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a b s t r a c t

Faults in marine-sediment basins often dictate fluid flow and act as petroleum traps or seals. Perme-
ability contrasts between these zones and the surrounding country rock can be large, depending on fault
composition, stress, and strain history. Despite the importance of such faults, our understanding of their
frictional properties and permeability is relatively poor. Here we report on a suite of laboratory exper-
iments to assess the roles of fault composition, stress, and shear strain for dictating poromechanical
properties of fault. Experiments were conducted at room temperature on synthetic fault gouge
composed of quartz, halite, and clay (illite shale or Ca-montmorillonite). We sheared layers that were 5
e7 mm thick and measured fault permeability at effective normal stresses from 2 to 6 MPa for hydro-
static conditions and after shear strains from 2 to 10. We find that fault permeability is highly sensitive to
clay content, with permeabilities spanning 2e4 orders of magnitude under otherwise identical condi-
tions. Permeability decreased up to 2 orders of magnitude with imposed shear strain >1 and ~1 order of
magnitude with increasing normal stress from 2 to 6 MPa. During shear, halite deformed via both ductile
flow and brittle failure, while quartz and clay particles formed force chains that spanned the layers and
defined shear localization fabrics. Samples with higher halite content exhibited greater permeability
reduction, perhaps by plastic flow and pressure solution. Our results suggest that the permeability of
faults in marine sediment is dictated by clay content, and that the most dramatic permeability changes
occur with relatively small fault throw (shear strain from 2 to 5). This highlights the importance of
understanding minor faults and fault sets when estimating subsurface fluid flow and potential reservoir
compartmentalization.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Faults represent significant geologic features for subsurface fluid
flow and are important in numerous transport processes within
sedimentary basins where they affect petroleum reservoir quality,
hydrocarbon migration, and groundwater flow (Smith, 1966; Aydin
and Johnson,1983; L�opez and Smith,1995; Evans et al., 1997; Aydin,
2000; Kim et al., 2004; Baud et al., 2004). Fault permeability and
poromechanical properties can impact deformation style in reser-
voir rocks and a variety of tectonic environments (e.g., Arch and
Maltman, 1990; Caine et al., 1996; Caine and Forster, 1999;
Crawford, 1998; Zhang et al., 1999; Fisher et al., 2001; Chuhan
et al., 2003; Wibberley and Shimamoto, 2003; Odling et al., 2004;
Mitchell and Faulkner, 2008, 2012; Ikari et al., 2009a,b; Balsamo
and Storti, 2010; Faulkner et al., 2010; Foroozan et al., 2012;
Carruthers et al., 2013; Gomila et al., 2016). In particular, faults
can act as fluid conduits in impermeable environments (e.g., shales,
granites, basalts, etc.), fluid barriers in permeable environments
(e.g., sandstones), and they may act to redirect flow in cases where
faults develop significant permeability anisotropy (Knipe, 1992;
Evans et al., 1997; Fisher and Knipe, 1998, 2001; Zhang and Tullis,
1998; Bos and Spiers, 2000; Shipton et al., 2005; Benson et al.,
2006; Fossen and Bale, 2007; Takahashi et al., 2007; Daniel and
Kaldi, 2008; Crawford et al., 2008; De Paola et al., 2009; Faulkner
et al., 2010; Savage and Brodsky, 2011; Ballas et al., 2012; Ikari
and Saffer, 2012; Faoro et al., 2012, 2013; Olierook et al., 2014;
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Scuderi et al., 2015; Seebeck et al., 2015).
Fault permeability can be significantly lower than the wall rock,

especially in marine sediment environments where clay is inte-
grated into fault zones (Caine et al., 1996; Evans et al., 1997; Gibson,
1998; Crawford et al., 2008; Ikari et al., 2009a; Faulkner et al., 2010;
Ishibashi et al., 2012; Mitchell and Faulkner, 2012; Harding and
Huuse, 2015). In these environments, faults juxtapose and mix
clays from shale alongwith sands and silts from other horizons (e.g,
Bjùrlykke and Hùeg, 1997; Billi et al., 2003; Faulkner et al., 2010).
Important processes include abrasional mixing, clay smearing, and
pore throat clogging. Fault permeability is often dictated by pore
conduit connectivity or narrow crack apertures, depending on
mineralogy and development of shear fabric (Revil et al., 2002;
Takahashi et al., 2007; Crawford et al., 2008; Ikari et al., 2009b;
Niemeijer et al., 2010; Cheung et al., 2012; Scuderi et al., 2015).
Indeed, small increases in clay concentrations can dramatically
reduce fault permeability in sandy faults (Revil et al., 2002;
Crawford et al., 2008; Faulkner et al., 2010). For example, Craw-
ford et al. observed a four order of magnitude permeability
reduction as clay content increased from 0 to 50% under otherwise
identical conditions. While much work has been done to quantify
the roles of clay content, load, and strain on fault permeability (e.g.,
Bentley and Barry, 1991; Antonellini and Aydin, 1994; Revil et al.,
2002; Lothe et al., 2002; Wibberley and Shimamoto, 2003;
Sternlof et al., 2004; Fortin et al., 2005; Crawford et al., 2008;
Mondol et al., 2008; Tueckmantel et al., 2010; Ballas et al., 2012;
Skurtveit, 2013; Scuderi et al., 2015), our understanding of the
relationship between fault strength and permeability remains
relatively poor.

