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A B S T R A C T

The presence of delaminations, apertures, fractures, voids and other unrestricted flow channels in the wellbore
environment substantially reduces wellbore integrity. Compromised cement may cause a loss of zonal isolation
leading to deleterious flow of fluids between zones or to the surface with multiple potential negative impacts
including: loss of resource production, reduction of sweep efficiency in EOR operations, and regulatory non-
compliance. One potential solution to enhance wellbore integrity is microbially induced calcite precipitation
(MICP) to plug preferential flow pathways. MICP is promoted with micrometer-sized organisms and low visc-
osity (aqueous) solutions thereby facilitating fluid transport into small aperture, potentially tortuous leakage
flow paths within the cement column. In this study, MICP treatment of compromised wellbore cement was
demonstrated at a depth interval of 310.0–310.57 m (1017–1019 feet) below ground surface (bgs) using con-
ventional oil field subsurface fluid delivery technologies (packer, tubing string, and a slickline deployed bailer).
After 25 urea/calcium solution and 10 microbial (Sporosarcina pasteurii) suspension injections, injectivity was
reduced from the initial 0.29 cubic meters per hour (m3/h) (1.28 gallons per minute (gpm)) to less than
0.011m3/h (0.05 gpm). The flow rate was decreased while maintaining surface pumping pressure below a
maximum pressure of 81.6 bar (1200 psi) to minimize the potential for fracturing a shale formation dominant in
this interval. The pressure decay immediately after each injection ceased decreased after MICP treatment.
Comparison of pre- and post-test cement evaluation logs revealed substantial deposition of precipitated solids
along the original flow channel. This study suggests MICP is a promising tool for enhancing wellbore cement
integrity.

1. Introduction

According to the 2003 Oil Field Review report, since the earliest gas
wells were drilled the escape of hydrocarbons to the surface has been a
significant challenge. The gas migration can lead to sustained casing
pressure (SCP) or sustained annular pressure (SAP) which indicates
there is hydraulic communication between the formation and the an-
nulus because of inadequate zonal isolation. The causes of SCP can be
improper cement slurry design or damage to the primary cement after
setting. According to the report, of the 15,500 producing, shut-in, or

abandoned wells in the Gulf of Mexico, 43% of them have reported SCP
and the problems only increase with the age of the well. Data from the
United States Mineral Management Service cited in the report suggested
that a 15 year old well has a 50% chance of a SCP problem (Brufatto
et al., 2003).

1.1. Wellbore cement integrity

The primary purpose of wellbore cement is to provide zonal isola-
tion critical for safe and effective operation of both production and
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then there could be a risk of urea (a nitrogen source) impacting
groundwater. This risk could be mitigated by carefully controlling the
placement of the fluids, for example, only adding the volume estimated
in the wellbore cement channeled region. In addition, the risk of in-
jecting microbes can be mitigated by using different sources of the
enzyme. Some additional sources include inactivated microbes, which
contain active enzymes in their cells, using enzymes directly (from
plant-based sources or extracted from microbial cells), or by promoting
the entombment of the microbes at the end of the MICP sealing process,
which would result in trapping of the microbes, reduced microbial
transport, and likely inactivation over time (Phillips et al., 2013a,b).

1.4. MICP fundamentals

A commonly researched method to promote calcium carbonate
precipitation uses the microbially produced enzyme, urease, to catalyze
the hydrolysis of urea to change saturation conditions. In the presence
of sufficient calcium, precipitation of calcium carbonate (MICP) results.
The urease enzyme can be found in a wide variety of microorganisms
(Mobley and Hausinger, 1989). Ureolysis-driven microbially-induced
calcium carbonate (CaCO3) precipitation (UICP) has been researched
for a wide range of engineered applications (Phillips et al., 2013a) in-
cluding amending or improving construction materials (De Belie and
Verstraete, 2012; De Muynck et al., 2010; Dhami et al., 2012), ce-
menting porous media (Al Qabany et al., 2011; DeJong et al., 2010;
Tobler et al., 2012; van Paassen et al., 2010; Whiffin et al., 2007), and
environmental remediation (Dupraz et al., 2009; Fujita et al., 2004;
Hammes et al., 2003; Lauchnor et al., 2013; Mitchell et al., 2010;
Okwadha and Li, 2011). In the presence of sufficient carbonate, calcium
ions, and nucleation sites, calcium carbonate precipitation is promoted,
often in the stable mineral form of calcite (Hammes and Verstraete,
2002; Stocks-Fischer et al., 1999) (Equation (1)).

