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Abstract Faults in sedimentary rocks can act as fluid
pathways or barriers to flow and display a range of
deformation styles. These features can be explained by
behaviours observed in deformation experiments on sedi-
mentary rocks that reveal a transition from dilatant brittle
faulting and permeability enhancement to cataclasis and
permeability reduction, with increasing porosity, grain size
and confining pressure. This transition implies that faults in
sedimentary rocks are unlikely to act as fluid pathways
shallower than ~3 km, unless the sediments have undergone
early cementation, or have been exposed following burial
and uplift. This has important implications for many
geological processes, including fluid circulation in geo-
thermal systems, formation of sediment-hosted mineral
deposits and earthquakes in subduction zones. Stratiform
Zn—Pb deposits that have been interpreted as syngenetic,
seafloor deposits could instead be interpreted as early
epigenetic deposits representing the depth at which faults
change from fluid pathways to barriers.
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Introduction

Faults are considered in the ore geology community to
represent by far the most important fluid flow pathways in
hydrothermal systems (e.g. Lindgren 1933; Cox et al. 2001;
Sibson 2001). The relevance of permeable faults for
hydrothermal mineralisation lies in their ability to focus
fluid flow, which is essential for the development of
economic concentrations of ore minerals (e.g. Sibson et
al. 1988; Cox et al. 2001; Sibson 2001; Zhao et al. 2006).
Evidence for fluid flow along faults is recorded by the
precipitation of vein material and the development of
alteration around faults. In contrast, it is known that faults
in hydrocarbon reservoirs and other porous rocks can act
either as fluid pathways or as barriers to flow (e.g. Knipe
1992; 1993; Aydin 2000; Fisher and Knipe 2001). Faults
may act as barriers to flow by juxtaposing relatively
impermeable rock against reservoir rock, by formation of
clay smears due to entrainment of clay minerals from the
wall rocks or by formation of fault rock with permeability
that is lower than that of the host rock. Low permeability
fault rocks are formed by cataclasis, compaction, pressure
solution and cementation. This type of fault can act as a
barrier to flow within a hydrocarbon reservoir, resulting in
compartmentalisation of fluids and impeding hydrocarbon
recovery (e.g. Antonellini and Aydin 1994; Fisher and
Knipe 1998).

The reason for the dichotomy of views on fault
permeability between the ore geology community and the
petroleum geology community lies in the differing mechan-
ical behaviour of rocks that host hydrothermal ore deposits
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and those that act as reservoirs for hydrocarbons. For
example, orogenic gold deposits are hosted in intensely
deformed and metamorphosed rocks (e.g. Groves et al.
1998) with very low porosity, in which faults form by
linking and re-activation of discrete fractures (e.g. Scholz
2002; Lockner 1995). Conversely, hydrocarbons typically
accumulate in high porosity sedimentary rocks, such as
sandstones, in which faulting typically begins with the
formation of deformation bands rather than discrete
fractures (e.g. Antonellini and Aydin 1994; Fossen et al.
2007). Most research on fault permeability in porous rocks
has been driven by the hydrocarbon industry, focussing in
particular on faults in sandstones as these are some of the
most important reservoir rocks. However, the permeability
of faults in porous rocks has relevance beyond the sphere of
petroleum geology and reservoir engineering. In this paper,
we review some of the literature on fault permeability and
deformation mechanisms in porous rocks and consider
implications for processes outside the realm of petroleum
geology, including fluid circulation in geothermal systems,
formation of sediment-hosted mineral deposits and the
depth of earthquakes in subduction zones.

Terminology

We define a fault as a tabular region of rock that
accommodates shear displacement between the blocks
either side of it. A fault may include deformation bands,
slip surfaces and fault rock (e.g. cataclasite or fault gouge).
Faults represent locations of strain localisation.

We restrict our attention to faults in the upper crust,
above the brittle—ductile transition. However, brittle defor-
mation mechanisms can give rise to macroscopically ductile
behaviour (Wong et al. 1997; Paterson and Wong 2005).
We use the term ‘ductile’ to refer to macroscopic behaviour
associated with cataclastic flow. Cataclastic flow in the
upper crust is associated with compaction and permeability
reduction, whereas ductile deformation in the mid to lower
crust tends to be dilatant (Wong et al. 1997; Zhu and Wong
1997). Thus, ductile shear zones in the mid to lower crust
may act as fluid pathways, while ductile deformation in the
upper crust tends to inhibit fluid flow. Dilatant ductile shear
zones are not considered in this paper.

The terms dilation and compaction are used here to
describe changes in porosity due to deformation. Dilation
and compaction can arise from both elastic (reversible) and
inelastic (irreversible) deformation. Reversible deformation
of porous rocks is sometimes described as poroelastic
behaviour.

Variations in deformation style with porosity are a key
focus of this paper. Many processes influence porosity,
including gravitational compaction (which may be revers-
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ible or irreversible), cementation and generation of second-
ary porosity by dissolution. We assume that the effect of
porosity on deformation is the same regardless of the
process(es) that have influenced porosity in a given rock.
This is likely to be an oversimplification, but it suffices for
the purpose of the present discussion.

Fault zone characteristics

The literature on fault architecture and permeability is
voluminous. Here, we present a brief overview in order to
emphasise the key features of and differences between
faults in low porosity and high porosity rocks.

