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ABSTRACT
Strain localization in porous sands leads to the formation of shear bands, which typically
accommodate a few mm to tens of cm of slip, through grain fracturing, grain rotation and
grain boundary sliding. Reduced bulk permeability due to grain size reduction, porosity
loss, and cementation in shear bands can lead to decreased reservoir quality and
compartmentalization. Previous studies have mainly focused on characterization of band
geometry, grain size, structure, and origin. Permeability measurements for shear bands
are rare, and have generally been limited to shear bands created in a laboratory or to field
measurements under atmospheric pressure conditions. The purpose of this study is to
quantify permeability reduction in shear bands, and investigate links between
permeability and other physical properties. I present a comprehensive suite of data
obtained for naturally occurring shear bands from an outcrop of unlithified sand in the
footwall of the McKinleyville thrust fault in northern California. These data include
laboratory permeability, porosity, and grain size measurements, as well as SEM and XRD
analyses. I measured shear band and host sand permeability under isostatic stress
conditions, for confining pressures ranging from 0.05 – 5 MPa. At each confining
pressure, I applied a constant flow rate across the sample, measured the resulting pressure
gradient using a differential pressure transducer, and determined permeability by Darcy’s
Law.
I find that the mean grain size for host sand is 208 µm, whereas the mean grain size for
shear bands ranges from 31 – 185 µm, with the mean grain size decreasing as a function
of increasing band thickness. Host sand porosity ranges from 42 – 45%, and shear band
porosity ranges from 32 – 39%. SEM images indicate that shear bands have higher
abundance of phyllosilicates but the there is no evidence of phyllosilicates clogging pore
space or coating grains in the host sand. Host sand permeability decreases from
~ 1 × 10 −14 m2 (10 mD) to ~ 2 × 10 −15 m2 (2 mD) as effective stress is increased from 0.4 to
5 MPa. Results for five shear bands illustrate a decrease from ~ 8 × 10 −15 m2 to
~ 1 × 10 −17 m2 over a similar stress range (0.05 to 5 MPa). Results suggest a clear,
systematic relationship between larger shear band thickness and decreased grain size,
decreased porosity, increased phyllosilicate content, and decreased permeability.
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Chapter 1
Introduction
In porous sands, shear bands form by cataclastic processes, including grain
fracturing, grain rotation, and grain boundary sliding (Fossen et al., 2007). The reduction
in particle size distribution, caused by comminution, reduces porosity, increases
tortuosity, and enhances cementation due to the fresh quartz faces available for
precipitation, ultimately leading to a reduction in permeability (Knipe, 1998; Olsen et al.,
1998; Hutcheon et al., 2001). Permeability reduction caused by particle size reduction
coupled with increased capillary pressures (Parnell et al., 2004), can have a significant
effect on flow and transport of fluids in reservoirs and aquifers. Multiple sets of shear
bands are common and form complex networks which can trap and enclose lenses of
undeformed sand. These features can create complications in production wells if shear
bands are not properly accounted for in subsurface characterization and model
development (Parnell et al., 2004).
Shear bands are common features and have been documented in many locations
and types of sands, including unlithified marine terrace sands in northern California
(Cashman & Cashman, 2000), porous aeolian sandstones in SE Utah (Fossen &
Hesthammer, 1998), fluvial Nubian Sandstone in the Gulf of Suez rift (Beach et al.,
1999), alluvial and deltaic sandstones in the North Sea (Hesthammer & Fossen, 2001),
aeolian sandstone in NE Scotland (Hutcheon et al., 2001), and in argillaceous sediments
at the toe of the Nankai accretionary prism in southwest Japan (Ujiie et al., 2003). They
occur in numerous geologic settings, including subduction zones (Mackenzie et al., 1987;
Rochford et al., 1995; Vannucchi & Tobin, 2000; Ujiie et al., 2003), rift settings (Beach
et al., 1999; Fisher & Knipe, 2001), monoclinal folds (Jamison & Stearns 1982; Jackson
1

& Pollard, 1990), normal faulting systems (Du Bernard et al., 2002b), reverse faults
(Cashman & Cashman, 2000), deformation zones associated with the growth and collapse
of salt structures (Antonellini et al.,1994) and shale diapirs (Fossen et al., 2007), and
igneous intrusions (Jackson and Pollard, 1990).
Following Aydin & Johnson’s (1978) terminology, shear bands can form as
individual features or as zones of deformation bands (two or more bands), and in some
cases can develop into zones with high concentrations of deformation bands, which
accommodate displacements on the order of meters, and are slickensided and/or striated.
Several studies have focused on measuring shear band permeability and have
reported values that are two to three, and locally as much as six orders of magnitude
lower than that of the host material (Pittman, 1981; Jamison & Stearns, 1982; Harper &
Moftah, 1985; Knott, 1993; Antonellini & Aydin, 1994; Gibson, 1994, 1998; Knipe et
al., 1997; Crawford, 1998; Antonellini et al., 1999; Fisher & Knipe, 2001; Jourde et al.,
2002; Shipton et al., 2002). Many of these studies have measured permeability of natural
shear bands using field permeameters (Freeman, 1990; Fisher & Knipe, 2001; Ogilvie &
Glover, 2001; Shipton et al., 2002; Fossen, 2009) or minipermeameters on outcrops and
under unconfined conditions (Antonellini & Aydin, 1994; Rotevatn et al., 2007; Torabi &
Fossen, 2009). A smaller number of laboratory studies have investigated the effects of
confining pressure on petrophysical properties such as permeability and porosity
(Crawford, 1998; Heiland & Raab, 2001; Hutcheon et al., 2001; Ngwenya et al., 2003).
The majority of lab-based studies have focused on deformation bands that have been
created in the laboratory from sandstones, or on natural deformation bands formed in
lithified sandstones (Crawford, 1998; Heiland & Raab, 2001; Hutcheon et al., 2001;
Ngwenya et al., 2003). In contrast, there are relatively few studies that focus on poorly
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lithified or unlithified sands (Cashman & Cashman, 2000; Sigda & Wilson, 2003; Ujiie et
al., 2004; Kaproth et al., submitted). Furthermore, few studies have developed a clear
understanding of permeability reduction in naturally formed shear bands and its
relationship to other shear band physical properties such as porosity, grain size, and band
thickness.
The goal of this project is to quantitatively assess shear band permeability
reduction and investigate the links between physical properties and permeability. This
problem is addressed through measurements of porosity, and grain size, SEM imaging,
XRD analysis, and carefully controlled laboratory permeability measurements under a
range of confining pressures on several intact, naturally formed shear bands of different
thickness from McKinleyville, CA (Figures 1-1 & 1-2). The compilation of this suite of
data will further our understanding of shear bands and their impact on fluid migration
through porous sands, and ultimately lead to improved reservoir and aquifer models.
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Figure 1-1. Shear band field site, McKinleyville, CA.