Here, we focus on complex mixtures of synthetic fault gouge to
illuminate the role of shear, fabric development and ductile flow,
with application to faults found in association with salt domes and
surrounding country rock. One goal of this work is to provide input
for geomechanical models of salt bodies, which require information
on both permeability and friction constitutive properties of the
salt-clay-sediment mixtures that often bound them.

Impermeable salt domes (Peach and Spiers, 1996) often have
associated faults, and these features can act in concert to seal res-
ervoirs (Jackson et al., 1994; Rowan et al., 1999; Hudec and Jackson,
2007; Fort and Brun, 2012). In these cases, the fault zones often
integrate halite from the salt dome as well as nearby salt layers.
Halite undergoes a range of deformation behaviors depending on
the chemistry, composition, materials it mixes with, stress, and
strain history on the fault, and thus its role for fault zone perme-
ability is complex. Under fast slip conditions halite tends to deform
brittlely (e.g., Shimamoto, 1986; Bos et al., 2000a,b; Niemeijer et al.,
2010; Wong and Baud, 2012) and should behave as a framework
grain. During slower deformation and for transient slip, halite likely
accommodates shear via a combination of brittle and ductile
deformation and/or pressure solution (Rutter, 1983; Shimamoto,
1986; Bos et al., 2000a,b; Niemeijer et al., 2008, 2010).

The purpose of this paper is to present results from a compre-
hensive laboratory study of the permeability and frictional prop-
erties of marine-sediment faults as a function of composition,
stress, and shear strain. We studied synthetic faults composed of
quartz, halite, and illite shale or smectite clay. We report on fric-
tional properties and fault-normal permeability as a function of
strain and effective normal stress, focusing primarily on low
effective stress (<6 MPa) relevant for overpressured environments.

2. Methods and materials

We measured permeability and frictional properties of simu-
lated fault zones as a function of normal stress and shear strain. We
conducted experiments in the double-direct shear configuration
under true triaxial stress conditions (e.g., Ikari et al., 2009a;
Samuelson et al., 2009; Kaproth and Marone, 2014; Carpenter
et al., 2015). The experimental geometry is shown in Fig. 1. To
simulate faults in marine-sediment basins we conducted experi-
ments on mixtures of quartz sand, illite shale or smectite clay (Ca-
montmorillonite), and halite (Table 1 and Fig. 2). Our sample
compositions were designed to span the transition between clast-
supported and matrix supported fault gouge, where fault zone
porosity is lowest and permeability changes are strongest (e.g.,
Faulkner et al., 2010). We used commercial silt-sized quartz
foundry sand (F110) and Ca-montmorillonite (sieved to <125 mm).
Illite shale and pure halite were ground in a rotary mill and sieved
to <125 mm. The illite shale is primarily illite with some quartz,
plagioclase, and minor kaolinite (Ikari et al., 2009a). Our experi-
ments were carried out under conditions where pressure solution
and ductile deformation of halite is operative at low strain rates and
during holds, but halite and the other minerals deform via brittle
deformation for the shearing rates used (e.g., shear displacement
rate of 10 mm/s or shear strain rate of ~ 2 � 10�3 s�1). Our pore fluid
was a saturated NaCl brine, 35.7 g/ml, obtained by adding pure NaCl
to deionizedwater. We ensured NaCl saturation by regularly adding
salt grains to the brine bath.

We deformed synthetic faults as layers in the double direct
shear configuration under constant effective stress normal to the
layers (Fig. 2). In this configuration, two identical layers of fault-
gouge are sandwiched between three forcing blocks (Fig. 1). All
stresses, displacements, and other measurements reported here are
given for one layer of the double direct shear geometry. Shear
displacement at the fault boundary is imposed by driving the
central block with a hydraulic ram, inducing shear within the fault
gouge layers. We arranged the true triaxial apparatus for constant
confining pressure, with normal stress and shear stress applied to
the sample directly via hydraulic pistons (Fig. 1). All stresses and
fluid flow rates were maintained by fast-acting, servo-hydraulic
control. Strain gauge load cells, accurate to ±0.1 kPa, measured
applied stresses. Direct current displacement transducers (DCDTs),
accurate to ±0.1 mm, measured shear and normal displacement on
the faults. Pressure transducers, accurate to ±7 kPa, measured the
confining and pore pressure. Stresses, pressures, and displacements
were digitally recorded at 10 kHz with a 24 bit system, and were
averaged to 10e100 Hz for storage.

Fault layers were constructed to specific initial thicknesses from
5 to 7 mm. To ensure reproducibility of the tests we weighed the
sample material used to construct each layer. Layer thickness was
measured carefully on the bench during sample construction and
then again in the testing machine once a small normal load was
applied. These measurements were accurate to ±50 mm. Layer
thickness was also measured at the end of the run, prior to
unloading, which allowed us to check and verify the thickness and
thickness change compared to that measured via the DCDT. We
calculated average shear strain gwithin the layer as the sum of dx/h,
where dx is a given shear displacement increment (normally <1 mm
for our digital sampling rates) and h is the measured layer thick-
ness, which is updated continuously during shear.