Faults in low porosity rocks typically comprise a narrow
core of fault gouge or cataclasite, which accommodates
most of the slip on the fault, surrounded by a wider damage
zone containing minor faults, fractures and folds (e.g. Caine
et al. 1996). Caine et al. (1996) estimated the permeability
of the damage zone in the Dixie Valley fault zone to be two
to three orders of magnitude greater than that of the
unfractured host rock, while the fault core was estimated
to have permeability two to three orders of magnitude
smaller than the host rock. These estimates are consistent
with laboratory measurements of permeability in samples
from the protolith, core and damage zone of a fault zone in
granitic rock (Evans et al. 1997) and with numerical
simulations of fluid flow through fracture networks (Caine
and Forster 1999). More extreme permeability contrasts
between the damage zone, core and host rock have been
suggested on the basis of large-scale permeability estimates
derived from borehole measurements (e.g. Barton et al.
1997). The fault core may have relatively high permeability
immediately following a fault slip event; this was illustrated
by permeability measurements on samples taken from the
Nojima Fault shortly after a major slip event, which
indicated fault core permeabilities significantly higher than
that of the intact host rock, but still two to three orders of
magnitude lower than in the damage zone (Lockner et al.
2000). However, the core tends to become sealed relatively
rapidly by compaction, pressure solution and cementation,
while the fracture network in the damage zone remains
permeable over a longer period of time (Renard et al. 2000;
Gratier et al. 2003). The contrast in permeability between
damage zone and core results in the fault zone being
anisotropic with respect to fluid flow, acting as a conduit
for focussed fluid flow in the plane of the fault, but tending
to inhibit flow across the fault unless the fault core is very
thin or discontinuous (Caine et al. 1996; Lockner et al.
2000).

Faults in porous rocks and sediments typically comprise
a zone of sheared deformation bands, sometimes cut or
bounded by a discrete slip surface (Aydin 1978; Aydin and
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Johnson 1978, 1983; Antonellini and Aydin 1994; Shipton
and Cowie 2001; Fossen et al. 2007). Deformation bands
are narrow tabular zones of grain re-organisation, formed
by a combination of grain fracturing (cataclasis), rotation
and sliding. Individual deformation bands accommodate
only a few millimetres or centimetres of shear displace-
ment, while discrete slip surfaces can accommodate much
larger displacements (Aydin and Johnson 1983; Shipton
and Cowie 2001). The formation of slip surfaces has been
attributed to a mechanical instability that arises as a
consequence of strain hardening associated with the
formation of deformation bands (Aydin and Johnson
1983; Shipton and Cowie 2001). Slip surfaces may act as
transient fluid pathways (Antonellini and Aydin 1994;
Shipton and Cowie 2001), but it may be difficult for fluids
to access these pathways due to the low permeability of
rocks either side of them. Deformation bands range from
minor disaggregation zones, which have similar porosity,
permeability and grain size to the host rock and thus have
minimal impact on fluid flow, to cataclastic shear bands
with permeabilities several orders of magnitude lower than
that of the host rock, which act as barriers to fluid flow
(Antonellini and Aydin 1994; Fossen et al. 2007; Fisher and
Knipe 2001). Cataclasis results in permeability reduction by
reducing porosity and grain size and by increasing the
surface area of fresh quartz which promotes cementation
(Fisher and Knipe 1998). Deformation bands in impure
sandstones tend to have lower permeability than those in
pure quartz sandstones, due to various effects of clay
minerals (Fisher and Knipe 1998, 2001). The capacity of
deformation bands to act as barriers to flow is illustrated by
faults in oilfields which separate oil-saturated rock from oil-
free rock (e.g. Antonellini et al. 1999) and by colour
changes across deformation bands in the Aztec Sandstone
indicating that these structures acted barriers to fluid flow
during diagenesis (Eichhubl et al. 2004).

Faults in poorly lithified sediments are similar to those in
high porosity rocks, comprising deformation bands and, in
some cases, discrete slip surfaces (Heynekamp et al. 1999;
Rawling et al. 2001). Sigda et al. (1999) showed that
deformation bands in poorly lithified sediments of the Rio
Grande Rift can reduce fault-normal permeability by up to
three orders of magnitude relative to the undeformed
sediment, even at low displacements. Heynekamp et al.
(1999) studied a growth fault in poorly lithified sediments
in the Rio Grande rift and noted that the fault is represented
by a relatively wide zone of deformation bands where it
passes through sand-rich layers and by discrete slip surfaces
in clay-rich layers. This change in fault zone thickness was
attributed to strain hardening associated with the formation
of deformation bands in the sandy layers, contrasting with
strain softening associated with alignment of clay minerals
along discrete slip surfaces in the clay-rich layers. Thus,

deformation is more localised in the clay-rich layers, but
spreads out in the sandy layers.

While deformation bands are the most common strain
localisation feature in porous rocks and sediments (Fossen
et al. 2007), discrete fractures have also been observed in
porous sandstones and carbonates, both in the field and in
core from hydrocarbon reservoirs. Some authors describe
these features as joints or sheared joints, implying that they
initiated as mode I cracks with subsequent re-activation in
shear (e.g. Flodin and Aydin 2004; Davatzes et al. 2003,
2005; Myers and Aydin 2004). Faults that form by this
mechanism comprise a fracture network that is superficially
similar to the damage zone of faults in low porosity rocks,
with similar consequences for permeability and fluid flow.
However, permeability enhancement is likely to be less
extreme than in low porosity rocks because the host rock
already has relatively high permeability. For example,
Jourde et al. (2002) estimated permeability enhancement
of just one order of magnitude based on detailed field
mapping and numerical simulations of fluid flow through
fracture networks in the Aztec Sandstone. Similarly,
Micarelli et al. (2006) found that permeability was
enhanced only two to three times in the fracture network
of a fault in high-porosity carbonate rock.

