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icrobiologically induced mineralization to plug pore spaces is a novel biotechnology to miti-gate the potential leakage of geologically 
arbon dioxide from preferential leakage pathways. The bacterial hydrolysis of urea (ureolysis) which can induce calcium carbonate 
via a pH increase and the production of carbonate ions, was investigated under conditions that approximate sub-surface storage 

, using a unique high pressure (∼7.5 MPa) moderate temperature (32 ◦C) flow reactor housing a synthetic porous media core. The synthetic 
ulated with the ureolytic organism Sporosarcina pasteurii and pulse-flow of a urea inclusive saline growth medium was established through 
system was gradually pressurized to 7.5 MPa over the first 29 days. Concentra-tions of NH4+, a by-product of urea hydrolysis, increased in 
or effluent over the first 20 days, and then stabilized at a maximum concentration consistent with the hydrolysis of all the available urea. pH 
r the first 6 days from 7 to 9.1, consistent with buffering by NH4+ ⇔NH3 + H+. Ureolytic colony forming units were consistently detected 
 effluent, indicating a biofilm developed in the high pressure system and maintained viability at pressures up to 7.5 MPa. All available 
precipitated as calcite. Calcite precipitates were exposed to dry supercritical CO2 (scCO2), water-saturated scCO2, scCO2-saturated brine, 
ric pressure brine. Calcite precipitates were resilient to dry scCO2, but suffered some mass loss in water-saturated scCO2 (mass loss 17 ± 
 h, 36 ± 7.5% after 2 h). Observations in the presence of scCO2 saturated brine were ambiguous due to an artifact associated with the 
on of the scCO2 saturated brine before sampling. The degassing of pressurized brine resulted in significant abrasion of calcite crystals and 
ass loss of approximately 92 ± 50% after 48 h. However dissolution of calcite crystals in brine at atmospheric pressure, but at the pH of the 

ted brine, accounted for only approximately 7.8 ± 2.2% of the mass loss over the 48 h period. These data suggest that microbially induced 
, with the purpose of reducing the permeability of preferential leakage pathways during the operation of GCS, can occur under high pressure 

on conditions.
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Table 1
Summary of scCO2 and/or brine exposures of CaCO3 undertaken in the high pressure vessel.

Exposure Pressure Temperature Description

1 Ambient Room Coupons in brine for 4 h, initial pH 7.61
2 Ambient Room Coupons in brine for 24 h, initial pH 7.61
3 Ambient Room Coupons in brine for 168 h, initial pH 7.61
4 1300 psi 37 ◦C Coupons in scCO2 for 2 h
5 1250 psi 37 ◦C Coupons in brine-saturated scCO2 for 2 h
6 1250 psi 37 ◦C Coupons in brine-saturated scCO2 for 48 h
7 1250 psi 37 ◦C Coupons in scCO2-saturated brine for 2 h
8 1250 psi 37 ◦C Coupons in scCO2-saturated brine for 48 h
9
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05). These observations agree with reports by (Kaszuba
ky, 2009) who report typical pH values of 3.5–4 for CO2
cidic brines. Therefore the pH of the 162 g L−1 TDS brine
e current study was estimated to have a pH of > 4. Hence,

o expose the coupons to the most acidic conditions likely,
s adjusted to pH 4 with HNO3, and coupons were exposed
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atios were used to minimize pH changes due to CaCO3
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e precipitates before and after exposure (Supplemental
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ts

lysis and carbonate mineral formation at ∼7.5 MPa
conditions

ow reactor was operated at atmospheric pulse-flow con-
ith calcium free medium (CMM−), for the first 17 days of
iment. During this period, NH4

+ concentrations increased
from ∼3000 mg L−1, which is the free NH4

+ concentra-
e CMM− from NH4Cl, to ∼11,000 mg L−1, indicating the
of NH4

+ from the hydrolysis of urea (Eqs. (1), (2) and
3). The pH also increased from 7 to 9.1 within the first
ig. 3), consistent with buffering by NH4