Porous steel frits act as the interface between the steel forcing
blocks and the sample layers, distributing the pore pressure and
allowing linear flow across the sample (parallel to sn; Fig. 1C). The
sample assemblies were sealed with flexible latex jackets to isolate
the sample from the confining oil (Fig. 1D). Pore pressures were
applied to the sample through the forcing blocks, with upstream
pressure (PPA) applied through the center block to both sample
layers and downstream pressure (PPB) applied simultaneously to
the two side blocks of the double direct shear configuration
(Kaproth and Marone, 2014).

Fig. 3 shows representative shear stress curves for three



Fig. 1. Deformation apparatus and experiment setup. Experiments were conducted in a (A) biaxial apparatus with a (B) true triaxial pressure vessel using the (C) double direct shear
assembly. Confining pressure, PC, pore pressure inflow, PPA, and pore pressure outflow, PPB were applied through steel lines to the sample blocks. (C) Fault gouge was deformed in
layers. Normal stress was applied horizontally across both sample layers, and shear stress was applied vertically to the center block, inducing shear within the sample layers. Pore
fluid access was via channels and porous metal frits in the side blocks (D). The sample and pore pressures are isolated from the confining pressure with latex rubber jackets.

Table 1
Permeability measurements for all experiments.
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Fig. 2. Ternary diagram showing the fault gouge compositions used in this study.
Experiments were carried out on mixtures of quartz, halite, and clay (illite shale or
montmorillonite). A total of 18 experiments were conducted. Symbol color and
experiment number (e.g., p3979 is 100% Qtz) denote mixture composition here and in
subsequent figures. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Friction curves from three representative experiments. See Fig. 2 for compo-
sition details. Each curve shows a stage of elastic loading followed by the onset of
plastic strain and shear deformation. After peak stress materials with high clay content
weaken dramatically, and for the sample with no quartz the coefficient of residual
sliding friction (m) is ~0.3. Vertical line segments after 5 mm of shear displacement
represent ‘hold’ periods designed to measure frictional restrengthening and perme-
ability. Frictional strength increases with increasing quartz content; maximum residual
friction values for steady sliding are 0.6e0.7, which is typical for a clast-supported
mixture. In each experiment shear was stopped (hold periods) during permeability
tests and then resumed, resulting in a drop in shear stress followed by a large peak that
represents sample lithification and frictional healing. Several hold tests were done in
experiment p3978.

Table 2
Load steps for each experiment.

sn' sn PC Pp

6 4.5 3 2.4
4 3.0 2 1.6
2 1.5 1 0.8
0.5 0.6 0.35 0
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experiments. Upstream and downstream pore pressures (PPA and
PPB, respectively) were used to drive saturated NaCl brine through
the sample parallel to sn and perpendicular to the shear direction
(Fig. 1).

We used a standard experimental protocol for all experiments
(Table 1). The sample assemblies were loaded into the vessel and a
small initial normal load was applied (0.6 MPa sn). At this point
layer thickness was measured under load with calipers, and addi-
tional thickness changes were tracked with the DCDTs. The initial
layer thickness is known to±' 50 mm, and changes in layer thickness
are measured to ±0.1 mm. The pressure vessel was then filled with
oil, and a small confining pressure was applied (0.35 MPa). To
saturate the sample initially we removed air from the sample by
pulling a vacuum from PPB. After the vacuum was drawn down to
the lowest point for ~1 min, pore fluid was introduced through PPA
at a low constant flow rate. Flow was maintained until the effluent
was free of air for ~20 min (~40 min total). After initial saturation,
sn’was increased to 2, 4, and 6 MPawith a permeability test at each
load (see Table 2 for descriptions of sn, pore pressure, and confining
pressure histories). For the double direct shear configuration in the
true triaxial apparatus effective normal stress on the layers is given
as: sn0 ¼ sn e PP þ 0.5PC, where PP is the average pore pressure, PC is
the confining pressure, and the term 0.5PC represents the affect of
confining pressure on normal load due to the sample geometry
(e.g., Samuelson et al., 2009; Kaproth and Marone, 2014).

Fig. 4 shows the time history for our standard loading procedure
for a representative experiment. Fluid was driven through the
sample by applying a constant upstream pressure PPA and a con-
stant flow rate Q into the downstream fluid reservoir PPB (Fig. 1).
Thus, flow occurs from the center block of the double direct shear
(DDS) configuration to the side blocks where it is collected and
measured as the total flow through both layers. We determined
permeability following Darcy's Law, k ¼ Qnh/(A DPP), where Q is the
volumetric flow rate, n is the fluid viscosity, h is the layer thickness,
(we use the actual value of h which is measured continuously with
the DCDT), A is the sample contact area (~0.005 m2), and DPP ¼ (PPA
e PPB) is the pressure difference across the sample layers. All of our
measurements are referenced to one layer, including h, A, and Q.
Fig. 5 shows the full details of a representative permeability test.
Uncertainty in our permeability measurements (e.g., Fig. 5; Table 1)
was determined from the measured flow rate and fluid pressure,
accounting for specific storage effects as well as variations in flow
rate and pressure.

