cells near the
injection point and limit the spatial extent of the treat-
ment. So, by altering the transport rate (increasing flow)
of low ionic strength solutions Harkes et al. (2010)
observed a more homogeneous distribution of bacteria,
but cautioned against the loss of attachment and activity
when low ionic strength solutions are used. Transport of
bacteria through the matrix of a porous medium is a
complex function of the size and surface properties of
the cell, electrical interactions, theflow rate and the
chemistry of the transportfluid as well as the pore size
distribution of the porous medium (Jenneman et al.
1985; Scholl et al. 1990; Bouwer et al. 2000; Mitchell
& Santamarina 2005; Harkes et al. 2010). A balance
between ionic strength and transport could help promote
more homogeneous cell and ultimately ureolytic activity
distribution.

Much of the work presented has been performed on
a smaller scale in a laboratory-controlled environment,
yet in 2010 van Paassen et al. embarked on a scaled-up
demonstration of MICP in 100 m3of sand to determine
the ground improvement abilities and the extent of pre-
cipitation. Similar to the injection strategies developed
by Whiffin et al. (2007) and Harkes et al. (2010), the
sand was inoculated withS. pasteuriicells, cementation
solution followed to promote bacterial cell adhesion and
then urea and calcium solutions were injected 10 times
over 16 days. As much as 40 m3of the 100 m3sand reac-
tor were cementedviaMICP with a visible wedge shape
between the injection and extraction wells (Figure 4)
(van Paassen et al. 2010).

Liquefiable soils

Other researchers have also examined scaled-up ureoly-
sis-driven MICP. Burbank et al. (2011) studiedfield-scale
ureolysis-driven MICP to strengthen liquefiable soils.
Liquefiable soils are loose granular soil deposits gener-
ally found in saturated conditions, which may undergo a
decrease in shear strength when subject to seismic waves
and contribute to man-made structure failure during
earthquakes (Burbank et al. 2011). Soils on the shore of
the Snake River (USA) were subjected to ureolytic bio-
mineralization treatments, which yielded soils cemented
with 1% by weight CaCO3 in the near surface and
1.8–2.4% calcite below 90 cm (Burbank et al. 2011).
This was less precipitation than observed in laboratory
enriched samples, which was attributed to the lower
technical quality of the calcium source in thefield study.
Their findings also suggested higher concentrations of
CaCO3formed away from the injection point rather than
closer to the injection point. Researchers attributed this
to either (1) eluviation wherefine-grained materials or

Figure 4. Image of a cemented sand body from a large scale
Biogrout experiment. Reprinted from van Passen et al. (2010),
with permission from ASCE.



CaCO3 particles may have been transported downward
with the infiltrating water, or (2) increased ureolysis and
possibly delayed subsequent precipitation occurring in
the deeper soil profile.

Subsurface barriers

In certain coastal areas, salt water intrusion into freshwa-
ter aquifers during groundwater extraction has become a
major problem. The problem is often addressed by creat-
ing underground dams or increasing artificial recharge of
fresh water to prevent migration of salt-laden water into
freshwater aquifers. Subsurface MICP barriers may be an
alternative to these methods (Figure 1i) (Rusu et al.
2011). Due to salt water intrusion into ground water,
MICP must be able to occur in saline conditions to be
applied in these environments. Mortensen et al. (2011)
assessed the influence of various environmental factors
on ureolysis-driven MICP to determine suitablein situ
environments. First, they observed that short term ureo-
lytic activity did not appear to be inhibited by anaerobic
conditions after cells were cultured aerobically, which
agrees withfindings by Parks (2009), Tobler et al.
(2011), and Martin et al. (2012). Secondly, they found
full and half-strength seawater enhanced CaCO3precipi-
tation rates, possibly due to increased alkalinity and
cation availability (Mortensen et al. 2011). Finally, the
authors note that manipulating the reaction and transport
rates by inhibiting precipitation with increased ammo-
nium concentrations or by controlling flow rates is
important in achieving homogeneous distribution of
MICP. These results demonstrate the potential of ureoly-
sis-driven MICP for developing subsurface barriers to
prevent salt water intrusion.

Aquaculture: impermeable crusts

One promising engineering application of ureolysis-dri-
ven MICP is the preparation of crusts to control seepage
from aquaculture ponds or reservoirs into underlying
soils or sands (Figure 1h). Stabnikov et al. (2011) used
the halotolerant, alkaliphilicBacillussp. VS1 isolate to
seal a sand-lined model pond. Successive percolation
treatments with high concentrations of urea and calcium
solutions resulted in a nearly impermeable crust on the
surface of the sand, which markedly reduced the seepage
rate, taking sand to the same permeability range as well
compacted clay (Figure 5).

Dust suppression

Bang et al. (2011), showed the potential for using ureol-
ysis-driven MICP to suppress dust (Figure 1d). Dust
poses problems to human health and is traditionally sup-
pressed by means of chemical application or watering

down which may be difficult to maintain or may use
environmentally problematic chemicals. Ureolysis-driven
MICP is proposed as an alternative to consolidate dust
particles.S. pasteuriicells or urease and urea/calcium
chloride treatment solutions were sprayed over sand sam-
ples, which were then subjected to wind erosion tests.
Bang et al. (2011) found MICP dust control to be very
effective, but its efficiency was subject to the soil type
and grain size distribution, as well as environmental con-
ditions such as humidity and temperature.

In summary, ureolysis-driven MICP has been
explored for several engineered applications involving
porous media, including consolidating sand or soils, cre-
ating subsurface barriers, sealing aquaculture ponds and
suppressing dust. These applications are often controlled
by manipulating the transport and reaction rates to either
promote homogeneous deposition or controlled deposi-
tion in selective areas. In MICP application to porous
media, a complex set of factors, including environmental
conditions may greatly influence the results of the treat-
ment.

