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ABSTRACT: While the subsurface applications of microbially
induced carbonate precipitation (MICP) have so far emphasized
near-wellbore permeability reduction, MICP technology may
eventually be expanded to support needs as diverse as thief zone
remediation in geothermal reservoirs or caprock sealing in CO2
sequestration sites. For these applications to be realized, however,
there is a need to understand whether permeability reduction can
be achieved under the high flow velocities that may occur, for
example, in zones of locally high permeability or along preferential
flow paths. In this study, bioaugmented MICP is applied to three
natural limestone cores of similar porosity but differing pore size
distribution. The injection strategy includes biomass attachment
and growth phases before mineralization, with the goal of
separating the effects of each phase on permeability. In order to test the resilience of biomass and precipitate accumulation
against flow-induced shear stress, saline solution is injected intermittently at a faster flow rate. Real-time permeability estimates show
that biomass accumulation reduces permeability even without mineralization, although biomass accumulation may ultimately be
shear-limited. Calcium mass balances suggest that sloughing of precipitates is also possible, though its effect on permeability depends
on whether mobilized precipitates induce clogging or are transported out of the core. X-ray computed microtomography imaging of
the cores suggests that when flow rates are moderate and preferential flow paths do not dominate flow, precipitates tend to
accumulate preferentially in larger pores, yielding controlled, incremental permeability reduction. These findings lay essential
groundwork toward refining MICP models to account for spatial heterogeneities in the subsurface.
KEYWORDS: microbially induced carbonate precipitation, biomineralization, reactive transport, permeability, pore size, pore geometry,
subsurface

1. INTRODUCTION
Ureolytic microbially induced carbonate precipitation (MICP)
has been studied extensively for over two decades.1−4 Owing
to the low viscosity of MICP reagents, particular interest has
emerged around subsurface applications, including immobiliza-
tion of divalent heavy metals and radionuclides in ground-
water,1,5 as well as trapping enhancement6 and wellbore
leakage mitigation7−12 at geological CO2 sequestration sites.
Bioaugmentation using Sporosarcina pasteurii (S. pasteurii)
remains the most widely studied MICP approach,13 though
biostimulation of native urease producers has also shown great
promise in certain applications.14−16

Recent studies have suggested that bioaugmented MICP
might also be used for CO2 leakage mitigation outside the
near-wellbore zone,17,18 relying on the tunability of the
injection strategy to influence the quantity and distribution
of precipitated carbonate.19,20 “Continuous-flow” injection
strategies are suited to longer-distance transport of reagents
due to their ability to counter the natural movement of
groundwater.17 There are, however, trade-offs to these

strategies, including near-wellbore clogging and lower overall
mineralization efficiency.19 Near-wellbore clogging may be
minimized by using “staged” injection strategies which separate
initial biomass accumulation from mineralization rather than
injecting microbes and mineralization medium simultane-
ously.20 Ultimately, the success of continuous-flow, bioaug-
mented MICP in natural aquifers hinges on controlling the
quantity and distribution of biomass and precipitates along
flow paths that may differ greatly in size and geometry.
In porous media, pore size distribution is a key determinant

of local flow velocities, which, in turn, mediate the chemical
microenvironments and physical forces experienced by both
biomass and precipitates during MICP treatment. On the
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chemical side, the saturation state of the influent medium and
the range of Pećlet and Damköhler numbers produced by the
injection strategy have been well-studied experimentally and
incorporated into MICP models at multiple scales.21−25 On
the physical side, the impact of flow velocity on the initial
attachment of motile cells26−28 and the limiting effect of
surface shear stress on biomass accumulation29−31 and biofilm
morphology32−35 are also well-established, albeit outside the
specific context of bioaugmented MICP. Some MICP models
incorporate shear-induced biomass sloughing by expressing
detachment as a function of average flow velocity and biomass
quantity.36 Precipitated carbonates are, in contrast, generally
treated as immobile phases, although experimental studies have
shown that precipitates are also subject to sloughing and bulk
transport.37 Bulk transport of precipitates was shown to induce
feedback loops with local flow velocity whereby certain
channels remain open during fracture sealing,38 implying a
limitation on permeability reduction that may be under-
estimated by current models.
This study assesses the degree to which flow-induced bulk

transport of biomass and precipitates can affect permeability
reduction in natural porous media subjected to bioaugmented
MICP. In contrast to previous experimental investigations of
MICP in porous media, which have primarily used
unconsolidated columns20,22,37,39,40 and homogeneous sand-
stones,7,41−45 this study uses permeable limestone cores of
differing pore size and spatial arrangement. A staged,
continuous-flow injection strategy was designed with separate
biomass attachment, biofilm cultivation, and mineralization
phases, and the impact of each phase on the permeability and
effective pore volume was evaluated. Experiments also included
eight “intermediate flow” phases where the flow rate was
increased either 10- or 30-fold in order to establish an upper
bound on the magnitude of flow-induced bulk transport effects.
Since acid brine-driven dissolution of precipitates is of concern
when MICP is applied to subsurface CO2 sequestration,