(NH2)2CO + 2H2O + Ca2+ → 2NH4
+ + CaCO3 (1)

While many studies related to MICP have been reported on a la-
boratory scale only a few have been performed on a field scale. These
studies include the use of MICP to promote urea hydrolysis and calcite
precipitation in groundwater (Fujita et al., 2008), improving the geo-
technical quality of soils (Gomez et al., 2015; van Paassen et al., 2010)
and promote fracture sealing 25m below ground surface in the frac-
tured dacite (Cuthbert et al., 2013). Recently, we described a study
where MICP was used to seal a hydraulic fracture in a sandstone for-
mation 340m below ground surface (Phillips et al., 2016). The MICP
study described here utilized Sporosarcina pasteurii, ATCC 11859, for-
merly Bacillus pasteurii (Yoon et al., 2001).

2. Materials and methods

2.1. Site characterization

The MICP sealing field demonstration was performed inside a
24.4 cm (9.625 inch) diameter well located on the William Crawford
Gorgas Electric Generating Plant (Alabama Power, Southern Company)
near Jasper, Alabama, USA hereafter referred to as “Gorgas”. This well
was drilled as part of the Department of Energy effort to characterize

Technology Maturity Smallest fracture penetrated Initial Viscosity References

Micro-cements Field utilization 120–150 μm 250 cP Stormont, 2016
Ultrafine cementitious grout Some field data 150 μm 16-40 cP Product Data Sheets
Gels and epoxies Research & development and some field data 5–50 μm 80-500 cP

Depends on temperature
Jones et al., 2014; Product Data Sheets

Nanocomposite Materials Research <1 μm–13 μm 200 cp Stormont 2016
MICP Research and field demonstration 2–5 μm 1-3 cP Phillips, 2013

injection wells. The presence of delaminations, apertures, fractures, 
voids and other unrestricted flow channels in the wellbore environment 
substantially reduces wellbore integrity. Compromised cement can 
cause lost zonal isolation leading to deleterious flow of fluids between 
zones or to the surface. Potential negative impacts of compromised 
wellbore cement include potential damage to drinking water aquifers, 
leakage of greenhouse gases (e.g. methane) to the atmosphere, reduc-
tion of sweep efficiency in enhanced oil recovery (EOR) operations, 
regulatory non-compliance, and failed mechanical integrity testing 
(MIT) necessary prior to plug-and-abandonment. Maintaining wellbore 
cement integrity is important to geothermal production, unconven-
tional oil and gas, gas storage, or enhanced oil recovery wells (Choi 
et al., 2013; Crow et al., 2010; Gasda et al., 2004; Huerta et al., 2009; 
Newell and Carey, 2012).

1.2. Alternative sealing technologies

A common method for repairing wells with compromised integrity 
is the use of cement, in particular fine cement (Harris and Johnson, 
1992; Lizak et al., 1992), that can be injected into gaps as small as 
120 μm. The success rate of squeezing cement to fix leaks may be less 
than 50% due to the difficulties in getting cement to the proper loca-
tions (Bagal et al., 2016). Additional research is being performed to 
assess the use of gels, epoxies and nanocomposite materials that may be 
able to access smaller aperture fractures (Genedy et al., 2014; 
Todorovic et al., 2016). These novel materials may have additional 
considerations for use in repairing wells including 100 times higher 
viscosity than that of the MICP promoting sealing solutions. Higher 
viscosity fluids require increased pumping pressures to deliver the 
materials, potentially limiting the gap configurations that can be ac-
cessed. A comprehensive review of different methods to repair well 
integrity was not conducted, but a few options are compared in Table 1.

