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a b s t r a c t

Improving the prediction of sub-seismic structures and their petrophysical properties is essential for
realistic characterization of deformed sandstone reservoirs. In the present paper, we describe perme-
ability contrasts induced by cataclastic deformation bands and faults in porous sandstones (766 data
synthesized from field examples and the literature). We also discuss the influence of several factors,
including tectonic regime, presence of a fault, burial depth, host sandstone porosity, and grain size and
sorting for their initiation and permeability. This analysis confirms that permeability decrease is as a
function of grain-crushing intensity in bands. Permeability reduction ranges from very limited in crush-
microbreccia of compaction bands to high permeability reduction in cataclasites and ultracataclasites of
shear-dominated bands, band clusters and faults. Tectonic regime, and especially normal-fault regime,
with its tendency to localize strain and generate faults, is identified as the most important factor, leading
to the formation of cataclastic bands with high permeability contrasts. Moreover, moderate burial depth
(1e3 km) favors cataclastic bands with high permeability contrasts with respect to the host sandstone.
High porosity, coarse-grain size and good grain sorting can slightly amplify the permeability reductions
recorded in bands.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Deformation bands are common features of sub-seismic scale
structures developed in reservoirs composed of porous granular
material such as sand and sandstone (Aydin and Johnson, 1978;
Fisher and Knipe, 2001), carbonate grainstone (Tondi et al., 2006)
or chalk (Wennberg et al., 2013). They accommodate mm- or cm-
scale shear offsets, dilation or compaction (Aydin et al., 2006),
and involve various micromechanisms of deformation, such as
grain rearrangement (granular flow), cataclasis (grain cracking and
comminution), or pressure-solution (Fossen et al., 2007 and refer-
ences therein). In highly porous sandstone reservoirs, cataclastic
bands showing a combination of compaction and shear are most
common structures to result from localized deformation (Aydin,
1978; Underhill and Woodcock, 1987; Antonellini and Aydin,
ience, University of Bergen,

(G. Ballas).
1995; Wibberley et al., 2007; Tueckmantel et al., 2010). These
structures can occur as individual strands, several tens of strands in
tight deformation band zones or clusters, and generally occur
around fault cores containing one or more localized slip-surfaces
(e.g. Hesthammer and Fossen, 2001; Shipton and Cowie, 2001;
Schueller et al., 2013 and references therein).

Cataclastic deformation bands can also be organized in perva-
sively distributed networks that appear not directly related to
outcrop-scale faults (Solum et al., 2010; Saillet and Wibberley,
2010). In either case, they decrease porosity and permeability of
the host sandstone (Fowles and Burley, 1994; Fisher and Knipe,
1998; Ogilvie and Glover, 2001; Fossen and Bale, 2007; Torabi
et al., 2013). This decrease seems to be directly controlled by the
intensity of cataclasis within the bands (Pittman, 1981; Crawford,
1998; Ballas et al., 2012). Cataclastic bands are therefore able to
baffle or channelize fluid flow in reservoir settings (Harper and
Moftah, 1985; Antonellini et al., 1999; Sternlof et al., 2006;
Rotevatn et al., 2009; Tueckmantel et al., 2012). However, their
quantitative and practical influence on reservoir performance
remain unclear, and depends on both the geometry, distribution
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and petrophysical properties of the bands (Fossen and Bale, 2007;
Brandenburg et al., 2012), of which the latter is the main focus of
the present contribution.

Several factors influence the spatial distribution and petro-
physical properties of cataclastic bands in porous sandstones
(Schultz and Siddharthan, 2005; Fossen et al., 2007). Porosity,
grain-size, grain sorting, grain shape, mineralogy, and lithification
(mechanical compaction and cementation) represent internal
sandstone characteristics controlling deformation initiation and
mechanisms in porous and granular materials, whereas burial
depth, tectonic regime and association with faults represent
external controlling factors. Porosity determines the deformation
behavior in granular material, from brittle regime and joint for-
mation in low-porosity sandstone to macroscopically distributed
ductile deformation and band development in high-porosity
sandstone (Rutter, 1986; Wong et al., 1997; Du Bernard et al.,
2002; Aydin et al., 2006; Rawling and Goodwin, 2006). Coarse
grain-size favors initiation and localization of cataclastic bands
(Schultz et al., 2010; Ballas et al., 2013) and seems to promote
intense cataclasis (Chuhan et al., 2002; Balsamo and Storti, 2011).
Good sorting (Antonellini and Pollard, 1995) and angular grain
shape (Mair et al., 2002a) also promote cataclastic deformation. A
high clay content favors disaggregation with the formation of
phyllosilicate bands or clay smears (Fisher and Knipe, 2001; Fossen
et al., 2007), whereas a large feldspar or lithic content promotes
cataclastic processes (Antonellini et al., 1994; Chuhan et al., 2002;
Rawling and Goodwin, 2003; Exner and Tschegg, 2012). Cementa-
tion may reduce sandstone porosity significantly, promoting brittle
deformation (Swierczeska and Tokarski, 1998; Fisher et al., 2003;
Balsamo et al., 2010). However, quartz-cemented sandstones with a
high porosity are favorable sites for cataclasis (Johansen et al.,
2005). Poor mechanical compaction or low packing density,
increasingwith burial depth, promotes diffuse grain rearrangement
(Skurtveit et al., 2013) and the formation of disaggregation bands
without any large change of permeability (Fossen, 2010), whereas
compacted material favors cataclastic band formation (Kaproth
et al., 2010; Kristensen et al., 2013). Burial depth also involves an
increase in confining pressure, which may lead to more distributed
deformation bands (B�esuelle, 2001; Mair et al., 2002b) and intense
cataclasis (Antonellini et al., 1994; Crawford, 1998), and higher
temperature, which promotes pressure-solution (Fisher and Knipe,
2001). Tectonic regime and presence of a large-scale fault also seem
to influence the distribution of low-permeability cataclastic bands
in porous sandstone reservoirs (Jamison and Stearns, 1982; Ballas
et al., 2014), even if similar permeability reduction can be
observed in bands formed in both normal- and thrust-fault regimes
(Solum et al., 2010; Brandenburg et al., 2012).

Hence, several factors influence cataclastic band initiation and
characteristics. However, influence on the permeability can be
directly estimated for only few of them. A better knowledge of the
relationships between the cataclastic band characteristics and
factors influencing them is therefore necessary for understanding
the influence of such sub-seismic structures on reservoir behavior.
In the present paper, we analyze permeability contrasts induced by
deformation bands and faults as a function of cataclasis intensity
and discuss their potential control on fluid flow in porous sand-
stone reservoirs. To this end, we synthesized 766 permeability data
of cataclastic bands and faults from literature (see Table 1, Table 2,
and Supplementary Materials for spreadsheet) and new field ex-
amples (see Appendix for detailed description of these new data).
We discuss also the influence of tectonic regime, presence of a
large-scale fault, burial depth, and host sandstone porosity, grain
size and grain sorting on this permeability contrasts induced by
cataclastic deformation bands and faults in sandstone reservoirs.
We believe that these data are representative for deformation band
permeability in porous sandstone, at least for the factors discussed
in the present contribution.

2. Methodology

The present paper is based on a synthesis of permeability data
(766 data) from cataclastic deformation bands and faults formed in
porous sandstone (Fig. 1). The major portion of these data is from
the following references: Pittman (1981); Harper and Moftah
(1985); Fowles and Burley (1994); Antonellini and Aydin (1994);
Gibson (1998); Fisher and Knipe (1998); Ogilvie et al. (2001);
Ogilvie and Glover (2001); Lothe et al. (2002); Shipton et al.
(2002); Flodin et al. (2005); Keehm et al. (2006); Fossen and Bale
(2007); Al-Hinai et al. (2008); Rotevatn et al. (2008); Torabi et al.
(2008); Aydin and Ahmadov (2009); Torabi and Fossen (2009);
Balsamo et al. (2010); Balsamo and Storti (2010); Medeiros et al.
(2010); Solum et al. (2010); Tueckmantel et al. (2010); Balsamo
and Storti (2011); Fossen et al. (2011); Sun et al. (2011);
Tueckmantel et al. (2012); Ballas et al. (2013); Saillet and
Wibberley (2013); Torabi et al. (2013); Ballas et al. (2014);
Zuluaga et al. (2014) (see Tables 1 and 2). Previously unpublished
permeability data from different sets of deformation bands in
western US (Arches National Park, Buffington Windows, Pismo
Basin, San Rafael Desert and San Rafael Reef) were also added to
complete the data set, especially from structures formed in a
thrust-fault regime (see Appendix). Only permeability data
measured perpendicular to deformed bands are included in the
present dataset.