Fig. 6 shows linear flow rates (q) and the differential pressures
during each of the five permeability tests in p3911, where q ¼ Q/A.
To limit dissolution, we generally used very low constant flow rates
(q < 50 mm/s) and flow volumes, and pore fluid was typically flowed
in and out of the sample (e.g., Fig. 4, sawtooth pattern). These steps
limited new pore water interaction with the sample. In some of the
early experiments, permeability tests were carried out under con-
stant pressure conditions, which generally required larger pressure
differences and flow rates, and may have caused minor halite
dissolution, despite the fact that the pore fluid was a brine satu-
rated with NaCl.



Fig. 4. Complete history for a representative experiment. Each line is noted with the initial and final values, for example shear stress starts at 0 and ends at 2.8 MPa, after 15,500 s.
The y axis for each line is linear. Normal stress is applied initially to 0.6 MPa and then confining pressure is applied followed by pore pressure. Note history of effective normal stress
sn’ shown below Pore Pressure A in the upstream reservoir (Fig. 1). After 1 h of initial fluid saturation, samples were loaded to 2 MPa sn’ through a combination of increased pore
pressure, sn, and confining pressure, PC. A permeability test (i.e. Perm. A) was conducted at constant flow rate after the sample reached steady-state compaction. Following the perm
test, the sample was loaded to 4, and 6 MPa, and then the sample was sheared. Each of these steps preceded a permeability test.
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At 6 MPa sn
0 each sample was sheared 10 mm, after which a k

test was conducted (Fig. 3). Initial shear was corrected for the
elasticity of the latex jacket following standard procedure
(Samuelson et al., 2009; Ikari et al., 2009a), accommodating ~ 5mm
of the initial vertical displacement. Each sample was again sheared
10mmand the final k test was conducted. Fig. 6 shows permeability
tests at 2, 4, and 6 MPa sn

0 with zero strain, and at low and high
strain at 6 MPa sn0 (i.e. Perm. Ae E) for a representative experiment.
Under each of these conditions and prior to each k test, the sample
was allowed to compact until compaction rates were less than
0.04 mm/s (Fig. 4), limiting permeability transients.
Fig. 5. Representative permeability test with constant flow rate. During each k test a
constant flow rate was applied at PPB, driving a differential pressure between PPA and
PPB. We measure permeability once flow reaches steady-state, with uncertainty given
by noise and small fluctuations in differential pressure.
3. Results

Our fault zones exhibited permeabilities from >2 � 10�14 to
~3 � 10�19 m2, which is within the range of capability for our
testing machine (Ikari et al., 2009a; Samuelson et al., 2009). Fig. 6b
shows the permeability history for p3911, with permeabilities
ranging from ~4� 10�15 to ~8� 10�17 m2. Fig. 7 shows permeability
as a function of load and strain for smectite experiments, and Fig. 8
shows permeability for illite bearing experiments. The highest
permeabilities occurred for pure quartz sand at low stresses,
exceeding the capabilities of our system in some cases.

In general, permeability decreased as a function of decreasing
quartz content and increasing matrix content (e.g., clay and halite).
Fig. 9 shows permeability contours interpolated between a number
of our experiments, prior to and after the application of shear
strain. From 75% to 33% quartz content the permeability decreased
by ~1e2 orders of magnitudewith shear strain. In both the smectite
and illite samples, the lowest permeabilities occur for mixtures of
33/54/12% by mass quartz/clay/halite, closely followed by the 33/
33/33% mixtures. Superimposed on these values are trends of
permeability decrease with load and strain (Fig. 9).

We found that permeability decreased as a function of



Fig. 6. Details of each permeability test from one experiment, p3911 (See Fig. 4). Panel A shows the linear flow rate, q ¼ Q/A, and resultant differential pore pressure for each k test.
With increasing load and shear strain, we decreased q to limit DP, as k tended to decrease with each step. Low flow rates were also used to limit halite dissolution and momentum
transfer effects between fluid and grains. Panel B shows the change in permeability as a function of load (left side) and shear strain (right side), highlighting the tendency for k to
decrease with load and strain.
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increasing normal stress and shear strain (Figs. 6e8). With
increasing normal load from 2 to 6 MPa, all materials experienced a
permeability reduction of 0e1 orders of magnitude. Similarly, the
application of shear strain (from 0 to 2e5 g) caused a permeability
reduction of 0e2 orders of magnitude. At higher strains however
(5e10 g), some samples exhibited permeability increases of up to 1
order of magnitude (Figs. 7e8).

