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Abstract Cataclastic shear bands in sands and sandstones are typically stronger, stiffer, and exhibit
lower permeability than the surrounding matrix, and therefore act as barriers to fluid flow. Previous
work has quantified the reduction in permeability associated with these features; however, little is known
about the role of shear band structure in controlling the way they impact permeability and elastic
properties. Here, we report on a suite of laboratory measurements designed to measure the poromechanical
properties for host material and natural shear bands, over effective stresses from 1–65 MPa. In order to
investigate the role of host material properties in controlling poromechanical evolution with stress, we
sampled shear bands from two well‐studied sandstones representing structurally distinct end‐members: a
poorly cemented marine terrace sand from the footwall of the McKinleyville thrust fault in Humboldt
County, California, and a strongly‐cemented sandstone from the hanging wall of the Moab Fault in Moab,
Utah. 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 shear bands for both localities. For the
unconsolidated case, shear bands are less permeable and stiffer than the host material, whereas for the
consolidated case, shear bands are slightly less permeable, and wave speeds are slower than in the host. We
attribute the differences between the McKinleyville and Moab examples to changes in structure of the
nearby host material that accompanied formation of the shear band.

1. Introduction

Cataclastic shear bands can play a significant role in controlling the poromechanical properties of sand‐rich
sediment and sedimentary rocks. These 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 (Antonellini et al., 1994; Aydin, 1978; Aydin & Johnson, 1983; K. Cashman & S.
Cashman, 2000; Fossen et al., 2007; Fossen &Hesthammer, 1998). Unlike low‐porosity rocks in which brittle
fractures accommodate deformation, high‐porosity rocks deform in localized bands ~1 to 50 mm thick
(Aydin, 1978; David et al., 2001; Heap et al., 2015). However, little is known regarding the effect that defor-
mation bands have on the mechanical properties of the host material and how that might impact fluid reser-
voir properties or porous fault zones.

Shear bands form via deformation that accommodates small displacements, ranging from a few to tens of
mm (Aydin, 2000; Fossen, 2010; Perez, 2010). Kinematically, these bands can form as a result of pure shear,
simple shear, or a combination of the two (Fossen et al., 2007; Kaproth et al., 2010; Skurtveit et al., 2013). In
cataclastic bands, grain size reduction occurs via grain spalling and fracture (Rawling & Goodwin, 2003).
The spacing between shear bands and the factors that cause multiple bands to form in close proximity are
poorly understood. Previous works show that strain accommodation on individual deformation bands is
arrested due to strain hardening, leading to gradual migration of localized deformation and thickening of
the bands (Aydin, 1978; Fossen, 2010; Schultz & Siddharthan, 2005).

Localized pore collapse in sandstones during deformation band formation is suggested to compartmentalize
hydrocarbon reservoirs by reducing permeability normal to the structures (Aydin, 2000; Rotevatn et al., 2013;
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Sample et al., 2006). The band length and orientation with respect to the flow field dictate the magnitude of
this effect. Aydin (2000) also recognized the anisotropic nature of deformation bands and accounted for a
conduit effect caused by optimally oriented fractures within damage zones.

The formation of deformation bands has been investigated in laboratory experiments (Heap et al., 2015;
Kaproth et al., 2010; Skurtveit et al., 2013; Wong et al., 1997). However, studies such as Kaproth et al. (2010)
measured properties of deformations created in the laboratory at much higher strains than those observed in
the field. Several studies have reported on the permeability and porosity evolution of these features over a
range of effective confining pressures (David et al., 2001; Heiland & Raab, 2001; Perez, 2010; Wang &
Park, 2002). For example, Wong et al. (2015) documented the transition from brittle failure of porous sand-
stones by shear localization to cataclastic flow at high confining pressures, at which grain crushing occurs
(~200 MPa). They conclude that sandstones become less brittle with increasing porosity and grain size, cor-
responding to a decrease in the grain crushing pressure (Wong et al., 1997). In addition, Kaproth et al. (2010)
showed that the increased abundance of fine particles during deformation band formation results in strain
hardening, strengthening the zone relative to the host material. Petrophysical analysis of different deforma-
tion band types led Flodin et al. (2003) to conclude that porosity is the controlling parameter for the defor-
mation style and the resulting changes in hydrologic and mechanical properties. Time‐dependent
deformation (compaction creep) observed in uniaxial and triaxial experiments has also been linked to por-
osity reduction through intergranular rearrangement and grain cracking (Brzesowsky et al., 2014).

