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A B S T R A C T

Microbially induced carbonate precipitation (MICP) is a novel method for controlling permeability in the sub-

surface with potential for sealing or reducing leakage from subsurface engineering works such as carbon se-

questration reservoirs. The purpose of this research was to measure, at core scale, the change in reservoir

permeability and capillary pressure due to MICP during seal formation, then to monitor the integrity of the seal

when exposed to acidic groundwater capable of causing dissolution. The experiment was carried out with a

Berea sandstone core mounted in a high pressure core holder within a medical X-ray CT scanner.

Multiple full volume CT scans gave spatially resolved maps of the changing porosity and saturation states

throughout the experiment. Porosity and permeability decreased with MICP whilst capillary pressure was in-

creased. Dissolution restored much of the original porosity, but not permeability nor capillary pressure. This lead

to the conclusion that injection pathways were coupled with carbonate precipitation hence preferential flow

paths sealed first and transport of the dissolution fluid was limited. Provided a high enough reduction in per-

meability can be achieved over a substantial volume, MICP may prove to be a durable bio-grout, even in acidic

environments such as a carbon sequestration reservoir.

1. Introduction

Microbially induced carbonate precipitation (MICP) is a process in

which bacteria (e.g. the soil bacteria Sporosarcina pasteurii) mediate a

biochemical reaction that can result in the precipitation of calcium

carbonate. S. pasteurii produces the enzyme urease which hydrolyses

urea, ultimately producing ammonium, carbonate and a pH increase

(Ferris et al., 2003). When urea hydrolysis takes place in the presence of

a calcium source such as calcium chloride (CaCl2), the pH increase and

the production of carbonate lead to CaCO3 precipitation with the bac-

teria acting as nucleation points for crystal growth (Ferris et al., 2003).

This MICP process has been investigated for several purposes including:

improving strength and stiffness of porous media whilst maintaining

permeability (DeJong et al., 2010; van Paassen, 2009; Whiffin et al.,

2007); permeability reduction in porous media (Handley-Sidhu et al.,

2013; Mitchell et al., 2013; Tobler et al., 2012); immobilising pollutants

(Fujita et al., 2008; Mitchell and Ferris, 2005) and producing self-

healing concrete (Jonkers et al., 2010). El Mountassir et al. (2014)

previously assessed the suitability of MICP for fracture grouting under

constantly flowing conditions and observed the formation of dendritic-

like preferential flow paths due to hydrodynamic feedback.

MICP may be an ideal grout for reducing leakage from carbon se-

questration reservoirs, specifically at the host rock/cement interface of

cemented injection wells, and has been considered for this purpose by

Cunningham et al. (2014), Phillips et al. (2016) and Verba et al. (2016).

Unlike cement based grouts, the MICP injection fluids have a very low

particle size (0.5–5 μm for individual bacterial cells (van Paassen,

2009), average 2.8 μm (Tobler et al., 2014)), and water-like viscosity

enabling excellent penetration into narrow aperture fractures and

porous media with low injection pressures: compared with a microfine

cement (viscosity 50 mPa s), MICP fluids (viscosity 1.1 mPa s) would

require an injection pressure 45.5 times lower, enabling injection at a

higher volumetric flow rate or the use of lower pressure injection

equipment. Unlike low viscosity chemical grouts with a design life of, at

best, decades (Woodward, 2005), natural analogues suggest calcium

carbonate sealed flow pathways may remain sealed over the 10,000

years in which injected CO2 must reside in the formation for effective

climate mitigation (Shaffer, 2010). MICP is also both less expensive

(Gallagher et al., 2013; Ivanov and Chu, 2008; Suer et al., 2009) and

less toxic than many chemical grouts.
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The CO2 rich groundwater in a sequestration reservoir can be ex-

pected to be acidic (Sigfusson et al., 2015), potentially resulting in

CaCO3 dissolution (Dawson et al., 2015; Iglauer et al., 2014) and raising

questions about the longevity of an MICP seal. Mitchell et al. (2013)

investigated the dissolution of microbially precipitated CaCO3 in batch

reactors at both reservoir and atmospheric pressures and found rapid

dissolution in a matter of hours, but note that in a porous media, re-

action rates may be limited by transport of the acidic water to the

CaCO3 surface. Numerous flow-through CaCO3 dissolution experiments

in porous media have been carried out (Boever et al., 2012; Ellis et al.,

2013; Luquot and Gouze, 2009; Menke et al., 2015), however in these

experiments the CaCO3 formed abiotically and therefore without the

feedback between flow paths, bacterial attachment and CaCO3 pre-

cipitation observed by El Mountassir et al. (2014) during MICP sealing

of fractured rock.

The aim of this paper is to measure, at the core scale, changes in

reservoir permeability and capillary pressure due to microbially in-

duced precipitation of CaCO3 and its subsequent dissolution, within a

rock representative of a sequestration reservoir. Furthermore, by mea-

suring spatial variations in the amount of precipitated CaCO3, it is

possible to assess the effectiveness of the seals formed by this process.

This will allow evaluation of MICP’s potential as a tool for reducing

leakage from sequestration reservoirs, whilst also shedding light on the

diagenesis of natural carbonate cemented sandstones.