Hydraulic control and environmental remediation

Radionuclide and metal remediation

Radionuclide remediation. The US Department of
Energy faces environmental remediation challenges such
as the long-term management of the Hanford site in
Washington, USA, where groundwater is contaminated
with radionuclides (Warren et al. 2001; Fujita et al.
2004, 2008, 2010; Wu et al. 2011). Traditional treatment
methods such as pump and treat have been found inef-
fective at the site to remediate or prevent migration of
mobile radionuclide groundwater contaminants (Fujita
et al. 2008). Therefore, years of research have evolved
methods to stimulate ureolytic subsurface organisms to

Figure 5. Photograph of an 1 mm thick crust of calcite on a
sand surface. Reprinted from Stabnikov et al. (2011), with
permission from Elsevier.



promote CaCO3precipitation which in turn promotes co-
precipitation and solid phase capture of some of these
contaminants, in particular strontium-90, a uraniumfis-
sion by-product (Figure 1j). In subsurface environments
saturated with respect to CaCO3minerals, the co-precipi-
tation forms a long-term immobilization mechanism
while the 90Sr decays (Mitchell & Ferris 2006a; Fujita
et al. 2010; Wu et al. 2011).

Control of strontium co-precipitation in the subsur-
face has been widely researched by studying the rates of
ureolysis and precipitation. Warren et al. (2001) demon-
strated that 95% of total strontium was captured in the
solid phase during batch ureolysis-driven MICP experi-
ments. Further studies demonstrated that S. pasteuriiin
artificial groundwater media exhibited higher rates of
ureolysis at slightly elevated temperatures, strontium co-
precipitation increased with increasing CaCO3precipita-
tion rates, and higher ureolysis rates could reduce the
time to reach critical saturation (Scrit) which is important
since the greatest CaCO3 precipitation rates were
observed nearScrit(Ferris et al. 2003; Fujita et al. 2004;
Mitchell & Ferris 2005).

Since augmentation of subsurface environments with
microbes may not be ideal or feasible, Fujita et al.
(2008) investigated the potential of enriching native ure-
olytic organismsin situin the Eastern Snake River Plain
Aquifer (Idaho, USA) for the purpose of remediating
groundwater by co-precipitating strontium. The authors
suggest that multiple treatments with low concentrations
of a carbon source (molasses) to stimulate the subsurface
community followed by the injection of urea can pro-
mote ureolytic subsurface populations (Fujita et al.
2008). Another microbial enrichment test was performed
with groundwater and sediment samples from wells at
the Hanford site in Washington, USA (Fujita et al.
2010). Urea stimulated sediment samples showed spe-
cific ureolytic activity 2–4 orders of magnitude higher
compared to groundwater samples, leading researchers to
hypothesize that greater activity was associated with
attached (or biofilm) communities compared to plank-
tonic cells (Fujita et al. 2010).

Metal remediation. Toxic metal (eg copper, arsenic, and
chromium) contamination in soil or groundwater has
been attributed to mining and smelting as well as other
industrial activities. Toxic metal contamination is linked
to human health problems and current remediation efforts
can be costly and relatively ineffective. Traditional reme-
diation efforts include phytoremediation, removing, or
covering the soils with clean soil, on-site chemical leach-
ing of contaminants or bioremediation with toxic metal-
tolerant bacterial species (Achal et al. 2012). However,
these treatment methods may not be long-term solutions.
For example, in bioremediation many bacterial species
can decrease the solubility and thus immobilize metals

by changing their redox state. However, future changes
in oxidation-reduction potential could lead to remobiliza-
tion; therefore, an alternate remediation method is
CaCO3-based co-precipitation.

It was previously shown that chromate can be associ-
ated with CaCO3 in co-precipitated form (Hua et al.
2007), also Achal et al. (2012) isolatedSporosarcina
ginsengisoli CR5, an arsenic-tolerant, urease-positive
bacterium and researched its MICP potential to remediate
arsenic contaminated soils. Although growth of the
organism was slowed in the presence of arsenic, signifi-
cant arsenic was removed from aqueous solution during
ureolytic MICP (Achal et al. 2012). Another study
focused on remediation of copperviathe MICP process
by the copper-tolerant, ureolytic organism,Kocuriaflava
CR1. Copper bioremediation studies were performed with
K.flavain urea and calcium containing batch with copper
concentrations up to 1000 mg l1 (Achal, Pan, et al.
2011). The authors reported a positive correlation
between higher urease production and higher copper
removal from aqueous solutions (Achal, Pan, et al. 2011).

In elevated concentrations, metals may be toxic
to organisms involved in remediation. Kurmaç (2009)
evaluated the impact of varying concentrations of lead, cad-
mium, chromium, zinc, copper, and nickel to ureolysis-dri-
ven MICP treatment technology in synthetic wastewater
amended with urea and calcium chloride. They found the
impact of metal toxicity on microbial substrate degradation,
as measured by the reduction in biochemical oxygen
demand (BOD), increased in the following order: Cd (II)
> Cu(II) > Pb(II) > Cr(VI) > Ni(II) > Zn(II) (Kurmaҫ2009).
In the application of MICP, metal toxicity may be a limiting
factor in treatment efficacy, but isolation of metal-tolerant
ureolytic organisms from contaminated environments may
improve the treatment potential.

Polychlorinated biphenyl containment

Additional recalcitrant contaminants threatening environ-
mental and human health are polychlorinated biphenyls
(PCBs), which can contaminate concrete surfaces when
PCB-containing oil leaks from equipment. Methods of
removing PCB-contaminated oil include solvent washing,
hydroblasting, or sandblasting followed by encapsulation
in epoxy coating. Epoxy coating may be ineffective due
to resurfacing of the oil over time (Okwadha & Li
2011). An alternative to epoxy coating is the use of
ureolysis-driven MICP to produce a coating to seal
PCB-contaminated concrete (Figure 1f). By applying
S. pasteuriicultures and urea/calcium treatment to the
surface of PCB-coated cement cylinders, surficial PCB-
containing oils were encapsulated. No leaching through
the MICP coating was observed and permeability was
reduced by 1–5 orders of magnitude (Okwadha & Li
2011).
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Carbon dioxide sequestration

With atmospheric carbon dioxide (CO2) concentrations
on the increase, mitigation strategies are being explored
widely. One proposed mechanism for reducing emissions
is the capture and storage of CO2in deep geologic reser-
voirs, such as deep saline aquifers. The efficacy of this
mitigation method depends on preventing potential CO2

leakage either back to the surface or into overlying aqui-
fers. Possible reasons for leakage may include: (1)
decreased well bore integrity, possibly due to the corro-
sive effect of supercritical CO2, also known as carbon-
ation, or fractures in those well cements; or (2) areas of
increased cap rock permeability (Huerta et al. 2008; Bar-
let-Gouédard et al. 2009; Wigand et al. 2009; Carey
et al. 2010). Traditional well repair methods include the
use of cements (such asfine cement); however, these
may be of higher viscosity than the aqueous solutions
used to promote MICP. Higher viscosityfluids may not
adequately penetrate small pore spaces and potentially
not seal microfractures where low viscosity supercritical
CO2couldfind leakage pathways. As such, MICP may
be an effective tool to seal fractures or high permeability
leakage zones in the context of CO2sequestration (Fig-
ure 1k), and may also be effective in helping to reliably
abandon wells after fossil fuel extraction (Figure 1a).