1.1 Geologic Setting
In northern California, crustal contraction to the northeast of the Mendocino
Triple Junction is caused by subduction of the Gorda Plate under the North American
Plate. This compression is accommodated by several structures including The Mad River
Fault Zone (Figure 1-2), comprised of several active thrust faults at the southern end of
the Cascadia subduction zone (Carver, 1987; Kelsey & Carver, 1988). The Mad River
Fault Zone consists of five northwest-striking, northeast-dipping, imbricate thrust faults
including the Trinidad, Blue Lake, Fickle Hill, Mad River, and the McKinleyville faults,
as well as many other minor thrust faults which extend from the northern California coast
to approximately 40 km inland (Figure 1-2) (Kelsey & Carver, 1988).
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The McKinleyville Thrust fault offsets an 83 ka marine terrace and creates a 27m-high scarp (Figure 1-1) (Carver, 1987; Kelsey & Carver, 1988). Seismic slip on the
active thrust fault is assumed to have created a ~150 m wide belt of shear bands within
unlithified marine terrace sands of the footwall (Cashman & Cashman, 2000). The sand
body is composed mostly of well-sorted, fine-grained sand with some iron staining. South
of the study area, gravel beds are more prevalent and range from a couple of cm to tens of
cm in thickness, and iron staining is more common. Shear bands vary in thicknesses,
from a few mm to several cm, and accommodate slip ranging from a few mm to tens of
cm (Figure 1-3, Table 2-1). Band thickness varies along dip and along strike as well, with
splays interweaving in and out of some bands. There are two main sets of shear bands
that range in length from a few cm to tens of m and intersect to enclose lenses of
unlithified sand. One set of bands, which strikes ~320˚ and dips ~20˚N, is approximately
parallel to the McKinleyville fault, and is generally thicker and longer than the second set
that strikes ~110˚ and dips ~20˚S. Du Bernard et al. (2002a) describe a third set of subhorizontal bands which they classify as dilation bands based on deformation consistent
with predominantly opening-mode failure. The dilation bands lack evidence for grain
breakage or macroscopic shear offset (Du Bernard et al., 2002a).
The bands formed at a maximum burial depth of 100 m (Kaproth et al.,
submitted) inferred from the underlying stratigraphic features including a molar of
Mammut Americana (mastodon) found at the lowermost section of an underlying unit and
the dating of a mud horizon near the uppermost section of the unit using
thermoluminesence which produced an age estimate of 176 ± 33 ka (Berger, 1992; G.A.
Carver, personal communication, 1993, cited by Harvey (1994)). These features indicate
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that the host body of sand was at or above paleo-sea level multiple times in the late
Pleistocene, with no evidence of considerable burial (Kaproth et al., submitted).

Figure 1-2. Structure map of field site located in Humboldt County, CA. Modified from Cashman &
Cashman (2000).

1.2 Shear Band Formation and Properties
Shear bands develop in porous granular material such as sandstones and porous
sands (Fossen et al., 2007) due to strain localization that induces cataclasis (Aydin,
1978). In general, a larger number of shear bands are generated with increased total strain
(Mair et al., 2000; Ngwenya, 2003). Tectonic environment, confining pressure, and pore
fluid pressure all play roles in shear band formation, but the host material must exhibit a
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suitable combination of porosity, degree of lithification, mineralogy, grain size, sorting,
and grain angularity (Mair et al., 2000, 2002; Lothe et al., 2002; Fossen et al., 2007) for
shear bands to form, rather than other features such as compaction bands or phyllosilicate
bands. High porosity leads to high contact stresses between grains thus favoring the
formation of shear bands (Flodin et al., 2003). Tension fractures, stylolites, and/or slip
surfaces will form instead if insufficient porosity is available to accommodate grain
reorganization (Fossen et al., 2007).
Some works suggest that shear bands created at shallow depths and under low
confining pressures, form without cataclasis (Antonellini et al., 1994; Aydin et al., 2005).
Rawling and Goodwin (2003) conducted microscopic observations in poorly lithified
sediments from the Rio Grande Rift, NM and show the previous statement may not be
entirely accurate. Their results show that transgranular fracturing of quartz is rare under
low confining pressures but flaking and spalling do occur at grain edges. Feldspar grains
show transgranular fracturing, which is facilitated by strong cleavage, and lithic
fragments accommodate strain through transgranular fractures and microcracking. Their
conclusions are that strain is accommodated in poorly lithified sediments by particulate
flow where cataclasis facilitates extensive grain boundary sliding, which accommodates
the majority of deformation.
Mineralogy also plays an important role in controlling the types of deformation
features that form. For example, if phyllosilicate abundance exceeds 10 – 15%,
deformation will likely be accommodated by granular flow and not by comminution,
resulting in the formation of phyllosilicate bands (Knipe et al., 1997; Fossen et al., 2007).
This occurs because the weak platy minerals allow for grain boundary sliding that
dominates over strain hardening, interlocking, and fracturing of grains (Fossen et al.,
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2007). Phyllosilicate bands can accommodate greater slip than other types of deformation
bands due to the alignment of weak platy minerals that allow strain localization (Fossen
et al., 2007). If platy minerals abundance exceeds 40% (Fisher & Knipe, 2001), the
feature becomes a “clay smear”, formed by grain realignment, flow, and extrusion of clay
minerals.
Grain shape is also an important factor for shear band formation. In general,
assemblages of angular grains have a lower surface-to-surface contact area than round
grains. The larger resulting stresses at grain contacts induce microfractures, with the
number of microfractures created in a particular grain dependent on the number of
contact points with adjacent grains (Aydin, 1978). The fractured grain fragments will
likely develop microfractures themselves and continue to undergo cataclasis (Aydin,
1978; Aydin & Johnson, 1983), leading to a reduction in grain size and creating zones of
poorly sorted grains. The wide grain distribution increases packing efficiency because
finer grains fill pore space, reducing the porosity and increasing the surface to surface
interaction between grains (Rodine & Johnson, 1976; Aydin & Johnson, 1983; Crawford,
1998). The increased surface interaction between grains, in turn, forms zones of stronger
material and results in strain hardening (Aydin & Johnson, 1983). The increased cohesion
resulting from strain hardening is one potential explanation for the greater resistance of
bands to physical weathering. Ultimately, strain hardening leads to the thickening of
bands with increased shear strain, as deformation migrates into the adjacent undeformed
material (Figure 1-3) (Aydin, 1978; Aydin & Johnson, 1978, 1983).
After band formation, some of the available pore space may also be filled by
detrital clays or precipitation of iron oxides, organic matter, or authigenic minerals (Du
Bernard et al., 2002a). Different clay minerals can have different effects on porosity and
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permeability, but in general they are thought to reduce porosity and permeability, and
potentially induce chemical compaction (Worden & Morad, 2003). Naturally formed
shear bands in sandstones are often cemented, which also increases cohesion. Ngwenya et
al. (2000) show that grain crushing increases the concentration of dissolved silica
available to re-precipitate either within the band or in the surrounding material.
In considering their impact on fluid flow, the timing of shear band formation is
also important. Parnell et al. (2004) describes three possible timing scenarios in which
shear bands influence fluid compartmentalization and migration. In the first scenario, the
rock contains fluids prior to shear band formation. In this case, shear bands will
compartmentalize the fluids depending on the distribution and degree of permeability
reduction. Over time, cementation can occur, which will further reduce porosity and
permeability. In the second scenario, the rock does not contain fluids when the shear
bands are formed. In this case, when fluids begin migrating into the rock, they may be
forced to localize in areas with less deformation. In the case of multi-phase flow, the
reduction in grain size may lead to a higher capillary entry pressure due to the smaller
pore throat apertures (Parnell et al. 2004). In the third scenario, the bands form at the
same time as the fluids are moving into the rock. If this is the case, then shear bands
could serve as conduits to flow or as baffles depending on the exact timing. In the initial
stages of shear band formation, grain reorganization takes place which may lead to a
dilatancy phase (Mead, 1925; Mair et al., 2000; Lothe et al., 2002) resulting in enhanced
porosity and permeability (Heiland & Rabb, 2001; Parnell et al., 2004). Some argue (Zhu
& Wong, 1997; Hutcheon et al., 2001) that even with an increase in porosity during this
dilatant phase, a decrease in permeability should occur due to increased tortuosity. After
the dilatancy stages of shear band formation, fluid entry would be more difficult due to
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the reduction in pore throat size, increased capillary entry pressures, and possibly
cementation.
In comparing shear bands in the study area with other, more widely studied shear
bands formed in lithified sandstones, there are two key differences which should be
considered. The first and most notable difference is that the shear bands used in this study
formed in unlithified sands, whereas most other shear bands described in the literature
formed or were created in cemented sandstones (Aydin, 1978; Antonellini & Aydin,
1994; Heiland & Raab, 2000; Mair et al., 2000, 2003; Ngwenya et al., 2000, 2003; David
et al., 2001; Hutcheon et al., 2001; Jourde et al., 2002; Lothe et al., 2002; Flodin et al.,
2003; Shipton et al., 2005; Sample et al., 2006). A second difference is that shear bands
in sandstones are often zoned (Aydin, 1978; Lothe et al., 2002), with an inner zone
consisting of intense comminution and poorer sorting, and an outer zone characterized by
deformed matrix material and pore volume decrease (Aydin, 1978). In contrast,
preliminary analyses of the shear bands used in this study do not show pronounced
distinctions between an inner and outer zone.
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Figure 1-3. Shear band offset in relation to other shear bands or stratigraphic markers as a function of band
thickness.