Fig. 10 shows permeability change with load and strain as a
function of quartz content and matrix composition (clay: halite
ratio). With increasing effective stress, the observed drop in
permeability was generally insensitive to quartz content, matrix
composition (clay/halite ranging from 5/95% to 81/19%), and clay
type. With initial shear strain, smectite experiments experienced
Fig. 7. Permeability as a function of load (left side) and strain (right side) across for montm
permeabilities spanned ~2 orders of magnitude, OM. For 100% quartz, p3979, we measured
experiments k decreased 0e1 OM with increasing load. Similarly, k decreased by 0e2 OM wi
At higher strains however, k tended to level out or increase slightly, as was typically the ca
more k reduction than illite (Fig. 10B0 vs. 10B, respectively), and this
k reduction was enhanced by decreasing quartz content. For
example, permeability decreased ~ 1e2 orders of magnitude with
<50% quartz content and only ~0e1 orders of magnitude for higher
quartz contents (Fig. 10B0).

With the progression from low to high strain, permeability
tended to increase. The greatest k increase occurred for mixtures
with high matrix content. Smectite bearing mixtures exhibited the
greatest k increase from low to high strain (Fig. 10C0), perhaps in
response to the large k decrease that occurred with initial strain
(Fig. 10B0).

To study the role of quartz in determining permeability changes,
we compared six experiments with varied quartz content but equal
orillonite experiments. In general, k increased with high quartz content, and baseline
very high k, exceeding the system measurement limit (k ~ 2 � 10�14 m2). Across all

th increasing strain and the reduction was higher for samples with higher clay content.
se for high matrix content experiments at very high strains (g > 8).



Fig. 8. Permeability as a function of load and strain for illite shale experiments. Permeability increased with increasing quartz content, with baseline permeabilities spanning ~2.5
OM. k decreased with increasing load by 0e1 OM. k decreased by 0e2 OM as shear strain increased from 0 to ~3; the effect was greater for the samples with the highest clay content.
k did not change dramatically at higher shear strains, and tended to increase in matrix-rich experiments at higher strains (g > 6).

Fig. 9. Permeability as a function of mixture composition with contours drawn via interpolation between most experiments. Illite clay samples on left panels, smectite clay on right
panels. All data are for 6 MPa effective normal stress. Panels A and A0 show data for strain ¼ 0. Panels B and B0 show data for low strain (see Figs. 7 and 8). Permeability decreased
with increasing clay content. k was lower for samples with halite relative to quartz at constant clay content. Note that permeability does not show systematic differences between
the illite and smectite clay experiments.

B.M. Kaproth et al. / Marine and Petroleum Geology 78 (2016) 222e235228



Fig. 10. Trends of permeability loss as a function of load (A and A0), low strain (B and B0), and high strain (C and C0) for illite and smectite samples, respectively. Colors denote matrix
composition (See Fig. 1). With increased load, k decreased by 0e1 orders of magnitude, with little dependence on clay type (A vs. A0), quartz content, or matrix composition. At low
strain, permeability decreased by 0e2 OM, with the strongest change occurring for clay-rich experiments. At higher strain, k changed little, with the strongest increases occurring
for experiments with the highest final strains (see Table 1) and clay contents. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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parts clay and halite (Fig. 11 inset). Fig. 11B and C highlight k as a
function of quartz content at different loads and strains, respec-
tively. At the highest loads (6 MPa sn0), permeability was lowest for
33% quartz (~5 � 10�17 m2), and highest for 100% quartz
(>2 � 10�14 m2). The fault zone with no quartz exhibited slightly
higher permeability than that with 33% quartz. Across these ex-
periments, k decreased by 0e1 orders of magnitude with increased
quartz content (Fig. 11B).

With shear strain, similar to the affect of load, permeability was
lowest for the mixture with 33% quartz, 33% smectite, and 33%
halite by mass, and generally increased with quartz content
(Fig. 11C). As identified previously, the lowest permeabilities for
most of these mixtures occurred after initial shear strain (2e4 g),
followed by slight k increase with further strain (Fig. 11C).

As with permeability, fault friction is strongly dependent on
quartz content. Fault layers dominated by quartz, >57%, exhibit
similar frictional strengths, at or above 0.6 coefficient of friction
(m ¼ t/sn0) (Fig. 11A). With higher matrix content (�33% quartz),
friction never exceeded 0.6 and the fault gouge continuously
weakens with strain following an initial peak. Weakening behav-
iors such as these indicate matrix-dominated sliding, perhaps with
fabric formation and clay-particle alignment (Rutter et al., 1986;
Logan et al., 1992; Haines et al., 2013).