Three proposed methods to which ureolysis-driven
MICP have been suggested to contribute to in situCO2

leakage mitigation are formation trapping, solubility trap-
ping, and mineral trapping (Dupraz, Menez, et al. 2009;
Mitchell et al. 2010). MICP may reduce permeability to
mitigate leakage potential (formation trapping). Also, the
storage of CO2might be enhanced by ureolysis-driven
MICP by increasing the dissolved CO2(as carbonate or
bicarbonate) in the subsurface formation water (solubility
trapping). Finally, ureolysis-driven MICP might enhance
the precipitation of dissolved CO2in carbonate minerals
(mineral trapping) (Mitchell et al. 2010).

Formation trapping. Engineered MICP has been pro-
posed to protect well cements from supercritical CO2,
plug microfractures in the near well environment and
reduce permeability in cap rock (Mitchell et al. 2010;
Phillips et al. 2013). In these applications, the spatial
extent and temporal efficiency of precipitation must be
controlled. Experiments under atmospheric conditions
have led to evolved injection strategies to promote more
uniform spatial distribution of CaCO3. Pulseflow, with
brieffluid injection followed by batch biomineralization
periods, rather than continuousflow injections precipi-
tated less CaCO3near the influent in sand column reac-
tors. Additionally, reducing the SI near the injection
point during periods of active biomineralization reduced
near-injection-point plugging (Cunningham et al. 2009,
2011; Schultz et al. 2011; Ebigbo et al. 2012). Recently,
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these injection strategies have been used to seal hydrau-
lic fractures in 70 cm diameter sandstone cores under
ambient (Phillips et al. 2013) and high pressure (Phillips
et al. personal communication) conditions.

Solubility and mineral trapping.Spore and biofilm-form-
ingBacillusspecies are resistant to high pressures and
supercritical CO2 (Mitchell et al. 2008, 2009).
Accordingly, Mitchell et al. (2010) studied S. pasteurii,
for ureolysis-driven CaCO3precipitation with a range of
initial13C–CO2head pressures and urea concentration in
artificial groundwater. Precipitated CaCO3 was heavily
enriched in 13C–CO2 and the fraction of 13C–CO2

increased with increasing headspace pressure and urea
concentrations, suggesting that ureolysis enhanced the
amount of carbonate in the CaCO3 derived from
headspace CO2 (g) (mineral trapping). Dupraz, Menez,
et al. (2009) also studied S. pasteurii in artificial
groundwater to determine the transformation of CO2into
a solid carbonate phase (mineral trapping) under different
temperature and salinity conditions (relevant to subsur-
face saline aquifer conditions) with different partial pres-
sures of CO2. While no temperature dependence of
CaCO3precipitation rates was found in their studies, it
was observed that increased salinities increased alkinal-
ization and ureolysis rates, but created a delay in time
before CaCO3precipitation began (Dupraz, Menez, et al.
2009). Finally, Mitchell et al. (2010) also demonstrated
that as pH increases, the DIC increases and headspace
CO2(g) decreases (solubility trapping). It was concluded
that ureolysis-driven MICP in the subsurface can poten-
tially increase the security of long-term CO2storage. On-
going research suggests ureolysis-driven MICP also
occurs at high pressures (>73 bar) and those derived
minerals are relatively stable under the time scales tested
when subjected to supercritical CO2exposure (Mitchell
et al. 2013).

In summary, control of ureolysis-driven MICP for
remediating subsurface environments of strontium con-
taminated groundwater, toxic metal contaminated soils
and groundwater, PCB-contaminated concrete or improv-
ing security of geologically sequestered CO2 has been
widely explored. Research has focused on methods to
maintain ureolytic activity and understand the transport
and reaction rates of urea and calcium, which influence
CaCO3saturation conditions (Table 1). Ureolysis-driven
MICP may effectively treat a wide variety of engineering
challenges, but care should be taken to consider the
maintenance of ureolytic activity (viability of organisms)
under adverse contaminant exposure.

Summary

Much of the literature surrounding ureolysis-driven
MICP focuses on controlling the wide-range of parame-

ters that influence precipitation. The range of variables
and the optimum values determined for specific MICP
applications indicate that there is not one‘recipe’for
controlling MICP in engineered applications. The suc-
cess of MICP treatment depends on the ability to precipi-
tate CaCO3at appropriate locations and times. Ureolysis-
driven MICP is controlled by three main parameters, (1)
the ureolytic activity (of microorganisms), (2) the reac-
tion and transport rates of the substrates, and (3) the sat-
uration conditions of carbonate minerals (Table 1).

First, organisms or enzyme are either injected or
stimulated to provide the catalyst for ureolysis and cells
may act as nucleation sites for precipitation to occur.
Several challenges surround maintaining the ureolytic
activity of microorganisms, such as adverse environmen-
tal conditions (eg high pH or toxic metals), electron
acceptor (eg oxygen) limitations, entombment in calcium
carbonate, and nutrient diffusion limitations causing cell
inactivation after entombment.

Second, the reaction rates and the transport rates of
reactants are manipulated, for example, by changing the
flow conditions (eg velocity) or reagent concentrations.
Factors such asfluid salinity and temperature can influ-
ence the rates of ureolysis and mineral precipitation.
Flow rate andfluid viscosities can influence the transport
conditions. Exploring the dimensionless Da, which is the
ratio of reaction rate to transport rate, as a tool in MICP
design under various conditions may provide valuable
insight for controlling ureolysis and precipitation and
ultimately the success of MICP engineered applications.

