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Abstract: Deformation bands are common subseismic structures in porous sandstones that vary
with respect to deformation mechanisms, geometries and distribution. The amount of cataclasis
involved largely determines how they impact fluid flow, and cataclasis is generally promoted by
coarse grain size, good sorting, high porosity and overburden (usually >500—1000 m). Most
bands involve a combination of shear and compaction, and a distinction can be made between
those where shear displacement greatly exceeds compaction (compactional shear bands or
CSB), where the two are of similar magnitude (shear-enhanced compaction bands or SECB),
and pure compaction bands (PCB). The latter two only occur in the contractional regime, are char-
acterized by high (70-100°) dihedral angles (SECB) or perpendicularity (PCB) to o (the maxi-
mum principal stress) and are restricted to layers with very high porosity. Contraction generally
tends to produce populations of well-distributed deformation bands, whereas in the extensional
regime the majority of bands are clustered around faults. Deformation bands also favour highly
porous parts of a reservoir, which may result in a homogenization of the overall reservoir perme-
ability and enhance sweep during hydrocarbon production. A number of intrinsic and external var-
iables must therefore be considered when assessing the influence of deformation bands on reservoir

performance.

The mechanisms by which highly porous sediments
and rocks such as sand and sandstone respond to
deformation differ fundamentally from that of low-
porosity and non-porous rocks. In particular, these
sediments and rocks form subseismic strain-locali-
zation features known as deformation bands (Aydin
1978; Davis 1999; Fossen et al. 2007) instead of
fractures. Deformation bands (Fig. 1a) differ from
classical fractures in several ways, notably: (1)
their generally compactive nature that leads to poro-
sity loss and permeability reduction; and (2) the
limited ability of individual bands to accumulate
displacement, resulting in formation of large popu-
lations of bands or band clusters. These and several

other characteristic properties of deformation bands
relate to the high porosity of the host rock, which
allows for reorganization of grains and grain
fragments during deformation. Furthermore, the
observation that most deformation bands reduce
porosity and permeability makes it interesting to
consider their impact on fluid flow during hydrocar-
bon production.

In this work we present a review of deforma-
tion bands, their characteristic geometric and petro-
physical properties, and the ways that they occur in
different tectonic settings. The many factors influ-
encing the occurrence and type of deformation
bands make prediction of such structures difficult
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Fig. 1. Examples of deformation bands in the extensional regime. (a) Compactional shear band (CSB) showing
thickness variation between fine to coarse layers. Navajo Sandstone, Waterpocket monocline, Utah. (b) Cluster of
CSB transitioning into a slip surface in the fine-grained sand/siltstone in the lower part of the picture. (¢) Thick
deformation band cluster (CSB). (d) Conjugate CSB in Entrada Sandstone, with lower-hemisphere equal-area
projection of poles to deformation bands in the Mollys Castle—Goblin Valley area, south Utah. Two maxima
suggest an average dihedral angle of 47°. (b—d) from Entrada Sandstone in the Goblin Valley area, San Rafael

Desert, Utah.

in detail, but some general statements and ‘rules’
can be made. The purpose of this work is to explore
and review the most important of those factors and
to try to extract general conclusions that can help
us understand when, where and how deformation
bands form, how they are distributed and their

properties with respect to fluid flow (Ballas et al.
2015). Based on this general knowledge, it should
be possible to make at least some first-order predic-
tions about the occurrence and nature of these
subseismic-scale strain-localization features in sub-
surface reservoirs, even where well data are scarce.
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Band types, deformation mechanisms and
kinematics

Deformation bands are strain-localization structures
that develop in porous media, notably sandstones
and conglomerates. They form in the full range of
tectonic regimes, from pure extension to strike-slip
to contraction, provided that the sediment or rock
had sufficiently high porosity at the time of defor-
mation, generally more than c. 15%. While the
term deformation band has been used in a general
way to denote strain-localization structures formed
in a variety of rock types (e.g. Cobbold 1977) and
in a more specific way to describe intracrystal-
line bands of dislocation structures in plastically
deformed rocks (Passchier & Trouw 2005), the use
of the term for millimetre- to centimetre-wide tabu-
lar deformation structures in highly porous rocks
was introduced primarily by Aydin (1978) and
Aydin & Johnson (1978, 1983). This is now well
entrenched in the geological literature and textbooks
(Davis et al. 2012; Fossen 2016).

Kinematic classes and their relation to
deformation mechanism

As has previously been pointed out (Fossen et al.
2007), deformation bands can be classified accord-
ing to kinematics or deformation mechanism.
Deformation mechanisms are extremely important,
both mechanically and with regard to porosity and

permeability changes. The most important factor is
the amount of cataclasis involved. Cataclasis typi-
cally generates a mechanically strong and stiff inter-
nal (ultra)cataclastic rock that involves compaction
and reduction in porosity and permeability by up to
several orders of magnitude together with some
dissolution and cementation (see review by Ballas
et al. 2015). Cataclasis is to some extent related to
kinematics and strain and, given that our under-
standing of the kinematic aspects of deformation
bands has evolved over the last few years, we
focus here on deformation band kinematics and
the role of cataclasis.

The deformation bands described by Aydin in
his initial papers from the San Rafael Desert in
Utah are shear dominated, but involve a significant
amount of grain crushing and thereby a component
of band-perpendicular compaction. As deformation
bands have been increasingly recognized in practi-
cally all parts of the world and in many tectonic set-
tings, it has become clear that most deformation
bands develop in the kinematic spectrum between
simple shear (constant-volume or isochoric shear
bands) and pure compaction (pure compaction
bands), although most commonly with a predomi-
nant shear component (shear bands; Fig. 2). Further-
more, the impression has recently emerged that
deformation bands tend to organize themselves
into kinematic subsets along the shear-compaction
spectrum, as discussed below. Deformation band
formation also involves different microscale defor-
mation mechanisms, namely cataclasis or grain

Simple shear
SSB

Dilational
shear bands

Dilation

% Compactional
CSS shear bands
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Fig. 2. Kinematic spectrum of deformation bands between the end-members compaction, simple shear and dilation.
PCB: pure compaction band; SECB: shear-enhanced compaction band; CSB: compactional shear band; SSB: simple
shear band (or simply shear band); DSB: dilational shear band; SEDB: shear-enhanced dilation band; PDB: pure

dilation band.
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crushing, frictional grain sliding and rotation,
pressure solution (dissolution) and cementation.
Of these, cataclasis, rotation and frictional sliding
occur synkinematically, whereas cementation and
pressure solution are relatively slow processes that
can occur both during, after and sometimes long
after band formation (Ngwenya ef al. 2000; Philit
et al. 2015).