Because the different methods of measurement introduce some
variation in absolute permeability value (the TinyPerm per-
meameter, pressure-decay profile permeametry, air and nitrogen
permeametry, numerical image analysis from thin-section or to-
mography, probe permeameter, Kozeny-Carman laws and more),
we only considered the permeability contrast between the bands
and faults vs. the host sandstones. The choice of methods for
permeability quantification may also influence the permeability
contrast value, but to a smaller extent. The average value (X) of
permeability contrast and the standard deviation were calculated
for each type of cataclastic structures (from compaction band to
fault core) and for each class defined according to factors such as
tectonic setting, burial depth and host rock properties (for example,
structures formed in coarse-grained sandstones being treated
separately from structures formed in fine-grained sandstones). To
limit the influence of the measurement variability between
different studies, we used the average value for each study site in
each paper (or each band set in the case of various band generations
from the same site) for statistical analysis of external factors (tec-
tonic regime, presence of fault and burial depth), and also for each
host sandstone unit for statistical analysis of internal factors
(porosity, grain size and sorting). We also calculated the minimum
(Min) and the maximum (Max) permeability contrast for the
different classes of bands relative to each factor.

All permeability data are plotted in Fig. 1. The proportion (%) of
each type of cataclastic structure (from compaction band to fault
core) was quantified for all defined classes with respect to the
various factors. Graphs of distribution and frequency were extrac-
ted from this data set according to the different types of bands and
factors. The proportion of bands inducing more than two orders of
magnitude of permeability reduction was also calculated.
Described as a permeability threshold between barrier and non-
barrier structures for water flow under vadose conditions (Ballas
et al., 2012), this proportion was used as a proxy to discuss the
role of bands and related faults in reservoir behavior. We quantified
also the proportion of sets containing bands involving permeability
reductions greater than three orders of magnitude. This proportion



Table 1
Datasets used in this study (PCB: Pure Compaction Band; SECB: Shear Enhanced Compaction Band; CB: Cataclastic Band; ClB: Cluster Band; SlB: Slipped band; CCB: Cemented
Cataclastic band; FC: Fault Core; Act: Actual burial depth; Max: Maximum burial depth; Band: burial depth at time of band formed).

Source Location Number/type of data Tectonic regime/Presence of fault Burial depth (km)

Pittman, 1981 Arbuckle Mountains (USA) 17 (CB) Normal/Yes <1 (Act)
Harper and Moftah, 1985 Gulf of Suez (Egypt) 6 (CCB) Normal (?) 3.65 (Act)
Antonellini and Aydin, 1994 Arches Park (USA) 58 (ClBeFC) Normal/Yes ?
Fowles and Burley, 1994 Scotland / England 17 (CBeClB) Normal/Yes 3 << 4 (Max)
Fisher and Knipe, 1998 North Sea 42 (CBeCCB e FC) Normal/(?) 0.5 << 3 (Act)
Gibson, 1998 Various Sites 8 (CBeClBeCCB) Various >3 (Act)
Ogilvie et al., 2001 Scotland 4 (CB) Normal/Yes >1.5 (Max)
Ogilvie and Glover, 2001 Scotland / North Sea 6 (CBeCCB) Normal/(?) >1.5 (Max)
Shipton et al., 2002 San Rafael Swell (USA) 8 (CBeFC) Normal/Yes 1.5 << 3 (Max)
Lothe et al., 2002 Norway 7 (CCB) Normal/Yes ?
Flodin et al., 2005 Valley of Fire (USA) 16 (CBeFC) Strike-Slip/Yes <1.6 (Band)
Kheem et al., 2006 Valley of Fire (USA) 4 (SECB) Reverse/No <0.75 (Band)
Fossen and Bale, 2007 Various Sites 49 (CBeClB) Normal/Yes ?
Al-Hinaï et al., 2008 Moray Firth (Scotland) 7 (FC) Normal/Yes >1.5 (Max)
Rotevatn et al., 2008 Western Sinaï Peninsula (Egypt) 14 (CBeSlB) Normal/Yes <1.5 (Max)
Torabi et al., 2008 Various Sites 18 (CBeCCB) ? ?
Aydin and Ahmadov, 2009 Valley of Fire (USA) 10 (PCBeSECB) Burial/No 2 < < 5 km (Band)
Torabi and Fossen, 2009 San Rafael (USA) / Sinaï (Egypt) 35 (CB) Normal/Yes Various
Balsamo et al., 2010 Potiguar Basin (Brazil) 8 (FC) Normal/Yes Shallow (Act/Max)
Balsamo and Storti, 2010 Crotone Basin (Italy) 34 (SECBeFC) Normal (SS)/Yes Shallow (Act/Max)
Medeiros et al., 2010 Tucano Basin (Brazil) 1 (ClB) Normal/Yes ?
Solum et al., 2010 Buckskin Gulch / Big Hole (USA) 30 (PCBeSECBeClB) Norm. eRev./YeseNo 1.5 << 3 (Max)
Tueckmantel et al., 2010 Gulf of Suez (Egypt) 34 (ClBeSlB) Normal/Yes 1.1 << 1.2 (Max)
Balsamo and Storti, 2011 Crotone Basin (Italy) 2 (FC) Normal/Yes 0.8 << 1 (Max)
Fossen et al., 2011 Buckskin Gulch (USA) 26 (PCBeSECB) Reverse/No <1.2 (Max)
Sun et al., 2011 Valley of Fire (USA) 1 (SECB) Reverse/No <0.75 (Band)
Ballas et al., 2012 Provence (France) 35 (CBeClB e FC) Normal/Yes <0.4 (Max)
Tueckmantel et al., 2012 Moray Firth (Scotland) 3 (FC) Normal/Yes 1.8 (Act)
Ballas et al., 2013 Provence (France)/USA 24 (SECB) Reverse/No <0.8 (Max)
Saillet and Wibberley, 2013 Provence (France) 44 (CBeClB e FC) Norm. eRev./YeseNo 0.46 << 0.74 (Max)
Torabi et al., 2013 Moab (USA) / Sinaï (Egypt) 8 (CBeSlB) Normal/Yes 1.5 << 2.2 (Max)
Ballas et al., 2014 Provence (France) 22 (SECBeCBeClB e FC) Norm. eRev./YeseNo <1 (Max)
Zuluaga et al., 2014 San Rafael Swell (USA) 9 (CB) Reverse/Yes 2 << 2.8 (Max)
New data San Rafael Reef (USA) 27 (CBeSlB) Reverse/Yes 2 (Max)

Arches Park (USA) 15 (CBeClB) Normal/Yes 2.5e3 (Max)
San Rafael Desert (USA) 22 (ClBeSlB) Normal/Yes 2<<3 (Max)
Buffington Window (USA) 74 (SECB) Reverse/No <1 (Band)
Pismo Basin (USA) 29 (CBeClBeSlB) Reverse/Yes ?
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underlines the presence of potential barrier structures within an
individual band set with bands of different permeability values (e.g.
Tueckmantel et al., 2010).