Finally, whether calcium carbonate has the thermody-
namic propensity to precipitate is governed by the satura-
tion conditions, and the location and timing of
precipitation can be influenced by the presence of nucle-
ation sites. TheSor SI is determined by the activity of
Ca2

+ and CO3
2 andScritor SIcritare empirical values

which reflect how highly supersaturated a solution must
become before precipitation is observed.Scrit can be
influenced by a variety of factors including but not lim-
ited to ureolysis kinetics and the availability of nucle-
ation sites.

A wide range of factors can impact the saturation
state to promote precipitation of CaCO3 in engineered
MICP technologies (Table 1). Since controlling satura-
tion conditions and precipitation in time and space is a
multi-factored reactive transport challenge, modeling has
become an essential tool to optimize injection and treat-
ment strategies. Current models, carefully interpreted and
calibrated, explore promotion of favorable saturation
state and predict treatment efficacy while decreasing the
need for labor-intensive laboratory experiments (Ebigbo
et al. 2010, 2012; Zhang & Klapper 2010; Barkouki
et al. 2011; Fauriel & Laloui 2011).

Improving the economic and environmental feasibil-
ity of ureolysis-driven MICP treatment must be consid-



ered in the transition from laboratory tofield-relevant
scale engineered MICP technologies. There is an eco-
nomic limitation to the use of laboratory grade nutrient
sources in field applications and alternate nutrient
sources such as inexpensive industrial wastewater, lac-
tose mother liquor (dairy industry), and corn steep liquor
(starch industry) may offer a possibility of cheaper nutri-
ent sources (Achal et al. 2009, 2011a; Mitchell et al.
2010). Additionally, large volumes of reactant and the
production of bacterial cultures for injection (if neces-
sary) may make certain engineered applications of MICP
economically challenging compared to traditional treat-
ments. Optimizing treatment strategies may reduce cost
by minimizing unnecessary injection or the excessive use
of amendments. Unwanted by-products from ureolysis
such as NH4

+, have to be considered and controlled at
least in certain prospective applications. NH4

+is undesir-
able, since groundwater aquifer health may be harmed,
stone discolored, or subsurface communities changed by
metabolic competition (eg outcompeting bioaugmented
organisms) due to NH4

+salts or conversion products (De
Muynck, De Belie, et al. 2010; Tobler et al. 2011).
While promising and effective treatment strategies using
MICP have been demonstrated, additional research is
necessary in order to improve economic feasibility,
define optimal treatment strategies and reduce unwanted
by-products.

Outlook

With the wide variety of ureolysis-driven MICP applica-
tions being researched and developed around the world,
there remain a number of technology development chal-
lenges and thus research opportunities. In order to
improve the potential for successful MICP application,
additional strategies have to be developed through fur-
ther research including, but not limited to: (1) investigat-
ing the potential of biofilm-based MICP approaches
compared to suspended cell-based approaches, specifi-
cally differences in ureolysis and mineral precipitation
kinetics, mineralogy, mineral reactivity and stability
between attached and planktonic cultures; (2) determin-
ing the optimal substrate balance (eg urea and calcium)
for various MICP applications with the goal of optimiz-
ing CaCO3precipitation efficiency, which may increase
economic feasibility and reduce production of unwanted
byproducts; (3) investigating nano- to micro-scale
mineral nucleation processes and determining the effects
on subsequent mineral growth, morphology, and stability
at larger scales; (4) improving mathematical models
describing MICP processes in porous media by develop-
ing quantitative descriptions of fundamental processes at
the micro- and macro-scale (eg ureolysis and growth
kinetics, precipitation kinetics, crystal growth, and
microbe-mineral interactions) as well as integrating these

process descriptions into Darcy-scale models for large-
scale application design; (5) experimenting at larger
scales, which, together with the developed models, will
allow for the evaluation of the importance of transport
processes in controlling MICP for engineeredfield appli-
cation; (6) developingin situmonitoring technologies
(such as geophysical methods) that allow assessment
of success in field applications; and (7) evaluating
long-term stability of MICP treatments compared to
conventional (eg cement-based) technologies.

It is evident that the implementation of MICP-based
technologies on afield scale requires the expertise of
many disciplines, and multi-disciplinary research and
development teams will be necessary. This review sum-
marizes the research results across many proposed engi-
neered applications in an effort to inspire researchers to
address the key research and development questions nec-
essary to move MICP technologies toward commercial
scale applications.

In conclusion, ureolysis-driven MICP has been
suggested for a wide variety of engineered treatments
including modification of construction materials, cement-
ing porous media, hydraulic control, and remediating
environmental contaminants (Figure 1). A majority of the
literature focuses on promoting ureolytic activity, under-
standing the reaction and transport conditions, and ulti-
mately manipulating the saturation state to achieve the
desired timing and location of CaCO3precipitation. Many
potential applications of ureolysis-driven MICP exist,
including those discussed in this review and other appli-
cations such as stabilizing building foundations or slopes;
minimizing erosion, stabilizing grounds prior to tunnel-
ing; sealing tunnel seepage; strengthening earthen dams
and dikes; strengthening dunes to protect shorelines or
prevent desertification; as well as removing calcium from
waste streams (Hammes 2002; DeJong et al. 2010, 2011).
A diverse, multi-disciplinary research effort including
field demonstrations, modeling, and elucidation of the
fundamental mechanisms of ureolysis-driven MICP has
and will continue to aid in the effort of transitioning
MICP-based technologies from the laboratory to the field.

Acknowledgments

Funding was provided from the US Department of Energy
(DOE) under NETL No. DE-FE0004478 and DE-FE0009599
and Zero Emissions Research Technology Center (ZERT),
Award No. DE-FC26-04NT42262, DOE EPSCoR Award
No. DE-FG02-08ER46527 and Subsurface Biogeochemical
Research (SBR) Program, contract No. DE-FG02-09ER64758.
Additional funding was provided through National Science
Foundation Award No. DMS-0934696 and European Union
Marie Curie Reintegration Grant, No. 277005. Any opinions,
findings, conclusions, or recommendations expressed herein are
those of the authors and do not necessarily reflect the views of
the DOE. Special thanks to Peg Dirckx for the artwork. The



authors also wish to thank James Connolly and the anonymous
reviewers for their valuable suggestions to improve the
manuscript.