1.3 Previous Studies of Shear Band Permeability
In one of the first detailed studies of shear band permeability, Antonellini and
Aydin (1994) measured petrophysical properties of host rock, deformation bands, and
wall rock slip planes in the Navajo and Entrada Sandstones in Arches National Park,
Utah. The focus was to assess sealing potential of fault zones and deformation bands in
porous sandstones. Approximately 600 permeability measurements were conducted at
atmospheric pressure on host rock and deformation bands from 48 samples, using a gas
injection minipermeameter. The study concluded that permeability perpendicular to the
deformation bands was 1 to 4 orders of magnitude lower than the host rock
(~ 9.87 × 10 −13 m2), with an average permeability reduction of ~3 orders of magnitude.
Porosity measurements were collected from 10 different sandstones, and ranged from 4 –
11

28% in the undeformed rock and <1 – 18% in the deformation bands. The authors
concluded that higher porosity values in the host rock led to lower porosity values in the
deformation bands, especially in cases where cataclasis was well developed. In zones of
cataclasis, the grain sizes and pore apertures they reported should result in capillary
pressures sufficient to support hydrocarbon columns ranging from a few m to ~100 m.
Torabi and Fossen (2009) addressed the issue of variations in microstructure
along deformation bands and whether they generate changes in petrophysical properties
along the bands that could influence fluid flow. They used an image processing method
based on optical and scanning electron microscopy, developed as a function in
MATLAB, designed to estimate permeability and porosity using spatial correlation
functions and a modified version of Kozeny-Carman equation along and across
deformation bands (Torabi et al., 2008). Their study included deformation bands from
around the world, which formed at different burial depths and tectonic settings. A case
study from the Entrada Sandstone in Utah was also included to assess local variability
associated with layers characterized by different initial (host rock) grain sizes and
porosities. They compared the results attained from their analysis to permeability
measurements using field permeameters and from lab measurements on core plugs. Their
estimated results suggest that permeability in deformation bands ( 3.95 × 10 −15 m2) can be
up to 4 orders of magnitude lower than in the host material ( 1.89 × 10 −11 m2).
Permeability from laboratory measurements on plugs was reduced from ~ 8.88 × 10 −12 m2
in the host rock to ~ 2.96 × 10 −17 m2 in one cluster of deformation bands, but in other
samples the difference between host rock and bands was less than an order of magnitude.
Mini-permeameter (field) permeability measurements showed a maximum permeability
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decrease of ~3.5 orders of magnitude from ~ 1.88 × 10 −11 m2 in the host rock to
~ 6.91 × 10 −15 m2 in a deformation band. The permeability variation in laboratory
measurements on plugs was attributed to variations (0 to 3 orders of magnitude) in
permeability estimated at the microstructural level using image processing methods.
Ngwenya et al. (2003) conducted deformation experiments on the Clashach
sandstone using a triaxial rig to examine the evolution of bulk permeability as a function
of axial strain and confining pressure in artificially formed shear bands. The Clashach
sandstone has significant quartz cement, initial porosity values in the range of 12 – 18%,
and host rock permeability values of ~ 2 × 10 −13 m2. During the experiments, permeability
was measured by flowing fluid through the sample at 0.5 to 6 cm3/min, and measuring
the resulting differential pressures at steady state. The shear enhanced permeability
reduction they report ranges from 1 to 3 orders of magnitude, depending on the effective
confining pressures. Permeability followed a three-stage strain-dependent evolution in
which the first step (pre-failure) involves a linear decrease in permeability prior to
comminution. The second stage showed a transient increase in permeability associated
with dynamic stress drop, which implied failure in the sample and formation of a
deformation or shear band. In the third stage (post-failure), permeability decreased during
inelastic axial strain on the deformed plane despite dilatant deformation. During the prefailure stage, porosity and permeability were positively correlated. Post-failure bulk
permeability was negatively correlated to bulk porosity at low effective pressures but
changed to a positive correlation at high effective pressures, indicating a transition to
compactive behavior. The experimental fault zone width increased due to an increase in
the number of discrete strands of comminuted host rock, and the strands evolved to a
relatively constant grain-size distribution. The authors suggest that this indicates both
13

strain hardening and attainment of a constant residual permeability for each individual
strand.
Heiland & Raab (2001) investigated the influence of differential stress on
permeability using a low porosity (6 – 9%) sandstone with an initial permeability of

0.5 × 10 −15 m2. The study was conducted in a triaxial system and focused on the effects
of matrix changes on permeability, rather than the permeability of shear bands. The
permeability experiments were conducted using “quasi-steady state” conditions with a
low strain rate and flow-through permeability measurements. They reported a 15 – 20%
permeability decrease was caused by increased differential pressure up to failure. Postfailure, a permeability increase was directly correlated with the onset of fracture and
dilation. They concluded that sandstones with very low porosity show a permeability
evolution qualitatively similar to that of crystalline rocks.
Hutcheon et al. (2001) reported continuous, steady-state permeability
measurements conducted on sandstone core plugs deformed using a Hoek cell at effective
confining pressures ranging from 6.9 – 55.2 MPa. Shear bands were created using a block
of aeolian sandstone with initial porosity ranging from 22 – 23.5% and permeability
>10-12 m2. The permeability tests indicated less than 10% permeability reduction at
confining pressures of 6.9 MPa and a mean grain size of 223 μm in the gouge. At 55.2
MPa, permeability was reduced more than 90%, and mean grain size was 59 μm. The
study concluded that the rate and magnitude of post-failure permeability reduction,
increased with increasing confining pressure.
Lothe et al. (2002) measured permeability on core plugs obtained from naturally
formed deformation bands, and on deformation bands generated in the laboratory.
14

