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a b s t r a c t

The analysis of three cataclastic band sets from Provence (France) reveals that the band density, their
conjugate angles, their ratio of shear displacement to compaction, and the amount of cataclasis within
the bands differ and can be expressed as functions of tectonic setting and petrophysical properties. We
identify (1) a dense and closely spaced network of shear-enhanced (reverse) compaction bands; (2)
a regularly spaced less dense network of reverse compactional shear bands; and (3) a localized network
of normal shear bands. The field data show that strain localization is favored in an extensional regime
and is characterized by shear bands with a large shear to compaction ratio and a small conjugate band
angle. In contrast, distributed strain is favored in a contractional regime and is characterized by com-
pactional bands with a low ratio of shear to compaction and a large conjugate band angle. To explain the
mechanical origin of this strain localization, we quantify the yield strength and the stress evolution in
extensional and contractional regimes in a frictional porous granular material. We propose a model of
strain localization in porous sands as a function of tectonic stresses, burial depth, material properties,
strain hardening and fluid pressure. Our model suggests that stress reduction, inherent to extensional
regime, favors strain localization as shear bands, whereas stress increase during contraction favors
development of compactional bands.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction strain is favored for smaller deviatoric stresses and larger mean
The geometry of brittle strain localization in the Earth’s crust
was described as dependent on a series of factors including strain
rate (e.g. England, 1983), initial weakness (e.g. Fletcher and Hallet,
1983), layering (Soliva and Schultz, 2008) or tectonic style and ve-
locity conditions (Buck, 1991; Tikoff and Wojtal, 1999). In porous
sandstone, it is well known frommechanical testing and theory that
cataclastic strain localization is favored for large deviatoric stress
states, promoting cataclastic shear bands, whereas distributed
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stress that promotes material compaction by porosity collapse in
cataclastic compaction bands (e.g. Bésuelle, 2001; Rudnicki, 2004;
Baud et al., 2004; Fortin et al., 2005). Field data also implicitly show
that distributed strain is generally inherent to band systems having
a large component of compactional displacement (Sternlof et al.,
2005; Wibberley et al., 2007; Fossen et al., 2007; Schultz et al.,
2008; Eichhubl et al., 2010; Saillet and Wibberley, 2010). Howev-
er, the degree of dependence of the strain distribution with respect
to the ratio of shear displacement to compaction has not been
investigated. More recent band system analyses have been espe-
cially designed to decipher strain distribution in porous sandstone
as a function of tectonic strain regime (extensional and con-
tractional) (Solum et al., 2010). However the data interpretation in
that paper is complicated because the study sites chosen differ in
tectonic regime, structural context (tectonic style and boundary
condition) and petrophysical properties (Fossen and Rotevatn,
2012) Tables 1e2.
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In this paper, we present an analysis of three different band sys-
tems from two study areas, which demonstrate that (1) within the
same lithology of the same area (i.e. same petrophysical properties)
the geometrical properties of a band systemdiffer as a function of the
tectonic regime; and (2) in different lithologies, different band net-
works occur for the same tectonic conditions. Based on these obser-
vations and the theory of plastic yielding in porous granular
sandstones, we propose a model of band system formation as
a function of tectonic stresses, burial and material properties.

2. Geological setting and host rock properties

The study area is located in the center of the South East Basin,
France, between the Nîmes and the Cevennes faults (Fig. 1). This
area experienced two major tectonic deformations (Arthaud and
Seguret, 1981; Tempier, 1987; Seranne et al., 1995). The first is
Pyrenean Paleocene to early Oligocene folding and thrusting due to
a NeS compression. This contractional deformation stage caused
the formation of EeW folds across the whole area enclosed be-
tween the Nîmes and Cevennes faults (Seguret et al., 1996; Sanchis
Fig. 1. Location of study areas. (a) Simplified geological map of the French south east basin
section presented in (b). Arrows show primary shortening direction for the Pyrenean event
location of the studied outcrops. (For interpretation of the references to color in this figure
and Seranne, 2000). These folds are interpreted to relate to thrust
ramps cutting partially or entirely through the sedimentary cover.
This mainly thin-skinned tectonic style was also accompanied by
strike-slip movement along crustal-scale bounding faults. These
large lateral ramps are the Nîmes and the Cevennes faults inherited
from Mesozoic Thetysian extensional events and perhaps from the
Hercynian orogeny.

