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ABSTRACT
Cataclastic shear bands in unconsolidated sands are typically stronger and exhibit lower
permeability than the surrounding matrix, and therefore act as barriers to fluid flow in aquifers
and reservoirs. Because of this, characterization of the mechanical and hydraulic properties of
shear bands is especially important for basin and petroleum studies. I investigated the nature of
permeability and the mechanical evolution of shear bands and proximal host material collected
from two localities and representing two structurally different end-member sandstones. The first
is a poorly cemented marine terrace sand from the footwall of the McKinleyville thrust fault in
Humboldt County, California, and the second is well-cemented sandstone from the hanging wall
of the Moab Fault in Moab, Utah. I report on a suite of laboratory experiments that included
measurement of permeability, porosity, and acoustic wave velocity over a range of effective
stresses from 1-65MPa.
The permeability-porosity trends are similar for all samples, with permeability decreasing
systematically with increasing effective stress and decreasing porosity. The permeability of the
host material is consistently >1 order of magnitude greater than the host material for samples
from both localities over the tested stress range. The permeabilities of host and shear band
material from McKinleyville at peak stress range from 3.1×10-17 m2 to 3.0×10-18m2 respectively
while the permeabilities of host and shear band material from Moab range from 3×10-15m2 to
1×10-16m2 respectively at peak stress. P- wave speeds are observed to increase systematically
with increasing mean effective stress and decreasing porosity for all samples. Distinct
differences between the petrophysical properties of the host material and shear bands observed in
the two sample sets implies that the presence of cementation and the initial porosity dictate the
evolution of transport and elastic properties within and in proximity to the shear band core.
Regardless of formation properties, catalcastic shear bands will act as barriers to fluid flow and
will compartmentalize reservoirs or aquifers depending on their orientation relative to flow.
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CHAPTER 1

Introduction
Cataclastic shear bands are structurally strong, low porosity zones that generally form in
high porosity sedimentary rocks in response to strain localization in the upper few kilometers of
the Earth’s crust (Aydin, 1978; Aydin and Johnson, 1983; Antonellini et al, 1994; Cashman and
Cashman, 2000; Fossen, 1998; Fossen, 2007) (Figure 1.1A and 1.1B). Unlike low porosity rocks
where brittle fracture and dilation accommodate deformation, high porosity rocks deform in
localized bands approximately 1mm to 50mm thick. Although these bands are the result of strain
localization, they are formed by different mechanisms than brittle faults in low porosity rocks.
Deformation bands, and more specifically shear bands, form from deformation that
accommodates small but noticeable displacements, ranging from millimeters to tens of
millimeters, whereas brittle faults experience displacements up to six orders of magnitude greater
(Fossen, 1998; Aydin, 2000; Perez, 2010). Deformation bands encompass any localized
deformation feature in a porous rock resulting from grain boundary sliding, grain rotation, and
cataclasis. Non–dilatant deformation bands can be classified into shear bands which exhibit
discrete offsets or compaction bands which form from pore compaction and have little to no
offset. In this study I focus on bands that have undergone both shear and compactive
deformation.
Deformation bands form in varied geologic and tectonic settings. Example environments
include vertical tectonic uplift, basin rifting, salt and shale diapirism, tectonic thrusting, and
sediment slumping (Fossen et al., 2007). The formation mechanisms of naturally occurring
deformation bands are directly related to the stress field (Figure 1.2A). The deformation bands
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considered in this study occur in two structurally different sandstone units, both of which are
good analogs for sandstone reservoirs or aquifers.

Figure 1.1: Deformation bands located in late Quaternary near shore marine sand in the
McKinleyville	
  Fault footwall (Kaproth et al., 2010). The deformation bands are structurally
stronger than the host sand and weather out in relief compared to the host material. Note pencil
2

for scale. (Photo A courtesy of Bryan Kaproth). Panel B shows thin, anastomosing deformation
bands located within the core of the Moab Fault in Moab, UT.

Figure 1.2: Example environments of formation (a) and deformation band kinematic
classification (b). Panel (a) shows wide variety of environments associated with different types
of fault zones. Panel (b) shows the grain scale changes resulting from the stress conditions
imposed by the tectonic environments shown in panel (a). Figures modified from Fossen et al.
(2007).
Cataclastic shear bands are one of four categories that encompass compaction bands
(Figure 1.2B). The four types include disaggregation bands, phyllosilicate bands, cataclastic
bands, and solution/sedimentation bands. The banding type is related to the deformation
mechanisms involved in accommodating strain. Kinematically, these bands can form as a result
of pure shear, simple shear, or a combination of both (Fossen, et al., 2007; Kaproth et al., 2010;
Skurtveit et al., 2013). In cataclastic bands, grain size reduction accommodates cataclasis in the
form of grain spalling and fracture (Rawlings and Goodwin, 2003).
Disaggregation bands are another common deformation type that occurs in poorly
consolidated sandstones during shearing by grain rotation, grain boundary sliding, and granular
flow (David et al., 1994; Fossen et al., 2007). Generally the deformation mechanisms for highly
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porous material result in a volume decrease within the strain accumulation zone, however, rapid
unloading and/or dilatational simple shear may result in bands with an increase in porosity and
permeability parallel and normal to the band itself.
Similar to disaggregation bands, phyllosilicate bands form from grain reorientation of
clay minerals within the parent sandstone. The presence of platy minerals allows further grain
boundary sliding producing greater offsets than observed by other deformation mechanisms
(Fossen et al., 2007). Increased phyllosilicate content is associated with decreased porosity and
decreased permeability normal to the band (Fisher and Knipe, 2001; Cavailhes et al, 2013;
Fossen et al., 2007). Revil and Cathles (1999) explored the effect of clay content on the
permeability of sandstones over a range of porosities. They found that permeability decreases
with clay content as the pore space is progressively filled to a shale fraction of 0.4. This “critical
shale content” is percent total volume occupied by the clay minerals at which permeability
reaches a minimum. Similarly, Perez (2010) showed that increased phyllosilicate content
decreased the permeability of naturally occurring hybrid cataclastic/phyllosilicate shear bands.
Cataclastic bands typically accommodate deformation resulting from strain at higher
confining pressures than disaggregation bands, through grain breakage and pore space collapse
(Wong et al., 1997; David et al., 2001; Rawling and Goodwin, 2003; Rotevatn et al., 2013).
Recent studies by Perez (2010) and Kaproth et al., (2010) show grain size reduction from
cataclasis in shear bands observed in Humboldt County, California. Grain sizes within the
cataclastic bands range from 31 to 186 µm whereas the average grain size of the parent material
is 208 µm (Perez, 2010; Kaproth et al., 2010). The reduction in grain size and pore collapse has
been shown to reduce the permeability normal to the band at least at low effective confining
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pressures by reducing pore throat sizes and increasing tortuosity (Fisher and Knipe, 2001; Perez,
2010).
Deformation of porous material is described in soil mechanics literature by critical state
theory (Craig, 1975; Karig and Hou, 1992) and similar approaches have investigated deformation
band formation in porous granular rocks (Schulz and Siddharthan, 2005). For cemented
sandstones, a critical stress state defines the onset of grain crushing and is controlled by the
porosity and the initial grain size of the material (Wong et al, 1997). The formation of cataclastic
shear bands follows a critical state line in differential stress – mean effective mean stress space
(p’ – q’) where each point lies on a failure envelope defined by the critical stress state. The
resulting shear localization is confined to a distinct band that undergoes compaction and work
hardening consistent with field observations and laboratory experiments (Wong et al., 1997;
Fossen, 2010; Kaproth et al, 2010).
Although dilation bands do occur in poorly consolidated granular material (Bernard et al,
2002; Schulz and Siddharthan, 2005), here I focus on disaggregation and cataclastic shear bands
in two end-member sandstones: (1) the McKinleyville sands which are poorly consolidated with
average initial porosities of >40%; and (2) the Moab sandstone, a well-cemented sandstone with
an initial porosity of 20%.

1.1 Geologic setting
Samples were collected from two different settings and formations: (1) a poorly cemented
marine sand terrace from McKinleyville, CA (Figure 1.1 top; Figure 1.3); and (2) a wellcemented sandstone from Moab, UT (Figure 1.4). The McKinleyville fault is one of five
imbricate thrust faults that make up the 30km wide Mad River Fault Zone (MRFZ) in
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northwestern California (Kelsey and Carver, 1988). The fault is a part of the Mad River Fault
Zone, and trends northwest–southeast and dips approximately 30o NE. The Mad River Fault
Zone accommodates kilometer-scale shortening oblique to the northward migration of the
Mendocino Triple Junction (MTJ) (Kelsey and Carver, 1988). The fold-thrust belt that has
formed in this region is caused by the subduction of the Gorda plate beneath the North American
plate (Kelsey and Carver, 1988). The McKinleyville member of the MRFZ extends 40 km inland
and slips at a rate of 0.9 mm/yr, producing a net total displacement of approximately ~630 m
(Kelsey and Carver, 1988). The MRFZ has accommodated ~3.6 km of shortening over the 1.8 2.0 Myr lifetime of the fault system, as constrained by offsets of the Huckleberry ridge tuffs
(Kelsey and Carver, 1988; Carver, 1992). The deformation bands observed within the faulted
marine terrace occur in two geometries, parallel and conjugate to the Mckinleyville fault and dip
between 19o and 30o (Perez, 2010). The thickness of the shear bands ranges from 1-8 cm and
consist of anastomosing clusters of bands containing lenses of apparently undeformed sand
(Cashman and Cashman, 2000). Based on the recent history of the fault and the current exposure
thickness, the expected formation depth is between 300 and 500 m (~1 MPa to 5 MPa effective
vertical stress).
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Figure 1.3: Geologic map showing sampling location within the McKinleyville Fault Zone.
Map modified from Cashman and Cashman (2000). The samples were collected from the
footwall of the Moab thrust fault. The fault cuts five poorly consolidated marine terrace
formations after it branches from the Mad River Fault zone.
For comparison with the McKinleyville shear bands, I collected samples of shear band
and host material from a well-cemented sandstone formation in Moab, UT (Figure 1.1 bottom
and see appendix C for outcrop photographs). The Moab Fault is a 45 km-long normal fault that
cuts the Pennsylvanian aged Paradox evaporate basin located in the southeast region of Utah
(Berg and Skar, 2005) (Figure 1.4). The Paradox basin formed from basement subsidence along
pre-existing northwest trending faults (Baars and Doelling, 1987). Under the current Moab
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Valley, pre-Pennsylvanian salt deposition accumulated in areas of low confining stress, forming
salt diapirs. The Moab Valley itself formed by dissolution of the underlying salt diapir by
groundwater leading to the formation of valley-bounding faults (Baars and Doelling, 1987;
Davatzes et al., 2005). The stratigraphy of the valley consists of Pennsylvanian through
Cretaceous sandstone, shale, and limestone (Davatzes et al., 2005). Faulting within these units
began between in the Triassic and continued until the middle Jurassic with a second period of
activity beginning in the early Cretaceous and continuing into the middle Tertiary (Baars and
Doelling, 1987). The fault has accommodated between 960 m of slip in surface exposures and
1800 m of slip in lower Pennsylvania formations (Berg and Skar, 2005; Davatze et al., 2005).
The samples were collected across from the Arches National Park visitor’s center in a downdropped block of the lower Triassic Moenkopi formation (figure 1.4). The deformation bands
within the Moenkopi formation are 0.5 – 3 mm thick and accommodate up to 2 mm of
displacement. The bands form anastomosing networks that strike sub-parallel to the Moab Fault.
The site was chosen for its proximity to the Moab Fault core and its homogenous units of
deformed and undeformed sandstone. Based on the history of the fault and the stratigraphy, the
expected formation depth for these shear bands is between 1 km and 2 km (effective vertical
stresses of ~10 to 20 MPa).
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Figure 1.4: Generalized geologic map of the sample location in Moab, UT. The samples were
collected on an outcrop across I-191 from the Arches National Park visitor’s center marked by
the red circle. Map modified from Doelling (2001). The Navajo formation is a 91-210 m-thick
orange-red quartzose eolian sandstone that comprises the southern part of Arches National Park.
The samples were collected in a drown-dropped block of the Moenkopi formation which
contains networks of shear bands and minor faults. The final major unit in the study area is the
Kayenta sandstone, which consists of minor orange-red sandstones with interbedded
conglomerates and mudstones. The Moab Fault strikes northwest to southeast through the map
region; the dashed lines mark the inferred fault location where not exposed.
1.2 Petrophysical properties
Catalcastic deformation bands are of interest to both petroleum geologists and
hydrogeologists because of their effect on hydrocarbon reservoirs and aquifers (Fossen, 1998;
Fisher and Knipe; 2001; Fossen et al., 2007; Rotevatn et al., 2013). Non-dilatant deformation
bands can lead to an order of magnitude or more decrease in permeability normal to the band,
which therefore acts as a partial barrier to fluid flow (Antonellini et al., 1994; Antonellini et al.,
9