Permeability measurements for the natural deformation bands were conducted parallel
and perpendicular to the bands. The measurements conducted perpendicular to the band
suggest that permeability is up to 3 and half orders of magnitude lower than the
measurements parallel to the band, which were comparable to the host rock permeability
(~ 6.42 × 10 −14 – 1.92 × 10 −13 m2). Permeability measurements across a thick deformation
band transect showed that permeability was reduced by up to 5 orders of magnitude in the
central zone of the band with respect to the undeformed rock. The triaxial experiments
focused on the process of deformation band development, with particular interest on the
early stages of deformation. The authors determined that the process to form deformation
bands can be divided into 5 stages of deformation: dilation, pore collapse, grain size
reduction, secondary fracturing, and development of a single, throughgoing fault plane.
Flow-through permeability measurements were also conducted during this evolution. The
host rock had an initial permeability of ~ 3.45 × 10 −13 – 4.93 × 10 −13 m2; with increasing
stress but prior to formation of deformation bands, permeability decreased by ~67%,
implying an evolution to tighter grain packing and closure of micro-cracks.
Despite a significant body of work on deformation processes associated with
shear band formation and measurements of permeability in synthetic and naturally
occurring bands, there few studies have investigated systematic relationships between
permeability and other physical properties for naturally formed shear bands. In particular,
this is important because many characteristics of natural shear bands are difficult to
replicate in a laboratory such as cementation, effects of weathering, time dependant
deformation mechanisms, or the chemistry of fluids that may affect band composition
through the bands among several other unknowns. This study takes a unique approach by
investigating permeability reduction in naturally formed shear bands as a function of
15

effective stress. Several other shear band physical properties are also rigorously analyzed
and systematic relationships among those physical properties, which previously have not
been seen in shear bands, are presented.
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Chapter 2
Methods
The major focus of this study is to define shear band permeability ( k ) as a
function of effective stress ( σ ' ), and to relate shear band physical properties to
permeability reduction. To accomplish this, I conducted a suite of permeability
experiments on shear bands and host sand, and characterized porosity, grain size, texture
(by SEM), and composition (by XRD analysis). Each of these approaches is described in
the following sections.

2.1 Field Relationships
The shear bands form in two main orientations, with one set parallel to the
McKinleyville fault (set B0) and a set conjugate to the fault (set C0) (Figure 1-1). The B0
set generally accommodates larger amounts of slip and the bands are generally longer
than those in the C0 set. A minimum offset was measured for each band, based on the
offset of other shear bands or distinct beds (Figure 1-3). A crude estimate of net shear
strain (D/T) is calculated using the minimum offset (D) and the measured thickness (T) of
the bands.
Seven samples containing shear bands were collected for lab analyses during a
field campaign in 2008 (Table 2-1), including four samples from the B0 set and three
from the C0 set. The samples were immediately wrapped with plastic wrap to preserve
cohesion and porosity. Special precaution was taken so that the samples were not
wrapped too tightly, in order to avoid altering grain arrangement and porosity. The
samples were then wrapped with duct tape and placed in plastic containers filled with
packing materials and shipped. The bands were selected to span a range of thickness and
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orientation. In addition, some samples were sufficiently large enough to contain intact
host sand samples to be used in permeability experiments. As previously mentioned, a
third set of bands (dilation bands) is present at this field site but this study focuses on
shear bands and does not include any samples from the dilation set of bands.

Table 2-1. Shear band descriptions and summary of analyses performed on each specimen.

Sample
Name
08C01
08C02
08C03
08B01
08B02
08B03b
08B05

Orientation Thickness
(cm)
108˚/30˚
0.64
127˚/19˚
0.2
92˚/14˚
0.4
320˚/20˚
0.8
326˚/20˚
0.3
305˚/18˚
5.1
295˚/19˚
3.8

Minimum
offset (cm)
8
1.5
2
4
1
250
40

D/T

Analyses

12.6
7.5
5
5
3.33
49.2
10.5

P, G, η, X
G, η
P, G, η, S
P, G, η
G, η, S
P, G, η, S
P, G η, S

P=Permeability, G=Grain Size Analyses, η=Porosity, S=SEM, X=XRD, D/T= Displacement/Thickness

2.2 Material Characterization
SEM imaging was conducted on intact, fresh material from shear bands and the
surrounding host sand to qualitatively assess grain packing, shape, and to identify
cements, if present. The samples were first trimmed for analysis under the SEM
microscope, and were broken to expose a fresh face. Images of the materials were
collected at a range of magnifications from 22x to 1926x.
XRD characterization was conducted on the bulk material and the clay fraction of
a shear band and on the host material. The shear bands were first isolated from the host
sand using a razor blade, dried at room temperature, and then disaggregated for analysis.
The host sand was collected several cm away from the shear band, then the XRD analysis
was conducted on the loose material. The clay fraction (<2 µm Stoke’s equivalent) was
separated by placing a portion of the band in water and allowing the coarser grains to
settle and collecting the clay fraction of grains (Stoke's law settling equivalent).
18

2.3 Porosity
Porosity was measured for the seven shear band samples, and for multiple
specimens of the host sand. The samples were prepared at room conditions and trimmed
to either cylindrical or rectangular shapes to attain a bulk volume. The shear band
samples were first separated from the host sand using a razor blade then porosity was
calculated on samples almost entirely composed of shear band material. The host sand is
very delicate; therefore a thin layer of Rust-Oleum Lacquer was applied to increase the
cohesion (shear bands are more cohesive than the host material, so the coating was not
necessary). The lacquer coating is assumed to add no significant mass to the sample and
is not taken into account during mass calculations. The samples were then placed in an
oven at 40 ˚C (minimum) for several hours to remove any residual moisture. The
volumes of the samples were calculated by measuring the sample dimensions with
calipers. Porosity (η (%)) was calculated from dry mass and assuming a grain density
(M/L3) (ρgrain) of 2.65 g/cm3:

⎛ mdry
Vtotal − ⎜
⎜ρ
⎝ grain
η=
Vtotal

⎞
⎟
⎟
⎠

(1)

where Vtotal is the volume of the sample (L3), and mdry is the dry mass of the sample (M).

2.4 Grain Size Analyses:
Grain size analyses were conducted on the 7 shear bands and on the host sand.
The first step in preparing a shear band sample for grain size analysis was to isolate the
shear band. The shear band was dried at room temperature then a razor blade was used to
scrape off any host sand material. Once the host material was removed, a portion of the
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band was analyzed. Each sample consisted of approximately 2 – 3 grams of loose
material which was separated by hand. The loose material was placed inside the holding
chamber of a Malvern Mastersizer, which was filled with DI water. Inside the
Mastersizer, a representative cloud of particles passed through an expanded beam of laser
light that scattered the incident light onto a Fourier lens and detected particles from 0.05
to 900 μm (Cooper, 2002). The lens focused the strewn light onto a detector array and
using an inversion algorithm, a particle size distribution was calculated from the collected
diffracted light data (Cooper, 2002). The procedure for calculating mean grain size was
attained from Prothero & Schwab (2004). Mean grain sizes and size distributions are
reported in terms of volume percentage and cumulative volume percentage. The terms
“coarser” and “finer” grains are used to make qualitative comparisons between larger and
smaller grains, and are not referring to specific size ranges.
2.5 Permeability Measurement
Permeability experiments were conducted in a triaxial vessel under approximately
isostatic stress conditions (σ1 = σ2 = σ3), with confining pressures (Pc) ranging from 0.05
– 5 MPa (Figure 2-1). A high-precision, high-pressure syringe pump used silicone oil to
apply confining pressure and axial stress (σv). Confining pressure is applied in the
chamber around the sample, which was jacketed with a viton sleeve. The axial stress was
applied via hydraulic pressure on a piston (Figure 2-1). The samples were prepared so
that flow was perpendicular to the shear bands.
Cylindrical specimens for permeability experiments were trimmed to a ~30 mm
length and 25.4 mm diameter using a razor blade and a 25.4 mm hollow steel tube with a
cutting “shoe” at one opening. After careful initial trimming with the razor blade, the
steel tube was used to trim the sands to desired dimensions. To provide sufficient
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cohesion for the samples to be inserted into the viton sleeve, in most cases, a thin
application of Rust-Oleum Lacquer was applied to the sides of the specimens. The
lacquer coating was assumed not to penetrate the sample, so as to not interfere with the
permeability measurements. The lacquer was not applied to the top or bottom of the
samples to allow water to readily flow through the sample.
Once the sample was jacketed and placed inside the triaxial vessel, the
permeability experiments were conducted under approximately hydrostatic stress
conditions. In detail, the stress state was not truly hydrostatic, due to seal friction that
affects axial stress. I reported my results in terms of mean effective stress (M/LT2) ( σ m ' ),
calculated by:

σ m '=

σ v + 2 Pc
3

− Pf

(2)

where Pf is the average fluid pressure in the sample (M/LT2) (< 30 kPa, usually). To
account for seal friction, a correction of ( σ v – 600 kPa) was used, based on experimental
calibration of the system. Therefore, prior to confining pressure being 600 kPa, axial
stress was essentially zero.
To measure permeability, I used a constant flow technique. Using a computer
controlled system, a high-precision pump was used to deliver water at a specified flow
rate to the upstream end of the sample. The downstream end of the sample was open to
atmospheric pressure (Figure 2-1). In the majority of the experiments, flow rate was
controlled and the pressure gradient generated across the sample was measured using a
differential pressure transducer (DPT). When using the DPT, the differential pressure was
usually between 10 and 20 kPa; the DPT has an accuracy of up to 0.1 kPa. In the few
experiments where the DPT was not used, the differential pressure was measured using
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the upstream pump, which has an accuracy of 2 – 3 kPa, but the differential pressures
generated were on the order of 70 – 100 kPa. Other uncertainties that may have been
present in the calculations included sample shortening, which was less than 10% of
sample length in most cases, over the 5 MPa of stress; therefore the change in length was
not taken into account when using Equations 3 and 5. The change in length increases as
effective stress increases, therefore the error in the measurements is greatest at 5 MPa. At
the beginning of the experiment, the resolution of the differential pressure is the main
error concern because sample shortening is minimal. At the beginning of an experiment,
the permeability results are accurate to within 2 – 3%. Over the 5 MPa, both the
differential pressure and shortening play a role, so the error in the measurements can be
up to 13%, based on permeability calculations with a length that is 10% shorter than the
original sample.
At each stage, pump volume, upstream pressure (measured at the high-precision
pump), confining pressure, differential pressure (Figure 2-2a), and axial shortening
(recorded on certain experiments) were recorded. Confining pressure was increased in
increments of 50 to 100 kPa at stresses (<1 MPa), and in increments of 250 or 500 kPa at
stresses from 1 – 5 MPa. At each confining pressure, at least 3 flow rates were applied
and hydraulic conductivity (L/T) ( K ) was calculated by rearranging Darcy’s law to plot
specific discharge against the hydraulic gradient:

Q
dh
= −K
A
dl

(3)

where Q is discharge (L3/T), A is area (L2), dh is the head difference (L) calculated
from dp (differential pressure (M/LT2)), and dl is the length of the sample (L). The
slope of a best fit line from the linear relationship between specific discharge and the
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measured hydraulic gradient is used to define the hydraulic conductivity (Hornberger et
al., 1998) (Figures 2-2a & b). Intrinsic permeability (L2) ( k ) is defined by:

k=

Kμ
ρg

(4)

where ρ is density (M/L3), g is the acceleration of gravity (L/T2), and μ is dynamic
viscosity (M/LT) (assumed to be 7.98E-4 Pa s).
The majority of the shear bands were thinner than 30 mm, hence the samples were
composed of both host material and shear band. Therefore, the hydraulic conductivity
measurements reflected an average vertical hydraulic conductivity of the combined host
sand and shear band ( K v avg (L/T)). The hydraulic conductivity of the shear band was
computed from K v avg by assuming layer normal flow and taking into account the host
sand thickness, shear band thickness, and the host sand hydraulic conductivity, which
were measured independently (Fetter, 2001):

K sb =

bsb
b
K avg

−

bhs
K hs

(5)

where b is total sample thickness (L), bsb is shear band thickness (L), bhs is host sand
thickness (L), K sb is shear band hydraulic conductivity (L/T), and K hs is the host sand
hydraulic conductivity (L/T).
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Figure 2-1. Schematic diagram of triaxial vessel for permeability experiments (not to scale). The sample is
bounded by porous frits which were used to distribute fluid uniformly from the fluid distributor cap to the
sample. (Porous frits not pictured).
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(a)

(b)

Figure 2-2. (a) Example data from permeability experiment on sample 08C03. Three flow rates are applied
at each confining pressure. (b) Permeability is calculated from the slope of a best fit line between dh/dl and
Q/A at the three flow rates at each confining pressure.
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Chapter 3
Experimental Results
Table3-1. Summary of porosity and grain size analyses. The sample name besides the host sand is the
sample number from where the host sand sample was taken.

Sample Name
Host Sand (08C01)
Host Sand (08C02)
Host Sand (08B01)
08C01
08C02
08C03
08B01
08B02
08B03b
08B05

Thickness
(cm)
N/A
N/A
N/A
0.64
0.2
0.4
0.8
0.3
5.1
3.8

Porosity (%)
45.1
42.4
44.9
34.1
39.2
37.5
32.5
38.7
32.0
33.7

Mean Grain Size (μm) Median Grain Size
(μm)
N/A
N/A
N/A
N/A
208.55
210.49
51.59
110.86
185.76
199.26
109.22
172.98
49.67
98.25
63.57
128.23
31.50
35.49
37.67
51.94

3.1 Porosity
The shear bands exhibit lower porosity than the host sand (Figure 3-1 & Table 31). Shear band porosity ranges from 32.0 – 39.2%, whereas host sand porosity ranges
between 42.4 – 45.1%. Porosity decreases systematically with increased shear band
thickness (Figure 3-1). Over the range from 0 – 0.8 cm in thickness, porosity decreases
rapidly with increasing band thickness. Although the number of observations is small,
porosity appears to remain relatively constant for bands >0.8 cm. It should be noted that
porosity values are sensitive to sample dimensions, especially for the thinnest bands.
Errors may also arise if undeformed sand lenses occur within shear bands, although their
relative volume is likely to be small. If lenses are in fact present, shear band porosities
would be slightly lower than reported. Shear band thicknesses were measured on the
samples prepared for permeability experiments, but as noted in section 1.2, field
observations document that shear band thickness varies along the length of the bands.
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Figure 3-1. Shear band and host sand porosity as function of shear band thickness. The blue box is the
range of host sand porosity based on multiple samples measurements.

3.2 Grain Size Analyses
The host sand has a mean grain size of 208 μm, with over ~90 % of its grains
being coarser than 103 μm, resulting in the host sand having a unimodal grain size
distribution (Figure 3-2a). The majority of the shear bands exhibit wider grain size
distributions with peaks at ~220 μm, ~30 μm, and at ~0.3 μm, consequently, the bands
have trimodal grain size distributions. At the 220 μm peak, the shear bands exhibit a
systematic decrease in the abundance of grains with increased band thickness (Figures 32a & b). The thicker bands have the highest volumes of grains at the ~30 μm and ~0.3 μm
grain size peaks, and also exhibit a systematic decrease in the volume of grains as band
thickness decreases. This systematic decrease is quantitatively illustrated by the mean
grain size where mean grain sizes range from 185 μm to 31 μm as a function of band
thickness (Table 3-1 & Figure 3-3). Most of the variation in the grain size distribution
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occurs between band thicknesses of 0 – 0.8 cm. Beyond 0.8 cm, grain size distributions
remain similar for thicknesses up to ~5 cm, which is consistent with the trend seen in the
porosity data.
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(a)

(b)

Figure 3-2. (a) Grain size distributions for shear bands and host sand material. Annotated to indicate shear
band thickness. The inset graph shows a blow-up of the grain size distribution <100 μm. (b) Cumulative
grain size distribution, for the same data as shown in 3-2a.
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Figure 3-3 Shear band and host sand mean grain sizes from the data shown in Figures 3-2a and 3-2b and
also the data set from Freeman (1990) for naturally formed deformation bands in sandstones is shown for
comparison. The inset graph shows cumulative % of grain volume finer than three different sizes as a
function of thickness.