2. Experimental methods

Experiments consisted of precipitating calcium carbonate within a

sandstone core via MICP, then dissolving the CaCO3 with the injection

of low pH fluids, as summarized in Fig. 1. The sandstone core was

mounted in a high pressure core holder. Permeability was measured

several times over the course of the experiment. X-ray attenuation of

the core was measured at intervals with X-ray computed tomography to

obtain 3D maps of the change in porosity and degree of saturation

throughout the core.

2.1. Sandstone core properties

The core used in these experiments was quarried from the Upper

Devonian Berea sandstone formation in Ohio, USA. Berea from this

quarry typically consists of predominantly sand-sized quartz grains

cemented by silica with minor presence of iron oxide (93.13% SiO2,

3.86% Al2O3, 0.54% FeO, 0.25% MgO, 0.11% Fe2O3, 0.10% CaO)

(Cleveland Quarries, 2017). The core had no visible bedding planes,

had been cut to 50.8 mm (two inch) in diameter and 100 mm long, and

had been fired at 700 °C to stabilize any swelling clays. This core had

previously been extensively characterized and used in multiphase flow

experiments by Krevor et al. (2012) who described the core as typical of

Berea sandstones, well sorted with submature granular features and

found minimal porosity variation along the core length.

2.2. MICP injection fluid preparation

Three components are required for MICP: an ureolytically active

bacterial strain (Sporosarcina pasteurii), a calcium source (calcium

chloride), and urea which, when hydrolysed by the urease enzyme,

provides the carbonate component of the calcium carbonate and in-

creases the pH facilitating the precipitation of the calcium carbonate.

To prepare bacterial suspensions, S. pasteurii was initially grown on

Brain Heart Infusion (BHI) agar (37 g/l) with syringe filter sterilised

urea (20 g/L). A single colony was then transferred using aseptic

technique to BHI broth, again containing syringe filtered urea (20 g/L),

and grown overnight at ∼30 °C in a shaker incubator. The bacteria

were separated from the growth medium by centrifugation (at

6000 rpm for 8 mins) and re-suspended with tap water (sterilised by

autoclaving) to the desired optical density (OD600, i.e. measured at a

wavelength of 600 nm using a UV–vis spectrophotometer). Fresh bac-

terial suspensions were prepared daily and approximately 100 ml BHI

broth yielded 100 ml of centrifuged and re-suspended bacterial sus-

pension.

The urea-CaCl2 solution is comprised of 0.2 M CaCl2 (22.20 g/l) and

0.4 M urea (24.02 g/l) and is adjusted to a pH of 6.5 using HCl.

Dissolution fluid consisted of DI water pH adjusted to 3.02 (stage 1) and

1.01 (stage 2) with HCl. Details of the number of injections and their

volumes are presented in Table 1.

2.3. MICP injection strategy

Several fluid injection strategies exist for the many different appli-

cations MICP has been suggested for:

• Simultaneously injecting S. pasteurii and urea-CaCl2 solution, then,

once the pore space is saturated, ceasing injection so that pre-

cipitation occurs under static conditions.

• Stimulating the growth of an S. pasteurii biofilm inside the porous

media, then saturating the media with injected urea-CaCl2 solution,

followed by a static (no injection) period over which precipitation

occurs.

• Injecting bacteria, allowing a static period for bacterial attachment

to the surface of the porous media (sometimes aided by the addition

of a “fixer”, e.g. 0.05 M CaCl2, that encourages flocculation), then

injecting urea-CaCl2 solution followed by a cessation of flow and

CaCO3 precipitation under static conditions. Multiple cycles of

Fig. 1. Summary of experimental itinerary.
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bacteria then urea-CaCl2 solution are required and CaCO3 is pro-

gressively precipitated with each cycle.

These three methods require delivery of both bacteria and urea-

CaCl2 solution into the pore space where the reaction occurs and rely on

periods of no flow during which the majority of the precipitation oc-

curs. In many applications, these static conditions will not exist due to

the continuous movement of groundwater. El Mountassir et al. (2014)

found that, under continuously flowing conditions, feedback between

hydrodynamics and precipitation occurred leading to the formation of

stable open channels, whilst Minto et al. (2016) found that more uni-

form precipitation could be achieved in rock fractures through the use

of lower injection rates and flow velocities. In this study, to investigate

the important issue of the potential for channel formation during MICP,

we employ a fourth injection strategy: sequential injection of bacteria

followed by urea-CaCl2 solution with no static period for bacteria at-

tachment or calcite precipitation.

Studies of MICP in sandstone are limited, and to our knowledge,

there are no MICP experiments under continuously flowing conditions

in sandstone. Tobler et al. (2014) studied the transport of S. pasteurii

through Bentheimer sandstone cores with bacterial optical densities of

0.1, 0.5 and 1.0, flow rates of 1 or 3 ml/min, and core lengths between

1.8 and 7.5 cm. Sham et al., 2013 used magnetic resonance imaging to

detect spatial variation in microbially induced CaCO3 formation inside

a Bentheimer sandstone core with a bacterial OD600 of 0.45 injected for

two hours, followed with a two hour static period for attachment, then

one hour of 1 M CaCl2/1 M urea solution with a one day static period

for precipitation. 22 injection cycles (hence 22 days) were required to

reduce permeability from 1023.4 mD (1.01 μm2) to 35.5 mD

(0.035 μm2).