39,44,46

the resilience of permeability reduction to subsequent acid flow
was briefly evaluated.
Quantitative and qualitative analyses of both intermediate

and post-MICP characterization suggest that while flow-
induced shear stresses may have some impact on overall
biomass accumulation, the effect on precipitate retention, as
well as the relationship between pore size and precipitate
accumulation, is more significant here. When flow rates are
rapid or preferential flow paths are present, precipitate
transport is likely and may inhibit or promote permeability
reduction through washout or clogging of pore throats,
respectively. In contrast, when flow rates are moderate and
flow is distributed evenly across many flow paths, uniform and
controlled permeability reduction can be achieved, as
precipitates preferentially accumulate in larger pores. These
results suggest that flow-induced mobilization of precipitates
plays an important role in promoting or limiting permeability
reduction and should therefore be considered in field-scale
MICP applications. To this end, future studies may further
refine MICP models by, for example, clarifying the
mechanisms of precipitate mobilization and developing
quantitative relationships among pore structure, flow rate,
and bulk transport of precipitates.

2. METHODS
2.1. Flowthrough Apparatus. The apparatus used for

flowthrough included a high-pressure, temperature-controlled

core holder from Core Lab Instruments. Throughout all
experiments, the confining pressure and temperature were fixed
at 4500 psi and 30 °C, respectively. Viton rubber sleeves were
used to isolate the core from the confining fluid and prevent
flow at the core boundaries. A total of three Teledyne ISCO
high-pressure piston pumps were used; one provided confining
pressure to the core holder, while the other two were used
alternatingly in flowthrough to eliminate unintentional no-flow
periods that would otherwise result from emptying and rinsing
the pump between different injection fluids. Two pressure
transducers installed at the core holder inlet and outlet
recorded the pressure differential every 15 s, enabling
permeability estimation in real time using Darcy’s law. Prior
to flowthrough, cores were vacuum-saturated in Milli-Q water
for 12 h. Since Milli-Q water is not in equilibrium with calcite,
all water used in both core saturation and injection fluid
preparation was pre-equilibrated with crushed Indiana Lime-
stone for at least two weeks and filtered to remove fines
immediately prior to use; the sole exception is water used in
the growth and mineralization medium (Section 2.4).

2.2. Natural Sample Selection and Preprocessing.
Indiana Limestone cores were selected for this study based on
several advantageous properties. First, Indiana Limestone is
composed of >99% calcite,47 minimizing the confounding
influence of mineralogical heterogeneity on initial bacterial
attachment.48 Second, Indiana Limestone features larger
macropores than many homogeneous sandstones (e.g., Berea
sandstone), facilitating X-ray computed tomography (XCT)
imaging and minimizing the influence of subvoxel porosity on
reactive transport processes. Additionally, Indiana Limestone
samples are available in a range of initial permeabilities and
pore size distributions, and these properties can also be
modified in the laboratory via acid flow.
Three Indiana Limestone cores four inches (∼101 mm) in

length and one inch (∼25 mm) in diameter were obtained
from Kocurek Hard Rocks Division. Two of these cores had an
advertised permeability of 15−30 mD, while the third had an
advertised permeability of 0.1−0.5 mD. These cores were
designated “HP” (“high-permeability”) and “LP” (“low-
permeability”), respectively, though it should be noted that
these labels are relative�while Indiana Limestones of
significantly higher and lower permeability are available, this
was the largest permeability range that could be achieved while
maintaining similar total porosity across samples.
One of the HP cores was randomly selected to undergo

more rapid flow during intermediate flow phases and was
therefore designated “HP-RF” (“high permeability-rapid
flow”). The LP core was pretreated with flowthrough of
hydrochloric acid (pH = 3.0) in order to artificially increase
permeability and promote the formation of preferential flow
paths.47,49,50 Acid flowthrough was conducted at the highest
flow rate permissible under the pressure limits of the apparatus,
ranging from 3 to 60 pore volumes per hour (pv/h). Once
permeability began to plateau around 2.5 mD, the core was
rinsed with pre-equilibrated Milli-Q water and removed from
the apparatus. All cores were dried for 24 h under vacuum with
silica gel desiccant and resaturated to estimate total porosity
gravimetrically; this was done twice before MICP injection to
provide duplicate measurements.

