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Figure 1.1 Schematic workflow for shale
characterization. CT scanning of whole core and core




testing (NMR,_electrical/dielectric properties)_with
plugs ending_up in the rock mechanics laboratory for

static and dynamic mechanical testing. Offcuts are
sent for mineralogical, geochemical, and
physicochemical properties testing, along with
characterization of the shale microstructure and pore
systems.

Figure 1.2 Example coring plan for subsampling
bedding_(bottom). Planning from medical CT scan
images reduces exposure time to air, preventing
further loss of shale pore fluids.

Figure 1.3 Stress-strain curves for Belfast Mudstone
under increasing confining pressures with
deformation parallel to bedding. The samples seem to
become more brittle with increasing confining

highest confining pressure used.

Figure 1.4 The Mohr circles derived from the peak
strength takes from the stress-strain curves in Figure
1.3. The failure envelope appears to be linear with
low cohesive strength and a friction coefficient lower
than the standardly used values for non-shaly rocks.

Figure 1.5 Failure envelopes for Pierre Shale
deformed when fully water saturated (grey line)_and

percentage of water-saturated porosity before
samples were confined and axially loaded. The Mohr
circles for the upper failure envelope have been
omitted for clarity. Pierre Shale becomes
substantially stronger as water saturation decreases
although the friction coefficient does not change
much.




Figure 1.6 Opalinus Clay preserved (left) and the
same sample after a few seconds in a non-appropriate

brine solution (right): note the massive structural
deterioration.

Figure 1.7 Nuclear magnetic resonance spectra for

significant differences in response due to
dehydration. A clay-bound water peak is visible in the
preserved sample but is almost gone in the dried-out
sample.

Figure 1.8 Overview of the pore size ranges detected

measurement for Mancos Shale, parallel to bedding,
showing_the fit of displaced water volume versus time
during the permeability test.

Figure 1.10 Dielectric response of dry powders of
‘from the same materials mixed Wi;:h water (bottom).
The dry powders are room dry and so contain
moisture adsorbed from the air. The dielectric
constant increases with decreasing_frequency in both
CEC of the minerals (smectite > illite > kaolinite >
quartz). At high frequency, the dielectric constant is
generally related to the water content alone and is

much higher in the pastes than in the room dry
materials.

Figure 1.11 Dielectric response of multiple samples
of the same shale re-saturated under different




relative humidity (RH)_environments. The 97% RH
sample has the highest water saturation, with lower
water saturations commensurating with relative
humidity levels. Decreased saturation as a result of
poor preservation would therefore completely change
dielectric response.

Chapter 02

Figure 2.1 Example of a pore size distribution

et al., 2013a]. Note that the resolution is limited to 4
nm and that smaller pores may exist.

Figure 2.2 Compilation of diffusion coefficients found
in literature. Permeability is in the range of 1-100nD
for most of the samples. D, is the molecular diffusion

of water taken at the temperature of the experiment.

Figure 2.3 Comparison of water permeability using

apparent gas permeability versus mean gas pressure
on a shale. The mean pressure was varied between
125 and 13 bar. The Klinkenberg_coefficient is 8 =
27.6 bar=1 in this example; the apparent permeability
at atmospheric pressure is about 51 nD, more than
one order of magnitude larger than the intrinsic
permeability of 1.8 nD.

Figure 2.5 Tllustration of stress effect on permeability
[Yang and Aplin, 2007]. A variation of 1 order of
magnitude can be observed.

Figure 2.6 Porosity and permeability for a series of
376 mudstones with variable amount of clay (mass
fraction indicated in the inset).




Figure 2.7 Schematic description of the simplest

accumulation). The dashed line indicates the pressure
step at which a water flow is observed.

Figure 2.8 Gas entry pressure versus intrinsic
permeability.

Figure 2.9 Effective gas permeability after
breakthrough as a function of water permeability
[Hildenbrand et al.,_2004].
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petrography of sandy mudstone using vacuum
impregnation with rhodamine-B-dyed epoxy. UV (300-
375 nm)_excitation with 395 nm beam split and 420
nm LP filter for emission; rhodamine B filter set with
546 nm excitation, 580 nm beam split, and 590 nm I.P
filter for emission; FITC filter set with 450-490 nm BP
filter excitation, 510 nm beam split, and 515-565nm
BP emission detection.