References

Achal V, Mukherjee A, Basu P, Reddy M. 2009. Lactose
mother liquor as an alternative nutrient source for microbial
concrete production by Sporosarcina pasteurii. J Ind
Microbiol Biotechnol. 36:433–438.

Achal V, Mukherjee A, Reddy M. 2011a. Effect of calcifying
bacteria on permeation properties of concrete structures. J
Ind Microbiol Biotechnol. 38: 1229–1234.

Achal V, Mukherjee A, Reddy MS. 2011b. Microbial concrete:
way to enhance the durability of building structures. J
Mater Civil Eng. 23:730–734.

Achal V, Pan X, Fu Q, Zhang D. 2012. Biomineralization
based remediation of As(III) contaminated soil by
Sporosarcina ginsengisoli. J Hazard Mater. 201:178–184.

Achal, V Pan, X Özyurt, N. 2011. Improved strength and dura-
bility offly ash-amended concrete by microbial calcite pre-
cipitation. Ecol Eng. 37:554–559.

Achal V, Pan X, Zhang D. 2011. Remediation of copper-con-
taminated soil byKocuriaflavaCR1, based on microbially
induced calcite precipitation. Ecol Eng. 37:1601–1605.

Al Qabany A, Soga K, Santamarina C. 2012. Factors affecting
efficiency of microbially induced calcite precipitation. J
Geotech Geoenviron Eng. 138:992–1001.

Al-Thawadi SM. 2011. Ureolytic bacteria and calcium carbon-
ate formation as a mechanism of strength enhancement of
sand. J Adv Sci Eng Res. 1:98–114.

Bachmeier KL, Williams AE, Warmington JR, Bang SS. 2002.
Urease activity in microbiologically-induced calcite precipi-
tation. J Biotechnol. 93:171–181.

Bang S, Galinat J, Ramakrishnan V. 2001. Calcite precipitation
induced by polyurethane-immobilizedBacillus pasteurii.
Enzyme Microb Technol. 28:404–409.

Bang S, Min SH, Bang SS. 2011. Application of microbially
induced soil stabalization technique for dust suppression.
Int J Geo-Eng. 3:27–37.

Bang SS, Lippert JJ, Yerra U, Mulukutla S, Ramakrishnan V.
2010. Microbial calcite, a bio-based smart nanomaterial in
concrete remediation. Int J Smart Nano Mater. 1:28–39.

Barkouki T, Martinez B, Mortensen B, Weathers T, De Jong J,
Ginn T, Spycher N, Smith R, Fujita Y. 2011. Forward and
inverse bio-geochemical modeling of microbially induced
calcite precipitation in half-meter column experiments.
Transport Porous Med. 90:23–39.

Barlet-Gouédard V, Rimmelé G, Porcherie O, Quisel N, Desro-
ches J. 2009. A solution against well cement degradation
under CO2 geological storage environment. Int J Green-
house Gas Control. 3:206–216.

Benzerara K, Miot J, Morin G, Ona-Nguema G, Skouri-Panet
F, Férard C. 2011. Significance, mechanisms and environ-
mental implications of microbial biomineralization. CR
Geosci. 343:160–167.

Berkowitz B, Zhou J. 1996. Reactive solute transport in a sin-
gle fracture. Water Resour Res. 32:901–913.

Bouwer E, Rijnaarts H, Cunningham A, Gerlach R. 2000. Biofilms
in porous media. In: Bryers J, editor. Biofilms II: process analy-
sis and applications. New York: Wiley-Liss; p. 123–158.

Braissant O, Cailleau G, Dupraz C, Verrecchia A. 2003. Bacte-
rially induced mineralization of calcium carbonate in terres-
trial environments: the role of exopolysaccharides and
amino acids. J Sediment Res. 73:485–490.

Burbank MB, Weaver TJ, Green TL, Williams BC, Crawford
RL. 2011. Precipitation of calcite by indigenous microor-
ganisms to strengthen liquefiable soils. Geomicrobiol J.
28:301–312.

Burbank MB, Weaver TJ, Williams BC, Crawford RL. 2012.
Urease activity of ureolytic bacteria isolated from six soils
in which calcite was precipitated by indigenous bacteria.
Geomicrobiol J. 29:389–395.

Carey JW, Svec R, Grigg R, Zhang J, Crow W. 2010. Experi-
mental investigation of well bore integrity and CO2-brine
flow along the cement-casing annulus. Int J Greenhouse
Gas Control. 4:272–282.

Chahal N, Siddique R, Rajor A. 2012a. Influence of bacteria
on the compressive strength, water absorption and rapid
chloride permeability of concrete incorporating silica fume.
Construct Build Mater. 37:645–651.

Chahal N, Siddique R, Rajor A. 2012b. Influence of bacteria
on the compressive strength, water absorption and rapid
chloride permeability offly ash concrete. Construct Build
Mater. 28:351–356.

Cunningham AB, Gerlach R, Spangler L, Mitchell AC. 2009.
Microbially enhanced geologic containment of sequestered
supercritical CO2. Int J Greenhouse Gas Control. 1:3245–
3252.

Cunningham AB, Gerlach R, Spangler L, Mitchell AC, Parks
S, Phillips A. 2011. Reducing the risk of well bore leakage
of CO2using engineered biomineralization barriers. Energy
Procedia. 4:5178–5185.

Cunningham AB, Sharp RR, Caccavo Jr F, Gerlach R. 2007.
Effects of starvation on bacterial transport through porous
media. Adv Water Res. 30:1583–1592.

Chunxiang Q, Jianyun W, Ruixing W, Liang C. 2009. Corro-
sion protection of cement-based building materials by sur-
face deposition of CaCO3byBacillus pasteurii. Mater Sci
Eng C. 29:1273–1280.