We used microstructural images to document the evolution of
shear fabric with shear strain (Figs. 12e14). Samples were collected
for thin sections following the final permeability test, and thus
these images document the highest strains attained. Halite parti-
cles appear as bright-white, quartz particles are large and gray, and
the graymatrix is smectite clay (Fig.12). For high quartz content the
shear zones are framework grain supported (Fig. 12AeC), but they
are matrix supported for lower quartz content (Fig. 12DeE). Fabric
generation appears to occur primarily in the matrix-supported
gouges. Fig. 13 shows higher magnification views of the micro-
graphs from Fig. 12. Experiments with higher quartz contents do
not develop a strong matrix fabric (Fig. 13AeC, C0), but fabric is well
developed with high matrix content (Fig. 13DeE). Most pore space,
especially along quartz grain boundaries, is open as a result of
smectite dehydration and densification following each experiment.
However, some of this pore space was likely openwhile the sample
was hydrated and intact. In many of these experiment (e.g., p3976)
halite grains appear to be in brittle contact with other halite or
quartz grains. This allows for accumulation of clay particles be-
tween halite grains, potentially leaving pore-space between quartz
grains. Halite pressure solution welding is evident throughout
these micrographs and in some cases the halite appears to flow
with the clay fabric (Fig. 13). For smectite dominated layers, we
observe that halite welds with other grains and is in brittle contact
with some quartz grains (Fig. 14). In these cases, P-shears devel-
oped throughout the layer and halite grains are seen flowing within
the clay fabric (Fig. 14).

We conducted permeability tests after the sample had com-
pacted. As such, halite may have acted as a matrix material during
these tests, infilling pore space via pressure solution. In some cases,
halite grains mix with clay particles to form localized shear zones.
Micrographs also indicate halite grains in stress shadows of clast
networks and force chains (Fig. 13). This indicates that halite is not
simply a ‘matrix’ material that flows to fill pore space, but rather it
can remain in stress shadows and deform brittlely, both of which



Fig. 11. Fault properties as a function of quartz content, with constant clay to halite
ratio (see inset to panel A). Sample strength evolves from low to high as quartz content
increases (A). In particular, matrix dominated materials weaken dramatically with
shear strain, likely resulting from fabric development (Haines et al., 2013), and quartz
dominated materials maintain friction values above 0.6. Quartz dominated materials
with some matrix exhibit more healing, likely resulting from the halite content, and
generally higher stresses, resulting from pore-space infilling (Kaproth et al., 2010).
Panels B and C show the permeability evolution with quartz content during these
experiments as a function of load and strain, respectively. In general, increased quartz
content results in increased k, with an apparently smooth trend from 100% to 33%
quartz. Permeability appears to increase slightly from 33% to 0% quartz. Experiment
p3976 is slightly off trend with the other experiments, but after small strain comes into
line with other experiments, indicating the effects of shear fabric development during
the run-in period.
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tend to result in higher pore space than suggested by some previ-
ous models (e.g., Revil et al., 2002).
4. Discussion

We find that permeability and frictional strength are strongly
sensitive to clay content and shear strain. Faults with small con-
centrations of clay have dramatically lower k values than those that
do not (Fig. 11). Overall our permeability values range from a
minimum of 5 � 10�19 m2 to the upper bound that we can measure
accurately, which is 2 � 10�14 m2. This included a range of strains
and loads for quartz/clay/halite end-member mixtures of 100/0/0%,
33/54/12%, and 5/5/90%, respectively. These values are consistent
with previously reported values for pure quartz, illite,
montmorillonite-smectite, halite, and mixed granular materials
(Peach and Spiers, 1996; Zhang and Tullis, 1998; Crawford et al.,
2008; Ikari et al., 2009a; Niemeijer et al., 2008, 2010). For
example, Ikari et al., 2009a,b reported 2 � 10�16 m2 permeability
for a 50% quartz, 50% montmorillonite mixture (sn0 ¼ 12 MPa),
compared to our value of 8 � 10�17 m2 for a similar mixture.

With increased effective stress from 2 to 6 MPa, we observe up
to 1 order of magnitude permeability reduction across all of our
materials (Figs. 7, 8 and 10). Previous studies show similar magni-
tudes of k reduction, especially at such low normal loads, where
anelastic compaction is dominant (Faulkner and Rutter, 2003;
Crawford et al., 2008; Ikari et al., 2009a).

With shear, fault permeability decreased by up to 2 orders of
magnitude and tended to be enhanced in clay-rich materials
(Figs. 7, 8, 10 and 11). These changes are in general agreement with
previous laboratory works on synthetic fault zones (Zhang and
Tullis, 1998; Crawford et al., 2008; Ikari et al., 2009a). Shear
driven compaction, fabric formation, and abrasional mixing all tend
to assist k reduction with fault development (Faulkner et al., 2010).
Abrasional mixing is especially important in nature because it al-
lows commingling of different wall rock materials, mixing clay in
with clasts. Similar processes likely occur during our experiments,
helping to mix the gouge and modify the shear fabric (e.g., Rathbun
and Marone, 2010). These processes are likely the cause of what we
see for experiment p3976, which deviates from other runs with
load but falls on trend following shear (Fig. 11).

Shear fabric formation is particularly evident as a function of
shear strain for the clay rich fault zones (Figs. 12e14). Friction
values for higher quartz content fault zones indicate frictional
sliding amongst clasts. In particular, frictional sliding with only 57%
quartz indicates that halite is participating in clast-type deforma-
tion during shear, as brittle deformation of halite may be operative
at these load (6 MPa sn

0) and strain-rate (10 mm/s) conditions
(Shimamoto, 1986). The highest frictional strengths occur with
some matrix content (e.g., 57e75% quartz), indicating that material
in the pore space can obstruct efficient frictional deformation
(Kaproth et al., 2010). Peak stress values following holds are likely
large resulting from frictional healing via pressure solution of halite
(e.g., Marone, 1998; Bos et al., 2000b; Niemeijer et al., 2008, 2010;
Carpenter et al., 2016). These peaks may also indicate that the
framework clasts are in direct contact with one another, since clay
veneer tends to limit fault healing (Dewers and Ortoleva, 1991; Bos
et al., 2000a).