The most common kinds of deformation bands
are those dominated by shear (band-parallel) dis-
placement with or without some additional compac-
tion or dilation, and are collectively referred to as
shear bands (Aydin et al. 2006). Bands that deform
by simple shear (isochoric or simple shear bands)
are limited to non-cataclastic bands where grains
roll and slide (i.e. deform by rigid rotation and trans-
lation). In detail, intermittent episodes of minute
dilation and compaction are necessary for well-
packed grains to move past each other; dilation
and compaction generally cancel each other out over
time however, and are therefore of minor impor-
tance. Simple shear bands show no notable change
in porosity as compared to the host rock unless phyl-
losilicate minerals are realigned along the band (e.g.
Fossen 2010), although the formation of force
chains that initiate oblique to the band walls may
change the structure of the grain framework (Eich-
hubl et al. 2010; Cilona et al. 2012; Ballas et al.
2013; Soliva et al. 2013; Rodrigues et al. 2015).

Cataclastic shear bands always involve some
compaction and therefore deviate from simple shear
to form compactional shear bands (CSB, also called
compactive shear bands) (Aydin ez al. 2006; Fossen
et al. 2007; Soliva et al. 2013). In these bands the
shear displacement can be considerably larger than
the compaction displacement. For instance, the clas-
sical cataclastic deformation bands described by
Aydin (1978) typically show individual shear dis-
placements up to a few centimetres (Fossen & Hest-
hammer 1997) and thicknesses of ¢. 1 mm. These
kinds of cataclastic deformation bands typically
involve a change in porosity from 25% in pristine
sandstone to 10—15% in the deformation bands
(Aydin & Johnson 1978; Torabi & Fossen 2009),
which implies approximately 0.13—0.2 mm (13—
20%) compaction for a 1 mm thick band. The
shear displacement is therefore typically some two
orders of magnitude higher than the compaction dis-
placement for this type of shear band.

The amount of compaction across a compac-
tional shear band increases with both its thickness
and the amount of cataclasis involved. Interestingly,
individual CSB of the type found in Triassic—Juras-
sic sandstones on the Colorado Plateau, Utah do not
show any significant increase in thickness with
increasing shear displacement (Fig. 3). The same
is observed for CSB from the Nubian Sandstone in
Sinai, Egypt (Rotevatn et al. 2008), that is, shear

displacement is accumulated through continued cat-
aclasis and grain reorganization, until a displace-
ment of a few centimetres is achieved. Shearing
can result in shear strains () as high as y = 35
for individual CSB in Utah, and considerably higher
for bands in the Nubian Sandstone in Sinai that
reach higher shear offsets and stronger cataclasis.
At such high shear strains the maximum finite short-
ening (along the Z-axis of the strain ellipse) is very
high (e.g. 1 + e3 = 0.1 for a 1 mm thick band with
10 mm offset (the band-perpendicular strain e3)),
which generates significant grain crushing. Note
that this shortening is oblique to the band and there-
fore different from the band-perpendicular compo-
nent discussed above. An important consequence
is that CSB with high S/C (shear/compaction)
ratios (see Fig. 4) show more intense comminution,
producing ultra-cataclasis, than bands with a strong
band-perpendicular compactional component (low
S/C ratio, producing crush micro-breccias) (Ballas
et al. 2012; Soliva et al. 2013).

It has been shown that classical Utah CSB define
a square root dependence of maximum shear dis-
placement (D,,x) and length (L) of the form D, =
al%? , where « is a constant, so that they become
very long relative to their small shear displacements
(Fossen & Hesthammer 1997; Schultz et al. 2008).
Once the CSB reaches a certain shear offset (a
few centimetres), it can in some cases develop an
internal striated slip surface, which is a very thin
(c. 0.1 mm) zone of microcataclasite within the band
that can then accumulate much larger (decimetre- or
metre-scale) shear offsets. Examples of such bands
have been observed in the Goblin Valley area,
Utah (Entrada Sandstone), San Rafael Reef (Navajo
Sandstone; Zuluaga et al. 2014) and Sinai (Nubian
Sandstone; Rotevatn er al. 2008). With this type
of development the kinematics become close to sim-
ple shear because porosity is now very small (c.1%)
in the ultracataclastic zone that represents the slip
surface, with almost no room for further compac-
tion. It is not clear exactly what favours the forma-
tion of slip surfaces in single CSB, but they are
found in well-sorted quartz sandstones deformed
at >1.5km depth in both the extensional and
contractional regimes.

The most common development, however, is for
the single CSB to become inactive as a new band
forms alongside the first. This process, which most
authors attribute to strain hardening (Rudnicki
& Rice 1975; Aydin & Johnson 1978, 1983; Under-
hill & Woodcock 1987; Antonellini et al. 1994;
Antonellini & Pollard 1995; Schultz & Balasko
2003; Shipton & Cowie 2003) although other mod-
els have been suggested (Nicol et al. 2013), repeats
itself and leads to zones or clusters of deformation
bands that can reach several decimetres in thickness
in highly porous sandstones (Fig. 1b, c¢). During this


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Universitetsbiblioteket | Bergen on May 26, 2017

DEFORMATION BANDS
1m7 -
<_Indcl:v8|c|13ual » <« CSB clusters ———————>
° +
o
°
o [
E o014,
o
- o [
Q
~ o o o ©
.‘E ° o
(0] ° °
E o
g .
o o
Q_ [¢)
K] o ©
2 oot . e 9
©
) ° °
_C
)] ° © o
o o
o o o o @
o 2 o o Individual CSB, Utah, Sinai
0.001 4o ° o ce oo o €0e O 0O O — y=0.21 x5 Uchaux m
° o y=0.48 x°% Utah %
o o o8 o e ° + = y=0.70 x°% Uchaux g
(@)
m — y=0.33 x%7° Orange )
o o o o — y=0.48 x*% Arroyo Grande F
¢ — y=0.66 x5 Harz Mins 2
S
o ° o
0.0001 0.001 0.01 0.1 1m

Thickness (T) (m)

Fig. 3. Thickness of compactional shear bands (CSB) and clusters of CSB plotted against displacement for
well-constrained datasets from localities Uchaux and Orange, Provence (France; see Soliva et al. 2013 for
locations), Utah (Entrada Sandstone, San Rafael Desert, area described in Johansen & Fossen 2008), Arroyo Grande,
California (site described by Antonellini et al. 1999), Sinai (Rotevatn et al. 2008) and Hartz Mountains, Germany
(see Klimczak & Schultz 2013). Grey arrows suggest the general growth trend, which changes from almost constant
thickness growth of individual bands (vertical arrow) to constantly thickening clusters. Data from Ballas et al.
(2012), Soliva et al. (2013), Johansen & Fossen (unpublished) and own unpublished data.

process the cluster thickens and compacts as shear
displacement accumulates; during the evolution of
clusters there is therefore a positive correlation
between thickness and displacement (Fig. 3). In
order to examine the relation between zone thick-
ness (T') and shear displacement (D;), data from
CSB clusters from different tectonic settings and
burial depths were compiled and presented in Fig-
ure 3. This figure shows a remarkably similar
power-law relationship between D, and T for all
the datasets, with an exponent around 0.6-0.7,

meaning that 7 grows faster than Dy as the clusters
evolve at the form Dg= aT®®, where a is a
constant.