Despite their importance for subsurface fluid flow, there are relatively few detailed laboratory studies of the
evolution of hydrologic andmechanical properties of naturally occurring shear bands in the context of chan-
ging stress states. In order to understand the effect deformation bands have on the petrophysical properties
of the host rock, it is necessary to measure these changes under controlled conditions in the laboratory. Here
we report on the differences in permeability and acoustic velocity of host rocks and naturally occurring
deformation bands sampled from two end‐member sandstones: a compliant, poorly consolidated sand from
the McKinleyville thrust fault and a stiff, well‐consolidated sand from Moab, Utah. By comparing these two
end‐members, we aim to investigate the role of the host material state on deformation band characteristics—
in both an absolute sense and in terms of the manner and mechanisms by which they modify the host rock
properties. In addition, by measuring properties of deformation, which have already formed and undergone
some form of diagenesis, we are testing the direct effects of deformation band formation on the host material.

2. Geologic Settings and Background

Shear bands are common features in many sedimentary rocks and are observed in a wide range of sands and
sandstones. Our samples differ in their degree of cementation, yet both contain pervasive shear band net-
works (e.g., Berg & Skar, 2005; Davatzes et al., 2005; Kelsey & Carver, 1988). We collected samples from a
poorly cemented marine sand terrace at McKinleyville, CA (Figure 1) and a strongly cemented sandstone
fromMoab, UT (Figure 1). The selection was designed to sample shear bands formed in host sandstones that
exhibit strongly contrasting lithification states.

The McKinleyville fault is one of five imbricate thrust faults that make up the 30 km wide Mad River Fault
Zone (MRFZ) in northwestern California. It accommodates ~3.6 km of shortening in response to the north-
ward migration of the Mendocino Triple Junction (MTJ) (Kelsey & Carver, 1988). The McKinleyville fault
member of the MRFZ trends northwest to southeast and dips approximately 30°NE, extends 40 km inland,
and has slipped at a rate of 0.9 mm/yr for the past 3 Ma (Kelsey & Carver, 1988). The fault cuts an unconso-
lidated quaternary marine terrace deposit producing the shear bands used for this study.

The terrace sands associated with theMcKinleyville thrust include two sets of conjugate cataclastic deforma-
tion bands (K. Cashman & S. Cashman, 2000; Kaproth et al., 2010). One set strikes roughly parallel to the
main fault at 320° and dips ~20°N (Perez, 2010), whereas the second set strikes ~110° and dips 10°S. The
thickness of the bands ranges from 1–8 cm and they occur as anastomosing clusters that contain lenses of
apparently undeformed host sand (K. Cashman & S. Cashman, 2000). Based on the recent history of the fault
and the exposure thickness, the depth of formation of the bands is constrained to be < ~100 m (~1 to 5 MPa
effective vertical stress under hydrostatic pore pressure conditions) (Kaproth et al., 2010).Our second sam-
ples come from the Moab Fault of southeastern Utah. The Moab Fault is a 45‐km‐long normal fault that cuts
the Pennsylvanian aged Paradox evaporate basin (Berg & Skar, 2005). The fault accommodates 950 to 1800m
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of slip and cuts numerous formations within the basin (Berg & Skar, 2005; Davatzes et al., 2005). Our
samples were collected from a down‐dropped block of the well‐cemented lower Triassic Moenkopi
formation (Figure 1). 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
subparallel to the Moab Fault. Our sample 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 depth of formation for these shear bands is 1 to 2.5 km (effective vertical
stresses of ~10 to 40 MPa).

3. Methods

To better understand the physical properties of shear bands, their evolution with increasing stress, the dif-
ferences between types of sand (stones) or between host sands and shear bands, and to illuminate the
mechanisms controlling these properties, we conducted experiments to measure permeability, P wave velo-
city, and porosity. Experiments were conducted using a triaxial vessel under hydrostatic stress conditions
(σ1 = σ2 = σ3) at room temperature and at confining pressures up to 65 MPa (Figure 2). The confining stress
(Pc) and the axial stress were controlled together, to produce hydrostatic stress, via a single syringe pump.
The pressure resolution was 5 kPa and the confining medium was silicon oil. We used distilled water as
the pore fluid, and pore pressure (Pp) was controlled by 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
linear variable differential transformer (LVDT) with a precision of 0.25 μm, and specimen length changes
were corrected for apparatus deflection.

We trimmed 25‐mm‐diameter cylindrical samples containing deformation bands from both localities. These
were carefully jacketed, placed between two porous metal frits, and loaded with end caps that contained
lead‐zirconate‐titanate (PZT) piezoelectric transducers (Figure 2). Deformation band samples were 14.5 to
30.0 mm in length. We also conducted tests on the host sand and sandstone. These samples were 25 mm
in diameter and 35 to 45 mm in length (Table 1). The McKinleyville specimens comprised isolated deforma-
tion bands containing small lenses of host material and were transported from the collection site with great
care in order to retain internal structure. However, the total volume of host material is small, such that the
specimens consisted almost entirely of deformation band material. In contrast, our Moab samples consisted
of thin (0.5–2 mm thick) deformation bands embedded in host material.