2.3. Core Characterization via XCT. Following gravi-
metric estimation of bulk porosity, cores were also imaged in
3D using a Nikon μXCT scanner, model XT H 225 ST. This
was done both before and after MICP injection. Vacuum-dried
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cores were mounted on the sample stage in 50 mL Falcon
tubes with a layer of foam to provide separation from the metal
stage, which has a much higher X-ray attenuation coefficient
than the cores. The effective pixel size was 15 μm, and the
number of projections was optimized to ∼3200, with two
frames taken per projection. The exposure time was 1 s for all
cores, and the voltage and current ranged from 118 to 127 kV
and 119 to 127 μA, respectively, to optimize the histogram of
grayscale values (Table S1). Ring artifacts were minimized by
bringing the sample stage to a stop between projections.
During reconstruction, the center of rotation was calculated
automatically, and a beam hardening filter was applied.
Reconstructed images were exported as TIFF stacks for further
analyses. Four scans were necessary to capture the full length
of each core, and scans were set to overlap by 3.75 mm (250
slices) on either end to allow aligning of image stacks and
ensure that grayscale values remained consistent across scans;
this also allowed the top and bottom 175 slices, which
contained visible beam hardening artifacts, to be removed
during reconstruction. The core sections captured by each scan
are labeled #1−4, with Section 1 being adjacent to the core
holder inlet and Section 4 being adjacent to the outlet during
MICP injections.
Manual inspection of the scans confirmed that all scans were

of good quality, and the grayscale-value histogram of
macropores did not overlap with that of solid matrix.
Therefore, segmentation of cores into pore and solid space
was accomplished through autothresholding in ImageJ. For
two example image stacks, the resulting segmented stack was
compared to one prepared through the optimized, but more
time-consuming, protocol described by Thompson et al.51 to

confirm that the segmentations were comparable. Example raw
and segmented images for the HP core are shown in Figure 1.
The porosity of each core section was estimated directly

from the histogram of the corresponding segmented stack.
Subsequently, the pixels corresponding to the pore space were
extracted from each segmented stack, and ImageJ’s “Analyze
Particles” feature was used to estimate the size distribution of
XCT-resolved macropores. For pre-MICP scans, the distribu-
tion was divided into 50 bins of increasing pore size with each
bin corresponding to 2% of the total XCT-resolved pore
volume. The preferential localization of precipitates within
pores of different sizes was then analyzed by separating post-
MICP porosity into the same bins and calculating the percent
change in porosity within each bin.

2.4. Injection Strategy. 2.4.1. Inoculum Preparation. S.
pasteurii (ATCC 11859) was initially resuscitated from its
freeze-dried shipping state in a liquid growth medium
containing the equivalent of 3 g/L Difco nutrient broth
(prepared in the laboratory from beef extract and potato
peptone) with 0.15 M ammonium chloride and 0.3 M urea.
The growth medium was sterilized by vacuum filtration
through 0.2 μm bottle-top filters into 1 L autoclave-sterilized
glass bottles; filter-sterilization was used to prevent urea
volatilization in the autoclave.
250 mL cultures were incubated in 500 mL autoclaved

Erlenmeyer flasks with open-cell foam stoppers at 30 °C for 48
h, shaken at 90 rpm. Following this initial resuscitation, 1 mL
of culture was transferred to 250 mL of fresh medium and
incubated for 18 h to an OD600 of ∼0.6. A final culture was
inoculated according to the same procedure and grown for 12
h to an OD600 of ∼0.4. This culture was pelleted in 50 mL
sterile centrifuge tubes at 4500 rpm for 15 min before

Figure 1. Segmentation of XCT scans demonstrated for an example slice of the HP core, pre- and post-MICP injection.
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decanting the medium and re-suspending the pellet in 0.9%
sodium chloride. This was repeated to remove excess growth
medium, and the resulting cell suspensions were stored short-
term at 4 °C for up to 2 weeks. 0.9% sodium chloride was used
to reduce the osmotic pressure on cells associated with Milli-Q
water exposure. As with all injected fluids excluding the growth
and mineralization medium, the sodium chloride solution was
pre-equilibrated with Indiana Limestone prior to filter-
sterilization, resulting in a pH of ∼8.3.
36 h before a scheduled injection, a 50 mL short-term