Figure 3.2 (a) Selma Chalk plug impregnated with
interest are delineated; the ROI 2 isa 1.8 by 1.8 mm
region shown in the upper right panel, excited with
543 nm laser radiation. The lower right panel shows a
3D rendering from serial sectioning_ with LSCM
showing_the distribution of clay and pore within ROI




level. (c¢)_Textural segmentation example using ROI 1
of (B)_with five principal components.

Figure 3.3 Use of X-ray CT in imaging fracture
development in Mancos Shale. (a)_Stress-strain curve
and CT reconstructions (shown in 2D)_including_(b)

the initial shale at 25 MPa axial stress post-yield and
pre-fracture development and at 4.5 MPa post

bands and interference with strong_horizontal
laminae at sample center. (c)_Raw radiographic
images of fracture propagation in Mancos Shale,
taken 0.1 s apart. (d)_2D image of Mancos Shale

(same as in Figure 3.1, 17 ym resolution)_showing
lithologic variation as horizontal laminae visible both

distribution of bright high-Z pyrite. To the right is
seen a 3D X-ray CT reconstruction of fractures seen
at left.

Figure 3.4 Dual focused ion beam image and
reconstruction of FIB-SEM data of Marine Tuscaloosa
Shale. (a)_Backscattered electron image of ion-milled
surface, 16 pm on the horizontal. Gray-level
variations are associated with phases of varying_Z,
with kerogen appearing as dark gray and silicate and
carbonate minerals appearing_as lighter gray. (b) 2D
segmented image of kerogen. (¢)_3D rendering_of
kerogen mass. (d)_3D rendering_of pores in kerogen
mass which appear as elongate tubules with
preferred orientation and CFED simulation of gas flow
in one of the tubules.

Figure 3.5 Multi-beam SEM schematic and images.

Eberle et al., 2015]). (b) 3.1 mm X 0.9 mm mosaic of

26,657 images at 4 nm resolution of a siliceous-



argillaceous mudrock. (¢)_ Raw, histogram-adjusted

area for combined 61 images (single mFOV, (d))_and
larger scales (e).

Figure 3.6 Examples of HAADF and BF images
collected at every 2° over a 120° angle, used for
tomographic reconstruction. The AC-STEM enables
high spatial resolution/high sensitivity analyses of Z
differences and compositional information routinely,

1 um sampled at 1 nm resolution.

Figure 3.7 HAADF and electron tomographic
reconstructions (ranging_over 120°)_of pores in clay

dimension is 1 ym, sampled at 1 nm resolution.

Figure 3.8 Schematic diagram of second oedometer
with annotation indicated by arrows. Note penny for
scale.

Figure 3.9 Intensity I((Q)_versus scattering_vector (Q)
for the various sample states. (a)_Initial dry

compaction (fluid port open to atmosphere)_to
estimated void ratio and axial strain of 1.012 and

port open to atmos_ph_ere) to_estimated void ratio and
axial strain of 0.738 and 0.126. (c) Dry CO, injected

via fluid port to hydrostatic conditions with estimated

void ratio and axial strain of 0.878 and 0.110. (d)
Bleed-off of CO, to axial load of part b, with resultant

void ratio and axial strain of 0.741 and 0.168,




off of wet CO,_to atmosphere but residual stress of 89
psig_remained on piston.

Figure 3.10 Images and results of micropillar
composed of silicon. The radial markings surrounding
the pillar are from the ion beam essentially acting_as
a lathe in cutting_the pillar. (b)_Map view of locations
on the shale sample surface. (c and d) Before- and
after-pillar deformation by a flat nanoindenter of
Pillar II. Pillar IT (d) survived the deformation, and
the black arrow shows a shear band beneath the

and stress versus strain for three pillar compression
measurements. (g)_Contact stiffness and local slopes
of load versus displacement curves.