Within the testing apparatus, the porous metal frits distribute fluid to the sample faces during saturation and
permeability tests. The PZTs located in each endcap produce impulses that propagate through the sample

Figure 1. (a) Map showing sampling location within the McKinleyville fault zone (modified from Cashman & Cashman, 2000). Samples for this study
were collected from the footwall of the McKinleyville thrust fault (inset image). The fault cuts five poorly consolidated marine terrace formations updip of where
it branches from the Mad River fault zone. (b) Map of sampling location within a down‐dropped block of the Moenkopi formation (inset image) in the Moab fault
zone (modified from Doelling, 2001).
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and allow measurement of elastic wave speeds (Figure 2). We follow the notation convention used by Wong
et al. (1997), where compressive stresses and compactive strains are defined as positive and dilatant strains
are negative.

Once placed in the triaxial vessel, the samples were saturated, confining pressure was applied, and a 100 kPa
target pore pressure was achieved at a mean effective confining stress (Peff) of 1 MPa. The temperature of the
apparatus was regulated at 29.0 ± 0.1°C to minimize the change in volume of the sample or pore fluid result-
ing from thermal expansion or contraction. Each sample was step‐loaded from 1 to 65 MPa in 5 or 10 MPa
increments. At each stress step the permeability, porosity, compressibility, and P wave velocity were mea-
sured. Volumetric drainage was also monitored to determine when the sample had reached equilibrium
at a given applied stress.

Sample deformation was measured by the axial LVDT and by changes in water volume in the upstream and
downstream syringe pumps (Figure 2). Axial deformation was measured continuously during each experi-
ment and provides a reliable, high‐frequency record of length changes. We focus here on the volumetric
strain because it provides a relevant metric for analyzing porosity evolution. The initial increase in Peff at
each step produced significant axial and volumetric deformation during primary consolidation (Figure 3)

Figure 2. Schematic diagram of triaxial testing system. Inset figure shows the fluid distribution cap with embedded piezoelectric transducer (PZT)
(after Carpenter et al., 2014). Deformation is measured using a linearly variable differential transducer (LVDT).

Table 1
Table of Experiments

Experiment Material Sample length (mm) Sample mass (g) ρb (g/cm
3) Analyses

T70_347_08B05 Shear band 14.62 12.39 1.67 K, ϕ, Vp, S, G
T70_355_MCKF Host mat. 42.12 30.23 1.42 K, ϕ, Vp, S, G
T70_359_08B05 Shear band 21.15 18.59 1.73 K, ϕ, Vp
T70_367_08B05 Shear band 33.96 29.39 1.71 K, ϕ, β, Vp
T70_396_MCKF Host mat. 33.66 25.47 1.49 K, ϕ, β, Vp
T70_397_08B05 Shear band 29.65 26.70 1.77 K, ϕ, β, Vp
T70_399_MBHS Host mat. 30.60 32.04 2.07 K, ϕ, β, Vp, S, G
T70_408_MCKF Host mat. 41.00 31.12 1.49 K, ϕ, β, Vp
T70_419_MBDB Shear band 25.70 22.11 1.69 K, ϕ, β, Vp, S, G
T70_424_MBHS Host mat. 41.68 42.87 2.02 K, ϕ, β, Vp

Note. The parameters measured at each stress step were permeability (K), porosity (ϕ), P wave velocity (Vp), and compressibility (β). The microstructure of each
rock type was determined from through grain size analysis (G) and SEM imaging (S).
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associated with drainage of initial excess pore pressure from loading and
followed by time‐dependent secondary consolidation, or creep (e.g.,
Karig & Ask, 2003; Karig & Hou, 1992).

The step loading procedure creates undrained conditions upon initial
application of load, which drives drainage and primary consolidation.
Therefore, a characteristic drainage time must pass for equilibration of
Pf and Peff throughout the test specimen. This drainage time t, scales with
the square of the sample length (L) and the inverse of the hydraulic diffu-
sivity (D):

t ≈
L2

D
(1)

For the range of permeability and stiffness of our samples, t is consis-
tently less than a few hundred seconds. For example, Figure 3 shows a
record of deformation during primary consolidation, which corresponds
to the drainage time. For this particular case—an increase in stress from
1 to 5 MPa, 95% of the volumetric deformation occurred within 300 s
after loading.

We compute porosity, static bulk modulus, and compressibility for each
sample and track the evolution of these parameters with increasing effec-

tive stress. First, the porosity of the specimens was determined at each effective stress by tracking the total
volume change at the end of primary consolidation, as measured by the pore fluid pumps (Figure 3). The
initial porosity is given by

ϕ ¼ 1 −
ρb
ρs

� �
(2)

where ϕ is the porosity, ρb is the dry bulk density, and ρs is the grain
density. The grain density for the shear bands and host sandstone, com-
posed dominantly of quartz, was assumed to be 2.65 g/cm3. However,
unlike the shear bands from McKinleyville, those from Moab comprise
a small (<15%) percentage of the total sample volume, and therefore
the reported aggregate porosity change as a function of stress for these
specimens primarily reflects deformation of the material adjacent to
the shear band. The static compressibility is then computed from the
volumetric strain associated with each change in stress.