1.3. Microbially induced calcite precipitation (MICP)

While wellbore cements and ultrafine cements continue to be de-
veloped, there is an obvious need for novel technologies that can be 
delivered via low viscosity fluids thereby improving the ability to plug 
small aperture leaks such as fractures or delaminations at interfaces. 
MICP, as discussed in detail below, utilizes micrometer-sized organisms 
and low viscosity (aqueous) solutions thereby facilitating fluid trans-
port into small aperture flow channels within cement. Data from mer-
cury intrusion porosimetry performed on biomineralized sandstone 
cores suggested pore spaces in the size range of 6–16 μm were most 
impacted by biomineralization treatment (Phillips, 2013). Conceivably, 
since the microbe itself is in the size range of 1–5 μm, the aperture of 
fractures that can be impacted by MICP treatment is only limited by the 
ability of the microbe to be transported into the fracture. These are 
smaller pore spaces than those accessible with cement-based technol-
ogies, which may be due to the higher viscosity of cement/water mix-
tures, compared to in biomineralization promoting solutions (Phillips 
et al., 2013b; Tamura et al., 1994). While the MICP treatment may have 
the advantage of sealing small aperture fractures and can be placed in 
channeled cement with water-based solutions, it is not without risk. For 
example, if fractures in the treatment zone extend to functional aquifers

Table 1
Emerging Technologies used to Repair Leaking Oil & Gas Wells.



geologic formations suitable for carbon sequestration. The well was
used in a previous MICP experiment located at 340m below the ground
surface which focused on sealing a hydraulic fracture in a sandstone
formation. This well has been used for testing purposes and could be
described as shut in with plans to plug and abandon the well as soon as
the testing projects are completed. Additional details of the well and
site can be found in Phillips et al. (2016). The target zone for our
current field study was at a depth where the wellbore cement was
channeled approximately 310m below ground surface.

2.2. Cement evaluation log and sidewall coring

The region of compromised cement was identified through the use
of an ultrasonic imaging tool (USIT) provided by Schlumberger. The
USIT, which was lowered into the well on a wireline, provided a con-
tinuous image of the quality of the cement bond at the cement-casing
interface. Ultrasonic cement imaging log (IBC® Schlumberger) results,
shown in Fig. 1, suggested that cement in the vicinity of 310m (1017
feet) bgs appeared to contain solids but was dominated by a liquid filled
channel above which very few solids were present.

To access this zone, three side wall cores were drilled at elevations
310.0, 310.3, and 310.9 m (1017, 1018 and 1020 feet) bgs. The coring
device was lowered via wireline to the elevation chosen for coring then
activated. Fig. 2a shows that the sidewall core recovered from 310.0 bgs
consisted of steel casing and good quality cement. The fracture trans-
ecting the core could possibly serve as a channel for flow of injected
fluids. However, this cannot be confirmed as the fracture could have
also occurred during the drilling of the core. This core sample did not
extend into the surrounding shale formation. Fig. 2b shows the core
recovered from the elevation 310.3 m (1018 feet) bgs. This core con-
sisted of steel casing, good quality cement, and dense black shale. A
third core (not shown), drilled at elevation 310.9 m (1020 feet) bgs,
penetrated the steel casing into a region devoid of cement, and no ce-
ment or shale was recovered. It was assumed that this core accessed the
channel and was the target for subsequent MICP sealing.

2.3. MICP field demonstration design

The objective of the MICP field experiment was to demonstrate that
MICP treatment can improve the integrity of compromised wellbore
cement along the target elevation interval. The experimental procedure
included: 1) creation of an access point through the casing to deliver
fluids, 2) injection of microbial suspensions that attach to surfaces of
the channel casing and cement interface, 3) injection of calcium-con-
taining solutions that promote mineralization, and 4) assessing the
degree of cement channel plugging by monitoring the relationship be-
tween injection flow rate and pressure. Conceptually the MICP seal
grows in-situ from the surfaces of the cement and casing interfaces into
the cement channel(s) until fluids can no longer be injected without
exceeding the threshold fracture pressure of the surrounding formation
(Fig. 3).

Collaborators on this field test included the Center for Biofilm
Engineering at Montana State University (CBE/MSU), Southern
Company (SC), Schlumberger Carbon Services (SLB), Loudon Technical
Services (LTS), and Montana Emergent Technologies (MET). CBE/MSU
together with MET designed the field test protocol, oversaw testing and
analyzed results. SC provided access to the well and coordinated field
operations with SLB, MET, and LTS. MET and LTS provided field
oversight, coordinated equipment and subcontractors for the field
work, and helped with the analysis of the results. All collaborators
actively participated in decision-making and evaluation for each stage
of the project. CBE/MSU, MET, LTS, and SLB moved on-site, received
rental equipment and chemicals, and began cultivating microbes.
Pumps, surface tubing, sampling equipment, mobile chemical testing
laboratory, and the microbial laboratory were all set up as SLB mobi-
lized equipment including the slickline unit and workover rig and crew.
This project integrated expertise from practitioners (SC, SLB, and Shell)
with experimental research and development (MSU/CBE, MET) to
successfully complete the demonstration and thoroughly evaluate the
field injection protocol, field delivery system, and effectiveness of the
biomineralization sealing process.