The second stage of deformation is Oligocene rifting due to
a NWeSE extension. This extension formed a series of small-scale
half grabens restricted to the sedimentary cover that also reac-
tivated the Cevennes and Nîmes faults, resulting in the Ales and the
Camargue basin in-fill during the Oligocene (Roure et al., 1992;
Seranne et al., 1995; Ford and Stahel, 1995). This NWeSE extension
is kinematically consistent with other European rifting that is well
expressed in the Rhine graben, and was followed to the south by
the Gulf of Lion marine rifting event during the Miocene.

The three deformation band sets studied in this paper were
analyzed from two study sites. The first one, the Uchaux site, located
at the Boncavaï quarry (betweenMornas and Uchaux; Figs.1 and 2),
is located on the southern limb of the EeW Mondragon anticline
. Stars in color show the studied outcrops and the red line is the position of the cross
and the Oligocene extension. (b) NortheSouth cross section across the study area and
legend, the reader is referred to the web version of this article.)



Fig. 2. Overview of the studied outcrops showing map position and the three types of deformation-band systems. (a) Google image showing the Orange site at the Etang quarry. (b)
Network of reverse compactional shear bands in the Cenomanian porous sands of the Orange site. The sands are overlain by non-porous carbonate cemented shaly-sandstones. (c)
Google image showing the Uchaux site at the Boncavaï quarry. (d) Normal shear band density increase approaching a normal fault in the Turonian porous sands at the Uchaux site.
(e) Cluster of normal shear bands surrounded by a quite dense network of conjugate shear bands. Note the presence of south-dipping shear-enhanced compaction bands (SECB). (f)
Dense network of mostly south-dipping (and much fewer north dipping) SECBs. Note the presence of few isolated normal shear bands.
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between theMontmout and theBollène normal faults (Saillet, 2009;
Schultz and Soliva, 2012). The second outcrop, the Orange site,
located at the Etang quarry (Orange), is located close to the hinge of
the Orange anticline to the north of the Roquemaure thrust
(Wibberley et al., 2000, 2007; Saillet andWibberley, 2010; Klimczak
et al., 2011; Chemenda et al., 2012).

The deformation band sets cut Cenomanian (Etang Quarry, Or-
ange, Fig. 2a and b) and upper Turonian Cretaceous sands (Boncavaï
quarry, Uchaux, Fig. 2c, d, e and f). These sands are composed of
prograding sand dunes and were deposited in a deltaic sedi-
mentary environment (Ferry, 1997). The grain-size distribution,
which is quite homogeneous on the studied outcrops, was meas-
ured with laser granulometer because of its importance to the
strength of the sand (Schultz et al., 2010) (Fig. 3). At the Boncavaï
quarry, the distribution of grain diameters is unimodal, with a peak
(modal) value of 1.18 mm and a median value 0.68 mm. At the
Orange site, the grain-size distribution is also unimodal, with
a peak value of 0.74mm and amedian value 0.66mm.Mercury (Hg)
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Fig. 3. Grain size distribution measured with laser granulometer from the Uchaux (a)
and the Orange (b) sands.

Fig. 4. Field photos showing the conjugate angle and stereographic lower-hemisphere
equal-area projections for the three types of deformation band systems. (a) Shear-
enhanced (reverse) compaction bands (SECB) at Uchaux. (b) Reverse sense compac-
tional shear bands at Orange. (c) Normal sense shear bands at Uchaux. Black line in
stereoplot is orientation of bedding.
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and water host rock porosities were measured in the laboratory for
representative samples from each quarry (see Saillet, 2009; Ballas
et al., 2012, 2013). The porosity differs slightly between the two
sites, 28% at the Uchaux sands and 29% at the Orange quarry (see
Saillet, 2009), which is probably due to slight differences in grain
arrangement, shape or size distributions. Further information
about the Boncavaï and Etang quarry areas can be found in Ballas
et al. (2012), Wibberley et al. (2007), Saillet (2009), Klimczak
et al. (2011) and Schultz and Soliva (2012).