3. Cataclastic deformation bands

Cataclastic deformation bands are characterized by grain
cracking and comminution, a deterioration of grain sorting, an in-
crease of grain angularity, and a reduction of host sandstone
porosity by grain rearrangement and compaction (Sammis et al.,
1987; Men�endez et al., 1996; Fossen et al., 2007). These textural
changes promote strain hardening and leads to the progressive
formation of band clusters that can precede the development of
localized slip-surface(s) in fault zones (Aydin and Johnson, 1978;
Mair et al., 2000). This progressive evolution of band organization
at outcrop-scale is followed by an intensification of micro-scale
cataclasis as a function of shear-offset along the bands (Engelder,
1974; Jamison and Stearns, 1982; Ballas et al., 2012). The degree
of cataclasis can be classified using the terms crush microbreccia,
protocataclasis, cataclasis and ultracataclasis, following the classi-
fication of Sibson (1977). The permeability of cataclastic deforma-
tion bands is expected to depend on the intensity of cataclasis
(Crawford, 1998; Ballas et al., 2012; Torabi et al., 2013) which again
varies for different kinds of band structures, and we decided
therefore to classify the permeability data as a function of the
different band structures as: (1) Pure compaction bands and Shear
enhanced compaction bands, mostly composed of single-strands of
crushmicrobreccia (Fig. 2i); (2) Cataclastic bands, which are formed
by single or a few protocataclastic to cataclastic strands (Fig. 2ii); (3)
Band clusters, consisting of several strands of cataclastic deforma-
tion (Fig. 2iii); (4) Slipped bands, showing cataclastic texture with
an internal striated slip-surface (Fig. 2iv); and (5) Fault core,
showing cataclastic to ultracataclastic texture along localized slip-
surface(s) (Fig. 2v).
3.1. Pure and shear-enhanced compaction bands

Pure Compaction Bands (PCBs) and Shear-Enhanced Compac-
tion Bands (SECBs) show an average permeability contrast
of �1.29 ± 1.01 (Fig. 2i). This contrast ranges from �4 to 1.1 with
15.3% of PCBs and SECBs having induced permeability reduction
greater than two orders of magnitude. These bands showa very low
degree of cataclasis (crush microbreccia), and seem incapable of
forming barrier structures in a reservoir setting (e.g. Rotevatn et al.,
2009). However, they can slightly altered reservoir flow patterns
(Aydin and Ahmadov, 2009), introducing a gentle channelization of
fluid flow (Sternlof et al., 2006) and increase flow tortuosity (Sun
et al., 2011). Nevertheless, three sets out of 12 (25%) contain
bands with permeability reduction greater than three orders of
magnitude (Figs. 1 and 2i), but such PCBs and SECBs owe their
reduction in permeability to both cataclasis and dissolution in the
bands (Mollema and Antonellini, 1996; Fossen et al., 2011; Ballas
et al., 2013) (See Fig. A2a, c in Supplementary Materials for exam-
ples of PCBs and SECBs showing both catacasis and dissolution
processes).



Table 2
Additional characteristics for data sets used in this study (Sd: Sandstone; Qz: Quartz; Kaol: Kaolinite).

Source Name of formation/Diagenetic information Porosity (%)/grain size (mm)/sorting of host rock Method of permeability measurement

Pittman, 1981 Simpson Group/Qz cement 8.2/Fine/Poor ?
Harper and Moftah, 1985 Nubian Sd/Qz/Kaol cement ?/Medium/Well ?
Antonellini and Aydin, 1994 Various Formations/? 18 << 24/?/? Mini permeameter
Fowles and Burley, 1994 Penrith Sd/Qz cement 14 << 25/Fine to Coarse/Well Air Permeability (nitrogen)
Fisher and Knipe, 1998 ? ? Water Flow permeability
Gibson, 1998 Various/? 4.3 << 23/?/? Laboratory (Air??)
Ogilvie et al., 2001 Hopeman Sd/Qz cement 20/Fine to Medium/? PDPK
Ogilvie and Glover, 2001 Hopeman Sd/Qz cement 7.5 << 21/Fine to Medium/? ?
Shipton et al., 2002 Navajo Sd/? 24/Fine/Well Probe Permeameter
Lothe et al., 2002 Brumunddal Sd/Qz-Iron cement 17 << 24/Fine to Coarse/Well ?
Flodin et al., 2005 Aztec Sd/Lithified 15 << 25/Fine to Medium/Poor ?
Kheem et al., 2006 Aztec Sd/? 15 << 25/Fine to Coarse/PooreWell Image Analysis
Fossen and Bale, 2007 Various/? ? Tiny permeameter
Al-Hinaï et al., 2008 Hopeman Sd/Qz cement 10/Fine to Medium/Well Flow Pump/Pulse Decay/Gas
Rotevatn et al., 2008 Nubian Sd/Uncemented 20 << 35/Medium to Coarse/Poor Tiny permeameter and Gas
Torabi et al., 2008 EntradaeNavajoeNubian Sd/? 21 << 31/Fine to Medium/? Image Analysis
Aydin and Ahmadov, 2009 Aztec Sd/Poorly-cemented 21 << 25/Fine/? Image Analysis
Torabi and Fossen, 2009 EntradaeNubian Sd/? 26 << 30/Various/PooreWell Image Analysis
Balsamo et al., 2010 Barreiras/Poorly lith. eIron ce. 1.7 << 6.8/Fine to Medium/Poor
Balsamo and Storti, 2010 ?/Poorly-lithified ?/Fine to Coarse/Well Tiny permeameter
Medeiros et al., 2010 Ilhas Group/? ?/Fine to Coarse/? Tiny permeameter
Solum et al., 2010 Navajo Sd/? 20 << 24/Coarse/Well Probe Permeameter
Tueckmantel et al., 2010 Nubian Sd/Uncemented 18 << 27/Medium to Coarse/? Gas Permeameter
Balsamo and Storti, 2011 ?/Poorly-lithified ?/FineeCoarse/Poor Tiny permeameter
Fossen et al., 2011 Navajo Sd/Poorly-cemented 20 << 25/Coarse/Well Tiny perm - Image Analysis - Gas
Sun et al., 2011 Aztec Sd/Weakly-cemented 18 << 20/Fine/Well Image Tomography
Ballas et al., 2012 Uchaux Sd/Uncemented 27/Coarse/Poor Gas Perm/Kozeny-Carman law
Tueckmantel et al., 2012 Yellow Sd/No cement 19 << 24/Fine to Medium/? Gas Perm/Pulse Decay
Ballas et al., 2013 Uchaux Sd/Uncemented 17 << 39/Coarse/Poor Kozeny-Carman law
Saillet and Wibberley, 2013 Orange Sd/Uncemented 29 << 30/FineeCoarse/Well Gas Permeameter
Torabi et al., 2013 EntradaeMalha Sd/? ?/Medium to Coarse/Well ?
Ballas et al., 2014 Various/Uncemented 22 << 36/FineeCoarse/PooreWell Kozeny-Carman law
Zuluaga et al., 2014 Navajo Sd/IroneCarb. cement 20/Fine to Medium/Well Tiny permeameter
New data
San Rafael Reef (USA) Entrada Sd/Poorly-cemented 25 << 30/Fine/Well Tiny permeameter
Arches Park (USA) Entrada Sd/? Various Tiny permeameter
San Rafael Desert (USA) Entrada Sd/Poorly-cemented 25 << 30/Fine/Well Tiny permeameter
Buffington Window (USA) Aztec Sd/Poorly-cemented 18 << 25/Coarse/? Tiny permeameter
Pismo Basin (USA) Edna Member/Oil field 15 << 25/Medium to Coarse/? Tiny permeameter
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3.2. Cataclastic bands

Cataclastic bands show an average permeability contrast
of �1.67 ± 0.79 (Fig. 2ii). The contrast values range from �5.6 to 1
with 36.2% of cataclastic bands having induced permeability
reduction greater than two orders of magnitude. A majority of sets
(12 out of 20, ~60%) contain bands with large permeability reduc-
tion (greater than three orders of magnitude). Hence, these bands
seem to be able to significantly reduce the permeability of the host
sandstone reservoir (Figs. 1 and 2ii), and cataclastic band sets in
reservoir settings should therefore have the capacity to impede
fluid flow (Ogilvie et al., 2001), form local entrapments of fluid
(Pittman, 1981), disturb reaction fronts (Taylor and Pollard, 2000)
and increase flow tortuosity (Harper and Moftah, 1985). However,
their real influence on production patterns depends directly on
their spatial distribution and connectivity (Gibson, 1998), and it has
been argued that variations in thickness and petrophysical prop-
erties along these bands prevent them from forming barrier
structures (Fossen et al., 2007; Torabi and Fossen, 2009).
3.3. Band clusters