Figure 3.11 Brazilian tests and DIC analysis

samples. Rows 1 and 2 are results where bedding. is
parallel to the loading direction. Row 3 is at a 45°
angle to the loading_direction, and row 4 is
perpendicular to the loading direction. Note that the
light gray surrounded within white color corresponds
to the highest value of displacement in gray scale.

Figure 3.12 Mineralogy mapping_at 2 pym resolution
using FEI MAPS Mineralogy. Scale bar is 5 mm. Two

show the mineralogy distribution at 2 ym and BSE
images at 0.2 ym resolution, respectively. Cracks
were formed after the Brazilian test shown in Figure
3.11 (row 3).

Figure 3.13 Phase field modeling_of fracture
propagation during the Brazilian test at different

the layered system mimicking Mancos Shale. The




(37.5%) materials.

Figure 3.14 DVC analysis of a sample of Woodford
Shale from Oklahoma. The sample is 0.5in. in

marked with an A. (b)_The left image is one slice of
the specimen as raw output from the scanner. The

displacements measured by DVC of pyrite grain
displacements.
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and other minerals (primarily carbonates). Only well-
characterized shales and mudstones for which data
on rock strengths were available were included.
Symbols indicate the current or proposed uses of

waste storage;_circle, other. The dashed line indicates
rocks with X 1., = 1/3. This threshold coincides with

the predictions of the simple conceptual model shown
to the left of the microstructure of sedimentary rocks

and is reflected in the uses of shale and mudstone
formations for CCS, radioactive waste storage, and




shale gas extraction. Unconfined compressive
strengths range from near zero to approximately 200
MPa

Figure 4.3 (a)_ Dual-beam FIB-SEM reconstructed
volume of a Utica shale sample [Anovitz and Cole,
2015]. (b)_ 3D reconstructed images of kerogen (red)

2015].

Figure 4.4 Comparative scattering_cross sections of
X-rays and neutrons for several common elements
[Anovitz et al., 2011].

Figure 4.5 Schematic of typical scattering_curve. The

(U)SANS measurements.

Figure 4.6 Schematic diagram of the pore structure
in Marcellus shale.

Figure 4.7 Contours of constant intensity of SANS
data obtained from a vertical cut (perpendicular to
bedding)_of a Woodford Shale core taken at a depth
of 6190 ft. The contour index refers to the binary
power of the intensity so that each additional contour
represents a 50% reduction in intensity. Note the
asymmetry of the scattering.

calculated by the Vonk method from the SANS data
obtained from a horizontal cut of East Kentucky oil



and the significant differences between results from
the four methods.

Figure 4.9 Pore size distribution calculated by the
Vonk method from the SANS data obtained from a
horizontal cut of a Utah mudstone core taken at a
depth of 15,666 ft. Note the bimodal distribution of

smaller pore sizes.

Figure 4.10 Porod plots of the SANS and SAXS data
for the Utah mudstone. Units for scattering_intensity
are not given on the original figure. Note the
difference in slope between the SAXS and SANS data
on the same sample. The kaolinite data were shown
for comparison.

Figure 4.11 Neutron (g,)_and electron (I.ge)

scattering_length densities for the five phases present
in BMR Urapunga 4 source rocks calculated from the
known chemical composition.

Figure 4.12 The variation of SANS intensity at a
single gvalue versus the annealing temperature for
an immature hydrocarbon source rock. Data
correspond to the average pore size of 300 A + 50%.
The marked decrease of the scattering_intensity
constitutes the SANS fingerprint of the hydrocarbon
generation and primary migration. The rising_trend is

rocks. The solid curve was calculated for saturated
hydrocarbons (C,H,, 7). The scatter reflects the



aromatics, asphaltenes, and macerals in whole coals
and kerogens.

Figure 4.14 USANS transmission data given as a
ratio of the rocking_curve and wide transmissions for
a series of clay and carbonate-rich samples from the
Eagle Ford Shale, TX. While there is significant
scatter,_it is apparent that transmissions reach values
near 0.9 at thicknesses near 150 ym. Smaller values
imply significant multiple scattering, suggesting_that
this is a reasonable maximum thickness for USANS

Figure 4.15 Mesopore volumes (top,_pore radius = 1-
25 nm) and macropore volumes (bottom, pore radius

(blue),_.and PDSP analysis of SANS/USANS (red).