3. Geometric and kinematic attributes of the bands

3.1. Shear-enhanced (reverse) compaction bands (Uchaux)

Uchaux shear-enhanced compaction-band system is composed
of two conjugate sets of N110-trending bands with similar relative
dip of 43� with respect to the bedding that dips 20� to the south
(Figs. 2f and 4a). These sets are composed of very closely spaced
bands with a mean spacing of 2.6 cm and band thicknesses (Tb)
varying from2mmto3.5 cm (Fig. 5a andc). The conjugate sets donot
intersect over the entire outcrop, revealing abundant north-dipping
bands in the northern part of the outcrop (Fig. 2d), abundant south-
dipping bands in the southern part of the outcrop (Fig. 2f) and
intersection of these conjugate sets in between (Fig. 4a). These bands
are the oldest structures recognized at the Boncavaï quarry, as they
are cut by all other types of bands and faults in the outcrop. Addi-
tionally, they show no evidence for reactivation during later faulting.

Microscopic analysis of thin sections on SEM images revealed
fractured grains (intragranular fractures), smaller fragmented par-
ticles and an absence of cataclastic matrix (i.e. grain fragments
having diameters lower than 10% of themodal grain diameter of the
host rock) in the bands (Fig. 6a). Following the terminology pro-
posed by Sibson (1977) and adopted by Scholz (1990) and Fossen
(2010), we use the terms “crush micro breccia” as deformed
material containing less than 10% of cataclastic matrix. The terms
“protocataclasite”, “cataclasite” and “ultracataclasite” will be used
in the next sections for deformed material containing between 10%
and 50% of matrix, between 50% and 90% of matrix and over than
90% of matrix, respectively. The crush micro breccias observed in
the bands have a mean porosity derived from image analysis and
HG laboratory measures of 24% (see Ballas et al., 2013). Note that
porosity or texture do not change as a function of band thickness. At
damage zones adjacent to the bands and also within the bands



Fig. 5. Scaling of the geometrical attributes for the three band sets. (a) Graph of
measured offset (Ds) vs. band thickness (Tb). (b) Graph of net shear displacement (Ds) vs.
compaction (Dc). See Appendix 1 for explanation of the calculation of compaction. (c)
Cumulative frequency diagram of band spacing. Dashed red ellipse for SECB data
represents a potential range of scatter for the values of net shear displacement and
compaction inferred (see Section 3.1). (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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(Fig. 6a and e) we observe (1) chains of fragmented particles that
are parallel to the NeS Pyrenean regional compressive stress di-
rection, which we interpret as resulting from force chains in the
porous host sand (e.g. Radjai et al., 1998; Taboada et al., 2006); and
(2) intact or poorly deformed particles, which we interpret as being
part of theweak force network (e.g. Radjai et al., 1998; Estrada et al.,
2011). Force chains are composed of particles subjected to contact
stresses with magnitudes that are much greater than the average
stress because forces are concentrated at contact points. Thus,
fragmentation of particles is enhanced along force chains. These
chains can have a preferred orientation of trace length through
grains that have “Hertzian” contact points, i.e. singular contact
between two grains (Oda et al., 1982; Estrada et al., 2011)
(Fig. 6h). Since the thin sections are made both normal to the
bands and the bisector plane of the conjugate bands, they con-
tain the direction of shortening. The force chains are recognized
to be oblique to the bands, bisecting their conjugate geometry at
w45� and therefore nearly parallel to bedding (see Fig. 11a in
Ballas et al., 2013 for the statistical analysis of fracture and force
chains orientations). The orientation of force chains in our
samples is parallel to the shortening direction, and as we believe
these structures formed in a coaxial deformation history of the
host sand, we interpret the shortening directions and trends of
force chains to be parallel to the maximum compression direc-
tion at the time of deformation.