The ratio between shear and compaction dis-
placement (S/C) for all deformation band types is
plotted in Figure 4, and is seen to vary considerably.
For the classical CSB found on the Colorado Plateau
(Utah) and in Sinai, the S/C ratio is very high (>100
for well-developed bands). A much larger variabil-
ity is seen for CSB from Provence, with S/C values
ranging from >100 to 4. We suspect that this
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Fig. 4. Band-perpendicular shortening (compaction) plotted against shear displacment. Shear-enhanced compaction
bands (SECB) plot in the lower part of the diagram, close to the S/C=1 line where the contribution of shear and
compaction are of similar magnitude. Classical compactional shear bands (CSB) plot in the upper part, while
clusters of CSB from Provence (extensional and contractional) plot in a wider sector of the upper diagram.

Acronyms as for Figure 2.

variability may be related to their poorer compac-
tion and lower confining stress due to shallower bur-
ial depths (<500 m as compared to 2—3 km for the
Colorado Plateau bands).

Deformation bands that show much smaller
amounts of shear offset (S/C < 2; Fig. 4) than the
CSB described above have relatively recently been
recognized, and are named shear-enhanced compac-
tion bands (SECB) (Eichhubl et al. 2010). These
bands are usually thicker, up to several centimetres
(Fig. 5a, b), show less intense cataclasis, and tend to
form conjugate sets (Fig. Se). Their shear offsets are
at the millimetre scale and may be difficult to dis-
cern, which has led some authors to classify them as

(pure) compaction bands (e.g. Sternlof et al. 2005).
However, the fact that they arrange themselves into
conjugate sets similar to CSB and shear fractures
suggests that they involve a small component of
shear; they plot close to the S/C = 1 line in Figure 4,
where the components of displacement from shear
and compaction are similar. So far, SECB have
only been described from the contractional regime,
more specifically from sandstones deformed during
the Sevier orogeny in Nevada (Eichhubl ez al. 2010;
Fossen et al. 2015), the Laramide orogeny in south-
ern Utah (Schultz 2009; Schultz et al. 2010; Fossen
et al. 2011) and the Pyrenean orogeny in southern
France (Ballas et al. 2013).
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Fig. 5. Examples of deformation bands in the contractional regime. (a) SECB 2.5 cm thick and with a slight shear
influence on the lamination. (b) SECB cut by thin cluster of CSBs. (¢) Network of CSB clusters (thin) with reverse
offsets, Orange, Provence, France. (d) Chevron-type PCBs together with SECB. Note how they transition from one
type to the other. Inset shows a simple kinematic model, where each ‘limb’ is acting as a SECB. Black arrows
represent the shortening direction. (e) Wiggly PCB (vertical) in highly porous (25-30%) sandstone layers and
conjugate set of SECB in somewhat less porous layers, Buckskin Gulch, Utah.

Similarly, pure compaction bands (PCB) (Fig.
5d, e) are structures that have only been found in
sandstone with very high porosity and are only asso-
ciated with contractional deformation (Mollema &
Antonellini 1996; Schultz 2009; Eichhubl et al.
2010; Schultz et al. 2010; Fossen et al. 2011,
2015). These structures plot along the horizontal
axis of Figure 4 and most of them can be sorted

into two types: a chevron-style PCB type with a zig-
zag geometry (Fig. 5d) where each chevron element
(‘limb’) can be considered to be a SECB, as illus-
trated in Figure 5d; and a wiggly or undulating
type where the undulations are at a smaller scale
and more sinusoidal (Fig. Se). The latter type
bears geometrical as well as kinematic similarities
to stylolites. The chevron type has a wavelength of
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5-10 cm and band thickness of 1-3 cm, while the
wiggly type are thinner (millimetre thickness) and
with a c¢. 0.5 cm wavelength. In some cases PCB
can become close to planar (Liu ef al. 2016). All
types of PCB bisect the obtuse angle between con-
temporaneous SECB or CSB (Fig. 5e), and form
perpendicular to the principal shortening direction.
For the minute strains represented by these struc-
tures, the principal shortening direction closely
corresponds to the local maximum principal stress
direction (o) in most cases.

In addition to the bands described above, dilation
bands have been reported from unconsolidated sand
(Du Bernard et al. 2002) and are thought to have
formed at shallow depths. Dilation bands have
higher porosity than their host rock, unless second-
ary mineral growth has occurred. Bands with higher
internal porosity than their host rock have also been
observed in the Nubian Sandstone in Sinai (Fossen
et al. 2007, fig. 8a), but it is unclear if this increase
in porosity is due to later removal of material
by fluids.

Conditions controlling deformation band
mechanisms

The different kinds of bands described above form
according to local stress conditions and to variations
in rock properties and characteristics, several of
which are directly or indirectly related to burial
depth. The most important of these conditions and
properties will be briefly discussed here (see Fig. 6
for an overview).

In a simplistic framework, deformation of un-
consolidated sand or poorly consolidated sandstones

at shallow depths (less than ¢. 200 m) promotes sim-
ple shear kinematics, non-cataclastic deformation
and, in some cases, also pure compaction and dila-
tion. Important factors in this context are the low
levels of stress from the overburden, fluid (over)-
pressure, mineralogy and cementation. In granular
media, stress is transmitted across grain-to-grain
contacts, and low stress across such contacts allows
for grain disaggregation. Hence, the fact that stress
related to overburden is low at shallow burial depths
implies that grains can more easily move relative
to one another, while the higher stress at deeper bur-
ial depths promotes cataclasis. However, overpres-
sure counteracts the effect of burial and reduces
the effective stress so that disaggregation (non-
cataclastic flow) can occur at deeper depths. In
some cases overpressure can also make the mini-
mum stress negative and thus promote the formation
of dilation bands.

In addition to burial depth and overpressure,
grain rounding and sorting influence the stress
level at grain contacts: the smaller and fewer the
grain-to-grain contacts, the higher the stress across
each interface. Since well-rounded grains display
smaller contact surfaces and since good sorting cre-
ates fewer contact points, both favour cataclasis
(Cheung et al. 2012). This can be seen in the field
where bands cross sandstone layers of different sort-
ing, such as the aeolian Entrada Sandstone on the
Colorado Plateau; bands are strongly cataclastic in
coarser and better-sorted aeolian dune layers and
transform into bands with less cataclasis in more
poorly sorted and more fine-grained interdune
units (Fossen & Gabrielsen 2005, p. 130).