Cataclastic band clusters show an average permeability contrast
of�2.65 ± 1.30 (Fig. 2iii). This contrast ranges from�6.5 to 0.1, with
61% of band clusters having induced permeability reductions
greater than two orders of magnitude. A large majority of these
bands strongly reduce the permeability of the host sandstone
(Figs. 1 and 2iii) and 17 sets out of 23 (~74%) contain bands with
large permeability reductions. These bands show intense cataclasis
and seem to be able to affect reservoir transmissibility and impede
fluid flow in sandstone reservoir (Antonellini and Aydin, 1994;
Fowles and Burley, 1994; Ballas et al., 2014). However, similar to
individual cataclastic bands, the large variations in thickness and
petrophysical properties measured along cataclastic band clusters
(Tueckmantel et al., 2010; Ballas et al., 2012; Rotevatn et al., 2013)
and the preservation of interconnection within undeformed sand-
stone prevents them from fully compartmentalize sandstone res-
ervoirs (Tindall, 2006; Medeiros et al., 2010).
3.4. Slipped bands

Slipped cataclastic shear bands show an average permeability
contrast of �2.70 ± 0.97 (Fig. 2iv). This contrast ranges from �4.4
to �1.5 with 91.8% of slipped bands having induced permeability
reduction greater than two orders of magnitude. Four sets out of 7
(~57%) have bands containing structures of large permeability re-
ductions. They show intense cataclasis, largely reduce the perme-
ability of the host sandstone reservoir (Figs. 1 and 2iv), and form
potential permeability barrier for fluid flow (Fisher and Knipe,
1998; Tueckmantel et al., 2010). However, they are also prone to
form preferential pathways for fluids parallel to the bands along
their internal slip-surface(s) (Rotevatn et al., 2008; Torabi, 2014).



3.5. Fault cores

Cataclastic fault cores show an average permeability contrast
of �2.77 ± 1.29 (Fig. 2v). The contrast values range from �6.7 to 2
with 68.3% of fault cores having induced permeability reduction
greater than two orders of magnitude. A large majority of these
structures shows ultracataclastic texture (8 sets out of 11, ~73%) and
largely reduces the permeability of the host sandstone (Figs. 1 and
2c). The presence of a single cataclastic fault core of low-
permeability could therefore impede fluid flow to the same
extent as distributed cataclastic deformation bands (Saillet and
Wibberley, 2013; Torabi et al., 2013), compartmentalize gas reser-
voirs (Al-Hinaï et al., 2008; Tueckmantel et al., 2012), deviate
groundwater flow in meteoric phreatic conditions (Balsamo et al.,
2012), and reduce the reservoir transmissibility, although this
behavior will depend on their continuity and shear displacement
(Jourde et al., 2002; Shipton et al., 2002). Several cases of fault cores
showing only moderate permeability are also reported by Balsamo
and Storti (2010, 2011) and Torabi (2014) in porous sandstones and
Balsamo et al. (2010) in iron-cemented sandstones, whereas the
presence of cement within certain fault cores suggests preferential
pathway for fluid flow during reactivation (Fowles and Burley,
1994; Ogilvie and Glover, 2001; Farell et al., 2014).

3.6. Comparison

A wide range in permeability contrast is observed for defor-
mation band structures, and we see a progressive increase in
permeability reduction from crush microbreccia of PCBs and SECBs
to cataclasites/ultracataclasites of band clusters, slipped bands and
fault cores (Figs. 2 and 3). Similarly, the maximum permeability
contrast, the proportion of bands involvingmore than two orders of
magnitude in permeability reduction, and the proportion of sets
containing bands of large permeability decrease (greater than three
orders of magnitude) increase progressively with the

intensification of cataclasis within the bands. Based on these
findings, structures potentially acting as baffles or seals in sand-
stone reservoirs would be structures with large shear/compaction
ratio (greater than 7, Soliva et al., 2013), such as band clusters and
localized faults (Fig. 3). The understanding of all factors controlling
the type of cataclastic bands, shear localization, cataclasis intensity
and permeability reduction, is necessary to realistically predict
fault seal potential in porous sandstone reservoirs.

4. Tectonic regime and presence of fault

Permeability data of cataclastic deformation bands and faults
were classified according to their kinematic behavior during for-
mation: (1) in the normal-fault regime, (2) in the thrust-fault
regime, and (3) in areas related to the presence of large-scale
fault, i.e. bands located within fault damage zones above propa-
gation of a basement fault, or in any band sets regionally linked to a
fault, or (4) in areas devoid of fault (Fig. 4 and Table 1). The strike-
slip regime was not investigated because of the limited amount of
data available for this tectonic regime (Flodin et al., 2003; Saillet
and Wibberley, 2013; Balsamo et al., 2013). See Supplementary
Materials for detailed information (Fig. A1).

4.1. Normal-fault regime

Cataclastic structures formed in the normal-fault regime show
an average permeability contrast of �2.30 ± 1.34 (Fig. 4a). This
contrast ranges from �6.7 to 1.1, with 56.9% of normal-sense bands
having induced permeability reduction greater than two orders of
magnitude (Fig. 4a). Most sets (28 sets out of 42, ~67%) show
normal-sense bands with structures involving large permeability
decrease (greater than three orders of magnitude). Bands recorded
include 4.8% as bands of low-intensity cataclasis, 34.9% as cata-
clastic bands, 36.2% as band clusters, 9.3% as slipped bands and

Fig. 1. Graph showing permeability values for various types of cataclastic deformation bands as a function of related host-sandstone permeability. These data come from 31
published studies and several new field examples (each dot represents a value of permeability measured on cataclastic structures and the corresponding permeability value of host
rock which could be an average value on the study site) (See Table 1, Table 2 and Supplementary Materials).
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Fig. 2. (a) Field examples, (b) SEM photomicrographs of band texture, and (c) graphs of permeability contrast distribution. (i) Pure and shear-enhanced compaction bands (PCB and
SECB) showing crush microbreccia (Buckskin Gulch, USA and Provence, France). (ii) Individual cataclastic bands of proto-to cataclastic texture (Provence, France and Eisenstadt-
Sopron Basin, Austria (Exner and Tschegg, 2012)). (iii) Cluster of bands showing cataclastic texture (San Rafael Desert, USA and Provence, France). (iv) Slipped bands of cata-
clastic texture (Pismo Basin, USA and Sinaï, Egypt (Tueckmantel et al., 2010)). (v) Fault cores showing ultracataclastic texture (Moray Firth, Scotland and Provence, France (Saillet and
Wibberley, 2013)). Red area corresponds to proportion of bands with more than two orders of magnitude in permeability reduction as compared to host sandstone.
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14.8% as fault cores. No PCBs were identified for the normal-fault
regime.

4.2. Thrust-fault regime

Cataclastic deformation bands formed in the thrust-fault regime
show an average permeability contrast of�1.65 ± 1.14 (Fig. 4b). The
contrast values range from �4.8 to 1.1 with 26.5% of reverse-sense
bands having induced permeability reduction greater than two
orders of magnitude (Figs. 4b), i.e. a much smaller number than for
the normal-fault regime. Only 6 sites out of 17 (z35%) have sets of
reverse-sense bands involving large permeability decrease. Bands
formed include 54.5% as PCBs and SECBs, 27.6% as cataclastic bands,
14.8% as band clusters and 3.1% as slipped bands. No permeability



Fig. 3. Conceptual model showing the influence of cataclasis intensity on permeability contrast induced by deformation bands and faults in a sandstone reservoir. (a) Pure and
Shear-Enhanced Compaction Bands (PCB and SECB). (b) Cataclastic Bands. (c) Band Clusters. (d) Slipped cataclastic Bands. (e) Cataclastic Fault Core. Blue color represents porosity.
See main text for explanation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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data have been reported for fault cores from the thrust-fault
regime.