The amount of compaction (Dc, i.e. displacement normal to the
band) can be estimated because we know the thickness of the
bands, the mean porosity of the host sand and the mean porosity
of the bands (see Appendix 1). This approach gives the same range
of values as when they are measured with water, mercury
porosimeters and 2-D image analysis (Ballas et al., 2013). Partic-
ular attention was devoted in the field to identifying any potential
markers of sedimentary layers or textures that could have been
displaced by these bands. However, no offset of stratigraphic
markers was observed (measured offset Ds¼ 0, Fig. 5a) and no clear
cross-cutting relationships between the two band sets were
identified. Indeed, some rare thin clay layers are deformed by the
bands but show no clear evidence of normal or reverse shear
offset. Using the calculated values of compaction (see Appendix 1)
necessary for the measured porosity reduction, we estimate that
an apparent offset due to compaction (Oc) of a 45� oblique bed, even
small, could be visible on centimeter thick bands (5.5% of band
thickness, Fig. 7 and Appendix 2 Equation (A3)). However, given
the orientation of the force chains parallel to beds, we infer that
any shear offset that occurred during the Pyrenean event would be
reverse. This reverse movement, which is the net shear displace-
ment (Ds(net)), has the opposite sense to the apparent offset due to
compaction (Oc). Consequently, it is probable that the lack of
observable offset is the result of the net shear displacement and
the apparent offset by compaction being about equal (Fig. 7c). The
values of Oc and Ds(net), calculated as a function of the band po-
rosities and thicknesses (see Appendix 2), range between 0.1 and
2 mm, having a mean value of 0.4 mm (Fig. 5a and b and data table
in supplementary electronic material). In spite of the absence of
visible offset, the obliquity of the force chains to the bands and
their analogy to the bands described by Eichhubl et al. (2010)
cause us to interpret these structures as shear-enhanced com-
paction bands (SECB).

3.2. Reverse-sense compactional-shear bands (Orange)

The reverse-sense deformation-band system at the Etang quarry
(Orange) is composed of two conjugate sets of N110-trending bands
with similar 38� dip angle relative to bedding that dips 5� to the
South (Figs. 2b and 3b). The acute angle between these conjugate



Fig. 6. Photomicrographs for the three band sets. (a) Thin-section photomicrograph and fracture map for a reverse SECB from Uchaux. (b) Thin section photomicrograph and
fracture mapping of the reverse compactional shear bands from Orange. (c) Thin section photomicrograph of normal shear bands from Uchaux. (d) Thin section of an cataclastic
strand (band 2) from a cluster of normal shear bands at Uchaux. Note the absence of visible intra-grain fractures due to the large number of small clasts. Labels (e, f and g) indicate
inferred force chains for examples shown in (a, b and c). Maximum principal stress direction (arrows) are inferred from the main fracture alignments (a, b, and c) or the force chains
(e, f and g). (h) Scheme showing the geometry of Hertzian microfractures and geometry of force chains as inferred from grain contact points. (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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Fig. 7. Band kinematics and offset marker for isochoric shear displacement (a), pure
compaction (b), and equal shear and compaction (c).
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sets is 76� and the bisector is parallel to bedding, which is con-
sistent with layer shortening in a direction consistent with the NeS
Pyrenean compression (also see Wibberley et al., 2000; Saillet and
Wibberley, 2010; Klimczak et al., 2011). This set of bands shows
a widely and homogeneously distributed deformation with a mean
value of spacing of 21 cm (Figs. 2b and 5c). The bands have a mean
density about a factor of 5 less than the SECB. The band thickness is
quite similar to the Uchaux SECB, varying between 2 mm and
5.5 cm (Fig. 4a).

Microscopic analysis of SEM images of these bands reveals the
presence of small fragmented particles and a cataclastic matrix
between intact and poorly fractured grains (Fig. 6b). These proto-
cataclastic textures reveal a greater degree of comminution in
these bands than in the SECBs. Outside and also within the bands,
we observe chains of fractured particles from the strong force
network and particles containing fewer fractures from the weak
force network (Fig. 6f). The force chains are oblique to the bands,
bisecting their conjugate geometry at w38� and therefore, are
nearly parallel to the bedding. The quite large grain-size reduction
and subsequent pore collapse account for a significant amount of
compaction of the sand within the bands (mean porosity of 21%)
(Saillet, 2009).