It is not uncommon to find both deformation bands and
fractures/sheared joints within a single outcrop and even
within the same fault zone. This phenomenon has been
attributed to spatial and temporal variations in the loading
regime and porosity. For example, the Rotliegendes reservoir
of the North Sea contains cataclastic shear bands associated
with early extension, which are overprinted by cemented
fractures that formed during basin inversion (Fisher and
Knipe 2001). The fractures formed after maximum burial
and lithification of the host rock, suggesting a change in
deformation mechanism due to porosity reduction. Deforma-
tion bands in the Aztec Sandstone, NV have been related to a
regional thrusting event and are cross-cut by sheared joint
faults associated with a switch to strike-slip tectonics
(Eichhubl et al. 2004; Flodin and Aydin 2004; Myers and
Aydin 2004). Davatzes et al. (2003) suggested that the switch
from deformation bands to joints/fractures that is observed in
the Chimney Rock fault array, UT could correspond to the
onset of exhumation, but might also be related to a change in
rheology due to cementation. Davatzes et al. (2005) described
joints and sheared joints in dilatant relays along the Moab
fault, which is otherwise characterised by deformation bands.
The joints overprint earlier deformation bands, and it was
suggested that the switch in deformation mechanism could
be related to strain hardening associated with the deforma-
tion bands. Furthermore, they noted that the density of
deformation bands increases in contractional bends or relays,
providing further evidence for the dependence of deforma-
tion mechanism on mean stress.
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Deformation experiments and constitutive models

In this section, we review results of laboratory deformation
experiments on rocks of varying porosity and consider how
these results can be used to explain the varying deformation
styles displayed by natural fault zones. The small sample
size and relatively high strain rates employed in laboratory
deformation experiments may result in behaviour that is
different from that which occurs naturally in the Earth’s
crust. Caution is therefore required in drawing analogies
between metre- to decimetre-scale structures observed in
the field and millimetre- to centimetre-scale features
observed in laboratory experiments. Nonetheless, laborato-
ry experiments reveal behaviours that are consistent with
field observations, which may help us to understand the
controls on deformation mechanisms and fault styles in
natural environments.

Triaxial and hydrostatic compression tests on sandstones
of varying porosity reveal a transition in failure mode from
dilatant brittle faulting, to sheared compaction bands, to
distributed shear-enhanced compaction (cataclastic flow)
with increasing effective pressure (Zhang et al. 1990; Wong
et al. 1997; Zhu and Wong 1997; Cuss et al. 2003; Baud et
al. 2006). This transition takes place at higher effective
pressure with decreasing porosity and grain size (Wong et
al. 1997; Fisher et al. 2003) and has been described as the
‘low temperature brittle—ductile transition’ (e.g. Rutter and
Hadizadeh 1991). Note that the term ‘ductile’ in this
context refers to the macroscopic behaviour; the underlying
deformation mechanism (cataclasis) is brittle. Permeability
measurements on experimentally deformed samples indi-
cate that cataclasis always results in permeability reduction,
whereas dilatant brittle failure results in permeability
enhancement if the porosity of the host rock is low
(<15%), but destroys permeability if the host rock porosity
is high (Zhu and Wong 1997; Wong and Zhu 1999; David
et al. 2001). Hence, permeability enhancement is possible
only in the dilatant brittle faulting regime and then only if
the host rock porosity is low.

The yield stresses for dilatant brittle failure, compaction
bands and cataclastic flow map out a capped yield envelope
in P, Q space (Fig. la; Wong et al. 1997; Cuss et al. 2003;
Sheldon et al. 2006), where P is effective pressure and Q is
the second invariant of the deviatoric stress (equivalent to
differential stress in a standard ‘triaxial’ test). The yield
envelope intersects the P-axis at P=0 and P=P*, where P*
is the effective pressure at the onset of irreversible porosity
reduction due to cataclasis during hydrostatic (isotropic)
loading. Hydrostatic compression tests on sandstones with a
range of porosities and grain sizes show that P* increases
with decreasing porosity and grain size (Zhang et al. 1990);
in other words, a coarse-grained high porosity rock begins
to undergo irreversible compaction at lower effective
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pressure than a fine-grained low porosity rock. The
relationship between porosity, grain size and P* is
approximated by:

log P* = —1.11log(¢r) + 3.5 (1)

where P* is in megapascal, ¢ is porosity and r is grain
radius in micrometre (Fisher et al. 2003). Hence, the size of
the yield envelope increases with decreasing porosity and
grain size (Fig. 1b).

Similar variations in deformation style with porosity and
effective pressure are observed in shales (e.g. Graham et al.
1983; Steiger and Leung 1991) and in porous carbonate
rocks (Elliott and Brown 1985; Baud et al. 2000; Vajdova et
al. 2004), although the deformation mechanism in carbo-
nates may be different from that in sandstones due to the
onset of crystal plasticity at relatively low temperature in
carbonates.