4.3. Bands related to the presence of a fault

Cataclastic structures formed in sets related to the presence of a
fault show an average permeability contrast of �2.58 ± 1.38
(Fig. 4d). This contrast ranges from �6.7 to 2 with 52.7% of these
bands having induced permeability reduction greater than two
orders of magnitude (Fig. 4d). A large majority of the sets (28 out of
37, 75.7%) have bands with structures involving large permeability
decrease. Bands of this category comprise 4.3% as bands of low-
intensity cataclasis, 31.1% as cataclastic bands, 38.5% as band clus-
ters, 9.3% as slipped bands and 16.7% as fault cores. No PCBs were
identified in sets related to the presence of a fault.

4.4. Bands formed in area devoid of fault

Cataclastic bands formed in area devoid of large-scale fault
showan average permeability contrast of�1.28 ± 0.85 (Figs. 4e), i.e.
a much lower number than for the band related to the presence of
fault. This contrast ranges from �4 to 1.1 with 19.6% of these bands
having induced permeability reductions greater than two orders of
magnitude (Fig. 4e). 4 out of 12 sets (z30%) have bands involving
large permeability decrease. These bands include 81.5% as PCBs and
SECBs and 18.5% as cataclastic bands and band clusters. No
permeability data have been reported for slipped bands even if this
type of cataclastic structure was observed also in areas devoid of
fault (Nevada-Utah, USA; Fossen et al., in press).
4.5. Comparison

Statistically, cataclastic bands formed for the normal-fault
regime involve more permeability reduction than bands formed
for the thrust-fault regime (Figs. 4a, c). The abundance of normal-
fault regime bands having permeability reductions greater than
two orders of magnitude is more than twice that of the thrust-fault
regime, and greater maximum permeability contrasts are also
observed for normal-sense structures. Sets containing some bands
with large permeability contrast (greater than three orders of
magnitude) are also more frequent in the normal-fault regime
(Figs. 5a, b). Data obtained in the normal-fault regime come from
band sets related to the presence of a fault. Conversely, only a few
cases of band sets related to the presence of a fault are observed for
the thrust-fault regime.

Cataclastic bands formed in sets related to the presence of a fault
generally involve more permeability reduction than bands initiated
in areas without fault (Figs. 4d, f). A greater proportion of bands
having more than two orders of magnitude of permeability reduc-
tion is observed for bands related to localized faults. Sets containing
some bands with large permeability contrast are also more frequent
when they relate to the presence of a fault. Structures related to
faults show more shear, more grain comminution and larger
permeability reductions than bands formed in areas devoid of
localized faults (Fig. 5i, ii). The major part of band sets related to the
presence of a fault is formed under the normal-fault regime even if
the few cases observed under the thrust-fault regime show compa-
rable permeability characteristics. Conversely, band sets formed in
areas devoid of fault are only found under the thrust-fault regime.



Fig. 4. Distribution of permeability contrasts in structures formed in (a) the normal-fault regime; and (b) the thrust-fault regime. (c) Graph showing cumulative frequency of
permeability contrast for cataclastic bands and faults formed in normal-fault and thrust-fault regimes. (d) Distribution of permeability contrasts in structures related to the presence
of a fault from both regimes. (e) Distribution of permeability contrasts in structures formed in area devoid of fault. (f) Graph showing the frequency of permeability contrast for
cataclastic bands and faults formed in sets related to localized fault and sets not related to fault in both regimes.
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5. Burial depth

Permeability data of cataclastic deformation structures were
categorized according to burial conditions (Table 1): (1) shallow-
burial depth (<1 km, host sandstones generally un-lithified), (2)
moderate-burial depth (1 kme3 km), and (3) deep-burial depth
(>3 km, host sandstones generally cemented) (Fig. 6). This desig-
nation corresponds generally to the burial depth at time of band
formation or, when the timing of band formation is not well con-
strained, to the maximum burial depth reached by the host sand-
stone. The influence of tectonic regime and the presence of a fault
under shallow and moderate conditions are also analyzed and
discussed, although these influences were not investigated for deep
burial depth because of the limited amount of data available for
these conditions (Figs. 7 and 8). See Supplementary Materials for
examples of cataclastic bands formed under different burial con-
ditions (field data and photomicrographs) (Fig. A2).
5.1. Shallow burial

Cataclastic structures formed at shallow burial depths show an
average permeability contrast of�1.74 ± 1.42 (Fig. 6a). This contrast
ranges from �6 to 1.1 with only 24.2% of these bands having
induced permeability reductions greater than two orders of
magnitude (Fig. 6a). However, 8 sets out of 18 (~44%) have struc-
tures involving large permeability decrease (greater than three
orders of magnitude). 46.4% of the bands are PCBs and SECBs, 14%
are cataclastic bands, 23.4% are band clusters, and 16.2% are fault
core elements. No permeability data were reported on slipped
bands related to shallow-burial conditions.
5.2. Moderate burial

Cataclastic structures formed at moderate-burial depths show
an average permeability contrast of �2.51 ± 0.99 (Fig. 6b). This
contrast ranges from �6.5 to 0.5 with 64.3% of these bands having
induced permeability reduction greater than two orders of
magnitude (Fig. 6b). A large majority of sets (15 on 20, ~75%) have
bands involving large permeability decrease. These bands include
12.8% as PCBs and SECBs, 43.1% as cataclastic bands, 21.7% as band
clusters, 13.5% as slipped bands and 9% as fault cores.
5.3. Deep burial

Cataclastic structures found at deep burial depths show an
average permeability contrast of�1.89 ± 1.13 (Fig. 6c). This contrast



Fig. 5. Conceptual models showing the influence of tectonic regime and the presence of a fault on permeability contrast induced by deformation bands. (a) Normal-fault regime. (b)
Thrust-fault regime. Both figures illustrate (i) Fault initiation (or area devoid of large-scale fault). (ii) Fault propagation.

Fig. 6. (a) Distribution of permeability contrasts in cataclastic structures formed at shallow burial depths (<1 km). (b) Distribution of permeability contrasts in cataclastic structures
formed at moderate burial depths (1 km - 3 km). (c) Distribution of permeability contrasts in cataclastic structures found at deep burial conditions (>3 km). (d) Graph showing the
frequency of permeability contrast for cataclastic bands and faults formed at shallow, moderate and deep burial depths.
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Fig. 7. Conceptual models showing the influence of burial depth on permeability contrast induced by cataclastic deformation bands and faults. (a) Shallow burial depth. (b)
Moderate burial depth. (c) Deep burial depth.
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ranges from �4 to �0.1 with 33.3% of these bands having induced
permeability reductions greater than two orders of magnitude
(Fig. 6c). Only 3 out of 9 of band sets (~33%) have structures
involving large permeability decrease. Few data are available for
deep burial conditions (N: 30), but they are all cataclastic bands or
clusters showing pressure-solution in addition to cataclasis.

5.4. Comparison

Cataclastic bands formed at moderate burial depths involve
greater permeability reduction than bands initiated at shallow
burial depths (Figs. 6a, b). Greater than two times the proportion of
bands has permeability decreases greater than two orders of
magnitude for moderate burial as compared to shallow burial
conditions. Sets containing some bands with large permeability
contrast (greater than three orders of magnitude) are also more
frequent at moderate burial depths. Shear bands showing intense
cataclasis (band cluster, slipped bands and fault cores) are abun-
dant at moderate burial depths and less common in shallow con-
ditions where bands with less cataclastic deformation are
frequently observed (Figs. 7a, b). This influence of burial depth on
permeability contrast remains valid regardless of tectonic regime or
the presence of localized faults (Figs. 7 and 8). The larger perme-
ability reduction in structures related to the normal-fault regime
seems to only apply to shallow burial depths (Fig. 8ai), whereas no
clear difference is identified between permeability data of bands
formed in both tectonic regimes under moderate burial depths
(Fig. 8bi). The larger permeability reduction observed in bands
formed in sets related to the presence of a fault remains valid for
any burial depth condition (Fig. 8ii).

6. Host sandstone porosity

Permeability data of cataclastic deformation structures were
classified as a function of the current host sandstone porosity for
bands found in: (1) low-porosity (<15%), (2) intermediate-porosity
(15%e25%), and (3) high-porosity sandstones (>25%) (Fig. 9 and
Table 2). However, the porosity of a host sandstone can change after
deformation bands formation, particularly if diagenesis has not or
only partly occurred. Any analysis about the influence of host
sandstone porosity on band permeability should therefore be
considered with care. The influence of tectonic regime, presence of
a fault and (shallow and moderate) burial depth within sandstones
of different intermediate and high porosities was also considered.