Where bands intersect, a larger proportion of north-dipping
bands crosscut the south-dipping bands (Klimczak et al., 2011),
which supports interpreting deformation bands as pre-existing
passive markers for measuring offset. Data of measured offset vs
band thickness (Ds vs Tb) are shown in Fig. 5a (Wibberley et al.,
2007; Saillet, 2009; Saillet and Wibberley, 2010). The amount of
measured offset is one order of magnitude greater than the Uchaux
SECBs for a similar range of thicknesses (Fig. 5a). As for the SECB
band system, the amount of compaction is estimated using the
band thickness and the mean porosity of the host rock compared to
the bands (measured as 2-D image and water porosities, see Saillet,
2009). Fig. 5b reveals that this amount of compaction ranges from
0.22 mm to 6.2 mm. Shear displacement has also been corrected
from the estimated apparent shear offset due to compaction
(Appendix 2). Fig. 5b also reveals that the mean ratio of net shear
displacement to compaction is 9.4 (with 2 < Ds(net)/Dc < 45 and
a standard deviation of 4.8), which is about 10 times greater than in
the SECB band system.
3.3. Normal-sense shear bands (Uchaux)

The Uchaux normal band system in the Boncavaï quarry is
composed of two conjugate and synchronous sets of N20-trending
bands with similar dips of 70� (Fig. 2e and e). The 40� acute angle
between these conjugate sets has a near-vertical bisector. The beds
cut by these bands show offsets with a normal shear sense. The
bands are irregularly distributed and particularly localized near
conjugate normal faults of similar dip and also around some larger
faults with normal and sinistral-slip sense consistent with the
Oligocene rift-related extension. These band clusters can be iso-
lated or in the damage zone of faults (Fig. 2d and e). These normal
faults have meter-scale offset and damage zones including these
normal sense bands (Fig. 2d), and show a striated slip surface
adjacent to an ultracataclastic band cluster. The spacing distribu-
tion has the greatest range of the three band sets, including both
the smallest and largest spacing values because of the clustering
and spread of bands between clusters (Fig. 5c, and Fig. 10 in Saillet
and Wibberley (2010) for additional data). This band set also has
the greatest range of thickness and the thickest zones of the three
sets, varying between 5 mm and 30 cm (Fig. 5a).

Microscopic analysis on SEM images of these bands reveals
a significant amount of cataclastic matrix and fragmented particles
between intact or poorly fractured grains (Fig. 6c and d, see Ballas
et al., 2012 for the grain-size analysis of these bands). These pro-
tocataclastic to cataclastic textures reveal much higher commi-
nution than in the SECB or the compactional shear bands from
Orange (Fig. 6d). Especially in cataclastic bands, the grain-size
reduction can reach a particle size of tens of microns (Ballas
et al., 2012). We analyzed an example of the protocataclastic
bands to characterize the microfractures within and around the
bands (Fig. 6c). Outside and also within the bands with less shear
displacement (Fig. 6g), we observe chains of fractured particles
from the strong force network and particles containing fewer
fractures from the weak force network. The force chains are obli-
que to the bands, bisecting their conjugate geometry at w20� and
therefore are nearly vertical, oblique to the bedding and the SECB.
The very large grain-size reduction and related porosity reduction
(variable as a function of the band geometry, 6.5% < f < 25%, see
Figs. 4 and 9 in Ballas et al., 2012) are prevalent in the cataclastic
strands, which account for the largest amount of compaction of the
sand within the bands.

Measured offset for the set is one order of magnitude greater
than the Orange compactional shear bands and two orders of
magnitude greater for than the Uchaux SECB. The Ds/Tb ratio is also
the largest of the three studied band sets (Fig. 5a). Because of the
wide range of porosity, the compaction (Dc) was calculated for this
set (see Appendix 1) by using three different values of band po-
rosities, which correspond to three different types of bands
observed in the field (mono-strands having a mean porosity of 25%,
multi-strands with 20%, and clusters with 7%). The maximum
compaction was estimated to be 3.6 cm in band clusters, corre-
sponding to bands having the largest net shear displacement
(Fig. 5b). The ratio of net shear displacement to compaction is more
variable than the other band sets with a mean value of 24 (with
4 < Ds(net)/Dc < 90 and a standard deviation of 19.5), but is clearly
the largest of the three studied band systems.
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4. Stresses and mechanical behavior of the porous sand

In this section, we develop a mechanical framework for
a model to explain the dependence of geometrical attributes to
the material properties, burial history and the tectonic stress
state.