For a core-scale analogue to reservoir sealing and well leakage re-

duction, we desired a significant reduction in permeability, but with

more rapid precipitation than Sham et al. (2013), and continuous

flowing conditions to counter groundwater movement. Minto et al.

(2016) found that greater amounts of bacteria led to a greater final

mass of CaCO3 precipitated and that, in a flowing system, the greatest

reduction in permeability occurred in the first three hours of each urea-

CaCl2 cycle, as afterwards the bacteria became encased in CaCO3 thus

limiting their access to urea.

To this end, a high bacteria concentration (between 0.71–0.91

OD600) was chosen and short urea-CaCl2 injections were used. MICP at

reservoir temperature and pressure has been shown to be possible with

S. pasteurii by Mitchell et al. (2013) and Verba et al. (2016). Main-

taining reservoir pressures in the core holder setup (shown in Fig. 2)

whilst the MICP fluids were injected in cycles would not allow injection

at a constant flow rate. As the potential for hydrodynamic feedback

between flow, CaCO3 precipitation, and resultant preferential flow path

formation were the main focus of this paper, the core outlet was kept at

atmospheric pressure during all MICP injections to enable constant flow

rate injections. Temperature was 20 °C. In total there were six injection

cycles over a two-day period (Table 1) with continuous injection of

either bacteria or urea-CaCl2 at a volumetric flow rate of 5 ml/min. At

the end of day 1, cycle 3, and again at the end of day 2, cycle 6, the core

was flushed with ten pore volumes of non-sterile tap water delivered at

5 ml/min to prevent any precipitation while pumps were turned off.

Between each injection of bacteria and urea-CaCl2 was a 15 ml injection

of tap water to clean and prevent CaCO3 precipitation in the tubing.

2.4. Dissolution stages

Dissolution took place in two stages as it was critical to capture

dissolution mid-way through the process i.e. when a change in per-

meability and porosity was measureable, but when dissolution had not

progressed to a point where all the microbially precipitated carbonate

had been stripped. The first stage of dissolution informed when that

point might be reached whilst the second stage accelerated dissolution

to achieve it within a reasonable experimental timeframe.

Dissolution consisted of injecting deionized water, in which the pH

had been adjusted with hydrochloric acid, as a surrogate for low pH,

CO2 saturated groundwater. The initial stage consisted of seven pore

volumes of pH 3.02 to test the response of the system under realistic

conditions (pH 3.02 is representative of CO2 saturated brine at reservoir

conditions). The second more aggressive dissolution stage consisted of

six pore volumes of pH 1.01. Effluent pH was continuously monitored,

as was pressure drop across the core. After each dissolution stage, the

core was flushed with ten pore volumes of non-sterile tap water to

ensure that no dissolution fluid remained within the core.

All dissolution fluids were injected at 5 ml/min and with the core

outlet at atmospheric pressure. This was necessary to prevent CaCO3

saturated water recirculating within the injection and backpressure

pumps, the phase separator, and the connecting lines as the eventual

decrease in pressure at the end of a high pressure experiment would

cause the fluid to become super-saturated with respect to CaCO3 and

precipitation throughout the equipment.

2.5. Multiphase &MICP injection equipment

The experimental setup was adapted from that used by Perrin and

Benson (2010), Krevor et al. (2012) and Pini et al. (2012) for multi-

phase core flooding experiments, to include a fluid volume exchange

device (VED) fitted between the liquid injection pump and the core.

This setup, shown in Fig. 1, allows 1) utilising the VED for low pressure

(2 MPa max) injection of bacteria and urea-CaCl2 solution, or dissolu-

tion fluid, with the core outlet open to atmosphere for sample collec-

tion, and 2) bypassing the VED for injection at reservoir temperature

and pressures (in this case 50 °C and 8.96 MPa) to characterise core

flow properties in a re-circulating system.

Injection of water into the rock core for permeability measurement

and N2 for capillary pressure measurement was controlled by two dual

syringe pumps (Teledyne Isco 500D, max pressure 25.9 MPa).

Temperature was controlled via water bath heat exchangers that pre-

heated the injection fluids, and with electric heating bands that main-

tained this temperature within the core. A phase separator (TEMCO

AMS-900, max pressure 68.9 MPa) collected the core effluent,

Table 1

MICP fluid injection strategy. Between each bacterial and urea-CaCl2 injection was a 15 ml tap water pulse to prevent precipitation within the tubing. Overnight between cycles 3 and 4,

and after cycle 6, the core was flushed with ten pore volumes of tap water allowing flow to be turned off overnight without precipitating CaCO3 under non-flowing conditions.

Day Cycle Bacterial suspension urea-CaCl2 solution

OD600 [−] Volume [mL] Q [mL/min] CaCl2 [M] Urea [M] Volume [mL] Q [mL/min]

1 1 0.90 100 5 0.2 0.4 300 5

2 0.90 100 5 0.2 0.4 300 5

3 0.91 100 5 0.2 0.4 300 5

2 4 0.71 100 5 0.2 0.4 300 5

5 0.73 100 5 0.2 0.4 300 5

6 0.81 100 5 0.2 0.4 300 5
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separated the phases and diverted them to the appropriate pumps al-

lowing continuously recirculating fluid injection. Back pressure was

maintained on the core through the water phase with a syringe pump

(Teledyne Isco 1000D, max pressure 13.8 MPa) connected ‘down-

stream’ of the phase separator. Confining/overburden pressure was

applied to the core via an additional syringe pump (Teledyne Isco 260D,

max pressure 51.7 MPa). Pressure drop across the core was measured

with two high accuracy pressure transducers (Oil filled Digiquartz

Intelligent Transmitter, model 9000-3K-101, accuracy typically better

than 2 KPa) connected immediately upstream and downstream of the

core.