The permeability of each sample was measured using a steady state con-
stant head gradient method (Carpenter et al., 2014; Perez, 2010). The mea-
surements were conducted under isostatic loading conditions for Peff
ranging from 1 to 65 MPa (in increments of 5 to 10 MPa). For all tests,
the maximum values of Pp were <250 kPa, such that the ratio of Pp to
Pc remained <10%. As previously noted, the permeability of the deforma-
tion band samples was generally measured normal to the band orienta-
tion, though one experiment was conducted parallel to band orientation
to assess anisotropy. Permeability was measured after equilibration at
the end of primary consolidation for each load step.

Permeability measurements were conducted by inducing a fluid pressure
gradient across the sample and measuring the resulting volumetric flow
rate. The flow rates between the upstream and downstream pumps were
allowed to equilibrate (differences of <5% were considered steady state)
and then Darcy's law was used to compute the permeability of the sample
(Figure 4).

Figure 3. Example of stress step from 1 to 5 MPa, showing confining
pressure (black), change in specimen volume (red), and axial strain (blue)
as a function of time.

Figure 4. Fluid volumes in the upstream and downstream
pumps for two constant head permeability tests, at effective confining
pressures of 30 (blue) and 50 MPa (red). Average flow rates (Q) from the
two pumps were used to calculate the hydraulic conductivity and
permeability of the sample.
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Q
A
¼ −K

dh
dl

(3)

k ¼ Kμ
ρg

� �
(4)

whereQ is the flow rate,A is the area perpendicular to flow, dh is the head
difference along the length of the sample dl, and K is hydraulic conductiv-
ity. In Equation 4, k is the intrinsic permeability, μ is the dynamic viscosity
(assumed to be 1.0 × 10−3 Pa s at room temperature conditions), ρ is the
fluid density, and g is gravitational acceleration. Due to the high perme-
ability of the samples at lowmean effective stress (<10MPa), a differential
pressure between 5 and 10 kPa was used for the constant head tests. Once
the sample was brought to effective stresses above 10 MPa the differential
pore pressure was raised to 30–100 kPa.

The deformation band samples fromMcKinleyville were generally thicker
than 20 mm and consisted of aggregated bands with small, embedded
lenses of host material. The total volume of these lenses was small in pro-
portion to the total sample volume and therefore the permeability reflects
that of the shear band material. In contrast, the shear bands within the
samples from theMoab Fault are on average 2mm thick. Unlike the speci-
mens tested from McKinleyville (which were ~100% shear band by

volume), the deformation band samples from Moab were <15% shear band by volume. In order to define
the permeability of the shear bands themselves, we account for the components of these samples, assuming
that flow traverses the shear bands and host material in series (i.e., flow is normal to the shear bands). In this
case, the effective permeability of the specimen, as measured in our experiments, is related to the permeabil-
ity of its constituents by (Fetter, 2001):

kv bulk ¼ btot

∑n
m¼1

bm
kvm

(5)

Where kv bulk is the permeability of the entire specimen, btot is the total sample thickness including shear
bands and surrounding matrix material, b is the layer thickness, and k is the layer permability.

Compressional wave velocities were measured for each sample at each effective stress after the charac-
teristic drainage time had elapsed and the sample reached equilibrium following primary consolidation.
For each measurement, pulses were generated by a 500 kHz shear wave PZT in the upstream end cap
and recorded via an identical PZT in the downstream cap (Figure 3). The signal was created by 900 V
pulses and recorded at 50 MHz (e.g., Carpenter et al., 2014; Hashimoto et al., 2010; Knuth et al., 2013).
We stacked 200 waveforms for each record to maximize the signal‐to‐noise ratio, and picked P—arrival
times from the raw waveforms. Error in P wave arrival picks at low effective stresses is attributed to
attenuation and dispersion caused by weak grain contacts. This is observed as a gradual, emergent arri-
val of the P wave, compared to the sharp arrivals at stresses above 10 MPa (Figure 5). Similar attenua-
tion of P wave arrivals is observed by Prasad (2002). We define Vp by a time‐of‐flight technique, using
measured sample lengths and accounting for travel times through the endcaps and the porous frits
using a detailed empirical calibration (Carpenter et al., 2014; Kenigsberg et al., 2020). The P wave velo-
city through the Moab samples represents the velocity of the aggregate sample, including both shear
bands and host material.