2.3.1. Preparation of microbes
Filtered (0.2 μm bottle top filter Fisher Scientific, NJ, USA)

BHI + Urea medium (37 g/L BHI Becton Dickinson, 20 g/L Urea, Fisher
Scientific) was prepared in 250 ml plastic screw top flasks and in-
oculated with a thawed glycerol stock suspension containing S. pas-
teurii. The cultures were grown overnight and then transferred to car-
boys (Reliance Products) containing 15 L YE-medium (5 g/L Yeast
Extract, Sigma Aldrich, 20 g/L urea, Potash Corp., 1 g/L NH4Cl, BASF)
for an additional overnight growth period prior to injection amendment
of the subsurface. The entire carboy was placed on a magnetic stir plate
in a heated (23 °C) Rubbermaid tub, and the culture was allowed to
grow for approximately 24 h. No significant efforts were made to per-
form the carboy culturing aseptically in order to simulate a more rea-
listic commercial application with typical oil field conditions.
Overnight cultures of S. pasteurii were maintained throughout the de-
monstration. Periodic samples of the S. pasteurii inoculum were col-
lected and monitored for cell concentration and purity by performing
the drop plate method population assay on BHI + Urea agar plates
(Herigstad et al., 2001). Cultures were started and transferred daily so
that several 15 L (four gallon) carboys with at least 24 h old cultures
were available for inoculation each day of the experiment. The sus-
pension had an average culturable cell concentration of 3.5× 106 cfu/
ml at the time of injection.

2.3.2. Calcium-containing solution
The concentrated mineralization media consisted of 9 g/L yeast

extract (Acros Organics, New Jersey, USA), 124 g/L as Ca2+ (Ice Melt,
Occidental Chemical Corporation, Texas, USA) and 72 g/L urea (Potash
Corporation, Illinois, USA). This solution provides the urea and calcium
for biomineralization and precipitation to occur and was described as

Fig. 1. This ultra-sonic cement imaging log suggests that the region near
310.0 m (1017 feet) bgs was favorable for an MICP sealing demonstration as a
channel was shown to exist in the cement behind the casing. In this figure, the
behind-the-casing environment of the wellbore is color coded by the fluid or
solid detected. Red= gas, blue= liquid and tan= solid. In the region of 310m
below ground, both solids and liquids were detected with channels present. The
sidewall cores obtained were located at 310.0, 310.3, and 310.9 m (1017, 1018
and 1020 feet) bgs. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)



YE+.

2.4. Injection strategy

The fracture was inoculated by injecting 3.0 gallons of overnight
grown inoculum (amended with 5 g/L YE and 24 g/L urea) through the
slickline bailer followed by approximately five gallons of fresh water
(amended with 24 g/L NaCl). Each bailer of inoculum or concentrated
growth/calcium solution was sampled and the pH, conductivity, and
urea concentrations were assessed (data not shown). A bailer on a
slickline was used to deliver concentrated solutions and bacterial sus-
pensions to the subsurface. The tubing string ran to the surface and was
used to deliver brine to dilute concentrated bailer contents and deliver
them into the fracture. A pulsed injection strategy was used to inject
multiple microbial suspensions and calcium containing solutions over
the course of four days (Appendix A Table 1) (Ebigbo et al., 2012;
Phillips et al., 2016).