3.3 Scanning Electron Microscope (SEM)
SEM images qualitatively illustrate the grain size results, in that the thicker bands
exhibit a wider distribution of grains and more phyllosilicates than the host sand and
thinner bands. The host sand material is composed of uniform, angular grains, and there
is no evidence of phyllosilicates covering the material or filling pore space (Figure 3-4a).
In contrast, shear bands exhibit a wide distribution of grain sizes and phyllosilicates are
present as a pore filling phase and possibly as coatings on grains (Figures 3-4b-d). The
abundance of fine particles and phyllosilicates appears to increase with band thickness
(compare Figures 3-4b-d).
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(a)

(b)

(c)

(d)

Figure 3-4. SEM images of (a) host sand. Shear bands (b) 08C03 (0.4 cm thick) (c) 08B05 (3.8 cm thick)
(d) 08B03b (5.1 cm thick).

3.4 X-Ray Diffraction (XRD)
XRD analysis was performed on both bulk material and the <2 μm size fraction
(Stoke's law settling equivalent) of both host sand and shear bands (Figures 3-5a-c). Bulk
host sand and bulk shear band consists predominantly of quartz and feldspar
(plagioclase/albite), with minor chlorite and illite/muscovite (Figure 3-5a). The clay sized
fraction (<2 μm Stoke’s equivalent) of bulk host sand and shear band also consist of
quartz, feldspar (plagioclase/albite), with chlorite and illite/muscovite in minor amounts,
along with minor smectite, indicated by a shift in the powder pattern of the clay fraction
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in the 4-5 2Q region upon ethylene glycol salvation for 24 hours (Figure 3-5b-c).
Smectite is not positively identified in the bulk host sand. Minor laumonite was observed
in some, but not all of the clay fractions of the host sand and was not observed in the clay
fractions of band material.

(a)

(b)
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(c)

Figure 3-5. (a) Host sand and shear band bulk XRD. (b) XRD on the clay size fraction of grains of the host
sand. (c) XRD on the clay size fraction of grains of a shear band.

3.5 Permeability
The host sand has a higher permeability than the shear bands (Figure 3-6a, Tables
3-2a-f). The host sand has an initial permeability of 1.21 × 10 −14 m2 at 400 kPa effective
stress, whereas the highest value recorded for shear band permeability is 8.92 × 10 −15 m2
at 800 kPa for shear band 08C03 (Figure 3-6a & Table 3-2c). The thicker bands have a
lower permeability than the thinner bands and generally, permeability decreases as a
function of increasing band thickness (Figures 3-6b & c). At low confining pressures,
permeability of the thickest shear bands is ~1 order of magnitude lower than the host
sand. This difference is increased to ~2.5 orders of magnitude at ~5 MPa. The thicker
bands also exhibit a larger decrease in permeability than thinner bands or the host sand
over similar stress ranges. For example, the permeability of the host sand and band
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08C03 decrease less than an order of magnitude over ~5 MPa of applied stress (0.4 – 4.8
MPa), whereas the thicker bands (08C01, 08B01, 08B03b, 08B05) exhibit a decrease
between ~1 and ~2 orders of magnitude over a similar stress range (0.05 – 5 MPa).
The majority of the bands exhibit a rapid initial decline in permeability, then a
more gradual decrease with increasing effective stresses (>2 MPa). The host sand
decreases linearly with increasing effective stress. In the majority of band experiments, a
large portion of the permeability decrease occurs at lower effective stresses (<2 MPa),
except for shear band 08C03, which responds similarly to the host material. Shear band
08B03b, the thickest band, has a greater response to effective stress than the other bands
in that permeability decreases rapidly at low effective stresses but does not reach a
gradual decrease like the other shear bands. It is possible that the permeability of this
particular band would approach an asymptotic value at effective stresses higher than the
range investigated.

(a)
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(b)

(c)

Figure 3-6. (a) Permeability of shear bands and host sand over a range of mean effective stresses from 0.04
to 5 MPa. Sb=shear band, hs=host sand. (b) Permeability data normalized to the host sand
k measurements as a function of mean effective stress. (c) Permeability reduction normalized to the
k measurement at 800 kPa for each experiment. Shear band 08C03 is not plotted because there was not a
k measurement at 800 kPa.
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Table 3-2a. Host sand permeability data.

Table 3-2b. Shear band 08C01permeabiltiy data.
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Table 3-2c. Shear band 08C03 permeability data.

Table 3-2d. Shear band 08B01 permeability data.
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Table 3-2e. Shear band 08B03b permeability data.
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Table 3-2f. Shear band 08B05 permeability data.
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Chapter 4
Discussion
4.1 Experimental Results
4.1.1 Porosity, Grain Size, and Shear Strain
Based on SEM images, the host sand shows uniform, angular grains and lacks
evidence of grain coatings or phyllosilicates filling the pore space (Figure 3-4a). This, in
conjunction with XRD results that indicate higher clay mineral abundance in the <2 μm
size fraction, suggest that when comminution occurs, the phyllosilicate material is
released as a result of crushing weathered feldspar grains (plagioclase/albite) (Figures 35b, c, & 4-1). Visual evidence indicates that lithic fragments and weathered feldspars
contain phyllosilicates (Figure 4-1). Therefore, since the host material experiences no
deformation, the phyllosilicates cannot be unbound. More parent material is required to
form the thicker bands and since the material is more intensely comminuted than in the
thinner bands, more phyllosilicates are released through comminution and more
phyllosilicate material is present in the thicker bands. This is supported by the trimodal
grain size distribution in the shear bands (Figure 3-2a), implying higher volumes of clay
sized particles.
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Figure 4-1. SEM image of a shear band illustrating angular quartz grains, weathered feldspars and lithic
fragments riddled with phyllosilicates. Image courtesy of Dr. Susan Cashman.

As previously noted, XRD analysis was performed on both bulk material and the
<2 μm size fraction (Stoke's law settling equivalent) of both host sand and shear bands
(Figures 3-5a-c). The larger peak intensities and areas of the chlorite and muscovite peaks
in the bulk band material relative to those in the bulk host sand indicate that chlorite and
muscovite are, to some extent, more abundant in the bulk band material relative to bulk
host sand (Figure 3-5a). The clay fractions of the shear band material indicate that the
shear bands contain significantly more chlorite and illite/muscovite minerals than the clay
fraction of the host sand as a result of far stronger peak intensities and larger peak areas
of the chlorite and illite/muscovite peaks. Laumonite is not observed in the clay fraction
of band material, but was observed in the clay fraction of some runs of the clay fraction
of host sand. Zeolite peaks can have very intense reflections, even at low abundances, the
presence or absence of laumonite in the host sand is probably a function of sampling bias,
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and not a systematic change in mineralogy between host sand and shear bands (Moore
and Reynolds, 1997). The clay fraction of both, host sand and shear band contain minor
smectite, which is not observed in either the bulk host sand or bulk shear bands at the
limits of XRD detection. The clay size fraction of materials indicate that the there are
more clay minerals in the bands than in the host sand but no major differences in clay
mineral population between shear bands and surrounding host sand are observed. The
increased amounts of phyllosilicates in the shear bands, which are known to reduce
porosity and permeability in shear bands from lithified sandstones (Antonellini et al.,
1994; Kwon et al., 2005; Fossen et al., 2007), most likely play a major role in the
resulting lower permeability in my shear bands
Granular flow, comminution, and compaction all contribute to reduce porosity
through a reduction of grain size, increased packing efficiency, and decreased sorting
(Crawford, 1998). Overall, shear band porosity decreases as band thickness increases, but
for bands with thicknesses above ~0.8 cm, band thickness continues to increase by
several cm with minimal decrease in porosity. A similar systematic trend is observed in
the grain size data, in that the volume and/or size of the grains decrease as band thickness
increases but the decrease is most pronounced for shear band with thicknesses <0.8 cm.
The reason for this trend in bands below 0.8 cm thicknesses may be related to the
abundance of phyllosilicates, as well as the fact that the thicker bands have
accommodated more strain thus are likely to have experienced more comminution. This
is consistent with the observed decrease in mean grain size with strain (Figure 4-2). I
hypothesize that the systematic reduction in grain size is a direct result of increasing
displacement that causes more comminution as band thickness increases. This, in turn,
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results in the unbinding of more phyllosilicates and wider grain distributions that result in
lower porosity due to greater packing efficiency.