1999; Fossen et al., 2007; Skurtveit et al., 2013; Rotevatn et al., 2013). The
compartmentalization of a reservoir by deformation bands has the potential to control well
productivity and to baffle flow. Perez (2010) for example, demonstrated a decrease in
permeability for shear bands in loosely consolidated sandstone from ~8×10!!" m2 to ~1×
10!!" m2 over a confining pressure range from 0.05 MPa to 5 MPa, compared with
permeabilities of ~1×10!!" m2 to ~1×10!!" m2 for the host sand under the same confining
pressure range. A decrease in porosity was also observed within the deformation bands, with
poorly lithified host sand ranging from 42 – 45% compared with porosity of shear bands ranging
from 32 – 39% (Perez, 2010). Therefore, it is expected that both permeability and porosity will
continue to decrease with increasing mean effective stress.
Although there is consensus on the effects on fluid flow of various types of deformation
bands, there is still disagreement on the precise nature of their elastic properties. Elastic wave
speeds have been measured through deformed sandstones; however, there is little data on the true
velocity contrast between deformation band and host material. Flodin et al. (2003) measured the
velocity contrast between damage zones around a northern section of the Moab fault, though the
individual contribution of the deformation bands remains largely unknown. Generally, for
damage regions containing deformation bands, P and S wave velocities range from 2.2 km/s at
100 kPa to 4.0 km/s at 60 MPa and from 1.6 km/s at 5 MPa to 2.5 km/s at 60 MPa, respectively
(Flodin et al., 2003). Such constraints are important because any observations of shear bands
from well logs will require precise data on the range of velocities expected for shear bands in
contrast to the velocities of the host material. Since the frequency of deformation bands in Flodin
et al.’s [2003] study was high, the elastic properties of individual deformation bands were not
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assessed. In this study I isolate bands such that any changes in petrophysical properties between
shear bands and host sandstone as a function of mean effective stress can be clearly defined.
The petrophysical/microstructural (Cashman and Cashman, 2000; Perez 2010; Cashman
et al, 2007) and frictional (Kaproth et al., 2010) properties of shear band and host sand from
McKinleyville have been the focus of previous work. For example, microstructural observations
of shear bands have linked reduced grain size to decrease in permeability at low stresses
(<5MPa), and grain comminution has been linked to work-hardening during shear band
formation (Kaproth et al., 2010). Likewise, shear bands along the Moab Fault have been
investigated in the field (Antonellini et al., 1994; Alikarami et al., 2013) and in the laboratory
(Flodin et al., 2003). These works have focused on the relationships between shear band
orientation and the petrophysical properties of the damage zones in proximity to the Moab fault
(Berg and Skar, 2005; Davatzes et al., 2005).

1.3 Previous studies
Fluid flow in the upper 5 km of the crust contributes to a variety of geological processes
including fault movement, chemical transport, and heat transport (Bethke, 1985; Garven, 1995).
Localized discontinuous and continuous structures such as faults or deformation bands impose
complex boundary conditions on the dynamics of fluid flow and the elastic properties of the host
rock. Deformation bands are common features around faults in porous rocks such as poorly
cemented sands and sandstones. Numerous field studies of these structures have been conducted
in the Paradox Basin in southeastern Utah (Antonellini et al, 1994; Fossen and Westhammer,
1998; Berg and Skar, 2005; Davatzes et al, 2005; Fossen, 2010), the San Rafael Swell in
southern Utah (Aydin and Johnson, 1978; Aydin 1978; Shipton et al., 2005; Alikarami et al.,
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2013), the Valley of Fire in southern Nevada (Flodin et al., 2003; Joussineau and Aydin, 2009),
and the Mad River fault zone in northwestern California (Kelsey and Carver, 1988; Cashman and
Cashman, 2000; Perez 2010).
Deformation bands are observed within the damage zone of fault systems where
collapsing pore space through cement deformation leads to grain rotation and fracturing (Aydin,
1978). Deformation of individual bands arrests due strain hardening processes within the cores of
the deformation bands that results in gradual thickening or localization of deformation (Aydin,
1972; Schultz and Siddharthan, 2005; Fossen 2010). Fossen (2010) suggests that grain
comminution is the primary strain hardening mechanism within such deformation bands, and
Kaproth et al. (2010) confirmed this using double direct shear experiments that show grain size
reduction within strain-localized layers of sheared material leading to progressive strain
hardening through increased grain angularity. Fault displacement across such deformed zones in
porous material is theorized to occur via strain accumulation within aggregates of deformation
bands that leads to distinct slip surfaces (Aydin and Johnson, 1978; Shipton et al, 2005; Fossen,
2010).
Previous triaxial and biaxial experiments have investigated the formation mechanisms for
deformation bands through cataclastic flow (Wong et al., 1997; Kaproth et al., 2010; Skurtveit et
al., 2013) and their permeability and porosity evolution over a range of effective confining
pressures (Heiland and Raab, 2000; David et al., 2001; Wang and Park, 2002; Perez, 2010). For
example, Wong et al. (1997) provides a suite of detailed experimental data on the transition from
brittle failure of porous sandstones by shear localization to cataclastic flow. They conclude that
sandstones become less brittle with increasing porosity and grain size, corresponding to a
decrease in the grain crushing pressure (Wong et al., 1997). They observe the transition from
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compaction to grain failure and shear localization in spikes in acoustic emissions resulting from
grain comminution at a critical stress. Furthermore, Perez (2010) showed that at low effective
stress (<5MPa), an increased pressure reduces pore throat dimension, leading to a systematic
decrease in permeability. Petrophysical analysis of different deformation band types lead Flodin
et al. (2003) to conclude that porosity is the controlling parameter for the deformation style and
the resulting hydrologic and mechanical properties. Time-dependent deformation (compaction
creep) observed in uniaxial and triaxial experiments has also been linked to porosity reduction
through intergranular rearrangement and grain cracking (Brzesowsky et al., 2014).
Deformation bands have been suggested to compartmentalize hydrocarbon reservoirs by
reducing fluid flow across the bands (Aydin, 2000; Sample et al., 2006; Rotevatn et al., 2013).
Because the most common type of deformation bands in high porosity materials are cataclasic
bands, the permeability and porosity reductions will have a significant effect on fluid migration
in the system. Outcrop observations of deformation bands within oil bearing sandstones led
Sample et al. (2006) to conclude that production rate will decrease with the presence of bands.
However, the band length and orientation with respect to the well will dictate the magnitude of
the reduction. Similar observations have been made and modeled by Aydin (2000) that show the
total decrease in flow from high permeability regions in host material to low permeability
regions within the deformation bands. Aydin (2000) also recognizes the anisotropic nature of
deformation bands and accounts for the conduit effect caused by optimally oriented fractures
within damage zones.
This thesis seeks to investigate changes in the petrophysical properties of reservoir type
sandstones due to the presence of shear bands, through measurements of the properties of
naturally occurring shear bands. The formation conditions for shear localization in cemented
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sandstones with varying porosities have been thoroughly tested (David et al., 1994; Ngwenya et
al., 2003; Heiland and Raab, 2000; Skurtveit et al., 2013), yet petrophysical data on naturally
occurring shear bands is sparse. The data sets collected from triaxial experiments provide a
record of how these properties change with stress, ultimately leading to predictions that are
functions of stress and depth. With this correlation to depth or effective pressure, the production
life – span from a reservoir or aquifer can be estimated more robustly, and, depending on
pumping rate and permeability of the system, changes in effective stress of the system can be
predicted.
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CHAPTER 2

Methods
2.1 Field relationships
Deformation band samples collected from the Mckinleyville fault zone in northern
California occur in two orientations, fault parallel and fault conjugate (Perez, 2010). Intact
samples from both orientations were removed and preserved while the host material, consisting
of poorly consolidated and undeformed marine terrace sand, was collected in bags (Figure 2.1).
The deformation band samples used in these experiments were exclusively from one band
oriented parallel to the main fault (Figure 2.1). This band was chosen because the offset (40 cm)
and thickness (3.8 cm) were typical for the bands parallel to the fault (Perez, 2010).
To compare the petrophysical properties of shear bands formed in poorly consolidated
sand with those from a lithified end – member example, samples of shear bands from a well
consolidated sandstone were collected from the footwall of the Moab fault located in
southeastern Utah. The bands occur in lower Triassic Moenkopi formation, which has been
down-dropped ~500m between the early Cretaceous to the early Tertiary (Figure 1.4). The
deformation bands are roughly parallel to the main Moab fault trace and consist of networks of
thin anastomosing bands. The bands, on average, are 1-3 mm thick and have offsets of 1 mm;
spacing between bands ranges from 1 to 15 cm.