Halite appears to have multiple roles in affecting the perme-
ability and mechanical properties of the fault zones. It deforms via
ductile deformation and pressure-solution (e.g., Bos et al., 2000b)
and also via cracking and other brittle mechanisms. Halite grains
appear to participate in force chains (e.g., Fig. 13C0) that carry stress
in clast-supported materials during shear (Daniels and Hayman,
2008), suggesting brittle failure. However, halite also shows char-
acteristics of ductile flow, as indicated by grain textures and
boundary welding, which is presumably a result of pressure solu-
tion (e.g., Fig. 13E) (Rutter, 1983; Bos et al., 2000b; Niemeijer et al.,
2008).

Throughout our experiments halite particles show characteris-
tics of both brittle and ductile deformation. Some halite grains
appear to participate in force chains, which carry stress in a clast-
supported gouge (e.g., Daniels and Hayman, 2008) and show
some evidence of grain cracking. However, halite grains also show
evidence of ductile deformation, such as bending around quartz
and halite clasts, and pressure solution. In particular, Fig. 14 shows
halite grains welded to quartz particles and clay fabric, evidence for
pressure solution (e.g., Bos et al., 2000b). We suspect that some
halite grains deform brittlely during shear, resulting in clast sup-
ported frictional behavior with low quartz concentrations (e.g., 33%
quartz; Fig. 11). However, ductile deformation and pressure solu-
tion likely dominate halite deformation during holds. Similar
ductile processes may occur for halite grains sitting in stress
shadows during shear.



Fig. 12. SEM micrographs from five experiments with varied quartz content and constant halite to clay ratio (e.g., Fig. 11). Each of these thin sections was made following the final
permeability test, and are thus at high strain (Table 1). Halite particles are bright-white, quartz particles are large and gray, and the gray matrix is smectite clay (individual particles
are not visible, at <1 mm diameter). At high quartz content the faults are framework grain supported (AeC), but are matrix supported at lower quartz content (DeE). Fabric
generation appears to only occur in the matrix-supported gouges. Although salt acts as matrix during holds, during shear it appears to be load-bearing, acting as part of the grain-
framework skeleton. In particular, p3910 shows halite grains apparently within force chains with quartz grains. Since these thin sections were made following the final hold, salt
grains show strong evidence plastic and pressure solution behavior, which are highlighted in Fig. 13.
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Although halite acts as matrix during permeability tests, it ap-
pears that relicts of shear-driven brittle deformation are main-
tained during holds and k tests. The parametric analysis (Fig. 11)
indicates that k was lowest for the mixture with 33% quartz, 33%
halite, and 33% smectite by mass, or 28% quartz and 72% matrix by
volume, whereas previous models suggest that k should be lowest
with 25e40 vol % matrix (Revil et al., 2002; Crawford et al., 2008).
Additionally, SEMmicrographs show halite grains involved in force
chains (Fig. 13). These observations indicate that halite does not
simply participate as matrix. This suggests that minimum porosity
and perhaps minimum k occurs with some higher clay content,
making up for the non-ideal distribution of halite grains.
In experiments with small amounts of quartz (e.g., p3909), the

material behaves as if it were matrix dominated regardless of halite
content. Fig. 13D shows that p3909 develops fabric within the
matrix, with clay and halite aligning in the P orientation. This
material also weakened significantly during shear (Fig. 11A), high-
lighting the role of shear fabric generation. In this case, fluid flow is
primarily through the matrix where it is partially retarded by
impermeable quartz grains. We suspect that kmight be lower with
a slightly higher clast concentration, at the threshold between a
matrix and clast supported gouge (Revil et al., 2002). Additionally,



Fig. 13. Higher magnification SEM micrographs from Fig. 12. High quartz experiments do not develop a strong matrix fabric (A-C, C0), but fabric is well developed with high matrix
content (DeE). Most pore space, especially along quartz grain boundaries, is open as a result of smectite dehydration and densification following each experiment. However some of
this pore space was likely open while the sample was hydrated and intact. In many of these experiment (e.g., p3976) halite grains appear to be in brittle contact with other halite or
quartz grains, indicated by B. This allows for accumulation of clay particles between halite grains, potentially leaving pore-space between quartz grains, indicated by f. Halite
welding (via pressure solution) is evident throughout these micrographs, annotated asW, and in some cases the halite appears to flow with the clay fabric, noted as P. Panels C and F
highlight sister experiments with similar mixture ratios, but contain smectite (montmorillonite) clay and illite shale, respectively. These mixtures are similar, but the matrix appears
more granular with illite than smectite, owing to the contrast in particle size and some quartz content of the illite shale.
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we expect that for a given concentration of clay k will be prefer-
entially lower with halite over quartz because halite can infill some
neighboring pore space via pressure solution (Dewers and Ortoleva,
1991; Niemeijer et al., 2008) and ductile deformation. This may be
especially true during times of low shear strain, when halite can
flow to occupy porosity between quartz grains and clay fabric. The
effect of pressure solution may also be enhanced during holds by
the presence of clay particles, which tends to increase diffusion
rates (Dewers and Ortoleva, 1991; Renard et al., 2001).