The VED was necessary to prevent any mixing of bacteria and urea-

CaCl2 solution, and hence CaCO3 precipitation, within the pumps.

Three way valves were used to connect the VED to the liquid pump and

to the core allowing the VED to be bypassed during injections under

reservoir conditions, and for the liquid pump to be used to both refill

and inject the MICP fluids without these fluids entering the pump. MICP

fluid injection volumes were limited to 100 ml (the volume of the VED),

to a pressure of 2 MPa, and the VED was rinsed with non-sterile tap

water between bacteria and urea-CaCl2 solution cycles to prevent

CaCO3 precipitation within the VED and tubing.

2.6. X-ray scan acquisition and analysis

The X-ray system used was a General Electric Hi-Speed CT/i: a

medical scanner that allows imaging of dense samples (such as a

50.8 mm diameter sandstone core inside a high pressure core holder)

with a resolution of 0.5 × 0.5 × 1 mm (x,y,z) over a reconstructed

field of view of 25 cm. Tube current was 200 mA and electron energy

was 120 keV. Full volume scans consisted of 104 slices (each 1 mm

thick) from inlet to outlet and took 19 min to acquire. Additional scans

of the inlet section were made to reduce error in measurement of the

inlet slice saturation: averaging multiple scans has been shown by Pini

et al. (2012) to improve signal to noise ratio. A full list of scans can be

found in Table S1, Supplementary information.

Single scans gave average X-ray attenuation and hence average

density of each voxel. Multiple full volume and inlet section scans were

made to determine average attenuation during fully saturated, fully

unsaturated, and partially saturated conditions. A combination of the

fully saturated and fully unsaturated attenuations with reference at-

tenuations for water and N2 at 8.96 MPa gave the average porosity of

each voxel (Eq. (1)). A combination of the partially saturated attenua-

tion with that of the fully saturated and fully unsaturated gives the

voxel averaged degree of saturation (Eq. (2)). CTw and CTa refer to the

reference attenuation of the wetting (water) and non-wetting (N2)

phases respectively. CTwr,i and CTar,i refer to the attenuation of the fully

wetting phase saturated and fully non-wetting phase saturated rock

core for every voxel, i, of the entire scanned volume. CTawr,i refers to the

partially saturated conditions arising when N2 was injected into the

water saturated core during the capillary pressure measurement.

=
−

−
porosity

CT CT

CT CT

wr i ar i

w a

, ,

(1)

=
−

−
S

CT CT

CT CT
N

wr i awr i

wr i ar i
2

, ,

, , (2)

Raw X-ray CT data was reconstructed with the scanner’s built in

software. Analysis of the reconstructed data and the calculation of

porosity and N2 saturation was made with FIJI distribution of image

analysis software ImageJ (Schindelin et al., 2015). Paraview (Ahrens

et al., 2005) was used for data visualization in 3D.

Pressure at the core inlet and outlet was measured continuously at

ten second intervals to get pressure drop across the core. Combined

with the known flow rate supplied by the water pump, permeability

was measured at each stage of the CaCO3 precipitation and dissolution

process. Each permeability measurement was made at three different

flow rates under fully water saturated conditions.

Fully water saturated conditions were achieved by flushing injection

Fig. 2. Multiphase core-flooding setup allowing continuous re-circulating injection of fluids at reservoir temperatures and pressures. MICP fluids (bacteria, urea, CaCl2) injected at low

pressure (2 MPa max) via the volume exchange device connected between the liquid injection pump and the core holder.
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lines and the core with CO2 at atmospheric pressure to displace all air

within the system. Water was then flushed through the core at a low

flow rate and at atmospheric pressure for several pore volumes then

core pressure was increased to 8.96 MPa. Ten pore volumes of water

were then flushed through the core at 8.96 MPa over which time it was

assumed that all residual CO2 would have dissolved into the water.

Continuous monitoring of pressure drop across the core during this

procedure indicated that pressure drop did reach a stable minimum

value and hence residual CO2 had been removed from the core leaving

the core fully water saturated.

After CaCO3 precipitation and again, after the second stage of dis-

solution, capillary pressure was measured by injecting N2 into the water

saturated core until steady state saturation conditions were reached

(ensured by injecting ten pore volumes of N2), measuring the degree of

saturation with a full volume scan and multiple scans of the inlet, then

increasing the N2 injection flow rate and repeating. The degree of sa-

turation in the inlet slice (using the average of the multiple scans to

increase signal to noise ratio and hence accuracy) together with the

pressure drop across the core can be used to calculate a capillary

pressure curve, as described by Pini et al. (2012). In a previous ex-

periment using the same core, Krevor et al. (2012) measured capillary

pressure by mercury intrusion on a representative subsection of the un-

altered rock. The change in capillary pressure due to CaCO3 pre-

cipitation and its subsequent dissolution can be used to understand how

the multiphase fluid transport properties of the core were altered.