Mineralogy is important because different min-
erals have different strengths. Carbonate clasts are

Variable Granular flow — > Cataclasis
Burial depth (confining stress) | Shallow —>» Deep
Lithification Unconsolidated ———>» Well lithified
Fluid overpressure High EEEE—— Low
Cement strength FeO(OH) —>» CaCO; —» SiO,

(low) (high)

Grain roundness Angular —— > Rounded
Grain sorting Poor EEE— Good
Mineralogy (grain strength) Strong _— Weak
Phyllosilicate content High _— None
Tectonic regime Extensional ——— > Contractional

Fig. 6. Factors influencing the degree of cataclasis in deformation bands.
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weaker than feldspar, which are again weaker than
quartz grains. Deformation bands in unconsolidated
carbonates may therefore show fractured carbonate
clasts even when deformed very close to the surface.
Similarly, feldspathic arenites can also show grain
fracturing at relatively shallow depths (<1 km), as
demonstrated in poorly lithified Tertiary arenites
from the Rio Grande rift, where feldspar cleavage
was found to be activated as microfracture surfaces,
together with the fracture of lithic fragments, while
quartz grains were largely devoid of transgranular
microfractures (Rawling & Goodwin 2003). These
authors also recognized that while the quartz rarely
developed transgranular fractures, small flakes of
quartz were chopped off some of the quartz grains
(‘flaking’). In addition to mechanically weak
minerals, platy minerals (phyllosilicates) can have
a lubricating effect on grain boundaries, favouring
non-cataclastic granular flow. They may also rear-
range themselves to form a band-parallel fabric that
reduces fluid flow across the deformation bands,
commonly referred to as phyllosilicate bands (Knipe
et al. 1997; Fossen et al. 2007). Phyllosilicate bands
are common in sandstone reservoirs of the North
Sea Jurassic, where mica- and clay-bearing sand-
stones were deformed at relatively shallow depths
(0—1km) shortly after deposition (see Fisher &
Knipe 2001); these are not discussed in detail in
this work.

Tectonic stress alters the state of stress generated
by the overburden. In the extensional regime, the
minimum horizontal stress (o3) is reduced and
hence reduces the likelihood of grain fracture at
shallow levels. In simple terms, the effect is that
grains can more easily move in the horizontal direc-
tion without breaking (non-cataclastic granular
flow). For the contractional regime the effect is
the opposite: the mean stress increases as the tec-
tonic stress adds to the horizontal stress (Soliva
et al. 2013). We may therefore expect cataclasis to
occur at shallower depths in the contractional than
in the extensional regime. This may be an important
reason why reverse cataclastic deformation bands
occur in poorly consolidated quartz sands in Pro-
vence that have not been buried below c. 500 m
(Ballas et al. 2014). However, in this area, cataclas-
tic deformation bands also developed during a later
extensional phase of deformation, which is unusual
for such low burial depths. One explanation may
be that the contraction phase caused an additional
overall compaction of the sands, and that this addi-
tional compaction may have changed the material
properties enough to utilize cataclasis during the
extension (Wibberley et al. 2007).

It is clear that many factors influence the defor-
mation mechanisms of deformation bands (Figs
6 & 7). Nevertheless, cataclasis is more commonly
observed in sandstones that underwent deformation

at depths deeper than 1—-1.5 km, and may therefore
be expected to have obtained some degree of lithifi-
cation through compaction and cementation/disso-
lution. When analysing or predicting deformation
band formation it is important to consider the rock
properties at the time of deformation, which may
have been quite different from the present state.
Timing of deformation relative to the burial /uplift
history and related lithification history of the sedi-
mentary rock is equally important. This is why sand-
stones typically show several distinctly different
sets of structures, such as early soft-sediment struc-
tures and/or disaggregation bands formed at shal-
low levels, overprinted by cataclastic CSB formed
at deeper levels, and finally late joints if the sand-
stone has been exhumed.

Deformation bands in the extensional
regime

Deformation bands were first explored in the exten-
sional regime, where they tend to accumulate in
zones or clusters (Soliva et al. 2016). This strong
tendency of localization is particularly pronounced
for cataclastic normal-offset deformation bands,
but is also observed for many non-cataclastic (disag-
gregation) bands of tectonic origin, for instance
from the Jurassic siliciclastics of the North Sea rift
(Hesthammer & Fossen 2001). Exceptions are dis-
aggregation bands (simple shear bands) related to
non-tectonic soft-sediment deformation, such as
soft-sediment folding, diapirism and gravity sliding.
The distribution of such bands is controlled by the
kinematics of the larger-scale deformation process.

Fault precursors

It is well documented from several field studies that
faults in porous sandstones form in or along defor-
mation band zones (clusters) that grew from single
deformation bands (Aydin & Johnson 1983; Shipton
& Cowie 2001). Hence, as precursors, deformation
band zones dictate or strongly influence the location
and orientation of faults. Fault formation occurs
by the establishment of a slip surface or fault core
where offsets are much larger than those accumu-
lated by deformation bands and deformation band
clusters. In addition, transitional stages from defor-
mation band clusters with incipient and discontinu-
ous slip surfaces to those with a continuous slip
surface can be observed.

The point at which the through-going slip sur-
face develops is quite variable between different
rock units. Some units, such as the Navajo Sand-
stone in Utah, can display very thick CSB clusters,
locally consisting of hundreds of bands in a
several-decimetres-thick zone developed prior to
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Fig. 7. Depth-porosity diagram tentatively showing the fields where different types of deformation bands are
commonly observed to form in porous siliciclastic rocks. Porosity—depth curves for sandstones from Rieke &

Chilingarian (1974, p. 42) are indicated by dashed lines.

faulting. Most other sandstones develop thinner
clusters prior to faulting, and a good understanding
of the controlling factor(s) is yet to be achieved. A
clear example from the San Rafael Desert (Utah)
of how clusters vary in thickness with respect to lith-
ological variations is shown in Figure 1b, where the
thickness of the CSB cluster increases systemati-
cally upwards as it moves from very fine-grained
to coarser-grained and more porous Entrada Sand-
stone. Grain-size observations and permeability val-
ues obtained with a portable micropermeameter
(TinyPerm II) were collected from the host rock at
this and several neighbouring outcrops, and the
results (Fig. 8b, c) show clear connections among
host-rock grain size, permeability and CSB cluster
thickness. Data from three cluster zones at different
stages of maturity are shown, and they all define a
similar trend with respect to grain size as indicated
by the dashed lines in Figure 8c. The CSB clusters
transition into a striated slip surface as the grain
size is reduced to 0.2—0.1 mm and as permeability
is decreased to around 20 mD (Fig. 8). This corre-
sponds to a critical minimum porosity value of
around 15% for deformation band formation (poros-
ity estimated from thin-sections) which, considering
the very low degree of cementation and dissolu-
tion in this sandstone, is expected to be close to

the actual porosity at the time of deformation.
Where these cluster zones develop further, they
eventually display a slip surface along the entire
zone, typically at a thickness of around 10—20 cm
at this particular site. Clearly, this variability in
thickness with respect to lithology is responsible
for some of the scatter seen in 7—D plots (Fig. 3),
together with the lateral variations within layers
(Fossen & Bale 2007).