Cuthbert MO, Riley MS, Handley-Sidhu S, Renshaw JC,
Tobler DJ, Phoenix VR, Mackay R. 2012. Controls on the
rate of ureolysis and the morphology of carbonate precipi-
tated byS. pasteuriibiofilms and limits due to bacterial
encapsulation. Ecol Eng. 41:32–40.

De Muynck W, Debrouwer D, De Belie N, Verstraete W. 2008.
Bacterial carbonate precipitation improves the durability
of cementitious materials. Cem Concrete Res. 38:1005–
1014.

De Muynck W, De Belie N, Verstraete W. 2010. Microbial car-
bonate precipitation in construction materials: a review.
Ecol Eng. 36:118–136.

De Muynck W, Leuridan S, Van Loo D, Verbeken K, Cnudde
V, De Belie N, Verstraete W. 2011. Influence of pore struc-
ture on the effectiveness of a biogenic carbonate surface
treatment for limestone conservation. Appl Environ Micro-
biol. 77:6808–6820.

De Muynck W, Verbeken K, De Belie N, Verstraete W. 2010.
Influence of urea and calcium dosage on the effectiveness
of bacterially induced carbonate precipitation on limestone.
Ecol Eng. 36:99–111.

Decho AW. 2010. Overview of biopolymer-induced
mineralization: what goes on in biofilms? Ecol Eng. 36:
137–144.

DeJong JT, Fritzges MB, Nüsslein K. 2006. Microbially
induced cementation to control sand response to undrained
shear. J Geotech Geoenviron Eng. 132:1381–1392.

DeJong JT, Mortensen BM, Martinez BC, Nelson DC.
2010. Bio-mediated soil improvement. Ecol Eng. 36:
197–210.



DeJong JT, Soga K, Banwart SA, Whalley WR, Ginn TR, Nel-
son DC, Mortensen BM, Martinez BC, Barkouki T. 2011.
Soil engineeringin vivo: harnessing natural biogeochemical
systems for sustainable, multi-functional engineering solu-
tions. J R Soc Interface. 8:1–15.

Dick J, De Windt W, De Graef B, Saveyn H, Van der Meeren
P, De Belie N, Verstraete W. 2006. Bio-deposition of a cal-
cium carbonate layer on degraded limestone byBacillus
species. Biodegradation. 17:357–367.

Dijk P, Berkowitz B. 1998. Precipitation and dissolution of reac-
tive solutes in fractures. Water Resour Res. 34:457–470.

Domenico PS, Schwartz FW. 1998. Physical and chemical
hydrogeology, 2nd ed. New York: Wiley.

Douglas S, Beveridge T. 1998. Mineral formation by bacteria
in natural microbial communities. FEMS Microbiol Ecol.
26:79–88.

Dupraz S, Menez B, Gouze P, Leprovost R, Benezeth P, Pok-
rovsky O, Guyot F. 2009. Experimental approach of CO2
biomineralization in deep saline aquifers. Chem Geol.
265:54–62.

Dupraz S, Parmentier M, Menez B, Guyot F. 2009. Experimen-
tal and numerical modeling of bacterially induced pH
increase and calcite precipitation in saline aquifers. Chem
Geol. 265:44–53.

Ebigbo A, Helmig R, Cunningham A, Class H, Gerlach R.
2010. Modelling biofilm growth in the presence of carbon
dioxide and waterflow in the subsurface. Adv Water Res.
33:762–781.

Ebigbo A, Phillips A, Gerlach R, Helmig R, Cunningham AB,
Class H, Spangler L. 2012. Darcy-scale modeling of micro-
bially induced carbonate mineral precipitation in sand col-
umns. Water Resour Res. 48:W07519.

Fauriel S, Laloui L. 2011. A bio-hydro-mechanical model for
propagation of biogrout in soils. In: Han J, Alzamora DA,
editors. Geo-Frontiers 2011:4041–4048.

Ferris F, Phoenix V, Fujita Y, Smith R. 2003. Kinetics of cal-
cite precipitation induced by ureolytic bacteria at 10 to 20
degrees C in artificial groundwater. Geochim Cosmochim
AC. 67:1701–1710.

Ferris F, Stehmeier L, Kantzas A, Mourits F. 1996. Bacterio-
genic mineral plugging. J Can Petrol Technol. 35:56–61.

Fidaleo M, Lavecchia R. 2003. Kinetic study of enzymatic urea
hydrolysis in the pH range 4–9. Chem Biochem Eng Q.
17:311–318.

Foppen JWA, Schijven JF. 2006. Evaluation of data from the
literature on the transport and survival ofEscherichia coli
and thermotolerant coliforms in aquifers under saturated
conditions. Water Res. 40:401–426.

Fouke BW. 2011. Hot-spring systems geobiology: abiotic and
biotic influences on travertine formation at Mammoth Hot
Springs, Yellowstone National Park, USA. Sedimentology.
58:170–219.

Fujita Y, Redden GD, Ingram JC, Cortez MM, Ferris FG,
Smith RW. 2004. Strontium incorporation into calcite gen-
erated by bacterial ureolysis. Geochim Cosmochim AC. 68:
3261–3270.

Fujita Y, Taylor JL, Gresham T, Delwiche M, Colwell F, McLing T,
Petzke L, Smith R. 2008. Stimulation of microbial urea
hydrolysis in groundwater to enhance calcite precipitation.
Environ Sci Technol. 42:3025–3032.

Fujita Y, Taylor J, Wendt L, Reed D, Smith R. 2010. Evaluat-
ing the potential of native ueolytic microbes to remediate a
(90)Sr contaminated environment. Environ Sci Technol.
44:7652–7658.

Gerlach R, Cunningham AB. 2011. Influence of biofilms on
porous media. In: Vafai K, editor. Porous media: applica-
tions in biological systems and biotechnology. Boca Raton
(FL): Taylor & Francis; p. 173–230.

Gollapudi UK, Knutson CL, Bang SS, Islam MR. 1995. A new
method for controlling leaching through permeable chan-
nels. Chemosphere. 30:695–705.

Hammes F. 2002. Ureolytic microbial calcium carbonate pre-
cipitation [PhD thesis]. Ghent: Ghent University.