storage suspension was removed from refrigeration and 1 mL
was used to inoculate a 250 mL culture. After 12 h of
incubation, a new culture was inoculated with 1 mL of the
previous culture and grown for 12 h to ensure that an OD600
of 0.40 was reached. Cells were then rinsed and re-suspended
in 0.9% sodium chloride according to the procedure above,
then diluted to a final OD600 of 0.10 and stored for 12 h at 4
°C prior to starting the injection.
2.4.2. MICP Injection. The sequence of injection steps is

summarized in Table 1, with additional details and rationale
for the injection strategy design discussed here. Prior to MICP
injection, the internal temperature of the core holder was
brought to 30 °C and a confining pressure of 4500 psi was
applied; these values remained fixed for the duration of the
injection. Ten pore volumes (10 pv) of 70% ethanol solution
were injected followed by a no-flow period of 1 h to eliminate
any living cells within the core, after which, the core was

flushed with 10 pv of sterile 0.9% sodium chloride solution.
Injections began with the first of eight intermediate flow
phases, where permeability was estimated at flow rates ranging
from 3 to 30 pv/h or up to 90 pv/h in the case of the HP-RF
sample. Two tracer tests were also conducted at 30 pv/h to
estimate the effective pore volume available for flow.
During the “attachment” phase, 6 pv of cell suspension was

injected at a flow rate of 3 pv/h. The absence of the growth
medium during attachment was meant to ensure that the
fraction of injected biomass initially retained was consistent
across samples and could be reliably estimated based on
influent and effluent OD600 (Table S2). Since the OD600 was
not calibrated to cell number using plating-based or total
protein assays, optical density values reported here are used
only for internal comparison between the three experiments. It
is also important to note that some biomass flocculation could
occur, even at the relatively low ionic strength and OD600
used here. Since the only purpose of the attachment phase was
to ensure the presence of S. pasteurii within the cores, the
prevalence and size of flocs was not assessed.
Following the attachment phase, intermediate flow was

repeated, and the first “growth” phase was initiated
immediately after rinsing the piston pump and upstream
lines with 70% ethanol and 0.9% sodium chloride. 12 pv of
growth medium was injected at a flow rate of 1 pv/h;
preliminary experiments suggested that this was the longest
residence time at which the effluent medium could still support

Table 1. Summary of the Applied Injection Strategy

phase influent chemistry
volume (

pore volumes) flow rate (pv/h)
no-flow pause

(h)

pre-sterilizationa 70% ethanol/30% Milli-Q waterb 10 30 1
intermediate
flow 1

0.9% sodium chlorideb 15 3, 5, 10, 15, 30, (60, 90)c 0

4% potassium chlorideb

0.9% sodium chlorideb

attachment 0.9% sodium chlorideb with suspended S. pasteurii, OD600 = 0.1, pH = 8.3 6 3 0
intermediate
flow 2

(same as intermediate f low 1)

growth 1 3 g/L Difco nutrient broth, 0.3 M urea,0.15 M ammonium chloride, pH = 6.5 12 1 0
0.9% sodium chlorideb 5 30 0
3 g/L Difco nutrient broth, 0.3 Murea, 0.15 M ammonium chloride, pH = 6.5 12 1 0

intermediate
flow 3

(same as intermediate f low 1) 12

growth 2 (same as growth 1)
intermediate
flow 4

(same as intermediate f low 1) 12

mineralization 1 3 g/L Difco nutrient broth, 0.3 M urea, 0.15 M ammonium chloride, 0.3 M
calcium chloride dihydrate, pH = 6.0

6 3 0

(same as above) 6 30 0
intermediate
flow 5

(same as intermediate f low 1)

mineralization 2 (same as mineralization 1)
intermediate
flow 6

(same as intermediate f low 1) 12

mineralization 3 (same as mineralization 1)
intermediate
flow 7

(same as intermediate f low 1)

mineralization 4 (same as mineralization 1)
intermediate
flow 8

(same as intermediate f low 1)

break: vacuum drying, XCT characterization, and re-saturation in Milli-Q waterb

acid flow hydrochloric acid, pH = 3.0 125 1, 3, 10, 15, 30, 60, 90 (
highest possible)