Particle size distributions (PSD) were measured in aMalvernMastersizer “S” using the laser diffraction tech-
nique detailed in Konert and Vandenberghe (1997), with particular attention to sample handling and analy-
tical procedures (e.g., Storti & Balsamo, 2010). This technique uses the intensity of scattered light from a
dispersed sample to determinemean grain size. Grain size data for each sample are reported as a volume per-
cent distribution (Figure 6). Surface images were also taken of the Moab samples using a scanning electron
microscope (SEM) and compared to previously acquired images of the McKinleyville samples (Figures 7

Figure 5. Example waveforms and P wave arrival picks from
an experiment on Moab deformation bands. The three waveforms were
measured at, 10, 20, and 30 MPa mean effective stress, respectively. Note
the increase in amplitude and earlier arrival time with increasing stress.
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and 8) (Perez, 2010). The SEM provides a qualitative measure of grain size distribution, grain angularity, and
the overall microstructure of the material.

4. Results
4.1. Deformation Behavior and Porosity

The deformation behavior of the shear bands is distinctly different than the behavior of the host material.
While all of the materials we tested exhibited strain hardening, and two important features are apparent
(Figures 9 and 10). First, the McKinleyville host material is generally more compliant than its shear bands,
whereas the Moab host sandstone is generally stiffer than material containing shear bands (Figure 10).
Second, volumetric strains at peak stress for McKinleyville samples are more variable than for Moab sam-
ples. The volumetric strains for the McKinleyville host material range from 0.23 to 0.30 at 65 MPa effective
mean stress, while values for the shear bands range from 0.15 to 0.17. A shear band sample from
McKinleyville was tested parallel to band orientation (green triangles in Figure 9a) and the results show
no significant difference in strain relative to specimens taken perpendicular to the band (blue triangles,
Figure 9a). The strains for samples of shear band and host material from Moab at 65 MPa effective mean
stress range from 0.035 to 0.055.

Sample porosity decreased as a function of increasing mean effective stress (Figure 9b). The McKinleyville
host sand had the highest initial porosities (average 43%) and decreased to 23% as mean effective stress

Figure 6. Particle size distribution for samples from McKinleyville and Moab host sands (HS) and deformation
bands (DB). The highest volume percent for all samples occurs at a mean grain diameter of 222 μm (panel a). The
distribution at smaller grain sizes ranges from 2.5% for 50 μm in the McKinleyville shear band to 0.5% in the
McKinleyville host sand and the Moab sandstones (inset panel).
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increased to 65 MPa. The initial porosities of the McKinleyville deformation bands averaged 33% and
decreased to 20% at 65 MPa. The Moab samples had initial porosities of 30% (specimens containing shear
bands and the host sandstone). Over the stress range from 100 kPa to 65 MPa, the porosity of the shear
band material and the host material decreased to 26% and 17%, respectively. However, 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 essentially independently of the
host material.

A clear difference in compliance between theMcKinleyville andMoabmaterial is apparent from the slope of
the stress–strain curves (Figure 9a). The static bulk modulus was computed for each sample by taking the
change in volumetric strain in response to each stress step. The inverse of the bulk modulus, or the compres-
sibilities spanned by the host material and shear bands fromMcKinleyville at peak stress is 4 × 10−11 Pa−1 to
3 × 10−10 (Figure 10). The average difference between host sand and shear band over the effective stress
range is half an order of magnitude. In comparison, the compressibility of the Moab material ranges from
6 × 10−11 to 3 × 10−10 near peak stress. Over the stress range, the Moab material is consistently less compli-
ant than the material from McKinleyville (Figure 10).

4.2. Permeability

The permeability‐effective stress trends for both the McKinleyville and Moab cases show that the host mate-
rial is more permeable than the shear bands. Permeability decreases rapidly with increasing effective stress

Figure 7. SEM images of the (a) McKinleyville host sand, (b) McKinleyville shear band, (c) Moab host sandstone, and
(d) and the Moab shear band. Dashed lines show boundary of ~1‐mm‐thick shear band, and boxes show locations of
images in Figure 8. The scale for the SEM images of the McKinleyville material is 500 μm and the scale for the SEM
images of the Moab material is 1 mm.
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up to ~10 MPa. Above 10 MPa, the decrease is more gradual and approximately log‐linear (Figure 11),
consistent with previous work, for example, David et al. (1994). In our experiments the permeability data
for the McKinleyville samples separated into two groups: host sand, which showed a wide range of values
at a given stress (>1 order of magnitude; for example, k ranges from 4.0 × 10−16 to 9.0 × 10−15 m2 at
65 MPa effective stress), and shear bands, which exhibit permeabilities ranging from 2.0 × 10−18 to
1.0 × 10−17 m2 at peak stress (Figure 11a). Our data are consistent with the trends reported from previous
experiments by Perez (2010) on the same McKinleyville host sand and shear band material at effective

Figure 8. Higher magnification images (500 μm scale) of material adjacent to the deformation band (panel a) and the core of the deformation band (panel b)
from the Moab locality. The material adjacent to the shear band is grain supported with a low abundance of cement compared with the shear band core.