Fig. 8. Graphs showing the frequency of permeability contrast for cataclastic bands formed at: (a) shallow burial depth and (b) moderate burial depth, under (i) different tectonic
regimes and (ii) related or not to the presence of fault.
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However, these influences were not investigated for low-porosity
sandstones because of the limited amount of data available for
them (Figs. 10 and 11). See Supplementary Materials for examples
of cataclastic bands formed in sandstones of different porosity
(field data and photomicrographs) (Fig. A3).
Fig. 9. (a) Distribution of permeability contrasts in bands formed in low-porosity sandsto
intermediate-porosity sandstones (15%e25%). (c) Distribution of permeability contrasts in
frequency of permeability contrast for cataclastic structures formed in sandstones of low, i
6.1. Low-porosity sandstone

Cataclastic structures found in low-porosity sandstones showan
average permeability contrast of�1.83 ± 1.30 (Fig. 9a). This contrast
ranges from �5 to 2 with 45.2% of these bands having induced
nes (<15%). (b) Distribution of permeability contrasts in bands and faults formed in
bands and faults formed in high-porosity sandstones (>25%). (d) Graph showing the
ntermediate and high porosity.
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permeability reductions greater than two orders of magnitude
(Fig. 9a). Only 5 analyzed sandstone units out of 14 (35.7%) have
sets with bands involving a large permeability decrease (greater
than three orders of magnitude). These bands include 47.6% as
cataclastic bands, 16.7% as band clusters, and 35.7% as fault cores.
No PCBs and SECBs were identified in low-porosity sandstones.

6.2. Intermediate-porosity sandstone

Cataclastic structures found in intermediate-porosity sand-
stones show an average permeability contrast of �1.66 ± 1.22
(Fig. 9b). The contrast values range from �6.5 to 1.1 with 39.8% of
these bands having induced permeability reduction greater than
two orders of magnitude (Fig. 9b). Only 22 analyzed sandstone
units out of 83 (~26.5%) have sets of bands involving large
permeability decrease. Intermediate-porosity sandstone bands
include 38.7% as PCBs and SECBs, 26.4% as cataclastic bands, 20.2%
as band clusters, 6.9% of slipped bands and 7.9% as fault cores.

6.3. High-porosity sandstone

Cataclastic structures found in high-porosity sandstones show
an average permeability contrast of �2.05 ± 0.98 (Fig. 9c). This
contrast ranges from �6 to 0 with 49.4% of these bands having
induced permeability reduction greater than two orders of
magnitude (Fig. 9c). Only 19 analyzed sandstone units out of 62
Fig. 10. Conceptual models showing the influence of host sandstone porosity on permeabilit
porosity. (c) High-porosity.
(~31%) have sets of bands with bands involving large permeability
decrease. Bands include 14.9% as PCBs and SECBs, 39.6% as cata-
clastic bands, 26.8% as band clusters, 9.8% as slipped bands and 8.9%
as fault cores.

6.4. Comparison

Cataclastic bands found in host sandstones of low-porosity
involve greater average permeability reduction but slightly less
maximum permeability contrast than bands from intermediate and
high-porosity sandstones (Figs. 9 and 10). Only cataclastic bands
and clusters or fault cores are described in low-porosity sandstones
and would be expected to involve larger permeability reduction.
However, low-porosity sandstones with cataclastic deformation
bands show quartz overgrowths in both bands and host sand-
stones, which limits the permeability contrast (Fig. 10a). The rela-
tively small data set obtained for such bands does support the
general impression that this texture is not favorable to cataclastic
deformation.

Less average permeability reduction is observed in bands
formed in intermediate-porosity sandstones than for bands formed
in high-porosity ones (Figs. 9b, c). However, similar maximum
permeability contrasts, proportion of bands inducing more than
two orders of magnitude in permeability reduction, and proportion
of band sets containing bands of low-permeability (more than
three orders of magnitude) are observed for intermediate and high-
y contrast induced by cataclastic deformation bands. (a) Low-porosity. (b) Intermediate-



Fig. 11. Graphs showing cumulative frequency of permeability contrast for cataclastic bands formed in sandstones of various porosity for: (a) different tectonic regime, (b) presence
of fault, (c) and burial depths. Permeability data of structures formed in low-porosity sandstones and deep-burial depth are not represented on these graphs because of the limit
amount of data available and probably not representative of these conditions.
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porosity sandstones (Figs. 9b, c). Similar permeability reductions
are also observed for bands formed in both intermediate and high-
porosity sandstones under the normal-fault regime, in area of
localized fault and under moderate burial depth, whereas lower
permeability reductions are observed for bands formed in
intermediate-porosity sandstones under the thrust-fault regime, in
area devoid of fault and in moderate burial depth (Fig. 11). All types
of cataclastic structures are observed in both host materials, but a
slightly greater proportion of the less cataclastic structures is
observed in intermediate-porosity sandstones (Figs. 10b, c). This
difference in abundance could explain the average lower perme-
ability contrast calculated for these bands. However, these PCBs and
SECBs are generally formed in high-porosity sandstones (Eichhubl
et al., 2010; Fossen et al., 2011), and the presence of these struc-
tures in intermediate-porosity materials could be due to porosity
reductions of host sandstones after the band formation, as for
example with SECBs from the Buffington Window, Nevada
(example in Appendix A). Even if high porosity of host sandstone
appears to be a condition for large permeability decrease in cata-
clastic deformation bands, especially for the normal-fault regime
and in moderate burial depth, no clear influence of host sandstone
porosity can be identified.

7. Host sandstone grain size and sorting

Permeability data were classified as a function of the host-
sandstone grain size and grain sorting in bands formed in: (1)
coarse-grained sandstones where the mean grain
diameter > 0.375 mm, (2) fine-grained sandstones where the grain
diameter < 0.375 mm; (3) well-sorted sandstones, and (4) poorly-
sorted sandstones (Fig. 12 and Table 2). Contrary to host sand-
stone porosity, grain size and grain sorting do not generally change
over time, unless cataclastic grain size reduction and overgrowth
occur but the resultant textures are commonly detectable, which
makes conclusions regarding their potential influence on band
permeability more reliable. The influence of tectonic regime, the
presence of a fault and burial depth within sandstones of different
grain size and sorting were also considered (Figs. 13 and 14). See
Supplementary Materials for examples of structures formed in
sandstones of different grain size and sorting (field data and pho-
tomicrographs) (Fig. A4).
7.1. Coarse-grained sandstone

Cataclastic structures formed in coarse-grained sandstones
show an average permeability contrast of �1.76 ± 1.26 (Fig. 12a).
This contrast ranges from �6 to �1.1 with 42.9% of these bands
having induced permeability reduction greater than two orders of
magnitude (Fig. 12a). 35% of the band sets (26 analyzed sandstone
units out of 75) contains bands involving large permeability
decrease (greater than three orders of magnitude). These bands
include 23.1% as PCBs and SECBs, 19.9% as cataclastic bands, 33.9%
as band clusters, 15.4% as slipped bands and 7.7% as fault cores.

7.2. Fine-grained sandstone

Cataclastic structures formed in fine-grained sandstones show
an average permeability contrast of �1.65 ± 0.99 (Fig. 12b). This
contrast ranges from �6.5 to 0 with 40.7% of these bands having
induced permeability reductions greater than two orders of
magnitude (Fig. 12b). Only 10 analyzed sandstone units out of 71
(~14%) have sets with bands involving large permeability decrease.
These bands include 7.7% as SECBs, 46.9% as cataclastic bands, 22%
as band clusters, 2.9% as slipped bands and 20.6% as fault cores. No
PCBs were identified in fine-grained sandstones.

