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Fracture Evolution
in Carbonate-Rich Shale

Cutaway view of a carbonate-rich shale sample (gray cylinder) with a horizontal fracture, after CO,-

saturated water was flowed through. The fracture thickness is indicated by color (red = thickest), to

highlight the weathering and channeling dissolution features.

Earth’s underground environment can
serve as a source of fossil-fuel energy, a
containment system for carbon dioxide
(CO,), or even areservoir for the short-term
storage of energy from intermittent sources
such as wind and sun. Accurate assessment
of the safety and profitability of these activi-
ties requires a good understanding of how
fractures evolve in the subsurface rock
matrix. Therefore, researchers have
combined time-resolved x-ray microtomog-
raphy at the ALS with advanced computer
simulations to improve models of fracture
development in carbonate-rich shale
samples. New hardware and software tools
able to predict the behavior of fractures in
caprock (a generally nonpermeable top layer
of rock) can increase confidence in caprock
integrity and general storage security.

The role of fractures in controlling the
overall hydraulic properties of rocks can
be crucial: an intrinsically impermeable
rock can become extremely permeable
when pervasively fractured. In reactive
fluid flow, the fluid affects the physical and

chemical characteristics of the surrounding
rock, and fractures will evolve over time.
Therefore, an understanding of the
dynamic evolution of fractures is critical
for the assessment and prediction of the
fate of fluids and chemicals that are

of economic and environmental concern.
Relevant applications include enhanced
oil recovery and geologic carbon storage,
where the injected fluid (CO,) promptly
reacts with specific mineral phases
(typically carbonates), creating a
complex, dynamic system where
geochemistry, geomechanics, and
hydrology are tightly interconnected.

In this context, a Berkeley-based
research team studied, via a coupled
experimental and modeling approach, a
single fracture in a carbonate-rich shale
sample from the Niobrara geological
formation in Colorado. The experiment
provided the base and the validation data-
sets for the model; the final goal was to
obtain a predictive tool able to overcome
experimental limitations.

Understanding the
Underground

A greater understanding of the world
underground is key to a wide variety of
strategies for meeting our future energy
needs. Of course, valuable raw materials
are extracted from underground,
including via hydraulic fracturing, or
“fracking.” The subsurface environment
is also seen as an ideal place to store
material, such as excess CO, and other
energy waste products. Due to the
extreme stability of underground
temperatures, it might also possible to
store thermal energy from intermittent
or seasonal sources in reservoirs or
bedrock, to be extracted as needed by a
heat-exchanging fluid.

However, the complexities of the
subsurface world challenge our ability
to study it. For geological carbon
storage, investigations of fracture
evolution in carbonate-rich shales are
of particular interest, because shales
are typical caprocks for the contain-
ment of the injected CO,. To more
accurately model what happens in
such fluid-rock interactions, Deng et
al. have integrated high-resolution,
time-resolved imaging with advanced
computer simulations. The work
improves our understanding of the
subsurface world in ways that will
hopefully benefit both the economy
and the environment.

Researchers from the Energy Geosci-
ences Division of Berkeley Lab developed
a state-of-the-art mini flow cell that could
be placed into the hard x-ray microtomog-
raphy beamline at the ALS (Beamline
8.3.2). With this setup, the team was able
to monitor, in real time, the evolution of



the 3D microstructure of the rock sample
as CO,-saturated water flowed through
the fracture at realistic subsurface pres-
sures and temperatures.

The sequences of tomographic images
obtained show the evolution of the frac-
ture aperture and the weathering
processes involving the rock’s microstruc-
ture. The highly reactive minerals (calcite)
promptly dissolve along preferential flow-
paths, and the surface of the fracture
becomes weathered, gradually exposing
a porous and poorly coherent layer of
unreactive minerals (clays, quartz, and
feldspars) on the surface. As the
cementing mineral (calcite) dissolves, the
exposed, less reactive, fine minerals even-
tually disaggregate and detach from the
fracture surface. This mechanism results
in a constant enlargement of the aperture
along the flowpaths. The effect of this
erosion is usually not considered in
conventional reactive-transport models,
but as the experiment suggests, this could
lead to underestimating the potential
leakage from fractures.

In light of the experimental observa-
tions, an erosion module was added to an
existing reactive-transport model, to
account for the detachment of the altered
layer. The erosion rate of the altered layer
was formulated as a function of its thickness,
which is a measure of the extent of dissolu-
tion of the fast-reacting cementing mineral.
The parameters needed for this calculation
can be well constrained by experimental
measurements, such as the thickness of the
altered layer taken from the microtomog-
raphy images. The model results capture the
temporal evolution of the geochemical reac-
tions and fracture morphology.

This predictive model incorporates
complex dynamics that arise from hetero-
geneous mineral compositions, e.g. the
erosion of nonreactive matrix triggered
by the dissolution of the fast-reacting
mineral, and provides a valuable tool
for investigating fracture evolution in
mineralogically complex systems under
conditions beyond those of current
experimental capabilities.
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Left: Change in the concentration of effluent calcium over time. Right: Fracture aperture (um) in the
sample. By both measures, the simulation that accounted for the erosion of the altered layer resulted
in a better match to the data.

Left: Preferential dissolution of fast-reacting mineral leads to development of an altered layer. Right:

Erosion of the altered layer leads to an increase in the fracture aperture.
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