2.2 Triaxial Experiments
Experiments were conducted using a triaxial apparatus, and under hydrostatic stress
conditions (σ1 = σ2 = σ3) with confining pressure of up to 70 MPa. The confining stress and the
axial stress were controlled together via a single syringe pump with a pressure range of 70 kPa to
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70 MPa and a pressure resolution of 5 kPa at room temperature. Silicon oil with a low
compressibility was used as the confining medium to minimize the pump piston displacement
associated with fluid compression at high stress. The pore fluid pressure was controlled by two
additional syringe pumps, connected at each end of the sample, with a pressure resolution of 1
kPa and a volume resolution of 1 mm3. Axial deformation was recorded by a single linearly
variable differential transducer (LVDT) with a precision of 0.25 μm, and the sample
displacement was corrected for the stiffness of the apparatus.
Cylindrical samples of deformation bands from McKinleyville and Moab 25 mm in
diameter were carefully jacketed and placed between two porous metal frits and forcing blocks
containing piezoelectric transducers (PZTs) (Figure 2.1A). The sample length of the deformation
band specimens varied from 14.5 mm to 30.0 mm and the sample length of the host sand and
sandstone specimens varied from 35 mm to 45 mm, respectively (figure 2.1B). The samples
tested from McKinleyville were isolated deformation bands containing small lenses of host
material. However, the total volume of these lenses is small compared with the sample volume,
such that the specimens consist almost entirely of deformation band material. However, the
samples from Moab consist of thin deformation bands embedded in host material, and which
could not be isolated for independent measurements.
Within the testing apparatus, the porous metal frits provide an equal distribution of water
to the sample faces during saturation and permeability tests. The PZTs located in each endcap
produce acoustic waves that propagate through the sample and allow measurement of elastic
wavespeeds. I follow the notation convention used by Wong et al. (1997), where compressive
stresses and compactive strains are defined as positive and dilatant behavior is defined as
negative. Pore pressure is referred to as Pp and the mean effective pressure defined as Peff.
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Once placed into the triaxial vessel, the samples were saturated and a 100 kPa target pore
pressure was achieved while the sample was loaded to 1 MPa total stress (900 kPa effective
pressure. The temperature of the apparatus was tightly regulated to 29 oC to minimize the change
in volume of the sample or pore fluid resulting from thermal expansion or contraction. Each
sample was step loaded from 1 MPa to 65 MPa in 5 or 10MPa increments (Figure 2.2). The
confining pressure was applied manually using the high-precision oil pump and held constant at
each stress step. At each stress step the permeability, porosity, static modulus, and P wave
velocity were measured. The time dependent secondary consolidation (creep) occurring during
each stress hold was also monitored and used to judge drainage time.
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Figure 2.1: Triaxial apparatus for testing geophysical properties of rocks and porous materials.
Axial stress is applied via a piston and the confining pressure is provided around the jacket by
silicon oil. The upstream and downstream pumps refer to Global Digital Systems (GDS) pumps
used to control pore pressure and head gradient. Inset figure shows the fluid distribution cap with
inset PZT (Schematics courtesy of Brett Carpenter). Bottom panel shows a section of
McKinleyville deformation band and a core compared to the deformation bands from Moab.
Note the significantly thickened shear bands for McKinleyville.
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Figure 2.2: Example loading history for triaxial experiments showing mean effective stress as a
function of time. Two 5MPa steps were taken to a Peff of 10MPa, then 10MPa steps were taken
until 60MPa where a final 5MPa step was taken to 65MPa. Each sample was allowed to reach
pore pressure equilibrium between steps and the permeability and acoustic velocities were
measured during the hold period.
2.3 Drainage, creep deformation and porosity
The axial deformation was measured by the LVDT and the volumetric deformation was
measured by changes in water volume in the upstream and downstream syringe pumps. Although
the axial deformation was measured continuously during each experiment and provides a
reliable, high frequency record of deformation, I report the volumetric strain because it provides
a relevant metric for analyzing porosity evolution.
Each sample was deformed through a step loading procedure where a set of
predetermined effective stresses were applied to the samples and held for 1 – 24 hours depending
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on the test (Figure 2.2). The initial increase in Peff produced significant axial and volumetric
deformation during primary consolidation associated with drainage of initial excess pore
pressure from loading, followed by time dependent secondary consolidation, or creep (Figure
2.3A and 2.3B) (Karig and Hou, 1992; Karig and Ask, 2003).

Figure 2.3: Creep deformation in response to an increase in effective stress is linear in log time
once the sample has fully drained (a). Effective confining stress steps with sample response and
the loading history as a function of time (b).
The characteristic drainage time t, scales with the square of the sample length (L) and the
inverse of the hydraulic diffusivity (D):
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For the permeability range 8.2×10-16 m to 3.0×10-18 m the characteristic drainage times range
from 3.6 to a few hundred seconds. For example, figure 2.4 shows a decrease in consolidation
rate of the sample during primary consolidation that defines the drainage time. For this particular
case - an increase in stress from 1 MPa to 5 MPa - the data show that 95% of the volumetric
deformation occurred within the first 300 s after the loading step. Because primary consolidation
is not instantaneous, the predicted drainage time from equation 2.1 does not exactly match the
observed drainage time (300s versus ~450s) observed in figure 2.4. Since the sample shortens as
it drains, we expect the predicted drainage time to be shorter than the observed drainage time.
The volume change measured in by the pumps represents the total volume change of the sample
for a given stress impulse.
Porosity is another important parameter for determining the evolution of a porous
material in response to loading. The porosity of the specimens was determined at each stress by
tracking the total volume change at the end of primary consolidation, as measured by the pore
fluid pumps at each stress step (Figure 2.4). The initial porosity was calculated using the relation:

                                ɸ =   1 −
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where ɸ is the porosity, ρbulk is the dry bulk density (M/L3), and ρparticle is the grain density
(M/L3). The grain density for the shear bands and host sandstone, composed dominantly by
quartz, was assumed to be 2.65 g/cm3.
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Figure 2.4: Total volume decrease in response to an increase in confining pressure from 1MPa to
5MPa. The black line is the stress applied to the sample and the red line is the pore volume
response to the increase.
2.4 Permeability
The permeability of each sample was measured using a constant head gradient method
(Perez, 2010; Carpenter et al., 2014). The measurements were conducted under isostatic loading
conditions for effective stresses ranging from 1 MPa to 65 MPa (in increments of 5 to 10 MPa).
As noted in section 2.1, the permeability of the deformation band samples was generally
measured normal to the band orientation, though one experiment was conducted parallel to band
orientation to test for anisotropy. Permeability was measured once the sample had drained and
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volumetric deformation entered the creep domain (e.g. end of primary consolidation shown in
figure 2.3). This was necessary to minimize the contributions to the volume change from sample
deformation and therefore the only signal recorded is the flow rate induced by the water pumps.
The constant head test was conducted by inducing a pressure gradient in the pore-fluid
across the sample, and measuring the resulting volumetric flow rate. The flow rates between the
up and downstream pumps were allowed to equilibrate (differences of <5% were considered
steady state) and then Darcy’s law was used to compute the intrinsic permeability of the sample
(Figure 2.5).
!
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where Q is the flow rate (L3/T), A is the area (L2), dP is the head difference (L), dl is the length
of the sample (L), and K hydraulic conductivity (L/T). In equation 2.4, k is the intrinsic
permeability (L2), µ is the dynamic viscosity (M/LT) (assumed to be 1.0×10!! Pa-s at STP
conditions), ρ is the fluid density (M/L3), and g is gravity (M/T2). Due to the high permeability
of the samples at low mean effective stress (<10MPa), a differential pressure between 5 kPa and
10 kPa was used for the constant head tests. Once the sample was brought to effective stresses
above 10 MPa a differential pressure of 30 – 100 kPa was applied.
The deformation band samples from McKinleyville were generally thicker than 20 mm
and consisted of aggregated bands with small, embedded lenses of host material. However, the
total volume of these lenses was small in proportion to the total sample volume and therefore the
permeability is assumed to reflect that of the shear band material. In contrast, the shear bands
within the samples from Moab are on average 2 mm thick. Unlike the specimens tested from
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McKinleyville which were ~100% shear band by volume, the deformation band samples from
Moab were <15% shear band by volume. Therefore, the computed permeability for the Moab
shear bands also reflects a contribution from flow through the adjacent deformed material.