+ = NH3 + H+, the
t buffer in the system, which has a pKa value of 9.3 at 30 ◦C
and Ferris, 2005). Viable cells measured in the reactor

enerally increased during this period, up to a maximum of
× 107 CFU, and 100% of the tested CFUs were ureolytically
g. 3). Influent media samples during this period exhibited
centrations of ∼3000 mg L−1, a pH of ∼7, and there were
able CFUs (Fig. 3), demonstrating that the influent medium
een contaminated by ureolytic organisms, and that ureol-
occurring only in or downstream of the synthetic porous
re.
g on day 18, pressure was gradually increased from atmo-

o 7.5 MPa as the daily pulse-flow of CMM− continued
uring this period, effluent pH remained at ∼9.1. NH4

+

ations gradually increased over this period to a maximum
± 1229 mg L−1, consistent with the hydrolysis of all the
urea, as did ureolytic CFUs, on average which increased
07 ± 4.8 × 106 (Fig. 3). During the period of pressuriza-
MPa, influent media still exhibited NH4

+ concentrations
mg L−1, pH was ∼7, and there were no CFUs, again indi-
at the influent medium had not been contaminated by
organisms, and that ureolysis was occurring in the syn-
rous media core (Fig. 3). Pressurization of the CMM− and
m inclusive media, CMM+, in the absence of S. pasteurii
a in the HPV for 24 h (Fig. 2) did not result in any NH4

+

n, change in pH or, in the case of the CMM+ experiments,



Fig. 3. Pressure, influent and effluent NH4
+, pH, Ca2+ and ureolytic colony forming

units from the high pressure (∼7.5 MPa) moderate temperature (32 ◦C) flow reac-
tor containing a synthetic porous media core. Ca free CaCO3 mineralizing medium
(CMM−) described by Ferris et al. (1996) was used as the influent media from time
0 to day 38, after which the CMM media included Ca (CMM+).

Table 2
Aqueous chemistry of CaCO3 mineralizing medium (CMM+) described by Ferris
et al. (1996) after exposure to abiotic high pressure conditions (8.9 MPa) in the
high pressure vessel. Experiments repeated with CMM excluding calcium (CMM−)
demonstrating that urea hydrolysis is not induced abiotically by high pressure con-
ditions. Concentrations in mg L−1.

Sample pH NH4
+ Na+ Mg2+ K+ Ca2+ Ba2+

CMM− + pressure 7.37 3.22 6.76 0.025 1.15 0.200 0.001
CMM− 7.15 3.45 6.60 0.025 1.12 0.18 0.001
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in Ca2+ concentrations, which confirmed that increased
alone did not result in the hydrolysis of urea (Table 2).
the flow system had been pressurized to 7.5 MPa, the

as switched to CMM+, containing 1000 mg L−1 (25 mM)
concentration of Ca2+ in the flow reactor effluent was only
g L−1 after the first 24 h, and remained at this concentra-
e remainder of the experiment (Fig. 3). During this period,

re no appreciable changes in effluent pH, NH4
+ concentra-

reolytic CFUs. After 45 days the system was depressurised
lass capillaries inside the core were retrieved. Stereoscope
d XRD analysis (Supplemental Information, Fig. SI2) indi-
t calcite had precipitated inside the glass capillaries of

demonstrating that ureolysis induced CaCO3 precipitation
under high pressure conditions ∼7.5 MPa. Additionally,
itates were observed in the effluent accumulator, and the
MM+ media exhibited consistent Ca2+ concentrations of

g L−1, indicating that precipitation occurred in the core
der pressure or down the flow path of the core (Fig. 3), and

e effluent accumulator during depressurisation. A crystal
radient could be observed, with a greater crystal density
flow (influent) end of the core. Crystal size analysis with

oftware (Mitchell and Ferris, 2006a,b) of 5 stereoscope
om throughout the core revealed the average, minimum
mum crystal size was 57 �m, 10 �m and 102 �m respec-
ith a standard deviation of 21 �m. This ignored crystals
e stereoscope detection limit of ∼5 �m (Schultz et al.,

um carbonate mineral stability with supercritical
mixtures

er to examine stability of the microbiologically precipi-
O3 during brine and scCO2 exposure, CaCO3 precipitates
rbonate coupons were challenged with scCO2-brine mix-
igh pressure (∼8.9 MPa) conditions in the HPV (Fig. 5) and
spheric pressure brines. Incubation of CaCO3 in brine, pH
tmospheric pressure for 4 h, 24 h and 1 week, lead to a
ass change of −7 ± 0.036%, −10% ± 4.7% and −23% ± 2.5%
ely for experiments 1–3. However the difference in min-
s from before and after exposure was not statistically
t for the three experiments (Fig. 5) and therefore did
st that brine exposure at atmospheric conditions led to