0

aExpected to remove active cells but not endospores. bPre-equilibrated with Indiana Limestone. c60 and 90 pv/h for the HP-RF sample only.
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significant biomass growth, implying that growth would occur
along the entire length of the core. At the 6 h mark, piston
pumps were switched and the previously used pump was
cleaned. This was done to minimize bacteria migration and
colonization of the influent medium, which would effectively
increase the growth medium residence time and shift the
mechanism of biomass accumulation to the attachment of
influent suspended cells. As evidenced by elevated pH and
OD600 in the upstream lines at the end of each growth phase,
however, this was not entirely successful (Table S2). At the
end of the first growth phase, intermediate flow was performed,
and the core was left saturated with 0.9% sodium chloride for
12 h overnight. On the next day, a second growth phase was
carried out according to the same procedure as for the first.
Four “mineralization” phases were carried out, with

intermediate flow phases immediately following each. A
moderate flow rate of 3 pv/h was used to prevent the
complete depletion within the core, thereby promoting more
homogeneous precipitation along the flow path. This flow rate
was maintained for 2 h, followed immediately by flushing an
additional 6 pv at a higher flow rate of 30 pv/h. The purpose of
flushing was to ensure that all the effluent medium was
collected for dissolved calcium analysis, and unadhered
precipitate colloids were removed prior to the next
intermediate flow phase. Following post-MICP character-
ization of cores, an acid flow test was conducted on each,
following a method similar to that applied during predis-
solution of the LP core.
Reynolds (Re) and Pećlet (Pe) numbers were estimated for

the intermediate flow and mineralization phases, respectively
(Table S3), in order to verify that flow remained in the laminar
regime and that mass transport was diffusion-limited. Since

neither the maximum pore-scale velocity nor the average pore
diameter could be determined directly, a range of estimates
were computed for each core based on the size distribution of
XCT-resolved macropores.

2.5. Tracer Test Analysis. Conservative tracer tests are
one method of estimating the mean hydraulic residence time
(MHRT or t)̅ and effective pore volume within a porous
medium.52,53 When the effluent concentration is normalized to
the maximum concentration, the step-input tracer method
employed here yields the cumulative residence time distribu-
tion, F(t), or the integral of the exit curve E(t). The standard
approximation of t ̅ from F(t)54 is modified to use units of pore
volumes, V, in place of time units; this yields the following
estimation of effective pore volume, Veff

Ä
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ÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz

É

Ö
ÑÑÑÑÑÑÑÑÑ

= +
V V F V

V V
F V F Vd ( )

2
( ( ) ( ))

i

i i
i ieff

0

1

all

1
1

(1)

Since V is normalized to the gravimetrically estimated pore
volume of each core, it follows that a Veff equal to one would be
expected when all pore space is equally available to flow. This
metric is therefore used to identify trends in the degree of
channeling in each core throughout MICP injection.

2.6. Calcium Mass Balance. During the four mineraliza-
tion phases, the effluent was collected in batches of three pore
volumes each for a total of four batches per mineralization
phase. The effluent was immediately diluted by a factor of 100
and acidified to a pH of ∼1.0 using 10% nitric acid. Dissolved
calcium quantification was performed via inductively coupled
plasma mass spectrometry (ICP−MS), using the influent
mineralization medium as a reference.

Figure 2. Characterization of initial (A) core porosity and (B−D) pore size distribution, obtained via XCT and gravimetric methods. Only pores
larger than ∼15 μm in diameter are captured by XCT, which accounts for ∼45% of gravimetrically determined porosity in HP and HP-RF and
∼14% in LP.
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3. RESULTS AND DISCUSSION
3.1. Initial XCT-Resolved Porosity and Pore Size

Distribution. The initial porosity and pore size distribution
in the four sections of each core, as estimated from XCT, are
summarized and compared to the gravimetrically determined
porosity in Figure 2. Although this voxel resolution fails to
capture a significant fraction of the gravimetrically determined
pore space (Figure 2A), the largest pores are expected to
dominate flow. Additionally, given that single S. pasteurii cells
are 1−5 μm in size and flocs may be as large as ∼100 μm,38

nanopores and small micropores are not expected to undergo
significant change during MICP. Pores of 1−15 μm will likely
be clogged by physical straining of cells or small flocs, which
may reduce permeability but is distinct from the attachment−
growth−mineralization process studied here.
Initial porosity appears relatively uniform along the length of

HP and HP-RF (Figure 2A). Analyses of the XCT-resolved
pore size distribution reveal similar, relatively homogeneous
pore size distributions in HP and HP-RF (Figure 2B), and
distributions remain uniform along the length of each core
(Figure 2D). In contrast, LP shows a smaller average pore size
(Figure 2B) but greater share of large (>∼ 0.2 mm2) pores, a
pattern which is particularly pronounced near the inlet (Figure
2C). This is the expected and intended effect of using acid flow
to increase the permeability and degree of channeling of the LP
core.47,50