Figure 2.5: Flow rates calculated for water leaving the upstream pump and entering the
downstream pump. The average absolute flow rate is used to calculate the hydraulic conductivity
and then the permeability of the sample (in m2). The difference between the curves shows the
decrease in flow rate for a given head gradient for two different effective stresses.
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2.5 Ultrasonic measurements
Compressional wave velocities were measured for each sample at each effective stress. At each
pressure step, pulses were generated by a 500 kHz lead-zirconate-titanate (PZT) shear-wave
transducer in the upstream endcap and recorded via an identical PZT in the downstream cap
(Figure 2.1). The signal was created by 900V pulses and recorded at 50 MHz (e.g. Hashimoto et
al, 2010; Knuth et al, 2013; Carpenter et al, 2014). Data was collected once the characteristic
drainage time had elapsed and the sample had reached equilibrium following primary
consolidation, typically 5 minutes after the initial stress step. 200 waveforms were stacked for
each record to maximize the signal to noise ratio. The P – arrival times were picked from the
raw waveforms (Figure 2.6). Error in P-wave arrival picks at low effective stresses is attributed
to attenuation and dispersion caused by poor grain contacts. This is observed in the waveform
data presented in figure 2.6 as a gradual, emergent arrival of the P-wave, compared to the sharp
arrivals at stresses above 10 MPa. Similar attenuation and migration of P-wave arrivals is
observed in data collected by Prasad (2002). The arrival times are then corrected for the flight
time through the endcaps and the porous frits using a detailed calibration technique (Appendix
A).
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Figure 2.6: Example waveforms and P-wave arrival picks from experiment on Moab
deformation bands. The arrival times decrease as the effective stress is increased, reflecting both
an increase in elastic wave speed through the sample, and a small component of shortening. The
three waveforms were measured at three mean effective stresses, 10MPa (red), 20MPa (blue),
and 30MPa (green) respectively. Note the concomitant increase in amplitude with increasing
stress.
2.6 Effective Medium Model
An effective medium model was used to predict the elastic wave speed through each
sample type and provide a comparison with the lab measurements. This model, used by Dvorkin
et al. (1998) to predict the elastic moduli and wave speeds in marine sediments, combines HertzMindlin contact theory and Gassmann’s equations to determine the dry frame and saturated
moduli of a porous material (see Appendix B for a detailed description of this model, equations,
and parameters). The model connects the upper and lower bounds in elastic moduli – porosity
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space (Dvorkin et al., 1999). The upper and lower end members are the modulus at the so-called
critical porosity, which represents the porosity above which the sample is no longer grain
supported, and the modulus at 0% porosity (i.e. the solid phase only), respectively. The modulus
of the pure solid at (0% porosity) was assumed to be the same as quartz due to the high quartz
content (>95%) of the samples. The P and S wave speeds are then related to the elastic moduli by
(Dvorkin et al., 1999):
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where Ksat and Gsat are the saturated bulk and shear moduli (ML/L2T2), respectively, Vp and Vs are
the P and S-wave velocities (L/T), and 𝜌! is the bulk density (M/L3).
I first predict a porosity-stress relationship using my experimental data to define expected
porosities at given stresses. Second, using these pairs of porosity (which also defines sample bulk
density) and mean effective stress, I use the effective medium theory to predict the dry bulk and
shear moduli (Kdry and Gdry), and the saturated bulk and shear moduli (Ksat and Gsat) at each stress.
Third, I use the elastic moduli to compute the P and S-wave (Vp and Vs) velocities (eq. 2.5 and
2.6). Fourth, as part of the effective medium modeling, I explore the sensitivity of predicted Vp
and Vs to input parameters that were not directly measured but are estimated: (1) the critical
porosity, and (2) the average number of grain contacts (Appendix B). I explored a range of
critical porosities from 43% to 33%, and an average number of grain contacts from 6 to 10.
Based on this sensitivity analysis and previous work by Dvorkin et al., (1998), the best-fit critical
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porosity lies in the range 36% - 40% and the best-fit average number of grain contacts falls
between 8 – 9.
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CHAPTER 3

Results
3.1 Mechanical data
All materials tested exhibited work hardening with increasing mean effective stress. We
observe two important features in the work hardening trends exhibited by our experiments
(Figure 3.1A). First, the span of volumetric strain at peak stress for the samples from
McKinleyville is larger than the corresponding range for the Moab samples. Second, the
McKinleyville host material is generally more compliant than the local shear bands, whereas the
Moab host sandstone is generally stiffer than material containing the shear bands. These
differences become apparent above 5 MPa and are consistent throughout my data set. The
volumetric strains for the McKinleyville host material range from 0.23 to 0.30 at peak stress
while the strain in the shear bands ranges from 0.15 to 0.17. A shear band sample from
McKinleyville was tested parallel to band orientation (green triangles in figure 3.1A) and the
results show no significant difference in strain relative to specimens taken perpendicular to the
band (blue triangles, figure 3.1A). In comparison, the strains for samples of shear band and host
material from Moab at peak stress are 0.05 and 0.07 respectively.
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Figure 3.1: Volumetric strain (panel A) and porosity (panel B) plotted as functions of mean
effective stress. The McKinleyville host sand consistently strains more than the McKinleyville
shear band material. Comparatively, the material containing the Moab shear bands strains more
than the Moab host sandstone. The McKinleyville host material typically has higher initial
porosities than the McKinleyville shear bands, however, they decrease to approximately the
same values at maximum mean effective stress. Conversely, the material containing the Moab
shear bands is consistently more porous over the stress range than the Moab host sandstone.
The porosity of the all of samples decreases as function of increasing mean effective
stress (Figure 3.1B), however, the total range for porosity change varies depending on the sample
type. The host sand samples from McKinleyville have the highest initial porosities (average
43%) and decrease to 23% as mean effective stress increases to 65MPa. The initial porosities of
the McKinleyville deformation bands averaged 33% and decreased to 20% at 65MPa. The Moab
samples exhibited the largest difference between the shear bands and host material with initial
host sandstone porosity of 20% compared to 30% for the shear bands. Over the stress range of
100 kPa to 65 MPa, the porosity of the shear band material and the host material decreased to
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26% and 17%, respectively. Again it should be noted that the Moab shear bands account for a
small proportion of the total volume (<10%) of the sample tested, while the shear bands from
McKinleyville were isolated and tested independently of the host material.
A clear difference in compliance between the McKinleyville and Moab material is
apparent from the slope of the stress-strain curves (figure 3.1A). The static bulk modulus was
computed for each sample by taking the ratio of volumetric strain to each stress increase (Figure
3.2). The range of compressibilities spanned by the host material and shear bands from
McKinleyville at peak stress is 3x10-10 to 4x10-11Pa-1. The average difference between host sand
and shear band over the effective stress range is half an order of magnitude. The difference in
strength of the host sand is due to heterogeneity in the packing geometry of that particular
sample, while the increase in stiffness of the shear band tested parallel to strike is attributed to
heterogeneity in the natural sample. The SEM images presented in section 3.4 provide a
comparison of the host material, shear band, and shear band damage zone structure. These
images show the heterogeneity that is present in natural samples.
The samples from Moab are generally less compressible than the samples from
McKinleyville by an order of magnitude (Figure 3.2). Similar to the McKinleyville samples, the
petrophysical properties as functions of stress of the Moab host sandstone and shear band
material are reproducible. At peak stress the compressibilities of the host sandstone and shear
bands are 8x10-10 and 3x10-10Pa-1, respectively. However, these peak values may be slightly
misleading because porous materials with low compressibilities will have very small volumetric
deformations (as observed in figure 3.1A) and are prone to large errors if small fluid leaks are
present in the testing system. Since no visible cracks or discontinuities in axial deformation were
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recorded at peak stress, the anomalously high values for Moab host sandstone (red points) are
attributed to a slight water leak in the system.

Figure 3.2: Compressibility evolution over the investigated range of mean effective stresses. The
McKinleyville host sand and shear bands (blue and green) are consistently an order of magnitude
more compressible than the Moab samples (red).
3.2 Permeability
The evolution of permeability with effective stress for each sample is shown in figure 3.3.
Permeability decreases rapidly with effective stress at stresses less than 10 MPa, at which point
the decrease slows and becomes log-linear. Permeability data for the McKinleyville samples

32

separates into two groups. The first group consists of host sand, which shows a wide range (>1
order of magnitude) with values at peak stress of 9x10-15m2 to 4x10-16m2. The second group
consists of shear bands with a range at peak stress of 7x10-15 to 2x10-18m2 (Figure 3.3). These
data match well with the trends measured in previous experiments by Perez (2010) on the same
McKinleyville host sand and shear band material at effective stresses <5 MPa.
Similarly, the permeabilities of the host sandstone and the shear band specimens from
Moab separate into two groups. The host sandstone has a permeability at peak stress of 2x1014
m2, while the material containing the shear bands has a permeability of 2x10-15 m2. Similar to the
samples from Mckinleyville, the permeability of the deformation bands from Moab are
consistently an order of magnitude lower than the host material over the range of mean effective
stress I tested. Interestingly, the rate of permeability decrease with increasing mean effective
stress is significantly less for the Moab samples over the tested stress range than the
corresponding the rate of decrease for the McKinleyville samples. It should again be noted that
the shear band samples from McKinleyville are isolated shear bands (>95% shear band material)
while the samples from Moab were primarily (>90%) damaged host material adjacent to the
shear bands. Also, the majority of measurements were conducted perpendicular to band
orientation with one exception (green triangles) where the permeability was measured parallel to
the band.
The permeability of the Moab shear band core was estimated using the following
equation for effective permeability for flow normal to layers (Fetter, 2001):
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Where kvavg is the permeability of the sample containing the shear band i.e. the damaged
material surrounding the shear bands (L2) , b is the total sample thickness including shear bands
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and damaged material (L), bm is the m-th layer thickness (L), and kvm is the m-th layer
permability (L2). Solving for the permeability of the shear band “layer”, I obtain a permeability
of 3.7x10-17m2 which is two orders of magnitude lower than the permeability of the Moab host
sandstone and approching similar values to the McKinleyville shear bands.

Figure 3.3: Permeability evolution with mean effective stress. Permeability is reported in both
m2 and in mD. The permeabilities computed for the McKinleyville host sands are consistently an
order of magnitude greater than the permeabilities of the McKinleyville shear bands. Previous
low stress (<5MPa) permeability measurements reported by Perez (2010) are plotted in grey for
comparison to my data sets. Comparatively, the Moab host sandstone is an order of magnitude
more permeable than the material containing the Moab shear bands.
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The permeability of each sample decreases systematically with increasing mean effective
stress, and with decreasing porosity. The relationships between permeability and porosity are
shown in figure 3.4 and follow a log-linear trend (David et al., 1994; Wong and Zhu, 1999,
David et al., 2001). Because porosity decreases with increasing effective stress, the arrow shows
the general trend of permeability as function of both mean stress and porosity. The samples from
McKinleyville and the Moab deformation band material cluster in the porosity-permeability
range of 0.35 to 0.17 and 1x10-13 m2 to 2x10-14 m2. The permeability-porosity relationship for the
Moab host material falls within the ranges of 0.19 to 0.15 and 5x10-13 m2 to 5x10-17 m2
respectively. Similar to the McKinleyville samples, we observe that the Moab host sandstone is
an order of magnitude more permeable than the Moab shear bands. However, unlike samples
from McKinleyville, the permeability is higher for lower porosities. The values measured in
these experiments are in agreement with permeabilities reported for porosities of consolidated
sandstones and unconsolidated sands for the same porosity range (Nelson, 1994).
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Figure 3.4: Permeability data for all experiments plotted as a function of porosity. The
McKinleyville shear bands are less porous and less permeable than the host material. Unlike the
McKinleyville samples (blue points), the Moab (red points) host sandstone is less porous and
more permeable than the deformation band material.
3.3 P-wave velocity
The P wave travel times were measured at each effective stress interval from 5 MPa to 65
MPa. Figures 3.5 A and B show the relationship of P wave velocity to mean effective stress in
linear and log space for each experiment. Overall, the velocity range for all samples is from 1.7
km/s at 1 MPa to 4.2 km/s at 65 MPa. The deformation bands and host material from
McKinleyville are clustered between 1.7 km/s and 3.2 km/s, while the deformation band and host
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sandstone samples from Moab range from 2.7 km/s to 4.2 km/s respectively. P-wave velocities
measured in Moab samples are consistently >500m/s faster than the McKinleyville samples.
Interestingly, the Moab shear bands have lower velocities than the Moab host material, whereas
P-wave velocities observed in the McKinleyville shear bands are consistently higher than the
McKinleyville host sand.