Hammes F, Boon N, de Villiers J, Verstraete W, Siciliano S.
2003. Strain-specific ureolytic microbial calcium carbonate
precipitation. Appl Environ Microbiol. 69:4901–4909.

Hammes F, Verstraete W. 2002. Key roles of pH and calcium
metabolism in microbial carbonate precipitation. Rev Envi-
ron Sci Biotechnol. 1:3–7.

Harkes MP, van Paassen LA, Booster JL, WhiffinVS, van
Loosdrecht MCM. 2010. Fixation and distribution of bacte-
rial activity in sand to induce carbonate precipitation for
ground reinforcement. Ecol Eng. 36:112–117.

Hua B, Deng B, Thornton E, Yang J, Amonette J. 2007.
Incorporation of chromate into calcium carbonate structure dur-
ing coprecipitation. Water Air Soil Pollut. 179:381–390.

Huerta NJ, Bryant SL, Conrad L. 2008. Cement core experi-
ments with a conductive leakage pathway, under confining
stress and alteration of cement’s mechanical properties via a
reactivefluid, as an analog for CO2leakage scenario. In:
SPE/DOE Symposium on Improved Oil Recovery, Vol. SPE
113375-MS. Tulsa, OK: Society of Petroleum Engineers.

Ivanov V, Chu J. 2008. Applications of microorganisms to geo-
technical engineering for bioclogging and biocementation
of soilin situ. Rev Environ Sci Biotechnol. 7:139–153.

Jenneman G, McInerney M, Knapp R. 1985. Microbial penetra-
tion through nutrient-saturated berea sandstone. Appl Envi]
ron Microbiol. 50:383–391.

Jiménez-López C, Caballero E, Huertas FJ, Romanek CS.
2001. Chemical, mineralogical and isotope behavior, and
phase transformation during the precipitation of calcium
carbonate minerals from intermediate ionic solutions at 25°
C. Geochim Cosmochim AC. 65:3219–3231.

Jonkers HM, Thijssen A, Muyzer G, Copuroglu O, Schlangen E.
2010. Application of bacteria as self-healing agent for the
development of sustainable concrete. Ecol Eng. 36:230–235.

Kurmaç Y. 2009. The impact of toxicity of metals on the
activity of ureolytic mixed culture during the precipitation
of calcium. J Hazard Mater. 163:1063.

Lauchnor EG, Schultz LN, Bugni S, Mitchell AC, Cunningham
AB, Gerlach R. 2013. Bacterially induced calcium carbon-
ate precipitation and strontium coprecipitation in a porous
mediaflow system. Environ Sci Technol. 47:1557–1564.

Martin D, Dodds K, Ngwenya B, Butler I, Elphick S. 2012. Inhi-
bition ofSporosarcina pasteuriiunder anoxic conditions:
implications for subsurface carbonate precipitation and rme-
diation via ureolysis. Environ Sci Technol. 46:8351–8355.

Mitchell AC, Dideriksen K, Spangler L, Cunningham A,
Gerlach R. 2010. Microbially enhanced carbon capture
and storage by mineral-trapping and solubility-trapping.
Environ Sci Technol. 44:5270–5276.

Mitchell AC, Ferris F. 2005. The coprecipitation of Sr into cal-
cite precipitates induced by bacterial ureolysis in artificial
groundwater: temperature and kinetic dependence. Geochim
Cosmochim AC. 4199–4210.

Mitchell AC, Ferris F. 2006a. Effect of strontium contaminants
upon the size and solubility of calcite crystals precipitated
by the bacterial hydrolysis of urea. Environ Sci Technol.
40:1008–1014.



Mitchell AC, Ferris F. 2006b. The Influence of Bacillus
pasteuriion the nucleation and growth of calcium carbon-
ate. Geomicrobiol J. 23:213–226.

Mitchell AC, Phillips AJ, Hamilton M, Gerlach R, Hollis W,
Kaszuba J, Cunningham A. 2008. Resilience of planktonic
and biofilm cultures to supercritical CO2. J Supercritical
Fluids. 47:318–325.

Mitchell AC, Phillips AJ, Hiebert R, Gerlach R, Spangler L,
Cunningham A. 2009. Biofilm enhanced geologic seques-
tration of supercritical CO2. Int J Greenhouse Gas Control.
3:90–99.

Mitchell AC, Phillips AJ, Schultz L, Parks S, Spangler L,
Cunningham A, Gerlach R. 2013. Microbial CaCO3min-
eral formation and stability in an experimentally simulated
high pressure saline aquifer with supercritical CO2. Int J
Greenhouse Gas Control. 15:86–96.

Mitchell JK, Santamarina JC. 2005. Biological considerations
in geotechnical engineering. J Geotech Geoenviron Eng.
131:1222–1233.

Mobley HLT, Hausinger RP. 1989. Microbial ureases: signifi-
cance, regulation, and molecular characterization. Microbiol
Rev. 53:85–108.

Morse JW, Casey WH. 1988. Ostwald processes and mineral
paragenesis in sediments. Am J Sci. 288:537–560.

Mortensen B, Haber M, DeJong J, Caslake L, Nelson D. 2011.
Effects of environmental factors on microbial induced cal-
cium carbonate precipitation. J Appl Microbiol. 111:338–
349.

Northup DE, Lavoie KH. 2001. Geomicrobiology of caves: a
review. Geomicrobiol J. 18:199–222.

Okwadha G, Li J. 2010. Optimum conditions for microbial car-
bonate precipitation. Chemosphere. 81:1143–1148.

Okwadha G, Li J. 2011. Biocontainment of polychlorinated
biphenyls (PCBs) onflat concrete surfaces by microbial
carbonate precipitation. J Environ Manage. 92:2860–2864.

Parks SL. 2009. Kinetics of calcite precipitation by ureolytic
bacteria under aerobic and anaerobic conditions [Master’s
thesis]. Bozeman: Montana State University.

Phillips AJ, Lauchnor E, Eldring J, Esposito R, Mitchell AC,
Gerlach R, Cunningham AB, Spangler LH. 2013. Potential
CO2 leakage reduction through biofilm-induced calcium
carbonate precipitation. Environ Sci Technol. 47:142–149.