3. Results and discussion

3.1. Initial pressure-flow test results

A packer-bridge plug system was installed to isolate the region
above and below the location of the three side wall cores. Water was
pumped through the sidewall core holes to establish the relationship
between pressure and injection flow rate. The flow rate was chosen to

be 1.89–2.6 L/min (0.5–0.7 gpm which was chosen to maintain an in-
jection pressure below the formation fracture threshold pressure, which
was estimated to be approximately 81.6 atm (1200 psi). Pressure and
flow rates were recorded as a total of 469 L (124 gallons) of water was
injected. The water was trucked from the plant to two 2082 L
(500 gallon) holding tanks where it was amended with NaCl (Mix-N-
Fine, Cargill, Minnesota, USA) to 2.4% final NaCl concentration
(hereafter referred to as the brine). As previously described (Phillips
et al., 2016), the flow rate from the Cat Model 310 (Cat Pumps, Min-
neapolis, MN) injection pump powered by a 5 HP 230 V motor with a
variable speed drive was monitored by a Hoffer flow meter (Hoffer Inc.,
North Carolina, USA) with an Omega (Omega Engineering Inc., Con-
necticut, USA) pressure data logger to record surface pressure. The
injection pump was connected to the tubing string to be able to pump
brine into the subsurface.

Observations from the initial pressure-flow test suggest that the
constant flow rates (first 1.89 L/min then 2.64 L/min (0.5 gpm then 0.7
gpm)) resulted in several episodes of pressure first increasing to a
maximum of 78.43 atm (1153 psi), then decreasing to approximately
59.9 atm (880 psi). This behavior suggests that the injection at these
pressures may have opened up flow channels which were more con-
nected (and possibly wider) than the flow paths (channels) initially
present. A total of 469 L (124 gallons) of brine was injected at 2.64 L/
min (0.7 gpm) (177min in duration), providing indication that the
planned injection of MICP fluids to achieve cement sealing could be
accomplished with the maximum injection pressure remaining below
the assumed formation fracture threshold pressure of approximately
81.6 atm (1200 psi).

The results from the pressure-flow test were analyzed assuming that
most, if not all, of the injected flow passed through a single flow
channel through the wellbore cement. Based on this “single channel”
assumption it was possible to estimate the equivalent channel aperture
width using Cubic's law (Equation (2)).

=
△Q

wρgb
μ

h
L12

3

(2)

where Q is the flow rate, w is the width of the channel, ρ is the density
of the fluid, g is the gravitational constant, b is the aperture of the
channel gap, Δh is the measured injection pressure, μ is the dynamic
viscosity of the fluid, and L is the length of the channel (assessed from
the cement bond log to be approximately 30 feet) (Ranjith and Viete,
2011; Witherspoon et al., 1980). Using the pressure/flow analysis with
Cubic's law we estimated a fracture aperture of 125 μm. This calculation
assumes a single flow channel of width (w) equal to 40% of the cir-
cumference of the well casing or 0.31m (1.02 feet), and a length L of
9.14m (30 feet). Given the size of the estimated aperture, this gap may
be difficult to seal with micro-cements in a squeeze job (Table 1) and
was thus considered an appropriate test condition for the MICP treat-
ment technology.

Fig. 2. December 2015 (a) Sidewall core consisting of steel casing and fractured, good quality cement recovered from elevation 310.0m (1017 feet) bgs. (b) Sidewall
core, consisting of steel casing, cement, and dense shale recovered from elevation 310.3m (1018 feet) bgs. A third coring at elevation 3120.9m (1020 feet) bgs
exposed a void in the cement behind the casing. No cement or shale was recovered.

Fig. 3. Biomineralization promoting fluids are injected into the channel where
a mineral seal forms to limit further fluid injection.



3.2. MICP treatment results

The channel treatment experiment was performed over the course of
four days during which biomineralization fluids were delivered to the
target interval. Three major results were observed over the course of the
experiment: 1) injectivity was reduced, 2) the pressure falloff after shut
in decreased and 3) a significant increase was observed in the percen-
tage of solids in the channel after MICP treatment.

3.2.1. Injectivity
Injectivity of the fluid was significantly reduced from 0.29 cubic

meters per hour (m3/h) (1.28 gpm) to less than 0.011m3/h (0.05 gpm)
after MICP treatment (Fig. 4). The flow rate was decreased as pressure
increased to remain below a maximum pressure of 81.6 bar (1200 psi),
which was deemed to possibly initiate a fracture in the shale formation,
which was dominant in this interval. The reduction in injectivity was
attributed to the sealing of the channel which was observed in the ce-
ment bond log discussed in section 3.2.3.