Experimental studies of the relationship between pore size
and maximum pore-scale velocity have proposed the following

power law relation between maximum velocity and pore
radius55

= ( )v v r
r , 2 2m 0

p
0 (2)

Here, r0 and v0 represent, respectively, the characteristic pore
radius and velocity, rp represents the pore radius, and ∝ is a
parameter that varies from −2 for a completely serial pore
arrangement to +2 for a completely parallel pore arrangement.
Since “serial” and “parallel” represent two theoretical extremes
in how flow paths might be arranged, neither is expected to
actually occur in the natural samples used here. Rather, eq 2
implies a qualitative difference in where the highest pore-scale
velocities may occur in LP versus HP and HP-RF. Due to the
wide range of pore sizes in LP (Figure 2C), a small number of
preferential flow paths likely serve as conduits for the majority
of fluid flow,56,57 just as flow is unevenly distributed between
the various possible paths in a parallel pore arrangement. HP
and HP-RF, in contrast, likely feature a large number of equally
likely flow paths, suggesting a more connected pore network in
which most pores support similar amounts of fluid flow, as in a
serial pore arrangement. Therefore, the highest flow rates are
expected to occur in the preferential flow paths of LP and the
narrower channels of HP and HP-RF.

3.2. Evolution of Permeability and Effective Pore
Volume. Real-time permeability estimation (Figure 3) reveals
several general trends that apply across the samples. First,
much of the observed permeability reduction was attributable
to biomass accumulation only, occurring before the injection of

Figure 3. Real-time permeability measurements during MICP injections and subsequent acid flow for HP (A), HP-RF (B), and LP (C). Note the
different y-axis scale for LP. (D) Effective pore volume, estimated as a fraction of gravimetrically measured pore volume from two tracer tests per
intermediate flow phase. Numbered intermediate flow phases correspond to the following points in the injection: (#1) pre-MICP, (#2) post-
attachment, (#3) post-growth phase 1, (#4) post-growth phase 2, (#5) post-mineralization phase 1, (#6) post-mineralization phase 2, (#7) post-
mineralization phase 3, and (#8) post-mineralization phase 4. Note that the final two intermediate flow phases (#7 and #8) were not conducted for
HP-RF as this injection was stopped early, and a post-attachment tracer test (#2) is not reported for LP due to a chloride electrode error.
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the calcium-enriched mineralization medium (“attachment”
and “growth” phases on Figure 3A−C). Second, the first
growth phase produces a higher percent reduction in
permeability than does the second. This is despite the fact
that the quantity of biomass present in the core is expected to
be greater at the beginning of the second growth phase than
the first and should therefore drive more robust biomass
accumulation. One possible explanation for this discrepancy is
that flow-induced shear stress becomes more significant as
more biomass accumulates, eventually outpacing growth.
Finally, intermediate flow phases consistently yield perme-
ability increases (compare “intermediate flow, start” and
“intermediate flow, end” on Figure 3A−C), which is consistent
with the mobilization and transport out of the core of biomass
and precipitates under elevated flow conditions.
Outside the consistent trends noted above, the applied

injection strategy was found to affect the overall permeability
of the three cores in different ways. Specifically, the
permeability of LP decreased only modestly, from ∼2.5 to
∼1 mD at the end of the injection (Figure 3C), while the
permeability of HP-RF decreased by 3 orders of magnitude,
from ∼20 to ∼0.06 mD (Figure 3B, inset plot). Permeability
reduction in HP was between these two extremes, decreasing 1
order of magnitude from ∼30 to ∼2.5 mD (Figure 3A), and
followed a consistent pattern of controlled decrease during
injection phases and partial recovery during the intervening
elevated flow phases.
The differential success of permeability reduction between

LP and HP is consistent with the hypothesized prevalence of
preferential flow paths in LP. The effective pore volume,
estimated here through tracer test data (Figure 3D), captures
the fraction of the pore space actively utilized in fluid flow. In
general, a low fraction implies that many pores are too small or
unconnected to serve as effective flow conduits and that flow is
therefore channeled into a small number of preferential flow
paths. The effective pore volume of LP and HP diverged
progressively throughout the injection, with LP becoming
more channeled and HP becoming less channeled. This trend
may be attributable to elevated flow rates in the preferential
flow paths of LP limiting biomass and precipitate accumu-
lation. In other words, the most important flow conduits were
minimally affected in LP, while the opposite seems to have
occurred in HP.
In the case of HP-RF, a sudden sloughing event occurred

