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Background

= Shale plays a key role in many
geoengineering applications such as

energy or carbon storage (Fig. 1).

= Most induced fractures use
proppants (e.g., sand) to keep
fractures held open over time.

= Methods are needed to control

permeability in shale formations to F|g. 1: Engmeermgtools -

reduce the risk of harmful leakages'. forsealing subsurface hydraulic
fractures. Figure from [1].

Objectives

= We used two non-invasive techniques to study how
biomineralization affects fluid flow in shale fractures: Step 1: Inject microbes @
and magnetic resonance velocimetry (MRV)

= Abiofilm-based sealing strategy known as microbially- m
induced calcium carbonate precipitation (MICP) has
been demoFnstrated to seal proppant-filled shale rock
fractures under subsurface conditions (Fig. 2)2. (sand)

Proppant

= Fluid-rock interactions that drive mineral precipitation Shale
inside the fracture are not well studied.

fracture

Fig. 2. Overview of MICP-treatment for fracture
sealing.
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= Micro-CT takes multiple X-ray
measurements at different angles
around a sample.

= 2D cross-sectional images are
reconstructed from the 1D X-Ray
projections.

= Micro-CT cannot visualize fracture
flow, but this can be simulated
through modeling.

= Modified local cubic law (MLCL)

from CT calculated aperture map CTimages

Micro-CT and Modified Local Cubic Law (MI:CL) Flow Simulation

model was used to predict 2D flow 2D cross-sectional Binarized images Fracture aperture map LCL flow simulation

Magnetic Resonance Velocimetry (MRV)

Magnetic resonance imaging (MRI) uses magnetic field

gradients to image 'H nuclei (also known as “spins”) non-

invasively (Fig. 4)3.

Pulsed field gradient nuclear magnetic resonance (PFG NMR) Stationary water

IS an experimental technique used to measure flow and diffusion
properties. A pair of pulsed field gradients imparts a phase shift
(Ad) on the spins’ rotation that depends on the spins’ motion

(Fig. 4)3.

PFG NMR can be used to measure the probability distribution of

spin displacements called a propagator.
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Fig. 4. In the presence of a magnetic field
gradient (bottom), spins acquire a phase shift
in their rotation. PFG NMR applies a pair of
magnetic field gradients that refocuses the

Magnetic resonance velocimetry (MRV) combines MRI and PFG ohase of stationary spins, but the residual

NMR to create spatial velocity maps.

phase of moving spins is measured and used

micro-CT images. Flow is uniform throughout.

simulation.

offset from the fracture midpoint due to rough surfaces (Figs. 9-10).

(Fig. 3). Fig. 3. Workflow of processing micro-CT images for fracture flow simulation. to calculate velocity. Figure modified from [4].
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Fig. 5. Fracture aperture map of Fig. 6. Fracture flow map of§hale Fig. 7. Pressure distribution map Sha Ie Fra Ctu re = 1D profiles of V, aCross the aperture are parabolic, though many are | y?b !
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Fig. 10. Alternative 1D v, profile
at varying flow rates.

of shale fracture with proppant.

observable

Fig. 11. Fracture aperture map Fig. 12. Fracture flow map of shale Fig. 13. Pressure distribution map . . . . Fiz 16.C :
fracture with proppant from MLCL of shale fracture with proppant W|th Proppa nt = Good agreement between propagators and spatial velocity maps (Fig. "8 1°- ~omparing propagator

simulation. Flow channeling is
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Fig. 14. Cross-sectional MRI/Velocity maps of flow through shale fracture with
proppant showing 3D encoded velocities (as illustrated in red “slices” in cartoon).

* Flow channelization observable after the addition of proppant (Fig. 14)
= Bulk propagators confirm that flow moves through more preferential
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Fig. 15. Bulk propagators at
10 varying flow rates.
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Fig. 20. Cross-sectional MRI/Velocity maps of flow through biomineralized shale mm/s
fracture with proppant showing 3D encoded velocities (as illustrated in red “slices” in

= After biomineralization, flow become even more non-uniform (Fig.

Biomineralized 20).

= MRV images can be acquired in any orientation, and longitudinal

1 lem|n

Fig. 17. Fracture aperture map of Fig. 18. Fracture flow map of biomineralized Fig. 19. Pressure distribution map of Sha Ie Fra ctu re . ' . ; :
biomineralized shale fracture with shale fracture with proppant from MLCL biomineralized shale fracture with maps present a way to view the full flow field (F|g. 21) Fig. 21. Longitudinalvelocity map
proppant. Mineral buildup and more simulation. There are fewer available flow proppant from MLCL simulation. . = | ongitudinal maps highlicht the main preferential flow path (Fig. 21 at varying flow rates (as illustrated
zones with zero aperture are observable. paths after MICP-treatment. Wlth Proppa nt 8 P ghtig P P ( g ) in yellow “slice” in cartoon).
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