In order to characterise the spatial heterogeneity of porosity ob-

served within the core we calculated experimental variograms for each

slice. The variogram, γ(h), of the porosity ϕ x( ) can be defined as:

= + −γ h var ϕ x h ϕ x( )
1

2
( ( ) ( ))

(3)

where var is the statistical variance and h is distance (de Marsily, 1986).

In practice, γ(h) is the variance of the difference between all pairs of

measured data points that are a lag distance, h, apart.

Fig. 3 illustrates the concept of a semi-variogram, which is to pro-

vide a measure of the degree of spatial correlation within a random

field. Where there is no spatial correlation (i.e. Gaussian noise, Fig. 3)

the variogram has an approximately constant value, equal to the

background variance of the field (X-ray attenuation in our case). Where

a field is spatially correlated, for pairs of measurement points that are

close together (i.e. h is small) the variogram is close to zero, since the

pairs of points are likely to have similar values. As the distance between

pairs increases, the variogram asymptotically tends to the background

variance of the field. The higher the degree of spatial correlation in the

field, the greater the lag distance along the x-axis before the variogram

reaches the background variance.

2.7. Core inlet region

Due to the 1 mm X-CT slice thickness, each voxel of the core inlet

and outlet slice will contain partly Berea core and partly the aluminum

distribution platen of the core holder, with the proportion of each de-

pendent on exactly how the core holder was positioned in the scanner.

For core flooding experiments, these first and last slices are typically

discarded and only those slices that contain 100% core are used for

further analysis (e.g. Perrin and Benson, 2010; Krevor et al., 2012; Pini

et al., 2012). For MICP, particularly when injecting into cores with

relatively small pore throats, it is possible both for bacteria to be

physically strained in the media causing permeability reduction due to

biomass clogging (Mitchell et al., 2009) and for CaCO3 to precipitate on

the inlet face rather than in the core.

To enable characterisation of the core inlet, the core was subse-

quently scanned using a Nikon XT H 320 X-ray micro CT scanner. This

scan had to be conducted after completion of the MICP and dissolution

stages, as core flooding experiments inside the micro CT system were

not possible. Details of the micro CT scan acquisition settings and image

processing can be found in the Supplementary information. Using the X-

ray micro CT scan data, porosity could be measured by segmenting the

image into solid and pore space (rather than from the combination of

air saturated and water saturated scans). Analysis was restricted to the

first 2 mm of the core: the first millimetre to capture the inlet face and

region that could not be captured with the medical CT; the second

millimetre to establish continuity between the porosity measurements

utilising the two different X-ray systems and techniques.

3. Results

A CaCO3 seal was successfully precipitated within the core and then

partially dissolved. Results are interpreted with respect to: change in

permeability and capillary pressure at the core scale; average values of

porosity and variation in X-ray attenuation from inlet to outlet; and

fully 3D representations of porosity (Fig. 3) at each stage of CaCO3

precipitation and dissolution.

The 3D data sets consist of slices acquired with fan-beam X-ray CT.

Each slice was acquired independently with the sample table motor

moving the core through the fan-beam in 1 mm increments. This re-

sulted in 104 slices from core inlet to outlet (100 of the core, two of

both the inlet and outlet for positioning) with a longitudinal resolution

of 1 mm. Transverse resolution of each slice was 0.5 × 0.5 mm.

3.1. Core average CaCO3 precipitation and dissolution

Monitoring core effluent during all MICP injection cycles showed

that OD600 was constant and that no measureable amount of bacteria

escaped the sandstone. Effluent pH during dissolution reached a

Fig. 3. Example semi-variograms for spatially correlated and uncorrelated

fields.
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minimum of 7.04 during the first (pH 3.02 injected) dissolution stage

and 3.83 during the second (pH 1.01 injected).

Table 2 outlines core averaged permeability change over the dura-

tion of the experiment. The six MICP cycles resulted in a 95.53% re-

duction in permeability (886–39.6 mD). Permeability reduction oc-

curred during the urea-CaCl2 injection, not the bacterial injection of

each MICP cycle, with the exception of the final injection (cycle 6) in

which permeability dropped during both bacterial injection and urea-

CaCl2 injection.

The first stage of dissolution restores some permeability (up to

66.2 mD), yet, somewhat unexpectedly, the second stage of dissolution

reduces permeability to 47.6 mD. This reduction in permeability was

attributed to migration of fines or re-precipitation of CaCO3 (see Section

4.3).

3.2. Spatial heterogeneity in CaCO3 precipitation and dissolution

To understand how the bulk permeability change in Table 2 is re-

lated to the pattern of precipitation and dissolution throughout the

core, we consider average values within each slice, with each slice

taken in the axial direction (perpendicular to the direction of flow).

Slice averaged porosities, calculated from fully water saturated and

fully N2 saturated scans with equation 1, are shown in Fig. 5. Initial

(pre-MICP) slice averaged porosity was 20.6% and highly uniform from

inlet to outlet. CaCO3 precipitation resulted in a discernible decrease in

porosity up to 51 mm into the 100 mm core. The maximum decrease in

porosity within this region was 4.3% (at the inlet slice) with an average

decrease in porosity of 1.2% over the first 51 mm.