Figure 4.16 Comparison of the fraction of accessible
pores in sample 152 by D,0O and CD,. D,O and CD,

are approximately equally accessible to pores in the

decreases to about 70% in the SANS range, while any
decrease for D,0 is much more minor.

Figure 4.17 (Top)_Autocorrelation analysis of the
samples of the Eagle Ford Shale. The three images
for each maturity were calculated from scattering
patterns obtained at detector distances of 1, 4, and
13 m (left to right) on NG3-SANS instrument at
NIST/NCNR. Focusing on the innermost ring, note

maturity.



Figure 4.18 (Top)_Autocorrelation analysis of the

samples of the Eagle Ford Shale. The three images
for each were calculated from scattering_patterns
obtained at detector distances of 1, 4, and 13 m on

NG3-SANS instrument at NIST/NCNR. As with the

carbonate-rich samples (Fig. 4.17),_increasing

highest-maturity sample at 13 m.

Figure 4.19 The remaining porosity (scattering
porosity minus estimated organic pore volume)_as a
function of maturity (R,)_for samples from the Eagle

Ford Shale was calculated assuming_an organic

perpendicular to the bedding. Note that most of the
decrease in porosity appears to occur at low R,

values.

Figure 4.20 (a)_ Schematics showing the shapes of
mineral grains in shale samples cut parallel or

direction of the long axis of the elliptical contours
shown in b)_is orthogonal to the preferred direction in
real space (the direction of grain alignment). (c),



SANS and USANS neutron scattering_intensities for a
plotted as functions of the_scattering vector Q. Error |
bars are too small relative to the data symbols to be

apparent.

carbonate-rich fossiliferous sample (Utica
Formation), similar in texture to Utica 19. (center and
right panels) are close-up views of the region shown
in the white box within the image to its left. Q_=
quartz, Py = pyrite.

Figure 4.22 Neutron scattering intensity curves and
actual detector responses for Pt. Pleasant samples (a

function of scattering vector (g),_ which can be

converted to a characteristic scale of scattering
object (d)_through Bragg’s equation: d = 21/q (note

plotted at a —q?alue of —0.15 is most sensitive to
scattering_objects ~40-50 nm in diameter.

Figure 4.23 Comparison of pore volume distribution
adsorption data for one example of the Maltney:
Formation.

porosity in the Mowry Formation shale from the
Powder River Basin, Wyoming.

Figure 4.25 Neutron-scattering (NS)_results on the
Eau Claire Formation. Lithofacies and associated
depths are: illitic shale (2710.1 ft/826.0 m),_carbonate
mudstone (2846 ft/867.5m),_ and glauconitic
mudstone (3102.8 ft/945.7 m). (a)_Scattering_curves.




(b)_Porod plots for the same samples. (¢)_Cumulative

Differential pore volume distribution versus pore
diameter, defined as change in percent porosity at
each pore diameter, divided by the difference in
spherical pore diameters, multiplied by the average
pore diameter. The letters correspond to SEM images
shown in Swift et al (2014a)_and indicate the length
scales at which each mineral-related pore type
contributes to total porosity. (From Swift et al. 2014a,

Relationship between mineralogy and porosity in

seals relevant to geologic CO, sequestration. Environ
Geosci 21(2): 48; AAPG®© [2014], reprinted by
permission of the AAPG whose permission is required
for further use.),

Figure 4.26 Variations of power law Porod exponent

function of depth for Rose Hill shales that have been
weathered to different extents. The Porod exponent,

Figure 4.27 Estimates of total and unconnected
porosity as a function of depth derived from a
comparison of scattering_from dry Rose Hill shale
versus samples soaked with a D,O/H,0O mixture [/in

etal,2011].

Figure 4.28 Comparison of calculated and measured
values of the solid SI.D for four shale formations and
one coal. The vertical extent of the measured values
reflects the variation observed over the range in Q,
which is greater than other sources of uncertainty.
Uncertainties on the calculated values of SI.D are
calculated from the reported standard deviations for



the H and C elemental compositions and for the mass
density.