The damage zone

As a fault is established in porous sandstone, by
definition the surrounding precursory deformation
bands become the fault damage zone. Investigations
of damage zones from a number of faults with a
variety of offsets show a positive non-linear rela-
tionship between fault displacement and damage
zone thickness corresponding to a power-law
(T = aD") with exponent b close to 0.5 (Fig. 9),
and with a statistically slightly thicker damage
zone in the hanging wall (Schueller er al. 2013).
In other words, the damage zone grows in thickness
as the fault accumulates displacement. However,
there is a significant variation in damage zone thick-
ness for any given fault displacement (Fig. 9) which
depends on a number of factors, such as fault growth


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Universitetsbiblioteket | Bergen on May 26, 2017

DEFORMATION BANDS

history (extent and nature of fault linkage in both the
horizontal and vertical directions), fault geometry,
fault core strength and the nature of the host rock.

Even if damage zones grow in thickness as new
deformation bands form around the fault core, data
from normal faults in porous sandstones studied
by Schueller er al. (2013) show that the average
density of bands (15 + 9 bands/m) is statistically
independent of fault displacement. Also, the distri-
bution of bands within the zone is qualitatively
similar for small and large faults. Field-based obser-
vations consistently show that the highest densities
of deformation bands occur close to the fault core,
with a fall-off in deformation band density towards
the margin of the damage zone. Although there is a
significant quantitative variation in how the defor-
mation bands are distributed within the damage
zone, data from highly porous sandstones in Utah
and Sinai show that most band distributions in
such lithologies are best modelled by a logarithmic
function of the form Y = A 4 LIn(X), where Y rep-
resents the number of deformation bands per metre
and X the distance from the fault core (Schueller
et al. 2013) (Fig. 10).

In detail, the bands in the damage zone tend to
cluster which creates local deviations from the
smooth logarithmic model shown in Figure 10.
The clusters are thicker with more internal bands
close to the fault core (Johansen & Fossen 2008),
and it is clear that clusters develop into thicker
and denser zones in coarser-grained sandstone rela-
tive to finer-grained lithologies. Statistical analysis
of damage zones in porous sandstones indicates
that the degree of clustering is independent of
fault displacement, so that the clustering patterns
are similar throughout the fault growth history (Du
Bernard ef al. 2002; Schueller et al. 2013).

Based on these findings, the damage zone can
be considered to grow from an initial process zone
with a constant balance between the formation of
new deformation bands in the existing damage
zone and the creation of new bands outside (Fig.
11). Moreover, as the width of the damage zone
increases throughout the active lifetime of a fault,
the distribution of deformation bands in the damage
zone remains self-similar. Both band distribution
and damage zone width for seismically mapped
faults can therefore be modelled from the relation-
ships shown in Figures 9 and 10.

Conjugate sets of deformation bands

A very characteristic feature of compactional shear
band (CSB) populations in the extensional regime is
the formation of conjugate sets of bands or band
clusters, that is, sets dipping in opposite directions
and mutually cross-cutting each other (Fig. 1d)
(Chemenda et al. 2014). Conjugate deformation

band populations are in many places bimodal,
consisting of only two sets and therefore consistent
with plane strain, although in detail they tend to
display a range in orientation and a certain non-
planarity of the bands and band clusters (Fig. 1d).

In cases where the variation in orientation is sig-
nificant the bands form a polymodal or orthorhom-
bic pattern, consistent with non-plane or 3D strain
(Underhill & Woodcock 1987; Healy et al. 2015).
The Goblin Valley area in the San Rafael Desert,
Utah is interesting in this sense. Here an array of
small (<20 m displacement) normal faults gener-
ated from deformation band zones are fairly straight
and parallel in map view, and hence consistent with
overall plane strain. However, locally we see that
the faults change orientation where they link, and
these are sites of a larger range in deformation
band orientation. As an example, a site of fault inter-
action in the Goblin Valley area has been mapped in
detail, as shown in Figure 12. This site exhibits
bands with a considerable range in orientation and
oblique-slip fault kinematics, that is, not consistent
with a bimodal plane strain situation.

We also observe outcrop-scale deviations from
simple conjugate sets due to the way that deforma-
tion bands perturb the stress field. This is most
clearly seen where bands intersect; the band zones
tend to split up into strands with somewhat different
orientations (e.g. Fig. 1d; Aydin & Reches 1982;
Fossen et al. 2005). It is therefore possible that devi-
ations from the perfect conjugate situation in some
cases may be related to local variations in the stress
field during fault and band interaction, with the
large-scale strain field still being close to plane
strain. Polymodal deformation band populations
may therefore, but do not have to, indicate regional
non-plane strain.

Conjugate sets ideally form with ¢. 60° dihedral
angles according to the Mohr—Coulomb theory of
faulting. Natural deformation bands and band clus-
ters show quite a wide range in orientation of the
dihedral angle however, mostly over 35-95° in
the extensional regime (Fig. 13). Most conjugate
sets of CSB define angles in the range 35-67° for
the extensional regime (47° example shown in
Fig. 1d). The small dihedral angles observed for
some CSB (Fig. 13) (e.g. Underhill & Woodcock
1987; Johansen & Fossen 2008) are difficult to
explain. Hybrid shear fractures that involve a com-
bination of shear and positive dilation tend to form
dihedral angles <60° (Hancock 1985), but CSB
involve a combination of shear and compaction
(negative dilation). Overall, it is likely that the
angles are related to the initial properties (friction
and dilation angles) of the host rock, the initial prop-
erties of the bands, and how these properties evolved
with the stress state during the process of shear and
volumetric deformation.
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Fig. 9. The relationship between fault displacement and damage zone thickness for porous sandstones can be
modelled with an exponential function with an exponent around 0.5. From Schueller et al. (2013).

Deformation bands in the contractional
regime

Observations of deformation bands in the contrac-
tional regime are more limited than for the exten-
sional regime, with the best-studied areas being
the Valley of Fire/Muddy Mountains area in
Nevada (the Jurassic Aztec Sandstone), southern-
most Utah (Buckskin Gulch; Jurassic Navajo Sand-
stone) and Provence, France (Upper Cretaceous
sands of the South-East Basin). In these places,
deformation bands appear more evenly distributed
than those observed in the extensional regime in
the same or similar rock units (Soliva et al. 2016),
particularly where thrusting and layer-parallel
shortening are involved. Several recent papers
describe arrays of broadly distributed SECB and
CSB in poorly lithified Cretaceous sandstones in
Provence (Klimczak et al. 2011; Soliva et al
2013). The pre-faulting localization of deformation
bands into zones that characterize the extensional
regime is not observed here. Instead, cataclastic
bands or thin clusters form two sets of oppositely
dipping conjugate CSB structures, both of which
developed during the Pyrenean phase of N-S

contraction (thrusting and folding). Very similar
patterns are seen in Arroyo Grande, California
(Antonellini et al. 1999).

SECB also form conjugate sets in the most
porous strata of the Provence sandstones and,
although the two sets are seen to cross each other,
they more commonly alternate along the strata. This
characteristic occurrence is also seen in the Aztec
Sandstone in the Valley of Fire/Muddy Mountains
area and in the Navajo Sandstone in southern
Utah. The spacing of the SECB is larger for these
US examples (typically c¢. 0.3 m) than in Provence
(a few centimetres), with no obvious relationship
to mechanical layer thickness. The contrast in elas-
tic stiffness between the different sandstone layers
constituting the sandstone and the friction between
them seem responsible for these differences of band
spacing and organization (Chemenda et al. 2014).