Following initial yield, sandstones deforming in the
dilatant brittle regime tend to undergo strain softening,
while deformation in the transitional or ductile regimes
results in strain hardening (Cuss et al. 2003; Baud et al.
2006; Wong et al. 1997; Sheldon et al. 2006). This
behaviour is consistent with the aforementioned relation-
ship between porosity and P* (Eq. 1); that is, dilation
(porosity increase) leads to strain softening, represented by
a decrease in P* and corresponding decrease in size of the
yield envelope, while compaction (porosity decrease asso-
ciated with cataclasis) leads to strain hardening, represented
by an increase in P* and expansion of the yield envelope.
Such behaviour is encapsulated in the concepts of critical
state soil mechanics, a theory which was developed to
describe the deformation behaviour of soils, but which can
also be applied to porous rocks (e.g. Cuss et al. 2003;
Sheldon et al. 2006). Sheldon et al. (2006) used the results
of deformation experiments to define a relatively simple
critical state constitutive model (based on the Modified
Cam Clay model; Roscoe and Burland 1968) for porous
sandstones, which can be used to simulate the behaviour of
porous sandstones under a range of loading regimes. This
constitutive model is characterised by an asymmetric
elliptical yield envelope in P, Q space, with the size of the
yield envelope being determined by P* (Eq. 1). The peak of
the yield envelope occurs at P/P*=q, where « is ~0.45 in
porous sandstones (Fig. 1a; Sheldon et al. 2006; Cuss et al.
2003). The model predicts a transition from localised
dilatant brittle failure on the left-hand side of the yield
envelope (P/P*<q) to distributed shear-enhanced compac-
tion (‘ductile’ yield) on the right-hand side of the yield
envelope (P/P*>a). These behaviours are associated with
strain softening and strain hardening, respectively. Strain
hardening inhibits localisation in this constitutive model;
hence, it does not predict the formation of sheared
compaction bands in the transitional regime. Other authors
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Fig. 1 Yield envelope for porous sandstones. a Yield envelope in P, Q
space and yield data for Berea sandstone (Wong et al. 1997). b The
size of the yield envelope depends on P*, which decreases with
increasing porosity and grain size. Hence, sandstones of different
porosity and grain size have yield envelopes of different size and the
yield envelope expands/contracts due to changes in porosity during
deformation (strain hardening/softening). ¢ Effect of different loading
paths in P, Q space. Two yield envelopes represent sandstones of
different porosity and/or grain size. Path I represents compression,
Path 2 represents an increase in fluid pressure and Path 3 represents
extension. d Same loading paths as in ¢ represented in P/P*, Q/P*
space. Points 4, B, C, D correspond to points in ¢. Dashed arrows
above yield envelope represent migration of the stress state towards
the peak of the yield envelope following initial yield

have proposed more complicated constitutive models which
are capable of predicting sheared compaction bands in the
transitional regime (e.g. Issen 2002; Ricard and Bercovici
2003; Challa and Issen 2004; Schultz and Siddharthan
2005; Baud et al. 2006). Despite this limitation, the model
of Sheldon et al. (2006) predicts a range of behaviours that
provide insight into faulting mechanisms of porous rocks.

The predictions of this constitutive model concerning the
effects of porosity and loading regime on deformation style
are illustrated in Fig. lc, d. Two yield envelopes are shown
in Fig. lc; the larger envelope corresponds to a rock of
lower porosity and/or smaller grain size than the smaller
envelope. Fig. 1d shows the yield envelopes normalised to
P*. Three loading paths are shown. Path 1 represents
compression (e.g. a typical ‘triaxial’ compression experi-
ment), with both P and Q increasing. This loading path
reaches the smaller yield envelope in the ductile regime
(point A; P/P*>q); the rock would undergo cataclasis and
shear-enhanced compaction, resulting in strain hardening
and expansion of the yield envelope. The same loading path
reaches the larger yield envelope in the dilatant brittle
regime (point B; P/P*<q); in this case, the rock would
dilate, resulting in strain softening and shrinking of the yield
envelope. In both cases, the stress state moves towards the
peak of the yield envelope (P/P*=q; Fig. 1d). As the stress
state approaches the peak, it takes only a small change in
the loading path to move from the ductile regime to the
brittle regime, or vice versa. This could explain the
observation of deformation bands being overprinted by
fractures or sheared joints in dilatant relays along the Moab
fault (Davatzes et al 2005) and other cases where a switch
from deformation bands to fractures/joints is inferred to
correspond to a switch in tectonic regime (Davatzes et al.
2003; Eichhubl et al. 2004; Flodin and Aydin 2004; Myers
and Aydin 2004). Strain hardening associated with earlier
deformation bands and/or with increasing cementation
during burial (e.g. Fisher and Knipe 2001) would facilitate
the switch from cataclasis to dilatant brittle faulting.

Path 2 in Fig. 1c, d shows a decrease in P at constant Q,
which could represent the effect of increasing fluid
pressure. This is another mechanism which would cause a
switch from cataclasis to dilatant brittle faulting.

Path 3 (Fig. lc, d) represents extensional loading (P
decreases as Q increases). This loading path intersects the
smaller yield envelope in the ductile regime (point C) and
the larger envelope in the brittle regime (point D). As with
path 1, the stress state will move towards the peak of the
yield envelope as the rock undergoes strain hardening or
strain softening. It is important to note that while the
constitutive model can make predictions about the behav-
iour of rocks undergoing extensional loading, this behav-
iour has not (to our knowledge) been demonstrated in
experiments due to the difficulties with imposing exten-
sional loading paths in the laboratory. However, the
predictions of the model seem consistent with field
observations; in particular, the observation of a switch from
deformation bands to discrete fractures or joints
corresponding with a switch from thrust to strike-slip
kinematics, or with the onset of exhumation, is consistent
with the constitutive model.
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Modelling deformation of porous sandstones

Sheldon et al. (2006) incorporated their constitutive model
into a finite difference code (FLAC3D; Itasca Consulting
Group 2002), which can be used to simulate deformation
and fluid flow in porous sandstones under any loading
regime. In this code, deformation is coupled with fluid flow
through the influence of fluid pressure on effective stress,
the effect of dilation/compaction on fluid pressure and the
effect of deformation on permeability. Fluid flow is
governed by Darcy’s law, such that the fluid flux is
governed by permeability and by the direction and
magnitude of the fluid pressure gradient. Permeability
evolves with deformation in accordance with the experi-
mental observations of Zhu and Wong (1997) and David et
al. (2001). Full details can be found in Sheldon et al.
(2006).