cally significant change in the mass of CaCO3 on these
s. Exposure to scCO2 for 48 h did not lead to an observable
nge (−0.4 ± 0.01% variation) demonstrating that dry (i.e.
ture containing) scCO2 has no effect on the mineral mass.
sure of CaCO3 to brine saturated with scCO2 resulted in
ant mass change of CaCO3 during both 2 h (−84%, ±35%
) and 48 h (−92%, ±50% variation) of exposure. However,
s loss is being attributed to an artifact associated with

ssurization process, which resulted in significant turbu-
he brine filled portion of the HPV. Highly intense bubble

was observed during out-gassing of CO2 during depres-
, which occurred at a rate of 1.158 MPa min−1 for the 2 h



Fig. 4. Images of CaCO3 precipitates formed inside the capillary of the synthetic porous media core in the high pressure (∼7.5 MPa) moderate temperature (32 ◦C) flow
reactor. (a) CaCO3 precipitates (in white) inside one of the 5 cm long glass tubes (capillaries) that were inserted in the artificial core. Decreasing crystal density can be seen
in the direc aCO3
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ced by the discovery of some CaCO3 crystals in the bot-
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e vapour) exhibited a mass change of −36 ± 7.5% during
osure, and −17 ± 3.6% during 48 h of exposure.
the physical disturbance that the coupons undergo dur-

ssurisation and degassing of the brine, and the effect this
e upon the mineral mass loss, coupons were also exposed
t atmospheric pressure, acidified to pH 4, the estimated
1.5 M scCO2 saturated brine at 8.9 MPa used in the scCO2
brine experiments (Allen et al., 2005; Carey et al., 2010;
Sun, 2003; Kaszuba and Janecky, 2009; Kaszuba et al.,
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ass change of only −3.4 ± 0.67% over 2 h and −7.8± 2.2%
(Fig. 5). Stereoscope images of the CaCO3 precipitates
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crystals inside the 1 mm internal diameter capillary, (c and d) close-up
g on the inside wall of the capillary. While crystals were clearly visible,

d after exposure to the scCO2-brine mixtures exhibited
morphological changes on the 10–100 �m scale (Fig. 6).
ysis of the precipitates before and after the scCO2/brine
revealed only calcite, demonstrating that there were no

in mineralogy due to interaction with scCO2 and brine
ental Information, Section SI2, Fig. SI2).

ssion

lysis and carbonate mineral formation at ∼7.5 MPa
conditions

se of a unique high pressure, moderate temperature
w system has demonstrated that bacterial urea hydrol-
. pasteurii and associated CaCO3 precipitation can occur

essure conditions that approximate subsurface CO2 stor-
onments. These observations are consistent with previous
f S. pasteurii at atmospheric pressure, demonstrating the
’s ureolytic capability (Ferris et al., 2003; Fujita et al.,



Fig. 5. Change in mass of CaCO3 on coupons (normalized to initial mineral mass)
before and after challenges in the high pressure vessel (HPV) (see Table 1) with
percentage change of mass listed. Three or more coupons used in each experiment.
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No major morphological changes to CaCO3 crystals noticeable on this scale.
arren et al., 2001). High pressures have previously been
to significantly affect the metabolic functions and growth
hilic organisms, such as S. pasteurii, by inhibiting DNA
n and protein synthesis (Abe et al., 1999; Gross et al.,
yanos and Pollard, 1969). However, ureolytic CFUs up
.1 × 107 CFU/mL in the reactor effluent indicate that S.
maintained viability under conditions of approximately
demonstrating that elevated pressures did not fatally
ll function.
tic CFUs in the reactor effluent were, on average, higher
e period of pressurization at 7.5 MPa (day 18 onwards),