Dissolution stages 1 and 2 each restored some porosity: 0.3%

(average) by stage 1 and 0.7% (average) by stage 1 and 2 combined.

There was no discernible change in the porosity of the core beyond

51 mm during precipitation. Dissolution stage 1 dissolved CaCO3 up to

33 mm into the core whilst stage 2 increased dissolution up to 46 mm

(Fig. 5).

3D trends in CaCO3 are clearly visible in the visualization of the X-

ray CT data, both after precipitation and after each subsequent stage of

dissolution (Fig. 4). To quantify these trends within slices perpendicular

to the flow direction, porosity histograms for each slice were plotted

(Fig. 6), revealing the initial porosity to be normally distributed within

each slice and highly uniform between slices. Post-MICP precipitation,

the slices retain a normal distribution, but with a shift towards lower

Table 2

Change in permeability throughout experiment.

Scan Permeability [mD] % of original permeability

Pre-MICP 885.74 100

Post-MICP 39.60 4.47

Dissolution stage 1 66.19 7.47

Dissolution stage 2 47.56 5.37

Fig. 4. 3D visualization of porosity in half-sections of

the core a) pre-MICP precipitation, b) post-MICP

precipitation, c) dissolution stage 1, and d) dissolu-

tion stage 2. The majority of CaCO3 precipitation

occurs at the inlet, extending up to 51 mm into the

core.

Fig. 5. Slice averaged porosity before and after initial CaCO3 precipitation followed by

two subsequent stages of dissolution. Inlet slices (1,2) and outlet slices (103,104) re-

moved as these are affected by the core holder end caps. Precipitation limited to the first

51 slices and hence the first 51 mm of the core.
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porosities and a slight widening in the porosity range, the magnitude of

which was greatest close to the inlet. After the second stage of dis-

solution the porosity histograms were partially restored to their initial

values.

3.3. Multiphase property characterisation

Initial capillary pressure measurements were made by mercury in-

trusion on a representative sample of the Berea sandstone, as detailed in

Krevor et al. (2012), and converted to a water/N2 system taking in-

terfacial tension to be 65 mN/m for N2 and 485 mN/m for mercury and

assuming contact angles for the two systems were equal. CaCO3 pre-

cipitation resulted in a substantial increase in the capillary pressure

required to achieve a given N2 saturation. Dissolution resulted in only a

small return towards the initial pre-MICP capillary pressure, matching

the pattern of change observed for core scale permeability.

A Brooks-Corey model was used for capillary pressure with gas

entry pressure (Pe) and pore size distribution index (λ) used as fitting

parameters (Table 3). Swirr, the irreducible water saturation, had pre-

viously been approximated for the pre-MICP condition as the difference

between porosity measured by mercury intrusion and by the X-ray CT

method calculated with Eq. (1). The model was fitted for the MICP and

dissolution altered cores, with the assumption that Swirr remained

constant (Fig. 7).

3.4. CT number semi-variograms

Sub-millimetre alignment errors between each scan may have arisen

due to the limited accuracy of the CT scanner table movement in to, and

out of, the scanner as table movement was limited to 0.5 mm incre-

ments. By considering the CT number of each individual dataset instead

of porosity and saturation (the derivation of which both require a

combination of multiple scans and hence multiple movements of the

sample into and out of the scanner), the effect of any misalignment is

eliminated. Hence, spatial correlation in the CT number was analysed

as being representative of changes in the sandstone porosity structure

due to precipitation and dissolution.

The semi-variograms (Fig. 8) reveal that pre-MICP precipitation, the

variogram of the CT number is relatively constant, i.e. there is a random

pore structure with almost no spatial correlation, which is consistent

with the CT image of the inlet slice in Fig. 8a. Lag distance and the

background variance were little changed by CaCO3 precipitation, ex-

cept for the first four slices adjacent to the inlet, showing that CaCO3

precipitation was relatively uniform, after the first four slices. Visual

observation of the CT number from the inlet slice after precipitation

(Fig. 8a) clearly shows it to be more spatially correlated, with patches

of low porosity. Dissolution further increased the lag distance and the

background variance in the first 38 mm of the core, but again, only

significantly so in the first four slices. This may indicate the formation

of preferential flow paths within the first 4 mm of the 100 mm core; the

CT scan at the inlet (Fig. 8a) shows large patches with high porosity.

3.5. Core inlet region

Upon removing the core from the core holder after MICP and dis-

solution, CaCO3 precipitate was visible on the inlet face (Fig. 9a). Micro

CT analysis (Fig. 9c–e) of a 13.5 mm diameter sub-sample revealed that

from 1 mm to 2 mm into the core, porosity derived from segmenting the

micro CT data with a global threshold, was comparable to that obtained

from the combination of the air and water saturated scans from using

the medical CT scanner (19.30% compared with 19.41%). The

minimum slice average porosity was 16.26%, occurring 480 μm from

the inlet face, and the majority of the pore space was connected, with

only 0.34% disconnected pore space. N.B. the inlet face is considered

here to be the first slice of the data in which any part of the Berea core is

visible.