Figure 3.5: P-wave velocity plotted as a function of mean effective stress and log mean effective
stress. P-wave velocities measured for all experiments follow a log linear trend (panel B).
Previous P – wave velocity measurements for sandstones in damage areas surrounding the Moab
fault obtained by Flodin et al., (2003) (grey polygon). Interestingly, the Moab host sandstone
samples have higher velocities than the Moab specimens containing shear bands, while the
opposite trend is observed in the McKinleyville samples.
The relationship between P-wave velocity and porosity for each experiment is shown in
figure 3.6. Generally, P wave velocity is inversely proportional to porosity and the arrow shows
the trend of increasing effective stress. Similar to results obtained from experiments by Flodin et
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al. (2003), the P wave velocity in our experiments is observed to increase linearly with
decreasing porosity (figure 3.6). The velocities range from 4.2 km/s to 1.6 km/s for porosities
between 0.17 and 0.32 respectively. The slope of the velocity – porosity profile for the
deformation bands from Moab is larger than the general trends observed in the Moab host
sandstone and McKinleyville data (figure 3.6).

Figure 3.6: P wave evolution with porosity for samples from Moab and McKinleyville. The
arrow indicates general trend of the P wave velocity with decreasing porosity (increasing mean
effective stress). The McKinleyville shear bands have slightly lower porosities and comparable
P–wave velocities to the McKinleyville host sands. Conversely, the material containing the
Moab shear bands has consistently higher porosity and lower P-wave velocity than the Moab
host sandstone
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3.4 Material characterization
Surface images were taken of the Moab samples using a scanning electron microscope
(SEM) and compared to images of the McKinleyville samples obtained by Perez (2010) (figure
3.7). The SEM provides a qualitative measure of grain size distribution, grain angularity, and the
overall microstructure of the material. The host sand from McKinleyville is composed of
uniform angular grains, while the shear bands contain a wide grain size distribution with
phyllosilicates filling the pore space (Perez, 2010). In contrast to the McKinleyville host
material, the Moab host sandstone exhibits a wider grain size distribution with highly angular
grains and possible phyllosilicates present within the pore space. The grains surrounding the
Moab shear bands are uniform with little to no phyllosilicate deposition. However, the interior of
the shear bands contains a wider distribution of grain sizes and the pore space is filled with small
phyllosilicate grains and cement. Large (~300 µm-wide) gaps within the Moab host sandstone
sample appear to penetrate more than a single grain diameter into the sample. These features
were only present within the host sandstone from Moab and may contribute to its high
permeability.
The Moab host sandstone is grain-cement supported with significant cement.
Comparatively, the Moab material containing (and adjacent to) shear bands has low cement
abundance and is purely grain supported (Figure 3.7D; Figure 3.8A). From the SEM images, I
interpret that the material adjacent to Moab shear bands has a higher porosity due to the lack of
pore filling cement, whereas the core of the shear bands have much higher cement abundances
and much lower “visual” porosity. This may be caused by the action of forming shear bands,
which has disrupted the surrounding material, increasing total porosity and decreasing elastic
wave speed (Figure 3.6). However, the shear band is a small (<15%) percentage of the total
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sample volume and therefore the porosity change as a function of stress for these specimens
primarily reflects the deformation of the material adjacent to the shear band.

A

B

C

D

Figure 3.7: SEM images of the McKinleyville host sand (A), McKinleyville shear band (B),
Moab host sandstone (C) and Moab shear band (D). The McKinleyville host sand is grain
supported with little to no cement present. Both host sand and shear band material have angular
grains and the McKinleyville shear bands have a higher abundance of cement resulting in lower
porosities than the host material. The Moab host material is grain supported with a high
abundance of cement, compared to the low abundance of cement observed in the material
surrounding the shear band. The difference in cement abundances causes the higher porosities
observed in the samples containing shear bands than those of host sandstone. The material
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adjacent to the shear band is highlighted by the red oval and the shear band is outlined in red
lines.

Figure 3.8: SEM images show the material adjacent to the Moab shear band (panel A) and the
core of the shear band (panel B). The material adjacent to the shear band is grain supported with
a low abundance of cement compared with the shear band core. The low abundance of cement in
the adjacent shear band material causes the high porosities observed in the samples containing
shear bands compared to the host sandstone.
Particle size distributions (PSD) for the McKinleyville and the Moab samples were
measured in a Malvern Mastersizer "S" using the laser diffraction technique detailed in Konet
and Vandenberge (1997). The laser technique measures the intensity of scattered light from a
dispersed sample and calculates the mean grain size. The grain size data for each sample is
reported in volume percent distribution (Figure 3.9 A and B) and in percent finer distribution
(figure 3.10).
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Figure 3.9: Particle size distribution for samples from McKinleyville and Moab. The highest
volume percent for all samples occurs at a mean grain diameter of 222μm (panel A). The
distribution at smaller grain sizes ranges from 2.5% for 50μm in the McKinleyville shear band to
0.5% in the McKinleyville host sand and the Moab sandstones (panel B). An important caveat is
that the Moab shear band data set represents the particle size distribution from both the narrow
shear band itself and the adjacent material.
The grain size data (GSD) show a consistent, unimodal distribution for both the Moab
sandstones and shear bands (Figure 3.9A). Interestingly, the McKinleyville deformation bands
exhibit a bimodal distribution centered on grain diameters of 190 μm and 50 μm. The
McKinleyville shear band also shows a small peak (<0.5%) at a mean grain diameter of 500 nm.
The cumulative percent finer distribution highlights the contrast in fine particle concentration
(<100 μm) between the McKinleyville shear band and the Moab host and deformed sandstones
(Figure 3.10). The McKinleyville deformation band has a smaller mean grain size and a wider
distribution than the McKinleyville host sands and the Moab sandstones. Approximately 50% of
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the total volume of the solid phase of the McKinleyville shear bands consists of grains finer than
100 μm while fine grains (<100 μm) make up only 10% of the total volume of the McKinleyville
host sands, Moab shear bands, and Moab host sandstone. The GSD of the McKinleyville shear
bands match with published GSD’s of shear deformation around faults in unconsolidated sands
(Cashman et al., 2007). However, note that the Moab shear bands data include particles of the
damaged material adjacent to the shear band.

Figure 3.10: Cumulative percent finer distributions for McKinleyville and Moab samples. The
McKinleyville shear bands have a higher total solid phase volume contribution from fine grains
(<100 μm) than the McKinleyville host material, the Moab host sandstone, and the Moab shear
band material respectively. It is important to note that the Moab shear band particle size data set
contains material adjacent to the shear bands as well as the shear band material itself.
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CHAPTER 4
Discussion
The petrophysical and mechanical data collected from these experiments provides a
description of the characteristics of two end-member reservoir sandstones. The presence of
cataclastic deformation bands suggests a dynamic stress environment that has altered the initial
structure of the host material and has therefore fundamentally changed its mechanical and
petrophysical properties. The expectation is that cataclastic deformation bands will significantly
reduce permeability, and thus fluid flow across the band (Fossen and Westhammer, 1998; Aydin,
2000; Sample et al., 2006), resulting in a decrease in reservoir productivity. Likewise, the elastic
properties of the material will change with the introduction of localized deformation. The
mechanisms behind the change in properties of the host material relate directly to grain
comminution and pore size reduction (Kaproth et al., 2010). A combination of experimental data
and modeling support this hypothesis and provide a predicted range of these properties with
respect to depth.
4.1 Petrophysical Data Comparison
The purpose of this study was to compare changes in permeability, P-wave velocity,
compressibility, and porosity in two end member reservoir sandstones containing deformation
bands over a range of mean effective stresses. To explore the implications of our data for in situ
conditions as a function of depth, I relate burial depth to mean effective stress by:

      𝑍 =   

!!""
!! !!! !!! !

4.1

Where z is depth (L), 𝑃!"" is mean effective confining pressure (M/LT2), 𝜌! and 𝜌! are the
densities of the grains and water respectively (M/L3), 𝜙 is the porosity, and 𝑔 is gravity (L/T2).
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Fort his simple analysis, I assume a constant porosity of 20%). Each data set (i.e. P-wave
velocity, permeability, compressibility vs. stress) was fit with a least squares fit to effective mean
stress, and projected to an equivalent depth.