Figure 4.29 Possible mechanisms of porosity
development due to extraction by solvents that could
be observed by SANS. Porous kerogen and bitumen in
the rock matrix (composed of minerals and

into smaller pores,_or (3)_partially break down,

leaving_behind smaller pores.
Chapter 05

Figure 5.1 Morris et al. [2016] investigated the
interactions between natural fractures and stress
barriers. This side view of hydraulic fracture
development at (a) 300 and (b)_ 720 s (colors reflect
the time at which that portion of the fracture was

stress data, and surface deformation observations (b).
They concluded that the double-lobe surface
deformation above the KB-502 well (b)_is consistent
with a dilation of vertical hydrofractures within the
lower portion of the caprock (a).

Figure 5.3 Fracture dissolution simulations carried
out over a broad range of Da and Pe. Flow of an
undersaturated fluid from bottom to top in each




simulation led to change in fracture aperture, Ab,

caused by dissolution of the fracture surfaces. Values

These results show the broad range of plausible
dissolution-induced fracture alteration scenarios,
which range from very uniform dissolution when

reaction kinetics are slow and/or flow rates are high

dissolution channels when reaction kinetics are fast
and flow rates are low such that local dissolution
rates are limited by mass transport rather than local
Uniform dissolution may result in fracture closure in
fractures subjected to significant normal stress,
whereas the formation of dissolution channels is
more likely to generate a persistent leakage pathway.

Figure 5.4 A demonstration of the influence of
fracture length scale, L, on the formation of
dissolution-induced preferential flow paths.
Preferential flow paths in the 4 m X 4 m fracture with
k=0.8-10-1%m/s differ from thoseinalmx1m
portion of the same fracture at the same value of (q)
and k, but are very similar to thoseinthelmX1m
fracture with k= 3.2 - 10=19 m/s. Due to the direct
dependence of Da on both kand I, concurrently
decreasing L and increasing k leads to no change in

behavior of the fracture dissolution process has
significant implications when using laboratory-scale
observations to infer field-scale fracture alteration.

Chapter 06




Figure 6.1 Schematic of multi-scale fracture system
in the shale gas reservoir after hydraulic fracturing
operations. Natural fracture, microfracture, and
hydraulic fractures coexist.

Figure 6.2 2D matrix-fracture system with increasing
fracture density. The fracture is represented by lines
embedded in the matrix. The fracture density is

bottom right.

Figure 6.3 Velocity magnitude |u| =
ul +u’

in a matrix-fracture system with fracture density as
0.1 and ky/k;, = 108,

Figure 6.4 Relationship between fracture density and
effective permeability under different ki/k .

Figure 6.5 3D matrix-fracture systems generated
using_the DFN.

Figure 6.6 Relationship between fracture density and
effective permeability with ky/k, = 108,

Figure 6.7 Fracture propagation process. (a) Model
setup for the numerical simulations, (b)_experimental

results [Carey et al., 2015],_.and (¢) FDEM results for
case 1.

Figure 6.8 (a-e)_Evolution of the fracture patterns
obtained from the FDEM simulation and (f)
relationship between fracture density and effective
permeability with ky/k, = 108,

Chapter 07

Figure 7.1 Mineral content (wt%)_from bulk XRD of
core between 1101 and 1225.5 m depth from the
Chinchilla 4 well, Surat Basin. According to the




original stratigraphy,_cores from 1190 to 1225.5m
are classified as the Precipice Sandstone, and 1179 m
and above are classified as the Evergreen Formation.
Created based on data from the supplementary
material of Horner et al. [2014].

Figure 7.2 SEM images of core from the Chinchilla 4
well, Surat Basin. Note the variability in grain size
and packing_between sections of the Precipice
Sandstone reservoir, the Evergreen Formation
caprock, and the overlying Hutton Sandstone.

Figure 7.3 Mineralogy of core from the Chinchilla 4
well,_ Surat Basin, created from data in Farquhar et
al. [2015]. Minerals labeled D dissolved during
experimental scCO,-water reaction. Dissolution of 1%

calcite content in the 1138 m core was also observed

of fine-grained siderite and ankerite from all cores.
Minerals labeled D dissolved and C additionally
corroded during_experimental scCO,-SO,-water

reaction based on data from Pearce et al. [2015Db].