during the rapid flow period, which followed the second
mineralization phase (Figure 3B, inset plot). This is evidenced

by a sudden drop in permeability of more than 1 order of
magnitude in contrast to the permeability increases observed
during all intermediate flow phases for HP (Figure 3A, inset
plot). As a result, the planned injection schedule was cut short
in HP-RF due to the pressure limits of the apparatus. Flowing
more than 50 pore volumes of sodium chloride solution over
30 h failed to increase the permeability, suggesting clogging by
rigid precipitate fragments too large to be transported out of
the core. While such precipitate sloughing provides a means to
reduce permeability quickly, the small quantity of precipitate is
not expected to be resilient to subsequent acid challenges.
This intuition was confirmed by a rapid permeability

increase in the early stages of the HP-RF acid challenge,
with the permeabilities of HP and HP-RF eventually stabilizing
to within the same order of magnitude (∼2−5 mD) (Figure
3A,B). In LP, the measured permeability at the beginning of
acid flow did not correspond to the measured permeability at
the end of the MICP injection (Figure 3C); this may be due to
additional, unintentional clearing of precipitates and biomass
during the drying and re-saturation process. However, the core
also fractured at an unknown point during the acid flow
procedure, confounding interpretation of these permeability
measurements.

3.3. Calcium Mineralization and Mass Balance. Figure
4 summarizes the ICP−MS analyses of dissolved calcium in
the effluent obtained from each mineralization phase. Based on
the documented influence of biomass encapsulation by
precipitated calcium carbonate,58,59 mineralization activity is
expected to decline in later mineralization phases due to
inactivation of biomass and/or constraints on solute transport.
While this trend is observed in Figure 4A, the amount of
calcium mineralized never declines to zero, remaining at ∼30%
even after the fourth mineralization phase. Such a significant
level of mineralization activity is somewhat unexpected in the
third and fourth phases, given that no permanent reduction in
permeability occurred during these phases of mineralization for
HP or LP (Figure 3A,C). This raises the question of where the
presumed precipitation occurred and why it had a limited
effect on permeability during the latter half of mineralization.
In Figure 4B, a mass balance of calcium is converted to a

cumulative predicted mass of calcium carbonate generated
throughout the four phases of mineralization, and these values
are compared to the observed increase in core mass following
MICP. This comparison reveals that a significant quantity of
the precipitate in HP and LP was ultimately not retained
within these cores after mineralization ended. In contrast, the

Figure 4. Fraction of dissolved calcium mineralized during each phase (A) and cumulative estimated precipitate mass, calculated from the mass
balance, compared to measured change in core mass post-MICP (B).
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calcium mass balance for HP-RF, which underwent only two
mineralization phases, agreed well with the measured mass
increase.
A likely explanation for the observed discrepancies is that

intermediate flow periods induce the mobilization of
precipitate masses small enough to exit the core without
detectable clogging. Though precipitates are likely more
resilient to shear than biomass alone, it is conceivable that
there is an analogous “threshold” shear stress at which
precipitate sloughing begins to occur. Since the mineralization
medium contains the necessary nutrients for biomass growth,
attached biomass that was previously encapsulated could be re-
exposed during precipitate sloughing and resume normal
metabolic activity; this would explain higher-than-expected
mineralization activity in later mineralization phases. Shear
limitations would continue to apply, however, creating a
dynamic process of sloughing during intermediate flow
followed by re-encapsulation during mineralization medium
injection.
The above interpretation assumes that precipitation

originates primarily from the attached biomass. This
assumption is commonly applied to modeled MICP
processes.19,22,23 While the methods used in this study do
not provide evidence for or against a suspended biomass
contribution to precipitate accumulation, such a contribution
would not be at odds with the data presented here. In an
alternative scenario where surface-attached precipitates are
immobile and not subject to shear sloughing, incomplete
retention of precipitates could be explained by biomass−
precipitate colloids that settle on pore surfaces during slow
flow and are washed out during faster flow. Provided that
sufficient active biomass remained in the core at the start of
each mineralization phase, simultaneous growth and precip-

itation would produce a repeating pattern of colloid settling
and washout that would mimic the proposed encapsulation−
sloughing cycle.