4. Discussion

4.1. Bacteria penetrability

Bacteria penetrability into the Berea core was low as no bacteria

were detected in the effluent and was probably limited to the first

51 mm where CaCO3 precipitation occurred. This is unsurprising given

the bacterial cell size of 0.5–5 μm and the fine grained Berea, making

physical straining of cells in pore throats likely as the main removal

Fig. 6. Histograms of porosity variation within each slice shown for the volume in which CaCO3 was precipitated (slices 0–51) for the pre-MICP, post-MICP and after dissolution stage 2.

For reference, the average histogram of the pre-MICP core is superimposed upon each.

Table 3

Brooks-Corey capillary pressure measurement fitting parameters. Pre-MICP capillary pressure measured with mercury intrusion by Krevor et al. (2012). * Swirr assumed to remain

constant for the curve fitting.

Scan Gas entry pressure Pe [Pa] Irreducible water saturation, Swirr

[−]

Pore size distribution index, λ

[−]

Capillary pressure measurement range [Pa]

Pre-MICP (Krevor et al.,

2012)

2.5 × 103 0.11 0.67 0–240 × 106

Post-MICP 6.734 × 103 0.11* 0.3079 8.09 × 103–68.86 × 103

Dissolution stage 2 4.363 × 103 0.11* 0.3075 8.62 × 103– 75.84 × 103

J.M. Minto et al. International Journal of Greenhouse Gas Control 64 (2017) 152–162

158



mechanism. As bacterial transport through porous media is strain spe-

cific (Becker et al., 2003; Dong et al., 2002; Tufenkji, 2007), the study

of S. pasteurii transport through Bentheimer sandstone by Tobler et al.

(2014) is most relevant to this experiment. They recorded 24% bacteria

recovery in the effluent of a 75 mm Bentheimer sandstone core when

injecting a 1 OD600 S. pasteurii suspension at 3 ml/min and noted that

percentage recovery decreased with increasing OD600 and with de-

creasing flow rate. The Bentheimer sandstone had a porosity of 23%

and permeability of 2431 mD. Our 100 mm Berea core was longer and

had a lower porosity and permeability which may explain why we saw

zero bacteria recovery despite our lower injection OD600 (∼0.8) and

higher flow rate (5 ml/min).

Fig. 7. Left: capillary pressure curves pre-MICP (from mercury intrusion (Krevor et al., 2012), adjusted to a H2O/N2 system), post-MICP, and post-dissolution stage 2. Right: measured N2

saturation distributions at selected N2 flow rates during the post-dissolution capillary pressure measurement.

Fig. 8. a) Inlet slice CT numbers plotted for reference. Low CT numbers correspond to regions of high porosity. b) semi-variograms of CT number during a dry (N2 saturated) scan for each

slice along the core from the inlet (slice 0) towards the limit of CaCO3 precipitation (slice 51).
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4.2. Porosity and permeability reduction

The reduction in porosity brought about by the CaCO3 precipitation

was small, on average 1.2% in the first 51 mm of the core, yet there was

a very large reduction in permeability (95.5% reduction). From the

micro CT analysis of the first 2 mm of the core after dissolution, it is

clear that the inlet face of the core was not sealed and could not have

been solely responsible for the majority of this permeability reduction.

Given the small increase in permeability upon dissolution, it is also

highly unlikely that the inlet face was sealed prior to the dissolution

stages.

The post-MICP porosity/permeability relationship may result from

straining of bacteria in the pore throats throughout the first 51 mm of

the core in which the porosity reduction was observed: the bacteria

subsequently act as nucleation points for CaCO3 precipitation hence

only a small amount of CaCO3 is required to block a pore throat and

substantially reduce permeability.

As CaCO3 precipitation occurs most rapidly where there is a high

concentration of bacteria and adequate supply of urea-CaCl2 solution,

preferential flow paths are expected to fill with CaCO3 first and for flow

in subsequent injection cycles to be diverted along different paths, as

has been observed in fracture sealing by MICP (Minto et al., 2016). A

similar process of sealing in the highest permeability region followed by

a shift to the next most permeable regions has been observed in sand

packed columns (Harbottle et al., 2016; Mugwar, 2015). As a result,

with each injection cycle the MICP fluids must take a progressively

more difficult path through the core, requiring higher injection pres-

sure.

4.3. Dissolution

Dissolution restored much of the porosity of the first 51 mm of the

core, but very little of the permeability. This may be due to the pattern

of precipitation noted earlier in which preferential flow paths are sealed

first. The acidic water flows through the remaining ‘less initially pre-

ferential’ flow paths, where it becomes buffered by the dissolving

CaCO3. This results in an inability to dissolve the original preferential

flow paths, meaning that permeability cannot return to its original

value.

Permeability after the second stage of dissolution was actually lower

than after the first stage of dissolution. Initially it was suspected that the

more acidic water in the second stage led to such rapid dissolution that

CO2 gas bubbles were forming and becoming trapped, disconnecting

some pore space and reducing that available for fluid flow thus ap-

pearing to reduce permeability. Completely drying and re-saturating

the core proved this was not the case. Instead, it is more likely that

dissolution dislodged fine particles near the inlet which then migrated

through the porous media before lodging in pore throats and blocking

them. Such a phenomenon has previously been observed in core-flood

experiments by Ellis et al. (2013) and Mangane et al. (2013) involving

the dissolution of carbonate rocks.