Figure 9. (a) Volumetric strain and (b) porosity (φ) as functions of mean effective stress for the McKinleyville (blue)
and Moab (red) host sands (circles) and shear bands (triangles). All tests were conducted perpendicular to shear bands,
except for a single test parallel to a shear band from McKinleyville (green triangles).
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stresses <5 MPa. Although the majority of measurements were conducted
perpendicular to band orientation, we conducted a single experiment to
explore possible permeability anisotropy in the McKinleyville shear
bands. The permeability measured parallel to the shear bands ranged
from 9.0 × 10−18 to 3.0 × 10−17 m2, which is within the range of values
we obtained for permeability normal to the bands.

Similarly, the permeabilities of the host sandstone and the shear band spe-
cimens from Moab separate into two groups. The permeability of the host
sandstone is 2.0 × 10−14 m2 at peak stress, while the material containing
the shear bands has a permeability of 2.0 × 10−15 m2. The permeability
of the shear bands at peak stress during the experiments falls within the
higher bounds of local permeability measurements made by
Fossen (2010) on deformation bands in more northern segments of the
Moab fault, with values between 10−18 and 10−15 m2. Like the samples
from McKinleyville, the permeabilities of the deformation bands from
Moab are approximately an order of magnitude lower than those for the
host material. The rate of permeability decrease with increasing mean
effective stress is generally less for theMoab samples than the correspond-
ing the rate of decrease for the McKinleyville samples. The values we
report are in good agreement with permeabilities of sandstones and
unconsolidated sands over the same porosity range reported by
Nelson (1994).

Porosity has a big impact on permeability of sandstone. We find that per-
meability decreases log‐linearly with decreasing porosity (Figure 11b),

consistent with data for sandstones and other sedimentary rocks (e.g., David et al., 1994, 2001; Wong &
Zhu, 1999). Because porosity decreases with increasing effective stress, the arrow in Figure 11b shows the
general decrease in permeability during loading. The samples from McKinleyville and the Moab

Figure 10. Compressibility as a function of mean effective stresses,
for McKinleyville (blue and green) and Moab (red) host sand (circles) and
shear bands (triangles).

Figure 11. Permeability evolution with mean effective stress (panel a). Permeability is reported in both m2 and in mD. Previous low stress (<5 MPa) permeability
measurements from Perez (2010) are plotted in gray for comparison. Panel (b) shows permeability evolution as a function of porosity.
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deformation band material follow similar trends of permeability with porosity: permeability decreases from
to 9.0 × 10−16 m2 to 2.0 × 10−18 m2 as porosity is reduced from 0.35 to 0.23. However, the permeability of
Moab host material is ~1 order of magnitude higher than the other materials we tested at a given porosity,
with permeability decreasing from 1.0 × 10−14 m2 to 1.0 × 10−15 m2 as porosity decreases from 0.19 to 0.16.

4.3. Compressional Wave Speeds

Overall, P wave velocity increases with increasing stress and with decreasing porosity, consistent with pre-
vious work on sandstones and other sedimentary rocks (e.g., Dvorkin et al., 1999; Erickson & Jarrard, 1998;
Flodin et al., 2003). P wave velocities for samples from the McKinleyville site range from 1.7–3.2 km/s,
whereas the velocities of the Moab samples range from 2.7–4.2 km/s, over effective stresses from
1–65 MPa (Figure 12a).

The McKinleyville shear band material exhibited higher velocities than the host material, with Vp ranging
from 2.1–3.3 km/s, versus 2.0 to 2.9 km/s for the host sand. However, at a given porosity, the compressional
wave velocity was slightly slower (by ~0.1 km/s) in the shear band material compared with the host material
(Figure 12b). There is also no clear evidence for anisotropy, although our data are limited to a single experi-
ment (green triangles in Figure 12). In contrast, the shear band material from Moab has lower Vp than the
host material, with velocities ranging from 2.7 to 3.4 km/s, versus 3.3 to 4.1 km/s for the host material.

4.4. Microstructure and Particle Size Distribution

The host sand fromMcKinleyville is composed of uniform angular grains, whereas the shear bands contain a
wide particle size distribution with phyllosilicates filling the pore space (K. Cashman & S. Cashman, 2000;
Kaproth et al., 2010; Perez, 2010) (Figures 6, 7a, and 7b). In contrast, the Moab host sandstone exhibits a
wider grain size distribution, with highly angular grains (Figure 7c). The host material adjacent to the
Moab shear bands has uniform grain size 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 phyl-
losilicate grains and cement (Figure 7d).