3.4. Precipitate Accumulation in Differently Sized
Pores. Figure 5 summarizes the XCT-resolved changes in
porosity that occurred following MICP as functions of both the
pore size (Figure 5A−C) and core section (Figure 5D), with
Section 1 being closest to the core inlet and Section 4 being
closest to the core outlet. As Figure 5A shows, the percent
change in the pore volume is directly proportional to the pore
size. In other words, for the HP core, precipitate accumulation
occurred preferentially in larger pores. In contrast, HP-RF
(Figure 5B) shows less precipitate accumulation across all size
ranges compared with HP, and the relationship between size
and percent change in pore volume is weaker. For LP (Figure
5C), there may be a similar proportionality between pore size
and percent change in pore volume for the smallest pore size
fraction, but the trend reverses at larger pore sizes, which likely
represent preferential flow paths. It is also important to note
that precipitate accumulation favors the inlet in HP-RF and the
outlet in LP, while no trend from the inlet to outlet can be
discerned in HP (Figure 5D).
These observations are consistent with the patterns of

precipitate accumulation and mobilization previously hypothe-
sized for the three samples. Due to the absence of preferential
flow paths in HP (Figure 2), the highest velocities and greatest
shear stresses likely occur in small pores (eq 2). Favorable
conditions for precipitate accumulation in large pores prevent
flow in HP from becoming more channeled as the injection
proceeds (Figure 3D); this is in sharp contrast to LP, where
elevated flow rates in larger pores may cause preferential flow
paths to remain open, and as a result, only a modest decrease
in permeability is observed (Figure 3C). Furthermore, the acid

Figure 5. Percent change in pore volume within each pore size bin for HP (A), HP-RF (B), and LP (C). (D) Percent change in total XCT-resolved
porosity along the four sections of each core, compared to the whole-core average and gravimetrically determined percent change in porosity.
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dissolution method applied to the LP core likely resulted in
more significant channeling near the inlet (Figure 2A,C),
which could explain increasing precipitate accumulation with a
greater distance from the inlet.
Since the HP-RF injection could not proceed beyond

mineralization phase #2 of 4, more precipitate accumulation
near the inlet of this core is not surprising. Dissolved calcium
concentrations in the mineralization medium are expected to
be highest near the inlet, and the rate of precipitation should
accordingly decrease along the length of the core. As a result, it
is likely near the inlet that precipitate accumulation first
reaches the maximum allowable by encapsulation or flow-
induced shear stress. Had the injection proceeded in HP-RF,
the amount of precipitate in Sections 2−4 may have more
closely matched the amount in Section 1. Regardless, the
permeability decrease was larger in HP-RF than HP (Figure 3)
despite a smaller quantity of precipitate overall (Figure 4),
since the dominant process in HP-RF was clogging by
sloughed precipitates rather than gradual shrinking of all pores.

4. SUMMARY AND CONCLUSIONS
This study assessed the potential for flow-induced bulk
transport of biomass and precipitates to either limit or
enhance the permeability reduction achieved during a staged,
continuous-flow, bioaugmented MICP injection. When flow
rates are moderate and flow is distributed across many flow
paths, precipitate accumulation is uniform along the length of
the core and occurs preferentially in large pores, so that the
degree of channeling does not increase. Under such conditions,
consecutive injections could theoretically be applied to achieve
tunable permeability reduction, even when the average pore
size is large. Elevated flow rates did not significantly suppress
biomass or precipitate accumulation but did induce sloughing
and mobilization of precipitates. Such sloughing events lead to
clogging, which produces a large and sudden reduction in the
permeability. Permeability recovers quickly, however, when the
seal is challenged with an acid. Upon moving from a
homogeneous pore size distribution to a more heterogeneous
one, preferential flow paths pose a challenge for robust
permeability reduction, with flow-induced shear stresses
predicted to limit the accumulation of both biomass and
precipitates.
Taken together, these findings suggest that flow-induced

shear stress, itself a product of Darcy velocity and the initial
size and arrangement of pores, may be as important as
biological and chemical factors in determining the permeability
reduction achievable by MICP. While the natural samples used
here provide valuable qualitative insights into scenarios that
may be encountered in a real reservoir, studies of more
controlled systems are necessary to answer several lingering
questions. First, since the hypothesized contributions of
biomass and precipitate mobilization could not be decoupled
in this study, these processes should be studied separately with
an emphasis on relating pore-scale flow velocity to sloughing
behavior. Second, a more complete understanding is needed of
the biological factors that might affect the resilience of attached
S. pasteurii to high-shear conditions, such as biofilm
morphology, EPS production, and rheotaxis-mediated reattach-
ment of sloughed biomass. Finally, while this study proposes
that precipitate sloughing is ubiquitous and causes detectable
clogging only under certain conditions, quantitative character-
ization of unknowns, including the size and morphology of
sloughed precipitates and prevalence of precipitates formed by

suspended biomass, is necessary to refine MICP models
accordingly.
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