PCB only occur in the most porous layers, and
have only been observed in aeolian sandstones in
the abovementioned localities in the US. Similar
to SECB, they do not develop distinct clusters but
distribute themselves along layers with sufficiently
high porosities. The millimetre-thick wiggly bands
typically occur as individual structures or as

Fig. 8. (a) Field sketch and (b) plot of host-rock permeability against grain size for the Entrada Sandstone in a few
neighbouring outcrops in the San Rafael Desert. Permeability and grain size were measured in the host rock along
the deformation band zone (cluster) together with the zone thickness. Filled symbols are deformation bands (CSB)
while open symbols represent slip surfaces in fine-grained sandstone. The data show that CSB transition into slip
surfaces at grain sizes 0.1-0.2 mm and permeability values around 20 mD. Grain size was estimated from
thin-sections and high-resolution macro-lens field photos. (¢) CSB cluster thickness plotted against grain size for
three structures, quantifying how the clusters systematically grow thicker in the coarse-grained sandstones relative to

the finer sandstones.
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Fig. 10. (a) An example of CSB density reduction away from fault core (origin) and how a logarithmic function can
be fitted to the data, Entrada Sst, Moab fault system. (b) Multiple logarithmic curves from more than 100 damage
zones from porous sandstones in Utah and Sinai, as presented by Schueller et al. (2013).
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Fig. 11. Simulated damage zone growth from a probabilistic model based on data shown in Figures 9 and 10 (see
Schueller et al. 2013 for details). The displacement for each step (arbitrarily coloured) increases from an initial 7 m
displacement to 103 m for the last step. The ‘statistical growth’ of the damage zone is characterized by the creation
of new deformation bands both within and outside the existing damage zone.
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Fig. 12. Structural map of a site of fault tip interaction in the San Rafael Desert near Goblin Valley (Loc. 6 in
Johansen & Fossen 2008). Spherical projection of deformation band orientations (lower-hemisphere projection)
show a range of orientations (polymodal) with an average NW—SE strike and dip directions ranging from NE

through vertical to SW.

structures with up to a few strands that show a spac-
ing that relate closely to the permeability and poros-
ity of the host rock: the higher the porosity and
permeability of the layer, the higher the PCB density
(Fig. 14).

Conjugate sets

As already mentioned, deformation bands in the
contractional regime also form conjugate sets, but
with a different range of dihedral angles. Conjugate
sets of SECB consistently define high dihedral
angles (70—-100°) (Fig. 13), well above the c. 60°
dihedral angles predicted by to the Mohr—Coulomb
theory of faulting. In contrast, conjugate sets of
CSB in the contractional regime show angles in
the range 40-75°.

High dihedral angles for SECB sets were also
reported by Eichhubl et al. (2010), some as high
as 106°. It is tempting to relate the high dihedral
angles of SECB to kinematics: the higher the S/C
ratio (Fig. 4), the higher the dihedral angle. For
PCB, which only involve compaction (S/C being
infinitely small), the dihedral angle is 180°, that is,

the two conjugate sets collapse to define one set
that is perpendicular to o,. However, a continuous
transition is generally not seen as there seems to
be a jump between conjugate planar SECB with
dihedral angles <106° and non-planar PCB forming
just a single set of bands. However, the transition
from SECB to CSB seems somewhat more gradual
in terms of both §/C ratio (Fig. 4) and dihedral
angle (Fig. 13).

Why SECB and PCB are limited to the
contractional regime

Empirical evidence indicates that PCB and SECB,
that is, bands with only compaction displacement
or where compaction and shear are of similar mag-
nitude, form at conditions where the effective mean
stress (confining pressure) p is high relative to the
differential stress g. The contractional regime
involves the addition of a positive (compressional)
horizontal tectonic stress, while the extensional
regime is associated with a reduction in the horizon-
tal stress (Wibberley et al. 2007; Soliva et al. 2013).
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Fig. 14. Diagram showing how the density (spacing) of PCB in the Navajo Sandstone in southern Utah increases
with increasing host-rock permeability as measured by the TinyPerm II minipermeameter (note that TinyPerm
values are higher than regular He plug measurements by a factor of c. 1.8). Porosity is >25% where PCB exist,
probably increasing to the right in the diagram (no data in the most porous and friable parts of the sandstone). See
Fossen et al. (2011) for more information.
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This difference implies that the stress paths for a
sand or sandstone are different for the two tectonic
regimes, as illustrated in the g—p diagram in Fig-
ure 15, where the tectonic stress is applied at point
(1). The g—p diagram is commonly used to represent
the state of stress and mode of deformation of gran-
ular materials (e.g. Antonellini ef al. 1994; Schultz
& Siddharthan 2005; Soliva et al. 2013) and con-
tains an approximately linear envelope for frictional
sliding (critical state line), and an elliptical envelope
(cap) for compactional flow. Permanent deforma-
tion (plastic yielding) occurs when the stress path
intersects the yield cap or the critical state line.
Experimental work shows that the cap has
an elliptical shape (e.g. Zhang et al. 1990; Wong
et al. 1997; Grueschow & Rudnicki 2005) and that
its intersection P* with the horizontal p-axis de-
pends on the grain radius R and porosity ¢ through
the approximate relationship P* = (¢ R)'>. The
position of the cap in the g—p diagram is therefore
defined by the local lithology (grain size and poros-
ity), whereas the stress path is controlled by the
amount of overburden (burial depth) and tectonic
stress. Furthermore, the mode of deformation at
the onset of permanent deformation is prescribed
by the point at which the stress path intersects the
cap (e.g. Schultz & Siddharthan 2005; Wibberley
et al. 2007), and is compactional (PCB and SECB)
in the middle part of the cap and shear-dominated
(CSB) near the intersection between the cap and
the critical state line. As demonstrated by Soliva
et al. (2013), the expected stress path for a buried
sandstone deformed in the contractional (or thrust)
regime is one that reaches the yield cap in its central

part, where SECB and PCB bands are expected. In
contrast, the extensional (normal fault) regime pre-
dicts a point of intersection higher on the cap, where
shear bands and cataclasis are expected (Fig. 15).
According to this simple model, deformation
bands forming in the normal regime should there-
fore be shear-dominated and clustered, while they
should be more compactive (SECB and, where
porosity is high, PCB) and distributed in the contrac-
tional regime, that is, similar to what is generally
observed.

The difference in localization between the ex-
tensional and contractional regimes is probably
related to the amount of shearing involved: numer-
ous studies have documented clustering of shear
deformation bands into zones that may or may not
evolve into faults or slip surfaces, while contrac-
tion, which involves more compaction, result in
wider band distributions (Soliva ef al. 2016). How-
ever, CSB that develop in the contractional regime
also tend to produce distributed networks (e.g.
Fig. 5¢). There may also be other conditions (includ-
ing boundary conditions) that control the distribu-
tion of bands.