4.1. Application in reservoir settings and implications for faults

While the type of mixed-mode deformation that occurs in our
laboratory samples may be relevant for faults that slip seismically
or for faults with low sn
0 (Shimamoto, 1986; Davison, 2009), the

application of these data to faults in reservoir rocks is less clear.
Several factors may promote aseismic fault creep, such as slower
loading rates, higher effective stresses, or higher temperatures.
Under these conditions halite may accommodate fault slip domi-
nantly via ductile deformation and pressure solution. Without
brittle deformation, halite would behave as a matrix material and,
based on previous work, minimum porosity should occur from 60
to 75 vol % quartz (Revil et al., 2002). In this case permeability
would likely be lowest for near-pure mixtures of halite and clay,
since these mixtures develop mylonitic fabric (Bos et al., 2000a)
and halite grains are nearly impermeable (Peach and Spiers, 1996).

In our matrix supported fault zone materials, non-mylonitic
fabric is generated within the matrix material, which may have



Fig. 14. SEM micrograph from smectite dominated experiment, p3821 (54% smectite,
33% quartz, 12% halite). Like the other experiments, halite welds with other grains (W)
and is in brittle contact with some quartz grains (B). P-shears developed throughout
this material, typical of clay-rich materials. Additionally, halite grains flow with and
weld to the clay fabric, and apparently do not locally disrupt the clay fabric, unlike
quartz grains.
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implications for fault permeability decrease at low strain and in-
crease at higher strains. Fabric generation appears to be enhanced
with greater clay content (Fig. 13D vs. Fig. 13B), and generally aligns
clay particles into the P-orientation or the fault parallel Y or B
orientation (e.g., Haines et al., 2013). Fault parallel clays may retard
across-fault flow, the direction tested here, perhaps reducing
permeability by an order of magnitude in that direction (Faulkner
et al., 2010). With greater shear however, macro-fabric features
(e.g., Riedel, P, and Y shears) are developed (Fig. 14) (Logan et al.,
1992; Haines et al., 2009, 2013), and fluid flow may be enhanced
along these features (Arch and Maltman, 1990; Zhang and Tullis,
1998; Zhang et al., 1999). This may be especially true along high
angle P-shears, which readily develop in high clay content experi-
ments (Fig. 14). Thus k may increase in clay rich fault gouge from
low to high strain (Fig. 10), similar to observations by Crawford
et al., (2008). Previous studies at higher loads show continued k
decrease with strain, likely owing to the effects of comminution
and compaction (Ikari et al., 2009a; Faulkner et al., 2010), which
was limited in our low-stress, quartz-rich system (e.g., note the
intact grains visible after shear in Fig. 13). Finally, we note that our
experiments, with halite saturated brine, apply to faults in halite
bearing units where fluid flow rates are slow compared to the rate
of dissolution. Moreover, the observation that permeability re-
sponses are similar between the illite and smectite bearing lithol-
ogies suggests that halite may prevent swelling of the smectite
grains.

5. Conclusions

Our experiments were designed to investigate the permeability
evolution of marine sediment faults with intermixed halite and
clay. We found that fault permeability has strong dependence on
clay content, reducing k by up to two orders of magnitude under
otherwise identical conditions. For permeability we found that
halite and quartz are generally interchangeable, with slightly
enhanced k reduction with halite resulting from enhanced
compaction during holds. We studied loading conditions analogous
to those of the seismic cycle, with periods of relatively fast slip
followed by periods of quiescence. Halite grains show evidence for
both brittle and ductile deformation, behaving brittlely during
shear and ductily during hold periods. We found that halite cannot
be consideredmatrix whenmakingminimum porosity estimates of
a mixture; minimum porosity will occur instead with a greater
proportion of fine particles.

For all compositions of marine sediment faults tested here we
found that permeability was greatly reduced with small shear
strain (g < 5), up to two orders of magnitude. Greater strain had
limited effect on permeability, and occasionally enhanced perme-
ability, presumably due to disruption of flow retarding shear fabric.
Similarly, we found that fault permeability decreased by<1 order of
magnitude with increased load (<6 MPa sn

0). These results are in
general agreement with previous works showing the permeability
effect of compaction with load and abrasional mixing and clay
smearing with shear (Zhang and Tullis, 1998; Faulkner and Rutter,
2001, 2003; Crawford et al., 2008; Ikari et al., 2009a). Our results
indicate that permeability of faults in marine sediment is dictated
strongly by clay content, and that the most dramatic permeability
changes occur with relatively small fault throw. These findings
suggest that minor faults, which may be difficult to detect in
seismic data, may have dramatic implications for reservoir
characterization.
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