3.2.2. Pressure falloff
Mechanical integrity tests are used to determine whether there is a

leak in the well's casing or tubing or whether there may be channels in
the near wellbore environment. A well has mechanical integrity if: (1)
there is no significant leak in the casing, tubing, or packer (internal
mechanical integrity) and (2) there is no significant fluid movement
through channels adjacent to an injection wellbore (external mechan-
ical integrity) (Koplos et al., 2006). A series of pressure fall-off tests
were performed on the final day after MICP treatment in the Gorgas
well. Prior to the MICP treatment, pressure falloff was as high as 42% of
the pressure decaying within 10min after shut-in at 63.4 bar (920 psi).
After MICP treatment on the final day of the experiment, the well was
pressurized to 20.4,34.0, and 82.7 bar (300, 500, and 1200psi) and the
percentage of pressure decay after 15min was recorded. At 20.4 bar
(300 psi) a 5.1% pressure decay, at 34.0 bar (500 psi) a pressure decay
of 7.1% and at 82.7 bar an 18% decay was observed after the 15-min
time interval. The treatment of the channel returned the well to a
condition where it met the Colorado definition of a mechanical in-
tegrity for shut-in wells (the Gorgas well could be considered a shut in
well) (Table 2). While this well is not in Colorado, the mechanical in-
tegrity test was only monitored for 15min and not 30min. Thus, it
could not be determined whether the well would meet the definition of
mechanical integrity for injection wells in Alabama. The definition of

mechanical integrity is different between states and the type of well and
while this is not a comprehensive list of all regulations, a few examples
are noted (Table 2).

3.2.3. Solids increase
Wellbore cement quality in the region of interest was examined

using an ultrasonic imaging tool (USIT) (Schlumberger). Briefly, the
USIT uses a transducer mounted to the bottom of the tool that detects
ultrasonic waves reflected from the casing interfaces. The tool has a
transmitter that emits ultrasonic pulses and the rate of decay of the
waves gives an indication of the cement bond at the casing interface.
The transducer is mounted on a rotating stage at the bottom of the tool
so 360° scanning can occur (Schlumberger, 2004).

The USIT was used before and after MICP treatment to characterize
the cement quality. Before sealing occurred there appeared to be an
approximately 40% lack of bonded cement in the annular space
(Fig. 5a). The conceptual model is that there was likely a channel
formed on the thin side of the annulus. This is also corroborated by the
casing is not centered in the borehole at this depth in the well (data not
shown). When the casing is not centralized it may be difficult for ce-
ment flow to reach the narrow side of the annular space resulting in a
channel void of cement in that region.

The ultrasonic imaging tool (USIT) logs before and after MICP
treatment indicated a significant increase in the solids content in the
compromised cement region (Fig. 5b and c). These cement evaluation
logs revealed a general narrowing of the channel observed in the ce-
ment casing interface with complete sealing observed in the region
around 302m (990 feet) bgs.

4. Conclusions

The three lines of evidence (reduced injectivity, reduced pressure
fall-off and increased solids content) offer compelling evidence that the
MICP sealing field demonstration at Gorgas was successful. MICP
treatment resulted in significantly reduced injectivity which corre-
sponded to substantial deposition of precipitated solids along the ori-
ginally detected flow channel and a significant reduction in pressure
fall-off after the well was shut in. As the MICP treatment technology
moves toward commercial application, additional research and devel-
opment will be performed to further improve methods of fluid delivery
and increase the depth and temperature range where the treatment can
be applied. In addition, other applications of MICP in the subsurface are
currently being explored including permeability modification for en-
hanced resource recovery or application in fractured wells to seal ex-
isting fractures with subsequent re-fracturing to access new formation
materials to recover additional resources (Cunningham et al., 2017).

Nomenclature

Q flow rate
W width of the channel
Ρ density of the fluid
G gravitational constant
B aperture of the channel gap
Δh injection pressure
L length of the channel
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Fig. 4. Pressure increase corresponding to (decreasing) injection flow rate over
time during the MICP sealing demonstration. Injections were terminated when
the injection pressure reached 81.6 bar (1200 psi), which was estimated to be
the fracture initiation pressure for the shale formation. The corresponding in-
jection flow rate was less than 0.011m3/h (0.05 gpm).



Appendix

Table 1
Summary of injected fluids.