Figure 4-2. Mean grain size plotted versus shear strain for seven shear bands and host sand. Solid dots are
for shear bands from this study and open symbols are from Freeman’s (1990) study of naturally formed
deformation bands in lithified sandstones. D/T is a rough estimate of shear strain.

The grain size distribution shows the majority of shear bands have trimodal grain
distributions with peaks at ~220 μm, ~30 μm, and ~0.3 μm (Figure 3-2a). The first two
peaks can be explained by the initial mean grain size of host material and by
comminution, respectively, but according to Sammis and Ben-Zion (2008), the grinding
limit for crushing of grains through compression is ~1 μm. Therefore, a mechanism for
the third peak (~0.3 μm) is necessary to explain the occurrence of finer grains. One
possibility is that this third peak is composed of the phyllosilicate materials which are
unbounded through the comminution of lithic fragments and weathered feldspar grains
(Figure 4-1). As noted above, this is consistent with the observation that thicker bands are
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more densely covered with phyllosilicate material (Figures 3-4b-d). Sammis and BenZion (2008) also state that grains finer than ~1 μm can be produced through shock
loading or under tensile loading. Thus, it may also be possible that the third peak is
composed of both phyllosilicates and grains smaller than 1 μm which were created
through shock loading, possibly due to seismic activity as suggested by Cashman &
Cashman (2000).
Both porosity and mean grain size decrease as band thickness increases, but
appear to reach a steady state in grain size and porosity at thicknesses >1 cm. This is
consistent with results of Ngwenya et al. (2003) who showed that strands of comminuted
host rock evolve to a relative constant grain-size distribution. The shear bands have wider
grain size distributions which allows for greater reorganization and greater packing
efficiency with the finer grains filling in the pore space between the larger grains, and
resulting in reduced porosity. This implies that grain size distribution plays a major role
in determining the material’s porosity.
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HS

Figure 4-3. Porosity plotted with mean grain size for seven shear bands. HS=Host sand.

4.1.2 Permeability and Controlling Variables
One main focus of this study is to characterize permeability reduction within
shear bands. My results show that host sand permeability is up to an order of magnitude
higher than shear band permeability at stresses <0.4 MPa. This difference is increased as
a function of effective stress and reaches ~2.5 orders of magnitude at effective stresses of
~5 MPa (Figure 3-6a). The thicker bands also exhibit a larger response to effective stress
than the thinner bands. This response is seen in the large permeability reduction presented
in section 3.5 (Figure 3-6). Another key result is that permeability in the bands decreases
systematically as a function of band thickness (Figure 4-4). Possible errors that may
influence the accuracy of the permeability measurements include the resolution at which
differential pressure can be measured and sample shortening, which impacts both
storativity and edge effects (which cannot easily be quantified).
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The reason for the systematic behavior in permeability reduction is most likely
related to the combination of the systematic variations of porosity, grain size, and
phyllosilicate content with shear band thickness. The wider grain size distribution and
increased abundance of phyllosilicates in the shear bands lead to reduced porosity, and
clogging of pore spaces, which together lead to reduced permeability. Increasing
effective stress leads to the collapse of pore space, grain reorganization due to increased
packing efficiency, as well as fractures or natural flow paths closing as a result of
increased stress, all of which cause permeability to decrease (Marone & Scholz, 1989;
Crawford, 1998; Lothe et al., 2002).
These arguments are supported by clear relationships between mean grain size
and permeability (permeability decreases as mean grain size decreases due to the wide
distribution of grains being reorganized into tighter arrangements) (Figure 4-5), and
permeability and porosity (Figure 4-6). The systematic distribution increase in proportion
of finer grains as a function of band thickness also reduces porosity (Figure 4-3) and
increases tortuosity (Figures 3-1 & 4-7). Therefore, permeability is closely correlated
with band thickness and ultimately with shear strain. At low effective stresses (~800
kPa), there is not a clear relationship between grain size and/or porosity to permeability,
which is most likely correlated to the rapid decrease in permeability that generally occurs
at stresses <2 MPa (most likely due to major grain reorganization and collapse of pore
space) (Figures 3-6a, 4-5, & 4-6).
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Figure 4-4. The relationship between permeability and band thickness at 3 stress stages.

Figure 4-5. The relationship between permeability and mean grain size shown at 3 stress stages.
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Figure 4-6. The relationship between permeability and porosity at 3 stress stages.

Permeability experiments were conducted on five shear bands of different
thicknesses and from the two sets, three from the B0 set and two from the C0 set. The
main differences between the two sets of bands is that set B0 is generally thicker and
longer than the C0 set, but no systematic differences were observed in any of the physical
properties between the two sets. Field measurements illustrate that thicker shear bands
accommodate greater offsets and higher shear strains than thinner bands (Figure 1-3 &
Table 2-1). Greater shear strain correlates with lower mean grain size (Figure 4-2) and
development of a wider grain size distribution as a result of intense comminution (Figure
3-2). Greater shear strain may also facilitate the unbinding of more phyllosilicates that
may clog pore space (Figure 3-4), reduce porosity (Figure 3-1), and ultimately lower
permeability (Figures 3-6, 4-4, & 4-7).
Cement may also play a role in permeability reduction by lowering a shear band’s
ability to conduct fluid flow as well as the increasing a band’s cohesive strength. It is
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difficult to make the argument that the increased shear band cohesion compared to the
host sand is solely based on packing efficiency and comminution, so another factor is
needed to explain the increased strength in the material, which could be cementation. Du
Bernard (2002a) describes “dark cement composed of clay minerals, iron oxide, and
organic matter” which fills the pore space in dilation bands at the same field site but
makes no reference to the shear bands. More work is needed to verify the presence or
absence of iron oxides, authigenic clay growth, or even calcite or silica precipitation in
the shear bands.

Figure 4-7. Flowchart describing the cause and effect relationships between shear band properties.