H4
+ concentrations were also at their maximum of

1200 mg L−1, a concentration which was consistent with
lysis of all the available urea in the influent media. This

that ureolytic biomass increased during the course of the
nt and indicates that during the period of pressurization at
reolysis was limited by the mass transport of urea, rather

ilable ureolytic biomass, under pulse-flow conditions in
etic porous media core. In contrast, prior to pressurization,
mass was increasing in the core, as indicated by increasing
is period, ureolysis was likely limited by the available ure-
mass rather than reactant supply until approximately 17
e NH4

+ concentrations were less than could be produced
ailable urea, at only ∼11,000 mg L−1.
igh pressure flow system was only inoculated once at
ning of the experiment, yet significant numbers of viable
cells were observed in the effluent over the course of

riment. Therefore, it appears a well established surface-
d community, or biofilm, developed in the high pressure
revious studies at atmospheric pressures have demon-
at S. pasteurii can be effectively distributed and attached

media surfaces, including sand beds (Harkes et al., 2010;

sen et al., 2010b), and glass capillaries (Schultz et al.,
these studies, media flow was induced that allowed a

ssociated community to develop after initial inoculation.

llenge in the high pressure vessel (HPV). Images are at 40× magnification.
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t al. (2011) demonstrated using confocal laser scanning
py, that the surface associated S. pasteurii did not form
EPS, but rather a discrete cell coverage on the capillary

nd calcite surfaces, which supports observations made
udy where only CaCO3 crystals but no EPS was observ-
er high pressure pulse-flow conditions (Fig. 4). The low

H4
+ concentration in the influent media accumulator

ates the biofilm community must have been present only
nthetic porous media core or downstream of the core.
are often more resilient to physical chemical, and bio-
resses than free floating, or planktonic cells, of the same
(Costerton and Stewart, 2001; Lewandowski and Beyenal,
wart, 2003). Indeed, it was previously demonstrated by
anktonic B. mojavensis cultures exposed to flowing scCO2
m and 35 ◦C for 19 min lead to a 1000-fold reduction in
ll numbers, while biofilm cultures only showed a 10-fold

in viable cell numbers (Mitchell et al., 2008). These data
at the biofilm state of S. pasteurii in the porous media core

h pressure system may have promoted growth and func-
r high pressure conditions compared to the planktonic

ow system demonstrates ureolysis-induced CaCO3 pre-
can occur under high pressure conditions. This would

ed under the high pH conditions maintained under pres-
reolysis, which shifts the bicarbonate equilibrium to form

ions (CO3
2−) which, in the presence of Ca2+, precipi-

of solution as CaCO3 if the solubility product for calcite
ed (Burne and Chen, 2000; Castanier et al., 1999). Indeed,
gh pressure flow reactor experiments, pH measured in
ssurized effluent fluids (Fig. 3) will represent the in situ
high pressure conditions because nitrogen gas and not

used for pressurization. If a separate CO2 phase had been
t elevated pressures, degassing of CO2 from the reactor
ould have resulted in a shift of the carbonate speciation

n, leading to an increase in pH relative to the in situ (high
conditions. This could have resulted in the precipitation

during depressurization (Murray et al., 1980; Stumm and
996). However, the precipitation of CaCO3 during depres-
is unlikely to have occurred since N2 was the overburden

utgassing of CO2 was likely not a significant factor. The
aCO3 precipitates in the effluent accumulator confirms
ecipitation occurred in the core region before the accu-
and must have been caused by ureolysis induced pH and

ion concentration increases. Pressure increases the sol-
CaCO3, and thus the ion activity product at saturation

cz and Conners, 1964). In artificial seawater at 10 MPa,
ctivity product at saturation is 1.093 times greater than
pheric pressure (Pytkowicz and Conners, 1964), demon-
hat under fixed Ca concentrations, slightly more urea
hydrolysed before CaCO3 saturation is reached than at
ric conditions. Saturation index (SI) modeling on PHREE-
hust and Appelo, 1999) with analysis of the media under
conditions (1 atm and 25 ◦C) demonstrates that satura-
ched [SI = log ({Ca2+}{CO3