An alternative explanation is that CaCO3 near the inlet was dissol-

ving and saturating the fluid then, as this fluid was transported through

the remaining preferential flow paths towards the outlet of the core, the

CaCO3 re-precipitated thus blocking the preferential pathway and di-

verting the flow elsewhere. Possible mechanisms for re-precipitation

are the occurrence of supersaturated fluid due to mixing with higher pH

water trapped in stagnant pore zones, a decrease in CaCO3 solubility

due to the change in pressure as fluid is transported from inlet to outlet,

or simply abiotic crystal growth.

It is difficult to convert the results from this very low pH core dis-

solution experiment to a timeframe equivalent for conditions in a se-

questration reservoir. Firstly, PHREEQC modeling (Parkhurst and

Appelo, 2013) indicates approximately 60 times more CaCO3 can be

dissolved by the pH 1.01 fluid injected in this experiment than by re-

servoir brine at pH 3.02 (the expected pH of a generic sequestration

reservoir) before reaching saturation (which is highly dependent upon

major ion concentrations in the reservoir). Secondly, the pressure gra-

dient across the 100 mm core was from 634 to 689 kPa/m during dis-

solution injection compared with, for example, the 9.41 kPa/m pressure

gradient expected across the Goldeneye reservoir after reaching its

maximum pressure (Shell U.K. Limited, 2014). What is clear is that the

core was subjected to a dissolution rate, saturation capacity and flux of

acidic fluid all far greater than would be encountered in a sequestration

reservoir and dissolution can be expected to have been greatly ac-

celerated. Nevertheless, these results show that even after a significant

fraction of the porosity is restored from CaCO3 dissolution, the per-

meability remains low.

Fig. 9. Analysis of core inlet region after MICP and dissolution: a) core inlet face with white CaCO3 precipitate, b) outlet face representative of unmodified core, c) X-ray micro CT of

central sub-sample (slice with lowest porosity shown), d) binary segmentation of the same slice, and e) slice average porosity from inlet face to 2 mm into the core derived from the

segmented micro CT data (with equivalent porosity from air and water saturated scans made with the medical CT scanner over a 1 mm section of core shown for reference).
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4.4. Implications for sealing with MICP

Whilst this study was limited to a single core of a single rock type,

when considering the processes taking place, the results are encoura-

ging for the use of MICP for permeability reduction in mildly acidic

conditions (such as a sequestration reservoir). The results show that, if a

large reduction in permeability can be achieved, preferential flow paths

will not exist, the flux of dissolution fluids through the barrier will be

limited, and the potential for wormhole formation is reduced. Instead,

the CaCO3 at the edge of the MICP barrier in contact with the dis-

solution fluid may act as a sacrificial barrier which quickly buffers the

dissolution fluid at the interface. Dissolution is therefore diffusion

limited and the challenge lies not with the longevity of the CaCO3, but

with the initial delivery of bacteria and urea-CaCl2 solution to the right

locations so as to create a substantial low permeability seal.

Penetrability of bacteria is limited within this Berea sandstone.

Whilst it could be improved beyond the observed 51 mm by reducing

the concentration of bacteria injected (compensated for with an in-

creased number of injection cycles) and increasing flow rate, it seems

likely that it will remain low. Hence, MICP may be restricted to ap-

plications in the vicinity of the injection borehole.

CaCO3 precipitation in this experiment took place under non-acidic

conditions whereas, if bio-grouting were to be applied in an active

carbon sequestration reservoir, the groundwater would be mildly

acidic. To counteract the effect of mildly acidic conditions there are two

options: 1) the reservoir fluid around the injection borehole could be

displaced with non-acidic water of desired density and chemical com-

position, or 2) the pH of the urea-CaCl2 solution (normally adjusted to

6.5 to delay the onset of precipitation) could be tailored to take into

account mixing with the mildly acidic groundwater.

4.5. Implications for rock properties

The broader implications of this research may touch upon the nat-

ural formation and diagenesis of sandstones in which fluid flow has

either deposited or removed cementing material. In such rocks, similar

feedback between fluid flow and carbonate precipitation/dissolution,

may be expected. Hence, their porosity may exhibit similar spatial

correlation structures. Similar studies could illuminate the likely tem-

poral evolution of pore structure in formations that undergo repeated

cementation and dissolution events.

5. Conclusions

Microbially induced carbonate precipitation has been proposed as a

bio-grout to greatly reduce the permeability of a sequestration reservoir

host rock near the interface with the caprock as well as adjacent to

boreholes. Due to the coupling of injection pathways with carbonate

precipitation, preferential flow paths in the porous media are sealed

first. This inhibits subsequent access to these pathways by acidic waters

for dissolution, resulting in dissolution becoming diffusion limited.

This, together with the buffering of the reservoir fluids by CaCO3 dis-

solving at the periphery of the seal, results in the seal lasting far longer

than would be predicted from a simple chemical equilibrium batch

model. Provided that a high reduction in permeability was achieved

over a substantial volume, MICP may prove to be a durable bio-grout

for use in sequestration reservoirs, particularly for grouting the vicinity

of injection wells.

The observed patterns of feedback between flow pathways, CaCO3

precipitation, and dissolution may hold broader implications for spatial

and temporal variation of pore structures in natural geological systems.
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