Figure 7.4 SEM images of Evergreen Formation

Horizontally extruded mixed ankerite and Fe-Mg
chlorite (1), 2 = organic matter/coal, 3 = albite, and 4
= K-feldspar. (c) Ankerite and chlorite in the core
before and (d)_after CO,-water reaction. (¢)_Before

and (f)_after CO,-SO,-water reaction.

core disaggregated and Fe leached from chlorite,



bright Ti oxide is still present. (e) Hutton Sandstone

magnified view of gypsum with image width 150 pm.

Figure 7.6 Micro-CT images of sub-plugs of caprock
core (Chinchilla 4 well) at 2.2 uym resolution:

CO,-water reaction of Chinchilla 4 well Evergreen

Formation cores (E = Evergreen)_from two depths
with concentrations normalized to 1 g of reacted core

concentration. Time zero represents a Nz-water-rock
soak prior to CO,_injection.

Figure 7.8 Mineralogy of sandstone (628 m) and
siltstone (626 m top and bottom section) cores from
the Stuttgart Formation, North German Basin,,
Germany. Where chlorite = both chlorite and biotite
with an Fe (Mg)_composition, plagioclase is albite and
albite-anorthite, and illite is illite-muscovite. Minerals
labeled D were directly observed to dissolve during
experimental CO,-brine reaction. Mineralogy._of

caprock cores from the Gryfice Beds, Chabowo
anticline, Poland, are also shown.

Figure 7.9 Mineralogy of caprock cores from the
Chinle Formation outcrop, Utah, USA; the Tournasin



Adventdalen Group;_and the Jannusfillet Subgroup,.
Central Tertiary Basin, Norway. Minerals labeled D
were directly observed to dissolve during
experimental CO,-brine reaction. P indicates minerals

which also precipitated. Note that smectite

of the Adventdalen Group.

Figure 7.10 (a) Mineralogy of marl caprock from the
chlorite is clinochlore and the pﬂ_agiocla_sei_salbite.

Minerals labeled D were observed to dissolve during
experimental CO,-sulfate brine reaction via SEM and

water chemistry. P indicates gypsum also precipitated

in reactions with sulfate-rich brine. (b and c) Water
chemistry during brine and CO,-brine reaction of

CO, was added.
Chapter 08

Figure 8.1 CO, transport mechanisms with increasing

transport rate to the right and schematic illustration
of fluid-rock interaction mechanism and their
implications for transport of CO,_through low-

permeable clay-rich units.

Figure 8.2 Field example of fluid-rock interaction
showing fracture parallel bleaching in permeable
siltstone unit within the Entrada Formation, Utah.
The bleached zone is found as a 1-10 cm thick zone
along_the fracture.

Figure 8.3 Solubility of H,O in CO,_as a function of



range of 0-300 bar. (b)_Details for pressure range of
0-10 bar, relevant during upward migration.

Figure 8.4 Simulated 1D diffusion of CO, over 50

million years varying_the effective diffusion
coefficient (see Eq. 8.2). The diffusion coefficient of
CO, penetrating_into the Kimmeridge Clay (12 m over

70-80 million years) can be approximated to be 10=14

m2/s based on this model.

Figure 8.5 Difference between diffuse (a)_and sharp
(b)_reaction fronts.

Figure 8.6 Pore-scale visualization of salt

the heterogeneous microchip. A thick film of brine
remains after CO,_invasion at 5s after injection. After

and occupies the fractures.
Chapter 09

Figure 9.1 (a)_Map showing_the location of the Gibson
Dam site in Montana (top)_and a satellite view of the

Duperow dolomite and a selection of micro-cores
both whole and split in halves are displayed.

Figure 9.2 Schematics of the HP plumbing system
used during the in situ SXR-micro-CT experiment.

Figure 9.3 Curves from ICP-MS plotting_the
concentrations of the main cation species in the
effluent.

Figure 9.4 Panel (a)_shows the volume cut images of
the dissolution sequence (reaction times at the top of