4.1. Yield envelope for porous sands

The plastic yielding behavior (i.e. unrecoverable deformation) of
porous sands has been described using yield envelopes in q-p stress
Fig. 9. Graph of q vs. p stresses showing the theoretical stress path of a sand buried up
to 400 m depth, subjected to a tectonic compression or tension for K0 ¼ 0.5.
space, where q is the differential stress (s1 � s3) and p is the
effective mean stress ((s1 þ s2 þ s3)/3) � Pf (e.g. Bésuelle, 2001;
Rudnicki, 2004; Baud et al., 2004; Fortin et al., 2005). Although
single-yield surface envelopes are simpler, they do not match
experimental data as well as two-surface envelopes constituted by
(a) a linear envelope for dilatant shearing (i.e. frictional sliding),
and (b) an elliptical envelope for compactional flow (referred to as
a cap; see Nova, 2005; Antonellini et al., 1994; Issen, 2002; Schultz
and Siddhartan, 2005; Aydin et al., 2006 for examples and discus-
sion) (Fig. 8). Plastic yielding in a porous rock occurs when the
stress path intersects the lesser of the two envelopes. Both the-
ory and laboratory experiments support an elliptical shape in q-p
space for the cap (e.g., Wong and Baud, 1999; Cuss et al., 2003;
Karner et al., 2005; Rudnicki, 2004; Grueschow and Rudnicki,
2005). This elliptical cap shape is used to interpret the kine-
matics and the geometry of bands observed in the field (e.g.,
Antonellini et al., 1994; Schultz and Siddhartan, 2005; Aydin
et al., 2006; Wibberely et al., 2007; Eichhubl et al., 2010;
Schultz et al., 2010; Fossen et al., 2011). Experimental work
(Zhang et al., 1990; Rutter and Glover, 2012; Wong and Baud,
2012) has shown that for sands and porous sandstone, the
elliptical cap intersects the P axis at an approximate value
P* ¼ (fR)�1.5, where f is the porosity (expressed as a fraction)
and R is the grain radius (in mm).

Using this relationship, we estimated capped yield envelopes for
the various parts of the Turonian and Cenomanian sands. Following
Rudnicki (2004) we define the cap as a quarter ellipse having an
aspect ratio e ¼ a/b ¼ 1.74 (a is the maximum value of q and b ¼ P*/
2) which is consistent with a friction angle of 29� and corresponds
to the least square value of e determined from various laboratory
tests of porous sandstones (Wong et al., 1997; Tembe et al., 2006;
Baud et al., 2004; Fortin et al., 2005). We estimated P* using grain



Fig. 10. Summary model of strain localization or distribution as shear or compaction dominated bands respectively, as a function of mean and differential stress, grain size, porosity,
pore pressure and strain hardening. Gray arrows show the remote strain field.
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size and porosity values from laboratory mercury porosity testing
(see Ballas et al., 2012; Saillet, 2009). Multiple thin sections and
macro-photographs were checked to identify the size of grains with
Hertzian contacts forming force chains, which size is in agreement
with the unimodal grain size obtained with laser granulometer
(Figs. 3 and 6). Although the resulting porosities of 28% at Uchaux
and 29% at Orange are essentially the same, the differences in grain
size (R ¼ 0.59 mm and 0.37 mm, respectively) imply significant
differences in the P* values (P* ¼ 14.9 MPa at Uchaux and 28.5 MPa
at Orange) and on the size of the elliptical part of the envelope. Note
that recent laboratory tests of the Uchaux sands reveals that
P* ¼ 15 MPa and the friction angle is w30� (Skurtveit et al., 2012),
which are consistent with the values that we calculated, and used
in Fig. 8.