The Moab host sandstone is grain supported with pervasive cement while the Moab material containing
(and adjacent to) shear bands is less strongly cemented, though it is also grain supported (Figures 7d and
8a). In SEM images it appears that the material immediately adjacent to shear bands has higher porosity

Figure 12. P wave velocity as a function of mean effective stress (panel a) and porosity (panel b). Previous
P wave velocity measurements for sandstones in damage areas surrounding the Moab fault obtained by Flodin
et al. (2003) are shown for comparison (gray polygon).
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than the intact host material and is less extensively cemented, whereas the core of the shear bands is more
strongly cemented and has lower porosity.

Unlike the Moab host material and shear bands, the McKinleyville deformation bands are matrix supported.
They exhibit a bimodal distribution centered on grain diameters of 190 and 50 μm (Figure 6), which are con-
sistent with measurements made by Kaproth et al. (2010). The McKinleyville shear bands also show a small
peak (<0.5%) at a mean grain diameter of 500 nm. Approximately 50% of 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 host sands, similar to results reported by Cashman et al. (2007) and
Kaproth et al. (2010). Both the Moab sandstones and shear bands exhibit a consistent, unimodal grain size
distribution (Figure 6).

5. Discussion

The petrophysical and mechanical data from our experiments provide insight into the characteristics of two
end‐member sandstones. The presence of cataclastic deformation bands suggests a dynamic stress environ-
ment 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 signifi-
cantly reduce permeability across structures (e.g., Aydin, 2000; Fossen & Hesthammer, 1998; Sample
et al., 2006). Likewise, the elastic properties of the material will change with the introduction of localized
deformation, and the presence of pervasive cement will control the material's response to loading. The
mechanisms that underlie the change in properties include grain comminution, cementation, pore size
reduction, grain alignment, and authigenic mineral growth (Ballas et al., 2013; Cresswell & Barton, 2003;
Kaproth et al., 2010).

Our compressibility data indicate that theMoabmaterial is approximately an order of magnitude stiffer than
that from McKinleyville (Figure 10). We suggest that the elastic properties of these materials are controlled
by the distribution and strength of cement. While the SEM images show the presence of cement in both the
McKinleyville shear bands and the Moab samples, the cement within the bands fromMcKinleyville consists
of comminuted quartz grains and some authigenic mineral growth (Figure 7). In contrast, the cement in the
Moab samples is more pervasive, finer grained, and more structurally integral than the cement in the
McKinleyville shear bands. We also observe that porosity converges at high effective stress for deformation
bands in poorly cemented sands. This is the result of grain contacts becoming the primary contributor to ske-
leton rigidity. Conversely, the porosities in well‐cemented sandstones do not converge because the cement
controls the deformation accommodated by the material skeleton.

At mean effective stresses below 10 MPa, the permeability of samples from both study areas decreases
rapidly with increasing mean effective stress. However, the magnitude of decrease following the initial sharp
decline is different for samples from McKinleyville and Moab (Figure 11). The permeability of the samples
from McKinleyville decreases by 2 orders of magnitude over this initial loading phase, while permeabilities
of Moab samples decrease less than 1 order of magnitude over this same stress range, and decrease less
throughout the entirety of the experiment. We interpret that this occurs because the Moab material is stiffer,
such that increasing the mean effective stress has a smaller impact on the pore structure and pore throat
dimension, leading to lower sensitivity of permeability to loading (cf. Figures 9b and 11).

The 2 order of magnitude difference between the permeabilities of McKinleyville host material and its shear
bands is attributed to the presence of cement and increased fine particle abundance within the shear band
core (K. Cashman & S. Cashman, 2000; Kaproth et al., 2010; Perez, 2010). This hypothesis is consistent with
the lower porosity within the shear bands relative to the host sand, and the increased fine particle abundance
in the shear bands (Figure 6). This can be explained by comminution in the shear bands (Figure 13, top),
coupled with the growth of phyllosilicates, facilitated by the increased surface area of grains and breakdown
of lithic clasts containing feldspars and clays (Lommatzsch et al., 2015).