4.2 Data Comparisons
Both deformation bands observed in lithified sandstones (Freeman, 1990) and the
data for the McKinleyville shear bands show that mean grain size decreases with
increasing shear strain (Figure 4-2). This implies that in both types of shear bands, more
comminution occurs as more strain is accommodated. However, in the lithified
sandstone, band thickness remains <1 cm over a wide range of shear strains (Figures 3-3
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& 4-2). One possible explanation for this difference is that the cemented host sandstone is
stronger than the fractured material (deformation band), therefore strain is more easily
accommodated within the fractured zone rather than incorporating more of the
undeformed country rock. In contrast, for shear bands in unlithified sands, the host
material has very little cohesion; therefore the shear band becomes stronger than the host
material with increasing shear strain (strain hardening). Therefore, as strain accumulates
on the shear band, the thickness increases as deformation expands into the weaker,
unlithified host sand (Hull, 1988)
Porosity analysis of the host material produced values of 42 – 45% (Figure 3-1);
well above values reported for sandstones in the range of 4 – 28 % (Antonellini & Aydin,
1994; Heiland & Raab 2001; Hutcheon et al., 2001; Mair et al., 2002; Ngwenya et al.,
2003). The reason for the high porosity is probably a consequence of the marine terrace
being composed of relatively young sediment and shallow burial depths. Rupture of the
McKinleyville fault may have induced strain that localized in the adjacent sand body,
reducing porosity in shear bands to a range of 32% to 39% (Figure 3-1), which is still
higher than most sandstones and certainly higher than shear bands from lithified
sandstones where values have been reported in the range of <1% to 24% (Antonellini &
Aydin, 1994, Lothe et al., 2002, Dautriat et al., 2009).
Most previous studies of shear band permeability have reported permeability of
naturally formed bands under atmospheric pressure conditions, or of synthetic bands
developed during lab experiments on sandstones (Freeman, 1990; Antonellini & Aydin,
1994; Crawford, 1998; Fisher & Knipe, 2001; Heiland & Raab, 2001; Hutcheon et al.,
2001; Ogilvie & Glover, 2001; Shipton et al., 2002; Ngwenya et al., 2003; Rotevatn et

al., 2007; Fossen, 2009; Torabi & Fossen, 2009). Although my study focused on
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permeability of naturally formed bands under confining pressure, the results (initial
permeability values of 10-14 m2 – 10-16 m2 and reduction from ~1 – ~2 orders of
magnitude over 5 MPa of effective stress) are in the range of those reported by other
studies. One such study is Antonellini and Aydin (1994) who measured permeability
using a gas minipermeameter, and report permeability reduction in naturally formed
deformation bands between 1 and 4 orders of magnitude with respect to the host rock,
with an average of ~3 orders of magnitude. Sigda et al. (1999) use air and gas minipermeameters and Sigda & Wilson (2003) use a centrifuge system to measure hydraulic
conductivity values for several deformation bands in the Rio Grande Rift, and report
values 2 to 4 orders of magnitude lower than the poorly lithified parent material. Torabi
and Fossen (2009) estimate permeability of shear bands using image processing
approaches and report permeability reduction of up to 4 orders of magnitude with respect
to the host rock in intense cataclastic zones of deformation bands. They also report that
along individual deformation bands, permeability varies by up to 2 orders of magnitude
and porosity by ~18%.
Crawford (1998) used a pulse-decay method to measure permeability of synthetic
shear bands under triaxial conditions, and reports a 2.5 to 3.5 order of magnitude
reduction in permeability with respect to the host rock. Lothe et al. (2002) report bulk
permeability reduction in naturally formed deformation bands of ~ 3.5 orders of
magnitude compared to the host rock. In the central zone of a few deformation bands,
permeability is up to 5 orders of magnitude lower than the host rock.
4.3 Implications
My results demonstrate that permeability and porosity are lower, grain size
distribution is wider, and phyllosilicates are more prevalent in shear bands than in the
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parent material. The results illustrate a systematic decrease in permeability, porosity, and
grain size as a function of increased shear band thickness. Thickness, in turn is related to
shear strain. These results lead to the conclusion that shear band thickness is the
dominant control on permeability reduction.
Work by Matthai et al. (1998) and Walsh et al. (1998) make the argument that the
thickness of the deformation zone must be extensive and the permeability reduction must
be significant for shear bands to influence regional fluid flow. Freeman (1990) makes the
argument that even a small number of bands can have a significant impact on fluid flow.
Based on computations of the effects of multiple deformation bands on permeable
sandstone, in which the permeability of the deformation bands is two orders of magnitude
lower than the host material, deformation does not have to be extensive or prevalent as
originally expected. Based on my experimental data, thinner bands are less important and
the thicker, lower permeability bands are the dominant controls on fluid flow. The
reduction in grain size and pore apertures increase capillary entry pressure for gas or oil
in reservoirs and could result in compartmentalization, increasing the challenge of
recovering fluids (Antonellini & Aydin, 1994; Fisher et al., 2001).
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Chapter 5
Conclusions
The focus of this study was to characterize permeability of naturally formed shear
bands as a function of effective stress and to quantitatively define the properties which
affect permeability. I have shown that there are major differences between the host sand
and shear bands, and that permeability and physical properties of shear bands vary
systematically. The conclusions of my work are:
1) In general, the thicker shear bands accommodate greater amounts of shear strain.
2) Mean grain size decreases systematically as shear band thickness increases.
Thicker shear bands have higher volumes of finer grains and have trimodal grain
distributions, whereas the host sand is unimodal.
3) Porosity decreases systematically with band thickness, as a result of an increase in
finer grains and changes in grain size distribution.
4) Permeability decreases systematically with shear band thickness as a result of
wider grain size distribution, lower porosity, and more phyllosilicate material.
5) Host sand has higher permeability than shear bands. Thicker shear bands have a
greater response to effective stress than thinner bands, probably related to grain
size distribution and phyllosilicate content resulting in greater compression of
pores.
These results can be used in a number of ways to improve our understanding of
shear bands and their effects on fluid flow. The correlations presented here may also be
useful if direct measurements of shear band permeability cannot be attained. For
example, if porosity, grain size, or band thickness data are available from well logs, then
the extent of permeability reduction could be estimated.
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Appendix A
Extra Figures from Experimental Study
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Figure A-1. Shear bands (orange triangles) plotted with data shown in Scholz (1987) wear and gouge
model for several faults.
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Figure A-2. Median grain size plotted versus shear strain.
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Figure A-3. Permeability plotted versus shear strain at 800, 2000, and 5000 kPa for 5 of the six
permeability experiments conducted (host sand not included).
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Figure A-4. Permeability plotted versus median grain size from six permeability experiments sampled at
800, 2000, and 5000 kPa.
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Figure A-5. Porosity versus shear strain seven shear bands and the host sand.
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Figure A-6. Porosity plotted versus median grain size for seven shear bands and the host sand.
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Figure A-7. Porosity plotted versus minimum offset for six shear bands.
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Appendix B
Grain Size Data
All the grain analyses figures in the body of the thesis and in Appendix A were
created with Data set 2.
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Grain Size Data (Set 1)

Figure B-1. Grain size distribution for seven shear bands and the host sand.
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Grain Size Data (Set 2) (Figure 3-2a)

Figure B-2. Grain size distribution for seven shear bands and the host sand.
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Cumulative Grain Size Data (Set 1)

Figure B-3. Cumulative grain size distribution for seven shear bands and the host sand.
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Cumulative Grain Size Data (Set 2) (Figure 3-2b)

Figure B-4. Cumulative grain size distribution for seven shear bands and the host sand.
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Figure B-5. Volume of grains plotted versus grain size for seven shear bands and the host sand. Data is
same as that in Figure B-1.
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Figure B-6. Cumulative volume of grains plotted versus grain size for seven shear bands and the host sand.
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Appendix C
Scanning Electron Microscope Images of Materials
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Host Sand:
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Figure C-1. SEM images of the host sand.
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Shear Band 08C03:
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Figure C-2. SEM images of shear band 08C03.
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Shear Band 08B02:

83

84

85

Figure C-3. SEM images of shear band 08B02.
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Shear band 08B03b SEM:

87

88

89

90

91

Figure C-4. SEM images of shear band 08B03b.
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Shear Band 08B05:
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Figure C-5. SEM images of shear band 08B05.

96

Appendix D
Bulk XRD on Host Sand and Shear Band

97

Figure D-1. Host Sand Bulk XRD:
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Figure D-2. Host Sand Bulk XRD (Repeat):
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Figure D-3. Shear Band Bulk XRD:
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