7.3. Well-sorted sandstone

Cataclastic structures formed in well-sorted sandstones show
an average permeability contrast of �1.8 ± 0.98 (Fig. 12d). This
contrast ranges from �6.5 to 0.6 with 47% of these bands having
induced permeability reductions greater than two orders of
magnitude (Fig. 12d). Only 23 analyzed sandstone units out of 95
(~24%) have sets with bands involving large permeability
decrease. These bands include 24.9% as PCBs and SECBs, 29.3% as
cataclastic bands, 27.3% as band clusters, 5.2% as slipped bands
and 13.3% as fault cores.

7.4. Poorly-sorted sandstone

Cataclastic structures formed in poorly-sorted sandstones show
an average permeability contrast of �1.62 ± 1.24 (Fig. 12e). This
contrast ranges from �6 to 2 with 42.9% of these bands showing



Fig. 12. (a) Distribution of permeability contrasts in bands and faults formed in coarse-grained sandstones. (b) Distribution of permeability contrasts in cataclastic structures formed
in fine-grained sandstones. (c) Graph showing the frequency of permeability contrast for cataclastic bands and faults formed in fine-grained and coarse-grained sandstones. (d)
Distribution of permeability contrasts in structures formed in well-sorted sandstones. (e) Distribution of permeability contrasts in cataclastic structures formed in sets in poorly-
sorted sandstones. (f) Graph showing the frequency of permeability contrast for cataclastic bands and faults in well- and poorly-sorted sandstones.
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induced permeability reduction greater than two orders of
magnitude (Fig. 12e). Only 9 analyzed sandstone units out of 31
(~29%) are band sets with bands involving large permeability
decrease. These bands include 12.7% as SECBs, 44.4% as cataclastic
bands, 19.1% as band clusters and as 23.8% fault cores. No PCBs and
slipped bands were identified in poorly-sorted sandstones.

7.5. Comparison

No clear difference in permeability value is observed for bands
formed in coarse- and fine-grained sandstones (Figs. 12a, c). The
proportion of bands showing permeability reductions greater than
two orders of magnitude is also similar in bands formed in both host
sandstones, whereas sets containing bands of large permeability
reductions are slightly more frequent in coarse material. Band clus-
ters and slipped bands are more abundant in coarse-grained sand-
stones and involve large grain-comminution and permeability
reduction, but also the PCBs and the SECBs which cause only small
deformation (Figs. 13a, b). Conversely, fault cores seem more
frequent in fine-grained sandstones and should cause intense cata-
clasis and permeability reduction. Similar maximum permeability
contrasts in both coarse and fine-grained sandstones appear
consistent with the presence of large-shear structures whatever the
grain size of material (Figs. 12a, b). Bands formed in coarse-grained
sandstones show larger permeability contrast for the normal-fault
regime, in presence of a fault and whatever the burial depths than
bands formed in fine-grained sandstones (Fig. 14i). Larger perme-
ability reductions are observed in bands formed in both fine and
coarse-grained sandstones for the normal-fault regime as compared
to the thrust-fault regime, in presence of a fault and for moderate
burial depth as compared to shallow burial conditions (Fig. 14i).

Cataclastic bands formed inwell-sorted sandstones involve slightly
greater average permeability contrasts and a greater proportion of
bands showing permeability reductions >2 orders of magnitude than
bands from poorly-sorted sandstones (Figs. 13c, d), but fewer sets
containing bands of large permeability decrease (Figs. 12d, f). Well-
sorted sandstones show structures with greater permeability con-
trasts for both normal-fault and reverse-fault regimes, in area devoid
of faults and for moderate burial depth (Fig. 14ii). Larger permeability
reductions are however observed in bands formed in poorly sorted
materials within localized fault and under shallow burial conditions
(Fig. 14ii). Hence we see no systematic influence of sorting on cata-
clastic band permeability from the compiled dataset.

8. Discussions

8.1. Control of tectonic regime and presence of fault

The normal-fault regime and the presence of fault zones favor
the formation of deformation bands and fault cores showing



Fig. 13. Conceptual models showing the influence of host sandstone characteristics on permeability contrast induced by cataclastic deformation bands and faults. (a) Coarse-grained
sandstones. (b) Fine-grained sandstones. (c) Well-sorted sandstones. (d) Poorly-sorted sandstones.
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intense cataclasis and large permeability decrease, whereas mod-
erate cataclasis and permeability are recorded in bands formed in
the thrust-fault regime and in areas devoid of a fault (Fig. 4). All
bands described from normal-fault regimes are related to the
process of fault localization, either due to the formation of incipient
band clusters or damage zones around well-developed fault cores
or slip surfaces (Fig. 5a). Similarly, permeability of fault core ele-
ments is only described in structures formed under the normal-
fault regime. For similar burial depth, normal-fault and reverse-
fault tectonic regimes involve different stress paths that strongly
influence the ratio between shear stress and mean-stress at time of
band formation (see Soliva et al. (2013) for detailed mechanical
explanation of preferential fault localization in the normal-fault
regime). The greater shear stress involved in the normal-fault
regime favors shear-localization (band cluster) and the initiation
of faults (slip-surfaces), whereas the higher mean stress involved in
the reverse-fault regime favors the formation of compactional
structures such as PCB or SECB (e.g. Ballas et al., 2013; Fossen et al.,
in press). This difference of stress paths can explain the greater
cataclasis intensity and permeability reduction generally recorded
in the normal-sense structures compared to reverse-sense ones.
However, bands formed in trishear zones to propagating thrusts
may also show intense cataclasis and large permeability reductions
(Solum et al., 2010; Ballas et al., 2014) (Fig. 5bii). This similarity
underscores the influence of large-scale fault reactivation and/or
propagation, involving again greater shear stress, on shear locali-
zation and permeability reduction in cataclastic deformation bands
also in the thrust-fault regime, where fault initiation seems un-
common (Antonellini and Aydin, 1999; Solum et al., 2010). Hence,
the tectonic regime and the presence of a fault constitute the major
factors controlling permeability contrast induced by cataclastic
structures in porous sandstone reservoirs.
8.2. Influence of burial depth

The influence of burial depth on band permeability in porous
sandstone reservoirs can be explained by the related progressive
increase in confining pressure, temperature, and thus host sand-
stone lithification (mechanical compaction and cementation),
although the influence of these parameters can be opposed (Fig. 7).
Bands showing limited cataclasis intensity and low permeability
reductions are more frequent under shallow and deep burial con-
ditions whereas bands containing intense cataclasis and large
permeability reductions are common structures observed under
moderate burial conditions (Fig. 6).



Fig. 14. Graphs showing the frequency of permeability contrast for cataclastic bands formed in sandstones as a function of (i) grain size, and (ii) grain sorting, for (a) different
tectonic regimes, (b) related or not to the presence of a fault, and (c) various burial depths. Permeability data of structures formed in deep-burial depth are not represented on these
graphs because only a few data are available.
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Lesser confining pressures favor grain rearrangement and par-
ticulate flow, whereas greater confining pressure, generating higher
stress concentrations at grain contact points, leads to cataclastic flow
(Wong et al., 1997; Mair et al., 2002b; Kristensen et al., 2013). An
intensification of cataclasis with the increase of confining pressure
should then be observed within the bands (Chuhan et al., 2002), but
no quantification of this influence is establish to our knowledge. The
evolution of confining pressure in sandstone reservoirs depends on
the ratio between horizontal and vertical effective stress (K0), which
was estimated to 0.7 by Soliva et al. (2013), but which is susceptible
to changewith the host sandstone characteristics (Mitchell and Soga,
2005). Hence, a better constrain of the K0 ratio is necessary to predict
the influence of confining pressure on deformation band properties
in porous sandstones.

Poor lithification of host material, i.e. no cementation and low-
packing density generally associated with high porosity, favors
grain rearrangement (Antonellini and Pollard, 1995; Skurveit et al.,
2013) and therefore the initiation of disaggregation bands (Fisher
and Knipe, 1998; Fossen, 2010). Conversely, a high degree of
lithification, i.e. high-packing density or cementation, impedes
grain rearrangement and favors Hertzian cracking at grain contact
points (Rawling and Goodwin, 2003), facilitating bands with more
intense cataclasis (Swierczeska and Tokarski, 1998; Labaume and
Moretti, 2001; Kaproth et al., 2010; Kristensen et al., 2013).