The permeability of the Moab shear bands, like the McKinleyville shear bands, is lower than the surround-
ing host material (Figures 8a, 11, and 13, bottom row). However, in contrast to the McKinleyville shear
bands and host sand, the Moab material exhibits little sensitivity to increasing effective stress. The combina-
tion of lower compressibility and a higher degree of cementation in the host sands relative to the
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McKinleyville material suggests that the porosity and permeability trends seen during loading are related to
microcrack closure and modest compression of the pore spaces (Figures 7c and 7d). Although the bulk
porosity of samples from Moab is higher in the material containing the shear bands, the permeability
reduction within the shear bands dominates the fluid flow properties of the aggregate material, thereby
lowering the overall permeability (Figure 13). We expect that permeabilities of the shear bands (computed
from Equation 5) represent an upper bound and could be lower if the matrix permeability is higher than
we assumed. The shear bands from the Moab locality are cemented, appear to have very low porosity, and
exhibit a broader grain size distribution than the host sandstone (Figure 6). We interpret that the
permeability reduction is caused by these three effects acting in concert, resulting from grain
reorientation and breakage during shear localization combined with cementation and the growth of
authigenic clays (Fisher & Knipe, 2001; Perez, 2010). While we cannot rule out the potential role of shear‐
or deformation‐enhanced grain alignment in the bands in both permeability and porosity reduction
relative to the host material (e.g., Fossen et al., 2007; Kaproth et al., 2010), we observe little evidence for
this in SEM images; this interpretation is also consistent with both the small shear strains experienced by
the bands we studied, and the overall low phyllosilicate abundance.

P wave velocities exhibit a sharp increase with the initial application of mean effective stress (100 kPa to
10 MPa) for all samples, and a subsequent gradual increase to a maximum value at ~65 MPa mean effective
stress (Figure 12a), mimicking the trends in compressibility. The Pwave velocities for the Moab samples are
consistently higher than the samples from McKinleyville, likely due to the presence of cement (Dvorkin &

Figure 13. Schematic diagram illustrating the mechanisms we interpret to control differences in permeability and stiffness between host sand (stone)
and deformation bands. For unconsolidated sandstone, the development of deformation bands creates layers of dense material adjacent to unchanged material
(top panels). In contrast, the formation of deformation bands in overconsolidated sandstone disrupts and damages the adjacent material, weakening the
overall structure (bottom panels).
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Nur, 1996; Flodin et al., 2003). Interestingly, the shear bands and host material from McKinleyville exhibit
very similar P wave velocities at stresses >10 MPa. Although cement enhances grain contacts (Dvorkin &
Nur, 1996), microcracks or damaged cement tend to reduce the P wave velocity with respect to the host
material.

In contrast to the McKinleyville samples, P wave velocity is lower in the Moab shear bands compared to the
host material. Taken together with our SEM observations of increased porosity and disrupted cement adja-
cent to the shear bands (Figure 10d), suggests that shear band formation and architecture are fundamentally
different in unconsolidated sands and cemented or overconsolidated sandstones (e.g., Caine et al., 1996)
(Figure 13). In the cemented case, shear band formation leads to damage and disruption of grain contacts
or cement in the brittle host material surrounding the bands, leading to reduced elastic moduli and hence
a reduction in P wave velocity. This behavior is absent within the McKinleyville samples because shear
bands in these unconsolidated sands form by comminution, grain repacking, and minor phyllosilicate
growth, while the adjacent host material remains essentially unmodified. As a result, the shear bands repre-
sent simpler, localized structures where elastic moduli and Vp are increased and grain size and permeability
are reduced, within an otherwise intact host material. In this case, the dominant effect of shear band forma-
tion is the local reduction in grain size and porosity.

6. Conclusions

Shear bands are common features in porous sandstones. We show that their permeability, compressibility,
porosity, and elastic wave speed evolve systematically when subjected to changing effective stress, for
example, as would occur during burial or as a result of fluid extraction or injection. Our results also indi-
cate that the change of these physical properties during loading depends on both the cementation state of
the host material and the nature of the shear bands. We find that permeability decreases systematically in
shear bands relative to their host material. We also find that P wave velocity increases in shear bands
formed in unconsolidated sands, but decreases in those that are formed in cemented or lithified sand-
stones. We attribute this difference to distinct differences in shear band architecture for the two types
of host material.

Our data suggest that shear deformation should lead to a marked decrease in bulk permeability for both
the unconsolidated and lithified end‐members, and thus the formation and presence of deformation
bands should reduce aquifer or reservoir permeability and lead to potential compartmentalization.
This effect will become accentuated with increasing effective stress, as might occur during depletion
or overpumping. Grain comminution and cement deposition are the primary processes controlling per-
meability decrease within the shear bands. In addition, our observations suggest that in general, the
mechanical strength of overconsolidated sandstones is reduced when deformation bands are formed
due to the disruption of cement in the regions around the bands. In contrast, deformation band forma-
tion in poorly consolidated sands increases the elastic moduli by reducing porosity and stiffening the
matrix. In both cases, the bands themselves act as barriers to fluid flow, which create channels of
higher permeability material sandwiched between low permeability bands. Further work is necessary
to characterize the mineralogical composition of the deformation band cement to determine the abun-
dance of phyllosilicates, which contribute to permeability reduction (Perez, 2010) and to quantify the
conditions of formation and controls on spacing of shear bands.

Data Availability Statement

Data generated for this manuscript are freely available from this site (https://doi.org/10.18738/T8/BECJYG).
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