The impact of boundary conditions and
large-scale structures on deformation band
populations

The distribution of deformation bands on the hecto-

metre to kilometre scale within a sandstone unit may
be viewed as the product of imposed displacement

Localized shear

structures
(2) CSB Distributed
—_ compaction
é_c (3) structures
=3 _
regime i
6,, g Contract|9nal
)
1
Sy PCB
P*

0 p=(01+02+03)/3 (MPa)

Fig. 15. g—p diagram showing the stress path of a sandstone during burial that at point (1) is exposed to extension,
which increases ¢ and reduced p so that the path hits the cap where localized shear bands (CSB) are predicted (2)
and contraction, which creates a path that intersects the cap where distributed SECB and PCB are expected (3). See
Soliva et al. (2013) for details. ¢: differential stress; p: effective mean stress (confining pressure); P*:

crushing pressure.
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or velocity conditions (e.g. Tikoff & Wojtal 1999),
which can loosely be referred to as kinematic boun-
dary conditions. From this perspective, stresses and
the resulting deformation bands that form in a sand-
stone body arise from the material response to the
imposed velocity and displacement field. In other
words, porous sandstone bodies and associated
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sedimentary layers are generally soft and accommo-
date strain dictated by movements in underlying
units (e.g. basement), overlying units (thrust sheets)
and by large-scale structures such as listric faults
that impose hanging-wall deformation to a signifi-
cantly large part of the sandstone unit (Fig. 16j; Fos-
sen & Rotevatn 2012).
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Fig. 16. A series of examples where large-scale structures, most of them external to the sandstone formation in
question, control the distribution of deformation bands in the sandstone. In each case the sandstone is ‘forced’ to
deform, and does so by the development of deformation bands if the sandstone is porous enough.
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A variety of models are shown in Figure 16
where boundary conditions or large-scale structures
can control deformation band distribution. If first-
order structural patterns can be mapped and the
strain distribution modelled it is possible, particu-
larly with additional information about lithology,
to make basic predictions about the orientations,
distribution and type of deformation bands. For
instance, different fold mechanisms (orthogonal
flexure, flexural flow and fault propagation folding)
all generate different deformation band populations
(Fig. 16b—d, 1). Thrust nappe emplacement over
highly porous sandstone (Fig. 16e) has been shown
to generate populations of SECB and PCB and, after
continued compaction, scattered CSB in a wide
region underneath the nappe (Fossen et al. 2015).
Bands are generally more clustered in the exten-
sional regime, but can be widely distributed in large
relay ramps (e.g. Rotevatn & Fossen 2011; Fig. 16h)
and above mobile soft layers such as shale or salt
(Fig. 16g). Large rollover structures (Fig. 16j) can
also generate laterally extensive populations of de-
formation bands, as demonstrated by Antonellini &
Aydin (1995) from Cache Valley in Arches National
Park, Utah.

Monoclinal structures on the Colorado Plateau,
formed by forced folding (fault-propagation fold-
ing) in response to reactivation of basement faults,
represent excellent examples of how large-scale
structures that are seismically mappable can be
used to predict deformation band distributions at
subseismic scales. The San Rafael monocline in
southern Utah is an example from the contractional
regime. Here we see a progressive evolution from
individual deformation bands to band zones as the
fold becomes tighter along-strike, and a relationship
between band density and fold tightness (which
corresponds to the steepness of the steep limb) can
be established (Zuluaga ef al. 2014). A similar, but
somewhat smaller monocline in the Colorado
National Monument area (Colorado) shows a simi-
lar association, where deformation band density
increases towards the steep part of the monocline
(Fig. 17). In the two cases the relationship between
bed dip and deformation band density is qualita-
tively similar, but the structural details are different.
The San Rafael case shows a gradual evolution from
early-stage bedding-parallel CSB to oblique low-
angle conjugate (mostly) reverse zones of CSB,
while in the Colorado National Monument example
bedding-plane bands are somewhat less frequent,
and the deformation bands form high-angle exten-
sional conjugate sets. In a very similar monoclinal
structure, the Kaibab Monocline (southernmost
Utah), PCB and SECB are developed in highly
porous sandstone layers (Mollema & Antonellini
1996). These differences can in part be attributed
to differences in fold mechanism and/or lithology.

Prediction of subseismic deformation bands from
large-scale structures can therefore be done in a
qualitative way, but should involve site-specific
data about physical rock properties.

Deformation bands and fluid flow

Deformation bands of the three types CSB, SECB
and PCB all reduce porosity (Fig. 18) and perme-
ability. However, the extent to which deformation
bands and related structures influence fluid flow in
hydrocarbon reservoirs has been a matter of discus-
sion for several decades (Lewis & Couples 1993;
Antonellini et al. 1999; Fossen & Bale 2007; Bran-
denburg er al. 2012; Ballas et al. 2015). It now
seems clear that only very thick clusters of cataclas-
tic deformation bands, particularly if paired with a
continuous slip surface (fault), would have the
potential to create hydrocarbon traps (Torabi et al.
2013). In practice, deformation bands and deforma-
tion band clusters both show significant variations in
thickness, porosity and permeability, with segments
or linkage points that act as points of leakage (Fos-
sen & Bale 2007; Rotevatn et al. 2013). As a result,
both thickness and segmentation are important con-
trols on fluid flow tortuosity and trap integrity.

A microscale example of a classical CSB from
the San Rafael Desert, Utah is shown in Figure
18a, where the porosity in the band is seen to change
dramatically on the centimetre-scale. In this figure,
pores are shown in blue; the whiter the band, the
lower the band porosity. While the original porosity
(28%) has been reduced to 1% in the band in region
1 (Fig. 18a), the band porosity is 10% in region
2. Furthermore, the micro-CT-based pore model
shows that 90% of the porosity of region 2 is con-
nected, whereas only 60% is connected in region 1
(the host-rock connectivity is close to 100%).
Such observations support what has been concluded
from theoretical and physical modelling: deforma-
tion bands do not have any significant sealing effect
(Fossen & Bale 2007; Torabi et al. 2013). Cross-
cutting joints can also create pathways for fluid
flow across deformation bands (Tindall 2006). Nev-
ertheless, deformation bands can introduce a perme-
ability anisotropy to reservoirs (Sternlof et al. 2006;
Rotevatn er al. 2009), and the effect of this aniso-
tropy on fluid flow depends on the extent of their
permeability-reducing properties, orientation and
distribution.

The reduction in permeability across a cataclas-
tic band is related to the amount of compaction per-
pendicular to the band walls and, even more so, the
amount of band-parallel shear, and is highest for
high S/C ratios (upper part of Fig. 4). In most
cases, cataclasis is the main control on permeability
reduction; the more grain crushing, the lower the
porosity and permeability in the band. In other
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Fig. 17. Data from a monoclinal fold near Colorado National Monument, USA. Measurements are made in the Entrada
Sandstone, whose bed geometry is shown in the inset constructed cross-section together with its slope values. The

main graph in (a) shows band density along the layer, with a clear increase to the maximum around 150 m where

the bedding is steepest. (b) There is a clear relation between bed dip and band density, but the exact relation

depends to a large extent on lithological properties. Data from the San Rafael Reef (squares) therefore show a lower
slope and a higher dip before deformation bands initiate. Data from Rgnnevik (2013) and Zuluaga et al. (2012).

cases, pressure solution is important as an additional
compaction mechanism. Furthermore, porosity- and
permeability-reduction by post-tectonic precipita-
tion of minerals can be promoted by the many
fresh surfaces created during cataclasis.

