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INTRODUCTION
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Estimates of the number of abandoned wells in the U.S and abroad range in the
millions, all of which have a high probability of leaking at some point during their
lifetime. We are currently focusing on developing technologies for sealing
unwanted leakage pathways in fractured shales. We are investigating the
feasibility of a plugging technology, which is based on the microbially-induced
precipitation of carbonate minerals. Some bacterial species, e.g., Sporosarcina
pasteurii, can catalyze the hydrolysis of urea. The process, also referred to as
ureolysis, leads to the production of ammonia and an increase in alkalinity. In the
presence of calcium ions, this can lead to the precipitation of calcite as shown
here.

CO(NH,), + Ca2*+2H,2 : NH,*+CaCo, ;

The resulting biocement (calcium carbonate) has been demonstrated by us to
cement together heavily fractured shale and reduce the permeability of
fractures in shale cores.

MICP has been proposed for many potential engineering applications (Figure
1). We have investigated ureolysis-driven microbially induced calcium
carbonate precipitation (MICP) mitigation strategies for sealing high
permeability regions, like fractures, in the subsurface. This technology has the
potential to, for example, improve the long-term security of geologically-stored
carbon dioxide (CO,) by sealing fractures in cap rock and mitigate leakage
pathways to prevent contamination of overlying aquifers (Figure 1).

Figure 1. Potential applications of ureolytic biomineralization (Phillips et al.
2013a)
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Low Pressure

Ambient pressure tests were performed to evaluate biomineralization in
fractured shale. 1  cores were wrapped in PTFE tape prior to being inserted
into a 17 inner diameter reinforced PVC tube. Bypass was prevented by
tightening a hose clamp around the tube. The apparent initial permeability was
measured by recirculating fluids and measuring the pressure differential at a
range of flow rates.

The biomineralization procedure began with injection of S. pasteurii, followed
by alternating pulses of calcium free growth medium and calcium containing
medium (Ebigbo et al., 2012, Phillips et al., 2013b, Lauchnor et al., 2013). The
change in apparent permeability was calculated over the course of the
experiment from pressure and flow rate data.
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Figure 2. Low pressure system during initial permeability characterization,
a salt brine was recirculated to prevent swelling of the clays in the core.

METHODS

High Pressure
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Figure 3. High pressure test system, the core is contained in the metal
Hassler-type core holder in the center of the photo.

A Hassler-type core holder (center of figure 3) was used to apply a subsurface-
relevant overburden pressure to the core. Both the overburden pressure and inlet
pressure were controlled by high pressure syringe pumps (Teledyne Isco).

A high pressure test was performed to evaluate not only the biomineralization
procedure at relevant subsurface pressures but also to see the impact of
overburden pressure on fracture aperture. Overburden pressure was raised to a
maximum of 900 psi. After adding an inoculum of S. pasteurii, growth medium
was added for 24 hours followed by the continuous injection of calcium-
containing medium for 140 hours.

RESULTS
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Figure 4. Apparent permeability in three low pressure biomineralization
experiments.

Ambient pressure experiments showed significant reduction in permeability, up to
5 orders of magnitude. Proppant was added to a subset of fractured cores to
Increase Iinitial permeability. Despite an increased initial permeability these cores
reached a similar final permeability over a five day timeframe (Figure 4). Shale
samples from a range of location were tested, but no major difference In
biomineralization was observed. An oil soaked core was also tested and
successfully biomineralized.

# Figure 6:  Left:
£ Influent region of
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Figure 6. Apparent permeability vs. overburden pressure as measured in
high pressure system.

Permeability decreased rapidly with increasing overburden pressure. This
effect may be less in field systems where inlet pressures can exceed the
overburden pressure. Initial permeability was very low in this sample but the
biomineralization process further reduced the permeability (Figure 7).
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Figure 7. Effective permeability over time. Permeability reduction prior to
calcium injection could be due to biofilm plugging the small fractures.

Results (Cont 0d)

X-Ray CT scans were performed before and after biomineralization. This
provided a non-destructive way to image the fractures within a core.

Figure 8. (a) X-ray CT scan prior to biomineralization, (the outer ring is the PVC
sleeve); (b) scan after biomineralization; (c) composite image based on subtracting
image a from image b then adding the difference (bright white) to image a; image
(d) was created by reducing the noise in image c. Noise was reduced by eroding
and dilating the binary image used to create image c (Sijbers and Postnov, 2004).

There Is a noticeable reduction in fracture aperture between 8(a) and 8(b) that is
not evident in image 8(d). The fracture runs through the middle of the core in
Image 8(a) and is difficult to see in image 8(b). Because the fracture is only 1-2
pixels wide (35-70 um) it is largely eliminated in the noise reduction step (8d).
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Figure 9. (a) raw scan from the CT and (b) reconstructed cross section of the same
core

Figure 10: An additional experiment was
run to test consolidation of small pieces
of shale (above). Biomineralization
yielded a single pF R {Jibff).
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