Ramachandran SK. 2001. Remediation of concrete using
micro-organisms. ACI Mater J. 98:3.

Rodriguez-Navarro C, Jiménez-López C, Rodriguez-Navarro A,
Gonzalez-Muñoz MT, Rodriguez-Gallego M. 2007. Bacteri-
ally mediated mineralization of vaterite. Geochim Cosmo-
chim AC. 71:1197–1213.

Rusu C, Cheng X, Li M. 2011. Biological clogging in
Tangshan sand columns under salt water intrusion by
Sporosarcina pasteurii. Adv Mater Res. 250:2040–2046.

Scholl MA, Mills AL, Herman JS, Hornberger GM. 1990. The
influence of mineralogy and solution chemistry on the
attachment of bacteria to representative aquifer materials. J
Contam Hydrol. 6:321–336.

Schultz L, Pitts B, Mitchell AC, Cunningham A, Gerlach R.
2011. Imaging biologically induced mineralization in fully
hydratedflow systems. Microsc Today. 19:12–15.

Siddique R, Chahal NK. 2011. Effect of ureolytic bacteria
on concrete properties. Construct Build Mater. 25:3791–
3801.

Stabnikov V, Naeimi M, Ivanov V, Chu J. 2011. Formation of
water-impermeable crust on sand surface using biocement.
Cem Concrete Res. 41:1143–1149.

Stocks-Fischer S, Galinat J, Bang S. 1999. Microbiological pre-
cipitation of CaCO3. Soil Biol Biochem. 31:1563–1571.

Stumm W, Morgan JJ. 1996. Aquatic chemistry: chemical
equilibria and rates in natural waters, 3rd ed. New York:
Wiley.

Tobler DJ, Cuthbert MO, Greswell RB, Riley MS, Renshaw
JC, Handley-Sidhu S, Phoenix VR. 2011. Comparison of
rates of ureolysis betweenSporosarcina pasteuriiand an
indigenous groundwater community under conditions
required to precipitate large volumes of calcite. Geochim
Cosmochim AC. 75:3290–3301.

Tobler D, Maclachlan E, Phoenix V. 2012. Microbially medi-
ated plugging of porous media and the impact of differing
injection strategies. Ecol Eng. 42:270–278.

Tourney J, Ngwenya BT. 2009. Bacterial extracellular poly-
meric substances (EPS) mediate CaCO3 morphology and
polymorphism. Chem Geol. 262:138–146.

van Elsas JD, Hill P, Chronakova A, Grekova, M, Topalova Y,
Elhottova D, Kristufek V. Survival of genetically marked
Escherichia coli O157:H7 in soil as affected by soil micro-
bial community shifts. ISME J. 1: 204–214.

van Paassen L, Ghose R, van der Linden T, van der Star W,
van Loosdrecht M. 2010. Quantifying biomediated ground
improvement by ureolysis: large-scale biogrout experiment.
J Geotech Geoenviron Eng. 136:1721–1728.

Van Tittelboom K, De Belie N, De Muynck W, Verstraete W.
2010. Use of bacteria to repair cracks in concrete. Cem
Concrete Res. 40:157–166.

van Veen JA, van Overbeek LS, van Elsas JD. 1997. Fate and
activity of microorganisms introduced to soil. Microbiol
Mol Biol Rev. 61:121–135.

Wang J, Van Tittelboom K, De Belie N, Verstraete W. 2012.
Use of silica gel or polyurethane immobilized bacteria for
self-healing concrete. Constr Build Mater. 26:532–540.

Warren LA, Maurice PA, Parmar N, Ferris FG. 2001. Microbi-
ally mediated calcium carbonate precipitation: implications
for interpreting calcite precipitation and for solid-phase cap-
ture of inorganic contaminants. Geomicrobiol J. 18:93–115.

Whiffin VS. 2004. Microbial CaCO3precipitation for the pro-
duction of biocement [PhD thesis]. Perth: Murdoch Univer-
sity.

Whiffin VS, van Paassen L, Harkes M. 2007. Microbial car-
bonate precipitation as a soil improvement technique. Geo-
microbiol J. 24:417–423.

Wigand M, Kaszuba JP, Carey JW, Hollis WK. 2009. Geo-
chemical effects of CO2sequestration on fractured wellbore
cement at the cement/caprock interface. Chem Geol.
265:122–133.

Wiktor V, Jonkers H. 2011. Quantification of crack-healing in
novel bacteria-based self-healing concrete. Cem Concrete
Compos. 33:763–770.

Wu YJ, Ajo-Franklin JB, Spycher N, Hubbard S, Zhang G,
Williams K, Taylor J, Fujita Y, Smith R. 2011. Geophysical
monitoring and reactive transport modeling of ureolytically-
driven calcium carbonate precipitation. Geochem Trans.
12:7.

Yoon JH, Lee KC, Weiss N, Kho YH, Kang KH, Park YH.
2001.Sporosarcina aquimarinasp. nov., a bacterium iso-
lated from seawater in Korea, and transfer ofBacillus
globisporus(Larkin and Stokes 1967),Bacillus psychrophi-
lus(Nakamura 1984) andBacillus pasteurii(Chester 1898)
to the genusSporosarcina as Sporosarcina globispora
comb. nov., Sporosarcina psychrophila comb. nov.



and Sporosarcina pasteurii comb. nov., and emended
description of the genusSporosarcina. Int J System Evol
Microbiol. 51:1079–1086.

Zamarreńo D, Inkpen R, May E. 2009. Carbonate crystals pre-
cipitated by freshwater bacteria and their use as a limestone
consolidant. Appl Environ Microbiol. 75:5981–5990.

Zhang C, Dehoff K, Hess N, Oostrom M, Wietsma TW, Valoc-
chi AJ, Fouke BW, Werth CJ. 2010. Pore-scale study of
transverse mixing induced CaCO3precipitation and perme-
ability reduction in a model subsurface sedimentary system.
Environ Sci Technol. 44:7833–7838.

Zhang T, Klapper I. 2010. Mathematical model of biofilm induced
calcite precipitation. Water Sci Technol. 61:2957–2964.


	IRScholarworksPDFCoverPage
	13-021_Engineered_applications_of_