Date + time Bailer Contents Delivered Vol of Bailer L (Gal) Delivered Vol of Brine L (Gal)

4/12/16 5:48 PM Inoculum 11.36 (3) 24.2 (6.4)
4/12/16 6:16 PM Inoculum 8.52 (2.25) 23.1 (6.1)
4/12/16 6:42 PM Inoculum 8.52 (2.25) 23.8 (6.3)
4/13/16 11:03 AM YE+ 8.52 (2.25) 19.3 (5.1)
4/13/16 11:45 AM YE+ 8.52 (2.25) 18.9 (5)
4/13/16 12:14 PM YE+ 8.52 (2.25) 18.9 (5)
4/13/16 12:50 PM YE+ 8.52 (2.25) 18.9 (5)
4/13/16 1:18 PM YE+ 8.52 (2.25) 19.3 (5.1)
4/13/16 1:55 PM YE+ 8.52 (2.25) 19.3 (5.1)
4/13/16 2:24 PM YE+ 8.52 (2.25) 18.9 (5)
4/13/16 3:04 PM Inoculum 8.52 (2.25) 18.9 (5)
4/13/16 3:34 PM Inoculum 8.52 (2.25) 19.7 (5.2)
4/13/16 4:02 PM Inoculum 8.52 (2.25) 18.9 (5)

(continued on next page)

Location or Regulatory Responsibility Pressure (psi) Percentage Falloff Duration (min) Well type

EPA >300 3% 30 Injection (Environmental Protection Agency, 2008)
Colorado > 300 10% 15 Injection, Shut-In (Colorado Oil and Gas Conservation Commission)
Montana > 300 5% 15 Injection/Disposal (Montana Board of Oil and Gas Commission)
Alabama <1500 10% 30 Injection/Disposal (State Board of Oil and Gas of Alabama)
Texas > 200 10% 30 Injection/Disposal (Texas Railroad Commission)

Fig. 5. (A), (B), and (C). The cement bond log scanned with the Schlumberger
USIT from 292.60 to 316.98m (m) (960–1040 feet) below ground surface. (A)
Shows the likely plan view configuration of the original flow channel at the
310.0–310.6m (1017–1019) foot elevation prior to MICP sealing. The casing in
this depth in the borehole is not centered meaning that there could be a narrow
side in the annular space, which was not completely filled with cement leaving
a void. It was approximated that there could have been a gap that comprised
40% of the circumference of the casing. Panel (B) shows the cement bond log
prior to MICP injection but after the side wall cores had been drilled at 310.0,
310.27, 310.6m (m) (1017, 1018, 1019 feet) bgs (white circles inside black
ovals indicate location of core points). Panel (C) shows the cement bond log
scanned after MICP treatment. Red= gas, blue= liquid, tan= solids detected
in the near wellbore environment between the casing and the formation. MICP
sealing resulted in a substantial increase in solid material in the 9.1 m (30 foot)
interval above the side wall core injection points. Note that at an elevation of
about 301.75 m (990 ft bgs, red circle) the solid material appears to completely
surround the casing without visible voids. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this
article.)

Table 2
Definitions of mechanical integrity for different well types.



Table 1 (continued)

Date + time Bailer Contents Delivered Vol of Bailer L (Gal) Delivered Vol of Brine L (Gal)

4/14/16 10:09 AM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 10:40 AM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 11:11 AM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 11:42 AM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 12:13 PM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 12:45 PM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 1:16 PM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 2:03 PM Inoculum 8.52 (2.25) 18.9 (5)
4/14/16 2:34 PM Inoculum 8.52 (2.25) 18.9 (5)
4/14/16 3:07 PM YE+ 8.52 (2.25) 36.3 (9.6)
4/14/16 3:29 PM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 4:10 PM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 4:39 PM YE+ 8.52 (2.25) 18.9 (5)
4/14/16 5:07 PM Inoculum 8.52 (2.25) 17.4 (4.6)
4/14/16 5:36 PM YE+ 8.52 (2.25) 18.9 (5)
4/15/16 9:09 AM YE+ 8.52 (2.25) 18.9 (5)
4/15/16 9:48 AM YE+ 8.52 (2.25) 18.9 (5)
4/15/16 10:29 AM Inoculum 8.52 (2.25) 18.9 (5)
4/15/16 11:14 AM YE+ 8.52 (2.25) 18.9 (5)
4/15/16 11:59 AM YE+ 8.52 (2.25) 19.3 (5.1)
4/15/16 1:17 PM YE+ 8.52 (2.25) 18.9 (5)
4/15/16 4:08 PM YE+ 8.52 (2.25) 18.9 (5)
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