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Abstract

Top-seal failure of subsurface waste storage systems such as those proposed for the mitigation of anthropogenic CO, accumulation can occur
when pre-existing optimally oriented fault and fracture systems are reactivated or when new fractures are induced due to increased fluid
pressures. The presence of discontinuities in seal lithologies affects their mechanical and hydrogeologic properties; migration of fluids or gas
through mm- to cm-scale discontinuity networks can result in focused fluid flow within and across a caprock. We examine the mechanical and
fracture stratigraphy of Paleozoic and Mesozoic analogues of failed cap-rocks exposed in central and south-east Utah to understand the nature
and distribution of fluid flow pathways in various sealing lithologies. Each seal type has experienced a unique depositional and tectonic history,
all are heterolithic, low permeability (0.001 to 0.12 D), and show evidence of fluid flow across the cap-rock through open-mode and shear
fractures. We combine outcrop analysis with the unique loading history and resultant uniaxial strain model at each locality to understand the
timing of fracture initiation and paleo-tectonic stress orientation, if it differs from the current dominant crustal stress orientation. Burial history
models evaluated in this study suggest that most formations reach a maximum burial depth > 1.6 km and experience an overburden stress of up
to 50 MPa. As lithostatic load increases with burial depth the potential for initiation of natural hydrofractures increases because the excess
pressure above the hydrostatic gradient required for failure decreases. Once zones of weakness have been established within the cap-rock they
exist as loci for future deformation and fluid flow.
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Research drivers * CCS (CCUS) for global warming
mitigation

. Incised fossil
New active

X travertine mound
Crystal Geyser erupts from spring has (ancient spring) - - - . -
* Seismicity associated with waste
travertine develops on top of developed ﬁa\l\\l
fossil travertine (8'3C of ~ +5.1%). — travertine.

A disposal & sequestration

— 1300
Groundwater recharged in .
the San Rafael Monocline | 1500 = Cedar Mo
travels southeast to the B -
fault zone and is infiltrated - CO2-rich groundwaters Morrison
by the external CO5. 1100 3 move vertically along Formation
) the fault plane.

* Unconventional resources

900

O =
800 ) Carmel Formation

700 Chinle andstone

Formation ayenta Sandston:

Separate phase CO3 (5'*C = ~ -6.6%o ) moves gate
upward in fault-damage-zone fractures

through low-permeability formations. Ghinle|Formation

400 o
— = B gl
£ 300 i
c
._g 200 Deep source of CO, charges
[ shallow groundwater
g5 oo (possibly from clay-carbonate Paradox
] or metamorphic reactions). Salt

SL .
From: IPCC, 2005

Heath et al., 2009; Williams, 2007 e | egkage pathways and risks associated with large
scale faults and faulty well bores recognized early

* Importance of interconnected micro- to meso-scale
/fm leakage pathways (cm to m) scale

] m UtahStateUniversity
DEPARTMENT OF GEOLOGY



Research drivers
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Fracture morphology at interfaces “
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Methods

- Qutcrop characterization
- Scan lines
- Mapping
- Rock strength and air permeability

- Use burial history models to
estimate S,

- Stress history modeling using

- Uniaxial strain model

- Andersonian normal stress
orientation

- Mohr-Coulomb failure analysis with
varied cohesive strength
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Study Locality
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Organ Rock Formation

Cedar Mesa Sandstone

e e R

Seal to the underlying Cedar Mesa Sandstone
Coarsening up-ward interbedded siltstones & mudstones

Deposited in near shore marine lowlands, braided streams &
tidal flats




Cedar Mesa Discontinuities - G 'W"WW
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Fracture character & distribution
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Jurassic Carmel Formation

* Seal to the underlying Navajo Sandstone
* Mixed siliciclastic carbonate system

* Deposition in near shore marine to
sabkha setting
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Carmel Formation
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xpl 4x
field of view 4 mm

* Open-mode calcite veins with twinning lamellae

* Fracture opening & mineralization in the
subsurface
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Organ Rock Formation — burial history
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Organ Rock Formation - failure potential through time
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Carmel Formation — burial history
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Differential Stress (MPa)

Carmel Formation - failure potential through time
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i Plume Evolution _
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< Variability in lithology and bed thickness

< Continuation, deflection, and termination of fractures at lithologic
interfaces

< Lower fracture density in fine grained lithologies

< Failure at depth for C=0 at or very near hydrostatic pore pressure

Carmel Formation Organ Rock Shale

o Highest fracture densities in thinly o High fracture density adjacent to
bedded units fault

o Mineralized and altered fractures o Bleaching and mineralized
throughout fractures adjacent to faults

o Low permeability and variable rock o Permeability and rock strength
strength below resolution limits
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Conclusions

* At depth low cohesive strength rocks are very near failure —

* Mechanical failure can be induced by small changes in pore
pressure

* Stress history important - pre-existing planes of weakness will
fail prior to formation of new fractures (Gale, et al., 2007 &
Gale, 2008)

* Understanding orientation will allow prediction of failure
direction

* Pressure front extends far from injection point

* Buoyant plume may encounter meso- to micro-scale fractures
(Pasala, et al., 2013)

* Pressure front exceeds change in pore pressure necessary
for failure of cohesionless material
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