Figure 4.1: Extrapolated porosity (a), permeability (b), compressibility (c), and P-wave velocity
(d) as functions of mean effective stress and depth from least squares fit to each dataset. The
shaded region corresponds to maximum and minimum values defined by the shear bands and
host material for samples from the same localities (i.e. shear band and host sand from
McKinleyville is shaded in blue and are bounded by those data sets). The dotted lines represent
the host material and the solid lines are the shear bands. It is important to note that the Moab
shear band data sets describe both the shear band itself and the adjacent deformed material.
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It should be kept in mind that the shear band samples from McKinleyville and Moab
were tested under slightly different conditions. As noted previously, the McKinleyville shear
bands were isolated and tested independently of the host material whereas the Moab shear bands
were too thin to separate and were tested in cores containing both shear band and adjacent
damaged host material (refer to figure 2.1, figure 3.8A and B). Therefore, the implications for P
– wave velocity and permeability of the Moab shear bands are framed in terms of a combination
of damaged host sand and shear band core.
Porosity can be thought of as both a hardening parameter and a measure of volumetric
strain (Wong et al., 2015). Therefore the response to applied stress is a useful metric for
understanding the mechanical properties of both the shear band and host material. We observe a
steep decrease in porosity at low effective stresses (i.e. shallow depths) in the poorly
consolidated McKinleyville samples (figure 4.1a), which we relate to the reorganization of the
matrix. Conversely, the porosity response to applied stress in the Moab samples takes the form of
a small but sharp decrease from its initial value to a steady state value that then remains nearly
unchanged through the rest of the experiment. This response is probably associated with the
closure of microcracks within the bonding cement (Flodin et al., 2003). As there are no observed
jumps (negative or positive) in porosity over the stress range it can be assumed that the
subsequent gradual decrease is attributed to elastic compression of the cement and mineral-grain
framework.
The difference in porosity response between the two shear bands and their associated host
materials implies different conditions of formation. The shear bands from McKinleyville formed
through cataclasis of poorly cemented sands while the shear bands in the Moab samples formed
from shear localization in well-cemented sandstones. Therefore the initial porosities of the Moab
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samples containing shear bands is expected to be higher than the host material due to the
presence of microcracks and disrupted cement caused by the deformation. The convergence of
the porosity-depth curves for the McKinleyville samples suggests that grain reorganization
becomes the dominant mechanism for porosity reduction at high stress while crack closures and
small cement failures dominate the samples from Moab (Flodin et al., 2003).
At low mean effective stresses, the permeability of samples from both study areas
decreases rapidly, however the magnitude of decrease following the initial sharp decline is very
different for the samples from McKinleyville and Moab (figure 4.1b). The permeability of the
samples from McKinleyville decreases by 2 orders of magnitude before achieving a steady
decrease while values of permeability for the samples from Moab decrease less than one order of
magnitude and stay roughly constant throughout the entirety of the experiment. The 2 orders of
magnitude difference between the permeabilities of McKinleyville host material and its shear
bands is attributed to decreased pore throat dimension due to the presence of cement and
increased fine particle abundance within the shear band core (Perez, 2010; Kaproth et al., 2012).
This mechanism is consistent with the decrease in porosity observed in figure 4.1a and the
increase in fine particles seen in the PSD (figure 3.8 and 3.9). This result supports the idea that
the permeability of a sample is controlled by physical characteristics including particle size,
distribution, and angularity (Craig, 1974).
Likewise, the decrease in permeability observed in the Moab host sandstone and
deformation bands follows a similar trend to its associated reduction in porosity (figure 4.1A).
The small decrease in permeability is interpreted to be result of microcrack closure. Similar to
the samples from McKinleyville, the shear band samples from Moab have lower initial
permeabilities that stay consistently 1 order of magnitude lower than the host material at all
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effective stresses I explored. Although the material containing the Moab shear bands is cemented
and the deformation may have opened more microcracks in the adjacent sandstone leading to
higher initial porosities, the permeability reduction by the shear band dominates the fluid flow
properties of the aggregate material (Figure 4.2).

High k

Low k

High k

Figure 4.2: Schematic diagram illustrating the permeability (k) relationship between the Moab
shear bands and the surrounding damaged material. As observed in the SEM images of the Moab
shear bands, the damaged material contains less visible cement compared to the shear band core.
Because of the inferred low permeability of the shear band core (hashed area) with respect to the
damaged surrounding material, the total permeability of the sample is therefore controlled by the
fluid flow properties of the shear band.
The shear bands, though only 2 mm thick (figure 3.7d) (compared to bands 25mm thick from
McKinleyville), are well cemented and appear to have very low porosity (figure 3.7d). I
interpret the significant permeability reduction to be caused by a decrease in porosity resulting
from grain reorientation and breakage during shear localization, combined with an increase in the
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amount of grain binding cement and the possible formation of authigenic clays. The presence of
clay minerals has been shown to be a significant barrier to fluid flow perpendicular to the long
axis of the mineral (Fisher and Knipe, 2001; Perez, 2010). Although the Moab shear band
permeabilities represent both damaged sandstone and shear band core, the estimated (by equation
3.1) shear band core permeability is two orders of magnitude less than the host material.
Therefore, the introduction of shear bands into the host rock overrides any increase in
permeability of the surrounding material caused by damage (Figure 3.7 D) (Rotevatn et al.,
2013).
Highly porous and poorly cemented materials (i.e. McKinleyville host sand) would be
expected to have high compressibilities at low stresses, due to grain rotation and reorganization,
and low compressibilities at high stresses resulting from a shift to an optimum packing geometry
(figure 4.1c). I observe this trend in the compressibility values for samples from McKinleyville,
which decrease sharply with increasing stress. The shear bands have a lower initial
compressibility, which approaches the value for the host material as depth increases. I interpret
this trend to reflect deformation of cement and the movement of grains within the sample until
grain interactions dominate (Flodin et al., 2003).
The compressibility of the Moab samples decreases rapidly from an initial value to
follow a steady, constant decrease. The higher initial compressibility of the Moab shear band
samples is consistent with my interpretation that the material containing the shear bands has a
higher density of dilatant microfractures than the host material. However, this material property
is overcome by crack closure as the compressibility of the material containing the shear bands
quickly approaches the compressibility of the host material. The clear difference between the
McKinleyville and the Moab samples is attributed to cementation, which acts to stiffen the
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skeleton of porous material and therefore reduce its compressibility (Dvorkin and Nur, 1996;
Flodin et al., 2003).
The P-wave velocities measured for each sample show a sharp increase with an initial
application of mean effective confining stress (100 kPa to 10 MPa), and a subsequent slow
increase to a maximum value at the maximum mean effective stress (figure 4.1d), essentially
paralleling the trends in compressibility. The P-wave velocities for the Moab samples are
consistently higher than the samples from McKinleyville due to the presence of cement, which is
known to increase the elastic wave speed (Dvorkin and Nur, 1996; Flodin et al, 2003). The
reduced P-wave velocity observed in the Moab shear bands samples is consistent with this
interpretation, as the damaged rock surrounding the thin bands is expected to exhibit slower Pwave propagation than the undamaged host sandstone, and the larger volume of damaged
material relative to the shear band cores should dominate the travel time signal. Similarly, the
lack of cement observed in the McKinleyville host sand samples accounts for its slightly lower
velocities than the shear bands.
Interestingly, the deformation bands and host material from McKinleyville have very
similar P-wave velocities for stresses of 10 – 65 MPa (projected to a depth range of 1.5 – 6 km).
Although cement enhances grain contacts (Dvorkin and Nur, 1996), microcracks or damaged
cement tend to reduce the P-wave velocity with respect to the host material. McKinleyville
deformation bands only exhibit a small increase in P-wave velocity with respect to the host
material due to grain contacts dominating the material structure at this stress. In the following
section, I explore the nature of P-wave velocity as a function of parameters that enhance or
degrade grain contacts, which affects the efficiency of elastic wave transmission (Dvorkin et al.,
1999).
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4.2 Effective Medium Model
The mechanisms contributing to the evolution of elastic and acoustic properties with
increasing effective stress can be understood through a modeling approach. A modified effective
medium model from Dvorkin et al. (1999) was used to predict P- wave velocity through porous
media. The forward model uses porosity and effective stress as inputs to define elastic constants
(bulk and shear modulus), and predict P and S – wave velocities. This model was simplified by
assuming the samples were monomineralic and that the initial porosities were below the critical
porosity (defined as the porosity at which point the material is no longer grain or matrix
supported) (Dvorkin et al., 1999). A full description of the model and parameters can be found in
Appendix B.
P-wave velocities from the experiments on McKinleyville host sand and McKinleyville
shear bands were modeled and the results are displayed in figure 4.3 and figure 4.4, respectively,
for comparison with the velocities measured in each material. The resulting predictions can be
explained by careful consideration of the micromechanical response of each sample type to an
increase in mean effective stress. It is well known that while porosity decreases logarithmically
with increasing effective stress (Walder and Nur, 1984; David et al., 1994; Crawford, 1998;
Flodin et al., 2003; Karig and Ask, 2003), P-wave velocity increases linearly (Prasad, 2002;
Flodin et al., 2003). This trend is attributed to closure of pore space through grain reorganization
and/or grain size reduction, which occurs during compaction and also accompanies the shearing
process (Marone and Scholz, 1989). The increase in the number of grains likely increases the
grain contact quality leading to faster P-wave travel times (Flodin et al., 2003).
The central mechanism driving the increase in P-wave velocity with decreasing porosity
is the increase in quality contacts with grain reorganization. The host material from
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McKinleyville consists of unconsolidated sand (figure 4.3). Therefore, frictional sliding of grains
during each experiment accommodates deformation. Because the sample lacks the cement
required to provide cohesion, the initial porosity is equal to the critical porosity (ϕc). However,
due to limitations in measurement, velocities were recorded starting at mean effective stresses of
5 MPa. For the McKinleyville host material the measured P- wave velocities rise linearly from
1.6 km/s to 3.2 km/s as fractional porosities decrease from 0.32 to 0.20. The modeled velocities
show good agreement at low porosities (high mean effective stress) but not at higher porosities
(low stress). The model that fits the McKinleyville host sand best has critical porosity of 0.38
and an average number of grain contacts of 6. To determine the cause of this disparity, the
sensitivity of the model to the two free parameters, critical porosity and average number of grain
contacts, was tested (Figure 4.4).
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Figure 4.3: Predicted P- wave velocities for McKinleyville host sand using a modified version
of the Dvorkin et al, (1999) effective medium model. Panel A shows the model sensitivity to
variations in critical porosity with the average number of grain contacts held constant. Panel B
shows the response of the model to changes in the number of aver grain contacts with critical
porosity held constant.
The result of the test on critical porosity yielded a best-fit value of 0.38 for a given mean grain
contacts of 8.2. The critical porosity and the number of grain contacts fall within the ranges
0.36–0.40 and 8 – 9 given by Dvorkin et al. (1999) respectively. The results of the model suggest
that the P-wave velocity through a porous media is sensitive to the number and quality of grain
contacts. For higher porosities (>0.27), the best-fit number of grain contacts increases from 6 to 8
suggesting a relation to the decreasing porosity. Decreasing porosity increases the number of
contacts, yielding a higher contact surface area, and ultimately increasing the efficiency of P-

53

wave transmission. Grain comminution will likely have the same effect by increasing the total
average surface area of the contacts due to reduced grain dimensions.
The measured P-wave velocities through the deformation bands from McKinleyville
were also modeled to analyze the differences between shear band and host sand resulting from
strain localization. The models were run under the same boundary conditions as the host material
detailed above. Like the host material, the predicted P-wave velocity increases with increasing
critical porosity and increasing number of mean grain contacts (figure 4.3).