Critical depth for permeability enhancement

We have seen in the previous section that deformation style
depends on the value of P/P* at the point where the loading
path intersects the yield envelope. Hence, we might expect
a variation in deformation style with depth in a given
lithology and given loading regime, because P generally
increases with depth and porosity generally decreases with
depth (and hence P* increases, see Eq. 1; Scott and Nielson
1991; Fisher et al. 2003; Sheldon et al. 2006). The rate of
porosity reduction with depth depends on the rates of
compaction and cementation, which in turn depend on
deposition rate, geothermal gradient and grain size
(Walderhaug 1996). Figure 2a shows porosity—depth curves
for varying grain sizes, geothermal gradients and deposition
rates, assuming that porosity reduction is due to
temperature-dependent quartz cementation (Walderhaug
1996) combined with mechanical compaction, with no
deformation in the horizontal direction (i.e. uniaxial
compaction). A high deposition rate, low geothermal
gradient and coarse grain size favour preservation of
porosity at depth. The corresponding value of P/P* at first
yield, which dictates the deformation style, depends on the
loading path that the rock is subjected to following
deposition and cementation (c.f. Figs. lc, d). This is
illustrated in Fig. 2b, ¢, which show P/P* at first yield for
compressional and extensional loading paths, respectively.
The compressional loading path results in P/P*>a,
implying cataclasis and shear-enhanced compaction, over
almost the entire depth range regardless of the deposition
rate, grain size and geothermal gradient (Fig. 2b). Con-
versely, extensional loading results in P/P* <« over most of
the parameter space illustrated in Fig. 2c, which implies
dilatant brittle failure according to the model of Sheldon
et al. (2006). However, Fisher et al. (2003) note that
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compaction bands occur from P/P* as low as 0.25; this
means there is a region from ~2 to ~5.5 km depth
(depending on parameter values) where dilatant brittle
failure gives way to compaction bands in an extensional
regime (Fig. 2c¢).

The variation in porosity and P/P* with depth is
important because it dictates the deformation style and thus
determines the depths at which permeability enhancement
can occur during deformation. Experimental results suggest
that permeability enhancement can occur only in the
dilatant brittle faulting regime and then only if the porosity
is relatively low (Zhu and Wong 1997). Given the variation
in porosity and P/P* with depth, this implies that there is a
critical depth above which permeability enhancement
cannot occur, unless the porosity is anomalously low at
shallow depths due to early cementation, or due to previous
burial followed by uplift and erosion (Scott and Nielson
1991; Fisher et al. 2003; Sheldon et al. 2006). For clean
quartz sandstones that have undergone normal burial and
cementation, the critical depth for permeability enhance-
ment is estimated to be at least 3.8 km (Fisher et al. 2003;
Sheldon et al. 2006). Permeability enhancement may be
possible at slightly shallower depths in mudstones, due to
earlier cementation associated with release of silica at the
smectite—illite transition (Bjerrlykke 1999). Early cementa-
tion also occurs in some carbonate depositional settings, but
this may be reversed during diagenesis due to dissolution
by aggressive fluids that have interacted with organic
matter (e.g. Hiatt and Kyser 2000). Hence, the critical
depth for permeability enhancement in carbonate sediments
will depend on the depositional environment and diagenetic
history.

As noted previously, we reiterate the fact that this
analysis is based on deformation experiments which
followed compressional loading paths. There are no
permeability measurements on samples deformed in an
extensional regime. The ‘sheared joint’ faults described by
(Eichhubl et al. 2004; Flodin and Aydin 2004; Myers and
Aydin 2004; Davatzes et al. 2003, 2005) represent a
deformation regime (and possibly a deformation mecha-
nism) that has not been reproduced in experiments; this
type of fault might form and result in permeability
enhancement, at shallower depths than would be expected
based on the preceding analysis.

Variations in deformation style with depth

Figure 3 shows the pattern of volumetric strain (dilation)
due to extensional deformation in two scenarios with
different initial porosity—depth distributions. The initial size
of the model was 12 km wide and 6 km deep. The top of
the model was subject to normal stress representing
overlying water, the base of the model was fixed in the z
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(vertical) direction and the ends of the model were moved
outwards (x-direction) at constant velocity to simulate
extension. There was no movement in the out-of-plane (y)
direction. Models a and b underwent spontaneous local-
isation due to strain softening in the brittle regime, creating
pairs of conjugate ‘faults’. However, model b has a region
from ~4 to 5 km depth where P/P*>q, resulting in
distributed cataclasis rather than localised dilatant shear
failure. This results in a band of negative volume strain
(compaction) across the central part of the model, with the
deformation here being less strongly localised than in the
brittle layers above and below. This region would be
characterised by faults composed of multiple deformation
bands in naturally deformed rocks. We reiterate the fact that
the constitutive model of Sheldon et al. (2006) cannot
predict strain localisation in the ductile regime and so does
not predict the formation of narrow faults in this regime.
Nonetheless, it captures the change in porosity—permeability
evolution of faults with depth, which is the main focus of this

paper.