The high permeability contrasts observed at moderate burial
depth, as compared to shallow conditions, can be explained by both
higher confining pressure and degree of host sandstone lithification
(Fig. 7). Cataclastic bands involving a large permeability decrease are
observed in shallow burial conditions (Sidga and Wilson, 2003;
Ballas et al., 2012; Saillet et al., 2013), which we infer to mean that
other factors can influence cataclasis intensity than burial depth
conditions.

8.3. Role of host sandstone characteristics

Only limited influences of host sandstone porosity, grain size
and grain sorting are revealed by this analysis on cataclastic band
type and related permeability reduction (Figs. 9e14). No clear



G. Ballas et al. / Journal of Structural Geology 76 (2015) 1e21 17
influence of porosity value is found regarding general permeability
reduction in cataclastic deformation bands (Fig. 9). Porosity does
not control the intensity of cataclasis when cataclastic deformation
bands form. However, a small influence of porosity is observed on
permeability for bands formed for the thrust fault regime, where
large faults are absent and at shallow burial depths, i.e. greater
permeability reduction in bands formed in high-porosity sand-
stones compared to ones formed in intermediate-porosity sand-
stones (Fig. 11). This observation implies that the potential
influence of host-material porosity depends on the external factors
and it only acts as a secondary influencing factor on band
permeability.

No significant influence of grain size was identified on the
permeability contrasts between cataclastic bands and host sand-
stones (Figs. 12 and 13a, b). Only slightly greater permeability re-
ductions are observed in the bands formed in coarse-grained
sandstones for the normal-fault regime, in areas devoid of a fault
and at moderate burial depths (Fig. 14i). This limited influence is
consistent with coarse-grain size as condition favorable to cata-
clasis development, as demonstrated both by field analysis
(Eichhubl et al., 2010; Schultz et al., 2010; Balsamo and Storti, 2011;
Ballas et al., 2013) and experiment (Wong and Baud, 2012 and
references therein) but, similarly to porosity, it only acts as a sec-
ondary factor band permeability.

Poor sorting is considered a favorable condition for grain rear-
rangement (Antonellini and Pollard, 1995), diffuse cataclastic flow
(Wang et al., 2008; Cheung et al., 2012) or the formation of bands of
low-intensity cataclasis (Ballas et al., 2013; Klimczak and Schultz,
2013), whereas good sorting promotes cataclastic processes
(Fowles and Burley, 1994; Antonellini and Aydin, 1995; Solum et al.,
2010). The greater stress concentration at Hertzian contacts be-
tween certain grains and the faster mechanical compaction of
poorly-sorted material, reaching their yielding conditions for lesser
stress conditions and leading to diffuse grain cracking, may be
responsible for the slightly lower intensity of cataclasis observed in
these bands (Skurtveit et al., in press) (Fig. 13b). Good grain sorting
constitutes then favorable conditions for greater permeability
contrasts within cataclastic structures (Fig. 12). This influence de-
pends however on the presence of large-scale fault or burial depth
conditions (Fig. 14ii), so it is only a second-order controlling factor.
9. Conclusions

This analysis confirms that permeability decrease is as a func-
tion of cataclasis intensity in bands, from low-permeability
reduction in crush microbreccia of PCBs and SECBs to high-
permeability reduction in cataclasites/ultracataclasites of shear
bands (band clusters, slipped bands and fault cores). This analysis
emphasizes that cataclasis and permeability reductions are
controlled by:

� Tectonic regime and presence of a fault: Normal-fault regime
and the presence of a fault, both for normal and thrust fault
regime (i.e. propagation of a basement fault), typically leads to
the formation of cataclastic shear bands showing intense cata-
clasis and high-permeability reduction whereas moderate-
permeability reductions are generally recorded in bands
formed in the thrust-fault regime and in area devoid of localized
fault.

� Burial depth: Moderate burial depth (1e3 km) favors the for-
mation of cataclastic bands showing intense cataclasis and high-
permeability reduction, whereas smaller permeability re-
ductions are generally observed in bands formed at shallow
(<1 km) and deep (>3 km) burial conditions.
The host-sandstone characteristics constitute second-order
factors that can influence the permeability of cataclastic bands in
specific cases, depending on the external factors. High porosity,
coarse grain-size and good grain-sorting can constitute condi-
tions favorable for greater permeability contrasts recorded in
cataclastic bands especially for the thrust-fault regime, in areas
devoid of a fault and at shallow burial depths.
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Appendix A

Five new sites were investigated in order to expand the dataset
of permeability of cataclastic structures in porous sandstones
collected from the literature, all in the western US: (1) San Rafael
Desert; (2) Arches Park; (3) San Rafael Reef; (4) Buffington Win-
dow; and (5) Pismo Basin. These permeability measurements were
done with a portable minipermeameter (Tinyperm-II).

(1) Cataclastic structures at the Arches National Park (Utah)
were described by Antonellini and Aydin (1994) and (1995).
These structures formed extensional faults related to growth
and subsequent collapse of salt anticline (normal-fault
regime) and form single bands, band clusters and fault cores.
These bands are observed in various sandstone units of
different characteristics, but especially in the Navajo and
Entrada sandstones, which were buried to around 2.5e3 km
depth. Permeability measurements were performed on
cataclastic bands and cataclastic band clusters (Figs. Aa
and B).

(2) The cataclastic structures of the San Rafael Desert, located
close to the Goblin Valley State Park (Utah, USA), were first
described by Aydin and Johnson (1978) and more recently by
Fossen and Hesthammer (1997) and Johansen and Fossen
(2008). These structures are cataclastic normal-faults and
band clusters formed in the Cretaceous Entrada Sandstone
and accommodate minor NEeSW extension under a
maximum burial depth of 2e3 km. Characteristics of the host
sandstones are largely variable but permeability measure-
ments were performed on bands formed in porous (25 < <
30%), fine-grained and well sorting sandstone units. Perme-
ability of cataclastic band clusters (Fig. Ab, c) and slipped
cataclastic bands were measured (Fig. B).

(3) Cataclastic structures formed along the San Rafael Reef
(Utah) have been described by Bump and Davis (2003) and
Zuluaga et al. (2014). They are related to the Late Campanian-
Eocene Laramide contractional deformation event (reverse-
fault regime) and formed in the Navajo and Entrada sand-
stones under a burial depth of about 2 km. Permeability
measurements were mainly done on cataclastic bands and
also on a slipped cataclastic band (Fig. Ac), formed in the
Entrada Sandstone which shows high porosity (25e30%),
fine grain size and good sorting (Table 2).

(4) Cataclastic structures formed in the Jurassic Aztec Sandstone
in the Buffington Window (Nevada) were first reported by
Engelder (1974) and more recently by Fossen et al. (in press).
These structures are distributed shear-enhanced compaction
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bands showing low cataclasis intensity (Fig. Ad), related to
Sevier thrusting (reverse-fault regime) and formed under
shallow conditions (probably less than 1 km). The part of the
Aztec Sandstone from where our measurements were taken
is generally coarse grained, poorly cemented, and shows
porosity ranging from 15% to 25%.

(5) Cataclastic bands and faults described by Antonellini and
Aydin (1999) from the Arroyo Grande Oil Field (California)
Fig. A. (a) Cataclastic bands and band clusters at the Arches National Park. (b) and (c) Band cl
Reef. (e) Shear-enhanced compaction bands at the Buffington Window. (f) Slipped cataclast
are related to the formation of the Pismo syncline (reverse-
fault regime). These structures formed in the Edna Member,
which is a poorly consolidated and porous (20%) sandstone.
The bands are especially observed in medium to coarse grain
size unit. Permeability measurements were mainly done on
cataclastic bands but also on band clusters and slipped-
bands (Figs. Ae, f and B).
usters and slipped bands at the San Rafael Desert. (d) Cataclastic bands at the San Rafael
ic bands at the Pismo Basin. (g) Cataclastic bands and band cluster at the Pismo Basin.



Fig. B. Graph showing band permeability vs host-sandstone permeability comparisons for field data collected for this study.
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Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jsg.2015.03.013.
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