Figure 4.4: P-wave velocity was predicted through the McKinleyville shear bands using a
modified effective medium model from Dvorkin et al. (1999). Panel A shows the model
sensitivity to changes in critical porosity with the number of grain contacts held constant. Panel
B shows the model sensitivity to changes in the total number of grain contacts with the critical
porosity held constant.
The presence of weak cement constitutes the most significant difference between the
McKinleyville deformation bands and host material. By nature, the cement reduces the average
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porosities in the deformation bands with respect to the host sand. However, as observed in the
relations between P-wave velocity and porosity (figure 3.6), the P-wave velocity in the shear
bands is only slightly higher at minimum porosity. Although it has been shown that grain binding
cement significantly increases the P-wave velocity through a porous material (Dvorkin and Nur,
1996), the P-wave velocities measured and predicted in this paper are similar because the grain
contacts dominate the structure over the cement (Flodin et al., 2003). The modeled P-wave
velocities for both McKinleyville host sand and shear band are therefore consistent with this
interpretation. It should be noted that the predicted velocities trend away from the data at high
porosities and approach the P-wave velocity of water. The data and model diverge due to
inaccuracies in measurement caused by dispersion as porosities approach critical. The arrivals
are emergent and therefore the P-wave velocity picks are too late.
The model was also tested on the well-cemented sandstones from Moab. However, the
method broke down when the best-fit model required a critical porosity that was lower than the
observed porosities, and the associated average grain contacts reached values that were too large
to be physically realistic (i.e. n = 15-20). Therefore, although the model works reasonably well in
predicting the P-wave velocities for poorly consolidated sands, it fails for well-cemented
sandstones.
4.3 Implications for reservoir evolution and permeability
The importance of deformation structures within sandstone reservoirs is critical to
understanding fluid flow properties corresponding to well productivity (Fossen, 1996;
Antonellini et al., 1999; Aydin, 2000; Fisher and Knipe, 2001; Rotevatn et al., 2013). The data
presented in this paper show conclusively that shear bands would reduce bulk sandstone
permeability by one or more orders of magnitude, regardless of type of host sandstone. However,
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this will only be true for cataclastic shear bands that form in high porosity sandstones such as
McKinleyville (Cashman and Cashman, 2000; Perez, 2010), China Cove (Sample et al, 2005),
and the North Sea (Fisher and Knipe, 2001). Alternatively, shear deformation within low
porosity sandstones is often accommodated by dilatancy, which may cause the bands to act as a
conduits for fluids (Aydin, 2000).
My work shows experimentally how the petrophysical signatures of deformation bands
change with changing stress boundary conditions. My data sets place bounds on the differences
between shear bands and host material for two end member sandstones. My data suggest that it
is possible to compartmentalize a reservoir with optimally oriented shear bands. Unfortunately,
their density and distribution within a reservoir is very difficult to predict. Since observations of
shear bands in well log data is difficult, cuttings seem to be the best way to find and map their
density. Despite this, the data presented here suggests that a possible detection method in log
measurements would be to look for sharp contrasts in the petrophysical properties (i.e. Vp in the 1
– 10 cm range, porosity in the 1 cm range, and resistivity in the 1 cm range) of homogenous and
clean (<10% clay by volume) sandstone units.
The limiting factor for well log detection of networks of anastomosing shear bands within
reservoirs or aquifers is scale. The thickness of the individual bands (if isolated) or band clusters
will impact the scale at which properties are measured. Therefore, another possible detection
method may be through density or resistivity logs. Cataclastic shear bands by their nature are
localized zones of denser material than the surrounding sandstone. Because porosity can be
related to electrical resistivity, sharp changes in resistivity over the centimeter scale may indicate
the presence of structural features such as a shear band. However, since bands themselves are
thin relative to the total formation thickness, it may be more advantageous to search for signs of
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“damage” on the 10’s of cm to m scale. These signs can include increasing porosity in proximity
to a shear band (as observed in the damaged material around the Moab shear bands), and
decreasing permeability.
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CHAPTER 5

Conclusion
Shear bands are common features in highly porous, deformed sandstones. Their
petrophysical properties, when subjected to changing effective stress environments will evolve
based on the porosity of the band relative to that of the host material. Therefore the three main
conclusions can be drawn from this work:
1. The evolution of porosity with increasing mean effective stress for poorly cemented
sands and deformation bands converge at high effective stress. This is the result of grain
contacts becoming the primary contributor to skeleton rigidity. Conversely, the porosities
in well-cemented sandstones will not converge because the cement controls the
deformation accommodated by the material skeleton.
2. Permeability evolution is controlled by the porosity response to increasing mean effective
stress. Grain reorientation in poorly cemented sandstones will reduce pore throat
dimensions leading to substantial decreases in permeability. Conversely, in sandstones
where the skeleton rigidity is controlled by strong cement, porosity reduction will be less
pronounced thereby reducing the effect of effective stress on permeability.
3. The average number of grain contacts is the primary mechanism for transmission of Pwaves. Increasing the average number of grain contacts via compaction or shearing
increases the total contact area per grain, which is necessary for efficient P-wave
transmission.
The petrophysical data presented for two end member reservoir sandstones suggest that
optimally oriented natural or artificial shear deformation may lead to a decrease in productivity
of a reservoir. The culprit for permeability decrease within shear bands tends to be grain
comminution and cement deposition. Further work is necessary to characterize the mineralogical
composition of the deformation band cement to determine the abundance of phyllosilicates,
which contribute to permeability reduction (Perez, 2010) and to quantify the conditions of
formation and controls on spacing of shear bands. Based on this work, the measurement of P58

wave velocity in a borehole will probably not have sufficient spatial resolution or precision to
confidently differentiate the deformation band from the host material. However, my data suggest
that the density of microcracks increases in the vicinity of a shear band leading to a general
reduction in P-wave velocity. Although it may not be possible to directly detect deformation
bands through acoustic measurements, changes in velocity within a uniform sandstone layer may
indicate the presence of deformation which, given inferred structural geology can be used to
predict the location of shear bands.
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Appendix A
P and S wave calibration procedure
The P-wave arrival times were corrected for the elastic wave travel time through the end
of each end cap and the porous metal frits. These “zero length” travel times are necessary too
account for the significant additional time they add to the raw travel time data. The method used
to determine the calibration is detailed below.
The correction method follows the same procedure used to collect the raw waveforms for
the sandstone samples. The samples used for the corrections were 25, 38.1, and 50.8mm 316
stainless steel. The same isostatic step loading procedure was used for the stainless steel samples
and the same equipment measured the transmitted elastic energy (figure A-1).
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Figure A-1: Stacked waveforms from three stress intervals (10, 20, and 30MPa) for a single
steel cylinder showing a migrating P-wave arrival.
P-wave arrivals were picked for each sample and plotted as a function of sample length for each
stress (figure A-2A). The intercept of the best fit to the travel time – sample length curve is the
expected travel time of the P-waves through the frits and the ends of the end caps. The zero
times in figure A-2B show decreasing trend of the P-wave arrivals for a given stress. To correct
the recorded data from the sandstones, these values were subtracted before a velocity was
calculated. If this were not done, the velocities would under predicted by roughly 200m/s .

Figure A-2: Panel A shows the zero intercept of the projected fit through the time-sample length
data. Zero intercept points are the correction for P-wave travel time through the endcaps and
porous fits (Panel B).
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Appendix B
Effective Medium Model
An effective medium model was used to model the elastic wave speed through the host
sand and deformation band samples collected from Mckinleyville and Moab. The equations
describing the elastic properties of the material are listed below. The upper bounds on the elastic
properties are assumed to be the same as the material properties at 0% porosity. Due to the high
quartz content (>95%), the values for bulk and shear modulus are assumed to be that of solid
quartz.
Equations 1 and 2 from Hertz-Mindlin contact theory determine the bulk and shear
moduli of the material at critical porosity. This provides the lower bound on the materials elastic
properties The approach used in this paper assumes an average critical porosity of 40%, which is
consistent with Dvorkin et al. (1998). A description of each parameter is given in table 1 and the
range of values used in the model is provided in table 2.
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The effective frame moduli of the material can be calculated for a porosity domain encompassing
the upper and lower bound. Since critical porosity is the porosity above that the material can
exist only in suspension, the solid phase of the material frame and the packing are given by
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Due to the nature of sediments in basins and reservoirs, the true elastic moduli of the material are
functions of the elastic properties of the saturating fluids. For this study the bulk modulus (Kf) of
pure water was assumed to be 2.25 GPa (Dvorkin et. al, 1998). The Z term provides a scaling of
the lower bound shear modulus based on its relationship with the lower bound bulk modulus.
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The elastic wave speeds (Vp and Vs) calculated from the saturated bulk modulus, shear modulus,
and bulk density are shown below.
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B-8
B-9

n
Average number of grain contacts
φ
Porosity of the material
φc
Critical porosity of the material
ν
Poisson’s ratio of the solid phase
ρb
Bulk density
P
Effective pressure
K
Bulk modulus of the solid phase
G
Shear modulus of the solid phase
Kf
Bulk modulus of saturating fluid
Z
Scaling of GHM
KHM
Bulk modulus of material frame at φc
GHM
Shear modulus of material frame at φc
Kdry
Bulk modulus of material frame at φ < φc
Gdry
Shear modulus of material frame at φ < φc
Ksat
Bulk modulus of saturated material
Gsat
Shear modulus of saturated material
Vp
P-wave velocity
Vs
S-wave velocity
Table A2-1: Parameters used in the effective medium model.
n
6 -10
φ
Varies on material modeled
φc
45% - 33%
ν
0.25
ρb
2.17g/cm3 – 2.35g/cm3
P
1MPa – 65MPa
K
39.5GPa
G
36.5GPa
Kf
2.25GPa
Table A2-2: Values used in the effective medium model. The porosity range was determined
from a least squares fit to the porosity-stress data obtained from a host sand or deformation band
experiment.
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Appendix C
Petrophysical data

McKinleyville shear band: T70_347_08B05
Stress	
  (Mpa)	
  
2	
  
3	
  
4	
  
5	
  
10	
  
15	
  
20	
  
25	
  
30	
  
35	
  
40	
  
45	
  
50	
  
55	
  
60	
  
65	
  

k(m2)	
  
7.28E-‐17	
  
6.22E-‐17	
  
4.14E-‐17	
  
2.70E-‐17	
  
4.20E-‐17	
  
2.97E-‐17	
  
4.30E-‐17	
  
3.30E-‐17	
  
1.61E-‐17	
  
1.40E-‐17	
  
1.18E-‐17	
  
1.96E-‐17	
  
1.37E-‐17	
  
1.60E-‐17	
  
8.41E-‐18	
  
4.05E-‐18	
  

Ax.	
  Dsip(mm)	
  