Some important factors influencing cataclasis
have already been discussed, and are listed in Fig-
ure 6. In general, the intensity of cataclasis increases
with burial depth due to the increase in stress across
grain contacts from the overburden and lithification,
but the many other factors influencing this deforma-
tion mechanism complicate the picture. A compila-
tion of permeability data is presented in Figure 19.
The data show a wide range of values, from practi-
cally no permeability change through up to six
orders of magnitude reduction in permeability. Bal-
las et al. (2015) presented a statistical treatment of
the data shown in Figure 19, revealing significant
differences between different kinds of bands and
band clusters: PCB and SECB have the least catacla-
sis and therefore the least permeability-reducing

effect, while slipped deformation bands and bands
occurring in fault cores have the largest effect.

The practical effect of permeability reductions
across deformation bands and band clusters also
depends on their cumulative thickness. Even though
SECB may involve a smaller reduction in porosity
and permeability, the fact that they tend to be thicker
adds to their ability to reduce the effective flow,
for instance, between an injecting and a producing
well (Fossen & Bale 2007; Saillet & Wibberley
2013). However, CSB are typically more laterally
and vertically extensive than SECB, and may there-
fore have a more pervasive impact on reservoir
permeability.

Even if deformation bands are unable to
completely compartmentalize or seal reservoirs,
the three-dimensional permeability anisotropy that
they introduce, which depends on both petrophysi-
cal properties and band orientation, may be of
some importance. In the simple case of conjugate
sets (Fig. 1d) the preferred flow direction is parallel
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Fig. 18. Samples of the three main types of deformation bands involving cataclastic deformation and compaction,
and 3D microCT models of a volume of each sample (indicated by rectangle). Each model shows pores (blue) and
mineral phases (white), and therefore visualizes the porosity of the bands. (a) Single CSB from Entrada Sst near
Goblin Valley, San Rafael Desert, Utah (see text for discussion of regions 1-3). (b) SECB from the Buffington
Window (Muddy Mountains) near Valley of Fire State Park, Nevada. (¢) PCB (sinusoidal) from highly porous
sandstone layer in Buckskin Gulch, southern Utah. Note variations in amount of pores (porosity) along and within

all the bands.

to the line of intersection between the sets, which is
generally parallel to the strike of the nearest associ-
ated fault (Fossen & Bale 2007). Where the bands
deviate from the conjugate (bimodal) to a more
complex polymodal pattern, the anisotropy is
reduced and the effect of the bands is to reduce
the general flow rate.

In terms of distribution, bands in the extensional
regime are typically clustered around faults. For
example, Hesthammer & Fossen (2001) found
that c. 75% of all deformation bands in the Gullfaks
Oilfield in the North Sea were located in the
damage zones of faults. Because most deformation
bands in the extensional regime are components of
fault structures and many wells are intentionally
placed away from seismically resolvable faults
and their damage zones, they do not usually affect
production significantly. The main exception to
this general rule reflects the fact that deforma-
tion bands also extend beyond the tips of faults
as fault tip damage zones; this may help compart-
mentalize some reservoirs, or influence the flow
pattern around fault tips as simulated by Rotevatn
& Fossen (2011). This is in contrast to fault-damage
zones in fractured reservoirs, where fractures can
provide hydrocarbon storage and increased recov-
ery for wells that intersect them (e.g. Hennings
et al. 2012).

In the contractional regime, bands are much
more evenly distributed throughout the reservoir
and, to a much lesser extent, associated with faults

(Soliva et al. 2016). They may therefore affect
fluid flow in a different way from the clustered
bands in the extensional regime, but not necessarily
in a negative way. In this context it is interesting to
note that SECB and PCB formed during contraction
tend to be strongly dependent on lithology, in the
sense that they only form in highly porous and
coarse-grained parts of sandstone reservoirs and
slow down the flow rate through these parts of the
reservoir (Fossen et al. 2011). These porosity-
sensitive bands would therefore homogenize the
reservoir macro-permeability and thereby poten-
tially improve the sweep.

Concluding remarks

Deformation bands are common constituents in
deformed porous sandstone reservoirs and represent
porosity- and permeability-reducing tabular ele-
ments where compaction is involved. It is useful
to separate compactional bands into three distinct
types which differ with respect to thickness, proper-
ties, geometry and distribution, and form under dif-
ferent stress states and lithological conditions. Data
presented here suggest that CSB (compactional
shear bands) form where porosity at the time of
deformation was >15%, SECB (shear-enhanced
compaction bands) require higher porosities
(>20-25%) and PCB (pure compaction bands)
require porosities close to 30%, although the exact
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Fig. 19. Graph showing the relation between host-rock permeability and band permeability. The data show a large
variation in permeability reduction, from O to 6 orders of magnitude depending on the type of data. The relative
amount of cataclasis and therefore fluid-flow-reducing properties of each class of structure is illustrated above the

graph. See Ballas et al. (2015) for more information.

cut-offs may vary according to other lithological
parameters. SECB and PCB form under low differ-
ential stress most easily obtained in the contrac-
tional regime, while CSB can form in any tectonic
setting. SECB show less cataclasis than CSB, and
therefore reduce permeability to a lesser extent.
All categories of deformation bands tend to show
systematic orientations that can be related to the
local principal strain or stress axes. The simplest
pattern is conjugate sets with acute angles that are
higher for SECB (typically 80—90°) than for CSB
(typically 40—50° in the extensional regime, around
60° in the contractional regime). Where the orienta-
tions of the principal stresses are known or can be
inferred, deformation band orientations can to
some extent be predicted and implemented into res-
ervoir models. However, bands developing prior to
fault formation in an area may have different orien-
tations from those forming at a later stage, because

of the stress-perturbations around and between
faults. Maerten et al. (2006) modelled such stress
perturbations to predict the orientations of subseis-
mic faults in a part of the North Sea rift, and a sim-
ilar approach can be used to predict the orientation
of conjugate sets of CSB and therefore their influ-
ence on fluid flow during production.

In general, deformation bands introduce a per-
meability anisotropy to the reservoir or parts of
the reservoir, whereas they do not tend to have seal-
ing properties. When considering their role in
hydrocarbon reservoirs, it is important to evaluate
each reservoir separately in terms of the many
parameters and conditions that influence how fre-
quent deformation bands are, where they occur rel-
ative to larger structures, the type(s) of band, their
permeability-reducing properties, and their lateral
and vertical continuity. The most important variable
is probably the amount of cataclasis involved,
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because it is directly related to the reduction in
porosity and permeability.
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