−}/Ksp) = 0] when only 1.05 mM
been hydrolysed. This suggests at the maximum pressure
a used the experiments, 1.15 mM of urea was hydrol-
re CaCO3 precipitation was induced. However, this will

imum value, as supersaturation is often required before
tion is initiated because the nucleation activation (i.e.,
l) free energy barrier has been surmounted (Stumm and
996). Indeed, in abiotic CaCO3 precipitation experiments,
geneous nucleation on seed particles has been observed
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mum SI of 0.78 (Teng et al., 2000), and spontaneous 3D
eous nucleation in unseeded solutions has been observed
.83–1.99 (Gómez-Morales et al., 1996). In the high pres-
system, calcite precipitation would be likely be initiated

are so rap
function
meric sub
transport
bination of 3D homogenous nucleation in solution and 2D
neous nucleation on the capillary walls, nascent crystals,
erial cell surfaces (Ferris et al., 2003; Fujita et al., 2000;
and Ferris, 2005, 2006b). Crystals were observed attached
pillary walls (Fig. 4b, e and f), as well as agglomerates
rystals forming plugs (Fig. 4c and d) suggesting multiple
ms of nucleation and growth.

imental and modeling studies demonstrate that during
, the highest pH, concentrations of carbonate ions, and
ration, will occur proximal to, and decrease away from
chell and Ferris, 2006b; Zhang and Klapper, 2010), sug-
D nucleation in the flow system will preferentially occur
s. However, the decrease in crystal size densities in the
along the flow direction of the core (Fig. 4a) suggests

tal growth was controlled by reactant supply and nuclei
er in the inlet region, where reactants, and thus precip-
tes are higher due to the increased SI and availability of
2+ and CO3

2− concentrations (Ferris et al., 2003; Mitchell
s, 2005; Teng et al., 2000). Crystal sizes were much larger
= 57 �m) than previously observed for ureolysis induced
ecipitation (∼1–6 �m) (Mitchell and Ferris, 2006a,b). This
reflects a higher total reactant supply provided by pulse-

ration of the high pressure experiments (20.16 mg Ca2+

g CO3
2− over the 9 days of CMM+), compared to pre-

ch experiments [5.25–17.5 mg Ca and 79–264 mg CO3
2−

and Ferris, 2006a,b)] (Supplemental Information, Section
ertheless at the termination of the high pressure pulse-
eriment, plugging had not occurred due to the relatively
upply of reactants compared to the pore space in the syn-
re, calculated as 0.0185 cm3 CaCO3 relative to 0.196 cm3

ce in the synthetic porous media core (Supplemental
ion, Section SI4). However, permeability reduction and
would have occurred given the supply of sufficient reac-
demonstrated for ureolysis-induced CaCO3 precipitation
heric pressure constant-flow systems (Cunningham et al.,
ultz et al., 2011).

ium carbonate mineral stability with supercritical
mixtures

gnificant mass change observed in the scCO2 saturated
llenges over 2 h (−84 ± 35% mass loss) and 48 h (−92 ± 50%
s) appeared to reflect physical dislodging of the CaCO3
rom the coupon surface, particularly during the depres-

of the HPV which caused violent bubbling when CO2
ssing from the brine (Video 1). This was supported by

l mass change of CaCO3 in atmospheric pressure brine at
estimated pH of the scCO2 saturated brine (−3.4 ± 0.67%
−7.8 ± 2.2% over 48 h). This minor mass change of CaCO3
rated that acidity-driven dissolution of CaCO3 was negli-
O3 dissolution in the scCO2 saturated brine driven by low
en observed in other studies of acidic brine–CaCO3 inter-

Carey et al., 2010; Gledhill and Morse, 2004, 2006; Sanz
1) and would be expected under the experimental con-

sed here. The apparent lack of this phenomenon could be
e to mass transport limitations in the static brine–CaCO3
in the HPV, where reaction kinetics are reduced by the
bility of reactants (e.g. H+) to reach the mineral surface
ucts (Ca2+ and CO3

2−) to migrate away from the mineral
y advection. Indeed, at low pH values, the kinetics of calcite
n are controlled by mass transport because surface con-
ocesses (addition of ions to or loss from mineral surface)

id (Marini, 2006). Secondly, this may be due to a protective
of the biofilm where the presence of extracellular poly-
stances protects the CaCO3 from dissolving. While mass
limitations might be reduced in flowing systems due to
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advection of reactants and products (Wang and Jaffe,
e possible protective function of the biofilm would still
e degree of CaCO3 dissolution. In biofilm-affected systems,
lution might be slowed down significantly due to diffu-
ations (Stewart, 2003) and mineral dissolution has been
to be affected by polysaccharides (Banfield et al., 1999).
association of S. pasteurii biofilms and microbially pre-