areas in b and c¢ indicate the brittle—ductile transitional regime (0.25<
P/P*<q), where compaction bands are expected to form and the
distributed shear-enhanced compaction regime (P/P*>q), respectively

Figure 4 shows permeability normalised to initial
permeability in models a and b, with dark grey indicating
permeability enhancement and light grey indicating perme-
ability reduction. Permeability enhancement occurs only in
the lower portion of model a; this is the only place where
porosity is low enough to allow permeability enhancement,
even in the dilatant brittle regime. Figure 5 shows the effect
of permeability evolution on fluid flow in model a. An
initially uniform upward fluid flow field is focussed
through the permeable fault zone near the base of the
model and then diverges out of the fault zone where it
becomes less permeable than the host rocks. Possible
implications of this flow pattern are discussed further
below.

Deformation in layered sandstones
Figure 6 illustrates the effects of local variations in porosity

and grain size between adjacent sedimentary layers. The
model comprised three layers, each layer initially 1 km long

CE~NOMBWN SO D

Fig. 3 Percentage volumetric strain (positive = dilation) after 1.5% extension (plane strain). Geothermal gradient 30°C/km, grain diameter
200 um. Deposition rate=50 (a) and 500 m/Ma (b); see Fig. 2 for initial porosity—depth curves and P/P*
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Fig. 4 Permeability normalised to initial permeability in model a and b after 1.5% extension (plane strain). High values (dark) indicate
permeability enhancement; low values (/ight) indicate permeability reduction. Box in a indicates area shown in Fig. 5

and 100 m deep (Fig. 6a). The middle layer had finer grain
size and lower porosity than the outer layers. The top of the
model was subject to normal stress representing 3 km of
overburden. Fluid pressure was initialised at 1.5 times
hydrostatic and was fixed at the top and base of the model,
generating a uniform upward flow field as the initial
condition. The model was shortened in the x-direction
(plane strain), with the lower boundary fixed in the z-
direction. This deformation regime resulted in localised
dilatant shear failure (Fig. 6b) and permeability enhance-
ment in the middle layer (P/P*<c), while the outer layers
underwent distributed shear-enhanced compaction and
permeability reduction (P/P*>q). Fluid flow became
focussed through the permeable ‘fault’ in the middle layer
(Fig. 6¢). The location of the ‘fault’ close to one end of the
model is a numerical artefact and is not significant; in
reality, the location of faults would be influenced by pre-
existing heterogeneities in the rock mass.

This model shows how lithological variations can dictate
whether rocks deform by dilation or compaction under
identical conditions. Localised deformation within the finer
lower porosity layer acts to focus fluids, whereas broad
deformation zones within the higher porosity layers tend to
disperse fluid flow. This has implications for the genesis of
sediment-hosted mineral deposits, which are discussed
further below.

Fig. 5 Fluid flow streamlines (white) superimposed on permeability
ratio. Area corresponds to box in Fig. 4a. Uniform upward flow from
the base of the model is focussed into the high permeability part of the
fault zones (dark grey), then diverges out of the fault zones where they
become low permeability barriers (/light grey)

@ Springer

Discussion
Near-surface sediments

Observations from young (Tertiary—Recent) sediments are
consistent with the nature of fluid flow inferred for
unlithified or poorly lithified sediments from the concepts
discussed above and in Sheldon et al. (2006). In general,
fluid flow in these sediments is not controlled by faults but

3km overburden

A :
¢ & 8 8 & & &

A
Y

1000 m

Fig. 6 Layered model. a Geometry. Middle layer has finer grain size
(radius=100um) and lower porosity (0.05) than outer layers (200 um
and 0.1). b Porosity after 5.6% shortening. Maximum (dark grey)=
0.135, minimum (white) = 0.034. Note localised dilation in the mid
layer. ¢ Permeability ratio (k/ko) and fluid flow streamlines after 5.6%
shortening (enlarged area corresponds to box in Fig. 6b). Maximum
permeability ratio (dark grey)=5.6x10", minimum (white)=4.3x107>.
Fluid flow is focussed through the permeable ‘fault’ in the mid layer
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is either by direct upward migration through porous
sediment, or laterally when captured by ‘thief’ layers.
Figure 7 shows an example of vertical gas escape from a
reservoir off the south coast of Australia. Note that the gas
migrates straight up, rather than along the faults, in a
manner consistent with the rock behaviour explored in this
paper. An example of similar processes operating in the
North Sea is described by Laseth et al. (2003): They show
that gas escapes along faults from Jurassic reservoir rocks,
until it reaches poorly lithified Tertiary sediments where the
gas rises along chimneys that are not related to faults,
ultimately leading to the development of ‘chaotic zones’
high in the stratigraphy. At even shallower levels, pock-
marks on the seafloor develop above chimneys that mark
the pathways of gas escape (Gay et al. 2003). Typically,
arrays of pockmarks develop above buried channel sands
that guide the escape of the gas. Similar features have been
observed at accretionary wedges (e.g. Henry et al. 2002;
Kobayashi 2002).