0.41	
  
0.52	
  
0.64	
  
0.76	
  
1.09	
  
1.3	
  
1.45	
  
1.57	
  
1.66	
  
1.77	
  
1.83	
  
1.89	
  
1.95	
  
2	
  
2.07	
  
2.07	
  

Vp(km/s)	
  
1.828	
  
2.134	
  
2.134	
  
2.18	
  
2.401	
  
2.54	
  
2.666	
  
2.765	
  
2.854	
  
3.006	
  
3.04	
  
3.07	
  
3.13	
  
3.203	
  
3.24	
  
3.308	
  

McKinleyville host sand: T70_355_MCKFbase
Stress	
  (Mpa)	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp	
  (mm)	
  
1.596	
  
2.224	
  
2.648	
  
2.764	
  
2.882	
  
3.057	
  
3.203	
  

Vol.	
  Strain	
  
0.219	
  
0.26	
  
0.276	
  
0.283	
  
0.29	
  
0.295	
  
0.296	
  

Porosity	
  
0.319	
  
0.281	
  
0.265	
  
0.257	
  
0.25	
  
0.245	
  
0.244	
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k(m2)	
  
2	
  1.5E-‐15	
  
2.98E-‐16	
  
1.19E-‐16	
  
8.98E-‐17	
  
6.18E-‐17	
  
4.46E-‐17	
  
3.32E-‐17	
  

Vp	
  (km/s)	
  
0.945	
  
1.851	
  
2.447	
  
2.846	
  
3.017	
  
3.246	
  
3.447	
  

McKinleyville shear band: T70_359_08B05
Stress	
  (Mpa)	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp	
  (mm)	
  
0.49	
  
0.836	
  
1.263	
  
1.528	
  
1.751	
  
1.87	
  
1.99	
  
2.04	
  

Vol.	
  strain	
  
0.061	
  
0.092	
  
0.122	
  
0.142	
  
0.153	
  
0.157	
  
0.165	
  
0.169	
  

Porosity	
  
0.305	
  
0.28	
  
0.255	
  
0.239	
  
0.229	
  
0.225	
  
0.217	
  
0.214	
  

k(m2)	
  
9.21E-‐17	
  
7.66E-‐17	
  
2.85E-‐17	
  
1.21E-‐17	
  
9.83E-‐18	
  
5.02E-‐18	
  
3.10E-‐18	
  
3.01E-‐18	
  

Vp	
  (km/s)	
  
1.616	
  
2.089	
  
2.336	
  
2.612	
  
2.796	
  
2.896	
  
2.992	
  
3.101	
  

McKinleyville shear band: T70_367_08B05
Stress	
  (Mpa)	
  
1	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp(mm)	
  
0.172	
  
0.86	
  
1.65	
  
2.31	
  
2.74	
  
3.05	
  
3.29	
  
3.46	
  
3.54	
  

Vol.	
  Strain	
  
0.02	
  
0.079	
  
0.104	
  
0.135	
  
0.148	
  
0.156	
  
0.162	
  
0.165	
  
0.167	
  

Porosity	
  
0.337	
  
0.294	
  
0.274	
  
0.248	
  
0.236	
  
0.229	
  
0.224	
  
0.22	
  
0.219	
  

k(m2)	
  
9.14E-‐16	
  
6.82E-‐16	
  
5.01E-‐17	
  
4.51E-‐17	
  
2.93E-‐17	
  
1.30E-‐17	
  
7.91E-‐18	
  
5.70E-‐18	
  
4.96E-‐18	
  

Vp(km/s)	
  
	
  
	
  
2.13	
  
2.59	
  
2.82	
  
3.02	
  
3.17	
  
3.26	
  
3.32	
  

McKinleyville host sand: T70_396_MCKFbase
Stress	
  (Mpa)	
  
1	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp	
  (mm)	
  
0.04	
  
0.59	
  
1.24	
  
2.07	
  
2.58	
  
2.91	
  
3.17	
  
3.38	
  
3.46	
  

Vol.	
  Strain	
  
0.043	
  
0.13	
  
0.173	
  
0.207	
  
0.226	
  
0.236	
  
0.242	
  
0.246	
  
0.247	
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Porosity	
  
0.404	
  
0.344	
  
0.311	
  
0.281	
  
0.264	
  
0.254	
  
0.248	
  
0.243	
  
0.242	
  

k(m2)	
  
3.64E-‐13	
  
6.29E-‐14	
  
7.12E-‐15	
  
4.44E-‐15	
  
1.73E-‐15	
  
1.00E-‐15	
  
9.40E-‐16	
  
6.30E-‐16	
  
5.20E-‐16	
  

Vp(km/s)	
  
1.63	
  
2.15	
  
2.13	
  
2.24	
  
2.25	
  
2.62	
  
2.85	
  
3.03	
  
3.18	
  

McKinleyville shear band: T70_397_08B05
Stress	
  (Mpa)	
  
1	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp	
  (mm)	
  
0.37	
  
0.83	
  
1.21	
  
1.62	
  
1.86	
  
2.03	
  
2.19	
  
2.35	
  
2.39	
  

Vol.	
  Strain	
  
0.023	
  
0.092	
  
0.121	
  
0.146	
  
0.161	
  
0.171	
  
0.18	
  
0.186	
  
0.187	
  

Porosity	
  
0.32	
  
0.27	
  
0.24	
  
0.22	
  
0.21	
  
0.2	
  
0.19	
  
0.18	
  
0.18	
  

k(m2)	
  
0	
  
4.12E-‐16	
  
2.80E-‐16	
  
3.55E-‐17	
  
5.21E-‐17	
  
2.24E-‐17	
  
1.79E-‐17	
  
1.10E-‐17	
  
9.19E-‐18	
  

Vp(km/s)	
  
0	
  
2.11	
  
2.51	
  
2.7	
  
3.09	
  
3.27	
  
3.34	
  
3.35	
  
3.43	
  

Moab host sandstone: T70_399_MBHS
Stress	
  (Mpa)	
  
1	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp	
  (mm)	
  
0.163	
  
0.348	
  
0.419	
  
0.47	
  
0.5	
  
0.53	
  
0.56	
  
0.61	
  
0.63	
  

Vol.	
  strain	
  
0.014	
  
0.029	
  
0.036	
  
0.039	
  
0.042	
  
0.045	
  
0.046	
  
0.047	
  
0.049	
  

Porosity	
  
0.2	
  
0.187	
  
0.182	
  
0.179	
  
0.176	
  
0.174	
  
0.173	
  
0.172	
  
0.17	
  

k(m2)	
  
5.10E-‐15	
  
2.30E-‐15	
  
2.20E-‐15	
  
2.20E-‐15	
  
3.38E-‐15	
  
3.37E-‐15	
  
2.66E-‐15	
  
2.30E-‐15	
  
2.60E-‐15	
  

Vp(km/s)	
  
0	
  
3.81	
  
3.91	
  
4.05	
  
4.09	
  
4.13	
  
4.14	
  
4.15	
  
4.17	
  

McKinleyville host sand: T70_408_MCKFbase
Stress	
  (Mpa)	
  
1	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp(mm)	
  
0.09	
  
0.61	
  
1.251	
  
2.21	
  
2.68	
  
3.113	
  
3.23	
  
3.588	
  
3.648	
  

Vol.	
  Strain	
  
0.024	
  
0.116	
  
0.173	
  
0.225	
  
0.246	
  
0.26	
  
0.267	
  
0.274	
  
0.275	
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Porosity	
  
0.42	
  
0.36	
  
0.317	
  
0.27	
  
0.25	
  
0.236	
  
0.229	
  
0.222	
  
0.22	
  

k(m2)	
  
4.29E-‐13	
  
8.27E-‐14	
  
4.71E-‐15	
  
7.39E-‐16	
  
3.49E-‐16	
  
2.31E-‐16	
  
1.98E-‐16	
  
1.17E-‐16	
  
1.15E-‐16	
  

Vp(km/s)	
  
0.882	
  
0.965	
  
1.72	
  
2.424	
  
2.753	
  
2.92	
  
3.05	
  
3.17	
  
3.184	
  

Moab shear band sandstone: T70_419_MBDB
Stress	
  (Mpa)	
  
1	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp	
  (mm)	
  
0.098	
  
0.332	
  
0.401	
  
0.463	
  
0.505	
  
0.523	
  
0.567	
  
0.606	
  
0.634	
  

Vol.	
  Strain	
  
0.024	
  
0.048	
  
0.055	
  
0.061	
  
0.065	
  
0.067	
  
0.069	
  
0.071	
  
0.072	
  

Porosity	
  
0.304	
  
0.285	
  
0.28	
  
0.276	
  
0.272	
  
0.271	
  
0.269	
  
0.268	
  
0.267	
  

k(m2)	
  
2.30E-‐16	
  
8.30E-‐16	
  
4.40E-‐16	
  
2.40E-‐16	
  
1.70E-‐16	
  
6.30E-‐16	
  
2.80E-‐16	
  
2.20E-‐16	
  
1.90E-‐16	
  

Vp(km/s)	
  
0	
  
2.735	
  
3.062	
  
3.459	
  
3.62	
  
3.765	
  
3.801	
  
3.833	
  
3.874	
  

Moab host sandstone: T70_424_MBHS
Stress(Mpa)	
  
1	
  
5	
  
10	
  
20	
  
30	
  
40	
  
50	
  
60	
  
65	
  

Ax.	
  Disp(mm)	
  
0.102	
  
0.28	
  
0.35	
  
0.42	
  
0.45	
  
0.49	
  
0.53	
  
0.57	
  
0.59	
  

Vol.	
  Strain	
  
0.012	
  
0.026	
  
0.032	
  
0.038	
  
0.042	
  
0.044	
  
0.046	
  
0.048	
  
0.05	
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Porosity	
  
0.197	
  
0.185	
  
0.18	
  
0.175	
  
0.171	
  
0.169	
  
0.168	
  
0.166	
  
0.164	
  

k(m2)	
  
1.80E-‐14	
  
7.80E-‐15	
  
3.70E-‐15	
  
3.10E-‐15	
  
2.10E-‐15	
  
1.90E-‐15	
  
3.50E-‐15	
  
2.20E-‐15	
  
2.10E-‐15	
  

Vp(km/s)	
  
3.27	
  
3.64	
  
3.751	
  
3.83	
  
3.912	
  
3.976	
  
3.995	
  
4.023	
  
4.028	
  

Appendix D
Field Photographs, Moab, UT
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Appendix E
SEM images
Moab host sandstone
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Moab shear band
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