CaCO3 minerals has been demonstrated by us previously
t al., 2011). These data demonstrate that in high pressure

icrobially enhanced CaCO3 precipitates will likely be most
the long term in the scCO2 region and in the scCO2 sat-
ine region where advection is limited. GCS site geology,
ly the abundance of silisiclastic or carbonate bedrock will
a major control on the in situ pH and the saturation of

inerals both before and after scCO2 injection which may
e effectiveness of microbially induced mineralization and
ging. Specifically, pH and CaCO3 saturation will be higher
nd oversaturation will be maintained in the long-term
dily in pore spaces in carbonate bedrock than silisiclas-
ck sites, from the dissolution and buffering of the native

minerals (Carey et al., 2010; Kaszuba and Janecky, 2009;
et al., 2003, 2005). This will enhance the stability of the
lly produced mineral plugs.

usions

iments using a novel high pressure (∼7.5 MPa) moder-
erature (32 ◦C) pulse-flow reactor containing a synthetic
edia core allowed microbiologically induced mineraliza-

e investigated under conditions approximating those in
e carbon storage environments. A surface-associated S.
biofilm became well established in the synthetic porous
re, which was able to hydrolyse all of the urea available in
media pulses at pressures of ∼7.5 MPa. This raised the pH
9.1, consistent with buffering by NH4

+ = NH3 + H+ which
value of 9.3 at 30 ◦C and induced CaCO3 precipitation.

ecipitated as calcite, and a decreasing crystal density gra-
h distance into the core suggested crystal growth was
y the mass transport of Ca2+ and urea. Challenges of

ted CaCO3 with brine/scCO2 static mixtures for 2–48 h
ted the potential stability of the precipitates under con-
at approximated a range of pre- and post-CO2 injection
s. Brine at atmospheric conditions generated a slight mass

to dissolution of the mineral phase. scCO2 had a negligible
mass, but scCO2 equilibrated brine generated a signifi-
3 mass loss. However, control experiments with acidified
4, the estimated minimum in situ pH of the scCO2 equil-

rine) demonstrated that much of the mass loss in the
uilibrated brine experiments was due to the physical agi-
the CaCO3 crystals during depressurisation and degassing
mination of the experiments. Mass loss was not due to
solution of the CaCO3, which appeared to be limited due
otective effect of the biofilm and the static incubation
ine + CaCO3 where reaction kinetics are reduced by the
ility of reactants and products to migrate to and from the

urface by advection. These data suggest that microbially
ineralization with the purpose of reducing the perme-

preferential leakage pathways during the operation of
pplicable in the scCO2 region and both the scCO2 saturated
ion and the brine saturated scCO2 region of the subsurface
ite where subsurface fluids are quasi static.
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Cunn

nd novel tools to control subsurface permeability and CO2
s presented here, are required in inaccessible subsurface
ents, where ‘traditional’ engineering approaches cannot
d. For example, while injection wells may be accessible

for the
diation

Cunningham
geologi
3245–3
onal sealing approaches, reducing permeability proximal
ell bore or in fracture zones far from the well requires
roaches. While the injection of a base into the subsur-
d achieve a pH increase and induce CaCO3 precipitation
to the ureolysis based approach, this would lead to instan-
CaCO3 supersaturation and precipitation at the point of
. However, the controlled injection of urea into the sub-
ould allow for transport of urea farther away from the
point before urea hydrolysis induced pH increase and

ecipitation would occur. This is likely to promote a wider
stribution of CaCO3 and avoid uncontrolled plugging at the
njection (Ferris et al., 2003; Mitchell and Ferris, 2005). The
of ureolytic organisms could also enhance the precipita-
ess, particularly since bacterial cells can migrate through
at sizes in common GCS site rocks. Recent work has been

by investigating radial flow and ureolytic CaCO3 pre-
at atmospheric pressures, within 74 cm diameter, 38 cm

dstone cores (Phillips et al., 2012) and ongoing work is
on up-scaling under pressures that approximate GCS con-
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