Earthquake distribution

Observations on the coseismic slip distribution in great
subduction zone earthquakes and smaller earthquakes
reveal that in environments with young sediments at the
surface, tremors do not occur within 5-8 km of the Earth’s
surface (e.g. Byrne et al. 1988; Marone and Scholz 1988;
Moore and Saffer 2001; Fuis et al. 2003, Kao et al. 2005).
A range of mechanisms have been suggested to explain this
(largely aimed at explaining the distribution of earthquakes
in subduction zones), including the thermally induced
transformation of smectite to illite which has been inferred

OTWAY BASIN

;

Two-wey time (s}

g
1

2000~

Fig. 7 Gas chimneys developed in upper Cretaceous and younger
sediments in the Otway Basin of Victoria, Australia (Cowley and
O’Brien 2000). Note how gas escape is not along the faults but
vertically upwards through the sediments. This is consistent with the
behaviour of porous sediments described in this paper and elsewhere,
in that faults in high-porosity sediments are expected to have lower
permeability than that of the surrounding undeformed sediments and
hence would not act as conduits for fluid flow

to cause a change in mechanical behaviour, changes in fluid
production and pressure and increased consolidation with
depth (e.g. Hyndman and Wang 1995; Moore and Saffer
2001). Experimental data, however, strongly suggests that
the smectite to illite transformation does not lead to an
appropriate switch in behaviour (Saffer and Marone 2003).
Our hypothesis has been parameterised for clastic sedi-
ments somewhat different in composition to the material
entering subduction zones. However, the simulated transi-
tion from macroscopically ductile compactional behaviours
at shallow levels to brittle dilatant behaviours at depth,
caused by a decrease in porosity due to compaction coupled
with a strengthening and further porosity reduction due to
cementation, does appear to be consistent with the changes
in mechanical properties inferred from the earthquake
studies. As noted by Scholz (2002), changes in bulk rock
rheology are typically associated with transitions from
stable to unstable (velocity weakening, i.e. earthquake)
behaviour. It is thus possible that subducted sediment
behaves in a manner similar to the sandstones evaluated
by Sheldon et al. (2006).

Geothermal activity in the Taupo rift zone

In an investigation of hydrothermal processes operating in
the Taupo rift zone (New Zealand), Rowland and Sibson
(2004) described how thermal convection occurs to a depth
of 7-8 km in Mesozoic basement rocks overlain by
Quaternary pyroclast-filled basins. Within the basement,
flow is focussed through faults and fractures likely to be
active in the current stress field. Within the basins,
however, faults act as barriers to hydrothermal circulation,
creating a series of fluid flow compartments. Such
behaviour is consistent with the hypothesis of Sheldon et
al. (2006) that the distribution of fluid flow will be strongly
influenced by the change in permeability contrast between
faults and their host rocks with depth of burial.

Ore deposits
Sediment hosted Zn—Pb systems

The observation of a common association between
sediment-hosted Zn—Pb deposits and faults is consistent
with our opening remarks that focussed fluid flow,
generally associated with structurally derived permeability
is a key ingredient in the formation of hydrothermal ore
deposits. Some styles of sediment-hosted base metal
mineralisation are recognised as epigenetic (e.g. at Lisheen
in Ireland; Wilkinson et al. 2005), and their association with
faulting is consistent with the model discussed here; that is,
the structure hosting the mineralisation formed after
sufficient compaction and diagenesis had occurred to
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permit deformation in the dilatant brittle regime, thus
creating a permeable structure capable of focussing fluid
flow. Base metal mineralisation at Mt Isa, Hilton and
George Fisher in Queensland (see summaries in Solomon
and Groves 1994 and Chapman 2004) is hosted by the
Urquhart Shale, a siltstone package that forms part of the
Isa Superbasin (Southgate et al. 2000). Much of the ore is
in veins and breccias, suggesting that fluid was focussed by
dilatant structures formed in rocks that were relatively
brittle at the time of deformation, due to diagenesis and
compaction during burial. This is confirmed by recent work
of Chapman (2004), who inferred that even the earliest
bedding—parallel ore formation occurred in rocks that were
at least ‘semi-consolidated’.

Other examples of Zn—Pb mineralisation associated with
faults (such as McArthur River in Queensland, Australia;
Large et al. 1998) are stratabound or stratiform and have
been interpreted by some workers as syngenetic sedimen-
tary exhalative (SEDEX) deposits resulting from exhalation
of ore-forming fluids into euxinic marine environments
(Fig. 8a). The McArthur River deposit is hosted in shales,
some of which are dolomitic, overlying a thick sequence of
dolomites. As noted earlier, the mechanical behaviour of
carbonate sediments at high crustal levels is highly variable
due to variations in the timing of cementation, but the
balance of evidence suggests that deformation of the
sediments at McArthur River was more likely to have
resulted in permeability reduction than permeability en-
hancement. In particular, observations of the relationship
between early structures and mineralisation by Hinman
(1995), who described the deformation as ‘ductile’, and by
Perkins and Bell (1998) reveal that none of the early
structures (with the exception of those affecting concre-
tions) were dilatant and that mineral growth in them is
absent. Thus, it seems unlikely that fluids would have been
focussed in permeable faults all the way to the sea floor, as
has been assumed in some numerical modelling studies of
SEDEX style ores (Garven et al. 2001; Simms and Garven
2004; Yang et al. 2004). A more realistic modelling
approach was taken by Oliver et al. (2006), who assumed
that permeable basement faults did not penetrate sedimen-
tary cover in their models of fluid flow across a faulted
basement—sediment interface. Their model was not suffi-
ciently detailed to resolve the pattern of fluid flow within
the sediments, although it suggested a continuation of
focussed upward flow from the basement faults into the
overlying sediments.

An alternative explanation for syngenetic or early
epigenetic stratiform deposits could be that they form at
the depth where a fault changes (upwards) from being a
fluid pathway to a fluid barrier (Fig. 8b). Our concep-
tual model suggests that fluids will not flow along the
fault itself at this point: Depending on the permeability
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Fig. 8 Conceptual models for the formation of Zn—Pb deposits such
as McArthur River and Century in northern Australia. a Fluid flow
along faults feeding brine pools. Deposition of Zn and Pb sulphides is
a response to reaction of upwelling metal-bearing fluid with sulphide
generated in the brine pool or the underlying sediment (after Large et
al. 1998, 2001). b Fluid migration up fault until it reaches the level at
which the fault rock becomes less permeable than the host rocks. At
this level, fluid migrates laterally and ore formation occurs by fluid-
rock reaction and/or fluid mixing. Model a assumes that the fault acts
as a fluid conduit all the way to the sea floor, which is unlikely unless
the sediments have been uplifted or cemented at very shallow depths.
Model b is consistent with the behaviour of porous sediments
discussed in this paper

of the host rocks and the hydrological regime, the fluid
may continue to rise upwards adjacent to the fault (e.g.
Fig. 5) or may disperse into the sediments. This
mechanism is consistent with the behaviours described
for hydrothermal systems at sediment-covered spreading
centres by Goodfellow and Zierenberg (1999) and with
the view of the ‘diapiric upwelling of hydrothermal fluid’
envisaged by McKibben et al. (1988) in the Salton Sea
geothermal system and by Lydon et al. (2000) in the
Proterozoic Zn—Pb hydrothermal system at Sullivan in
British Columbia.

Unconformity uranium deposits

Uranium mineralisation occurs above, at and below the
basal unconformity of Proterozoic sedimentary basins in
Canada and Australia (Ruzicka 1996; Mernagh et al. 1998),
and a spatial association of these uranium ore bodies with
basement-penetrating faults is well established. Detailed
observations are sparse, but it is clear that re-activation of
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basement structures post-dated the deposition of sandstones
and was associated with alteration and mineralisation. Kotzer
and Kyser (1995) describe alteration and anomalous geo-
chemistry associated with reverse-re-activated basement
faults cutting the overlying sandstones, and Beaufort et
al. (2005) report very similar relationships in the Alligator
Rivers area of northern Australia. Although the descrip-
tions of quartz and sudoite textures presented by Kotzer
and Kyser (1995) are suggestive of alteration as a response
to flow along a dilatant fault, it is not possible to
distinguish between this and fluids flowing adjacent to
the fault in the case that it acted as a barrier to flow (see
Sibson 2000; Fig. 7). However, Tourigny et al. (2001)
showed that re-activated reverse faults host ore in the
basement and are associated with brecciation and fractur-
ing in the overlying Athabasca Sandstone. Similarly,
Beaufort et al. (2005) in their description of alteration in
the Kombolgie sandstones in northern Australia noted that
mineralisation-related alteration occurs in fractures within
fault zones and that rocks affected by early alteration are
themselves brecciated and re-cemented by later alteration.
These observations clearly show that dilatant brittle
deformation occurred in these systems, implying sufficient
depth of burial in order for the sandstones to have reached
a porosity low enough for such brittle deformation to
prevail. The exact depth is difficult to determine as it
depends on many factors including grain size and
geothermal gradient, but it is likely to have been at least
3—4 km based on the models of Sheldon et al. (2006). This
depth estimate based on our analysis of changing deforma-
tion style with burial and diagenesis is entirely compatible
with the independent depth estimates of 5-7 km for the
Athabasca systems (Pagel et al. 1980) and >4 km for the
Australian Kombolgie sandstone (Derome et al. 2003). It
should be noted, however, that Hiatt et al. (2001)
suggested that cementation in these basins may have
commenced at unusually shallow levels (<1 km), which
would raise the depth at which dilatant faulting and
permeability enhancement could have occurred.

Summary

Faults in sedimentary rocks display a range of deformation
styles, including deformation bands, discrete slip surfaces
and sheared fractures/joints. Faults that are dominated by
deformation bands tend to act as barriers to fluid flow,
while those characterised by discrete fractures act as fluid
pathways.

The characteristics of natural faults in sedimentary rocks
can be explained by behaviours observed in deformation
experiments. Such experiments suggest that sandstones and
other porous rocks undergo a transition from dilatant brittle

faulting to macroscopically ductile behaviour (including
formation of compaction bands) with increasing porosity,
grain size and confining pressure. The implication of this
‘brittle-ductile’ transition is that faults in sedimentary rocks
are unlikely to act as fluid pathways at depths shallower
than ~3 km, unless the sediments have undergone unusually
early cementation, or have been exposed following burial
and uplift. Fluid that is focussed through permeable faults
at depth may continue to be guided by the fault at shallow
depths, but will migrate through the sediments adjacent to
the fault rather than through the fault itself. Alternatively,
fluids may become dispersed away from the fault through
the stratigraphy, depending on the hydrology and perme-
ability distribution.

We have discussed the implications of this behaviour for
gas migration through young sediments, the distribution of
earthquakes in subduction zones, the pattern of fluid flow in
the Taupo rift zone and the formation of sediment-hosted
ore deposits. These examples serve to illustrate the
importance of understanding the mechanisms of faulting
in sedimentary rocks and the consequences for permeabil-
ity, in order to understand the effect of faults on fluid flow.
In particular, we wish to emphasise that faults in porous
sedimentary rocks do not necessarily act as fluid pathways;
this should be taken into account in models of hydrothermal
systems.
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