Following Grueschow and Rudnicki (2005), a local slope m of an
elliptical yield cap of

�
ffiffiffi

3
p

2
< m <

�
ffiffiffi

3
p

ð1þ AÞ (1)

where A is the degree of non-associated plastic flow and associated
flow, for which the dilation coefficient b ¼ m, is given by A ¼ 1.0, is
taken to be associated with localization of shear-enhanced com-
paction bands (CB in Grueschow and Rudnicki, 2005), whereas
shallower slopes would predict compactional shear bands (SB in
Grueschow and Rudnicki, 2005). Pure compaction bands are pre-
dicted to localize for steeper slopes as p increases toward P*. We
posit that the evolution of a stress path during burial and
subsequent tectonics is therefore critical to understanding the
types of the bands formed.

4.2. Burial paths and tectonic stresses

The stress path in q-p space depends on the burial history of the
sand layer, the tectonic loading and the mechanical behavior of
sand (e.g., shear strength and dilatancy). The burial depth for the
formation of the studied bands is estimated to be 400 m � 100 m
for the Uchaux Turonian sands and 600 m � 100 m for the Orange
Cenomanian sands. This determination used stratigraphic cross-
section correlation revealing that 200 m separates these two se-
ries (Ferry, 1997), and used the thickness of eroded overlying units
including the Upper Cretaceous series with 160 m of Turonian,
200m of Santonian and potential thin paleoce-eocene deposits (see
the cross section in Fig. 1 and Sornay, 1950; Champenois and
Desoignies, 1971; Ferry, 1997). Consistent with Saillet (2009), this
estimate assumes that the area was not covered by syn-orogenic or
syn-rift sediments, which deposition were only located close to the
Cevennes or the Nîmesmaster faults (Benedicto et al., 1996; Sanchis
and Seranne, 2000). Subsequent erosion exposed the sands of this
study at the Earth’s surface during the Late Miocene (e.g. Seranne
et al., 1995; Le Pichon et al., 2010) suggesting no significant dif-
ferences in depth during the Pyrenean contractional setting and the
Oligocene extension.

In absence of tectonic loading, the stress state of a granular
material at a given depth is estimated from mechanical tests or
theoretical calculations. The burial conditions of a granular sample
can be reproduced to a certain extent using a consolidation test, in
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which granular material is subjected to a uniaxial vertical stress
and lateral expansion is blocked. Results from consolidation tests
indicate that the ratio between the horizontal and vertical effec-
tive stresses ðK0 ¼ s0XX=s

0
ZZÞ is generally between 0.5 and 0.8 (e.g.,

Mitchell and Soga, 2005). This behavior differs considerably from
that of cohesive cemented rocks, which are stiffer, less plastic and
therefore have smaller K0 values (Earl, 1997; Voznesensky and
Nordal, 1999; Mitchell and Soga, 2005), and are distinct from
perfectly elastic materials (where sxx ¼ szzn/(1 � n) z 0.33szz for
a typical value of the Poisson’s ratio n z 0.25, Jaeger and Cook,
1979). We first consider a lesser end-member case of K0 constant
and equal to 0.5 during burial since a low value allows a better
description of the stress path due to tectonic compression (Fig. 9
and next paragraph). For this case, the burial stress path in the
q-p space is a line segment passing through the originwith a slope
s ¼ 3/4 .

The tectonic compression is added to the lithostatic state at
400 m for the Turonian level because the Pyrenean shortening
begins in the Paleocene, after deposition and burial of the Upper
Cretaceous sediments (Arthaud and Seguret, 1981; Tempier, 1987).
The initial lithostatic stress is sv ¼ s1 ¼ rgz, with z ¼ burial depth,
g ¼ 9.81 m/s2, r ¼ 2250 kg m�3 and sH ¼ sh ¼ s2 ¼ s3 ¼ 0.5sv.

In a regime involving horizontal tectonic contraction, the
stress state and the stress path evolve as the horizontal tectonic
stress sT increases. For small values of sT, the resulting stress
state is still lithostatically driven (i.e., sV ¼ s1). We suppose that
this compressional tectonic stress induces in the sand a subse-
quent stress increase in the horizontal direction perpendicular to
the applied tectonic stress axis sT. This stress increase in the
perpendicular direction to sT axis is given by K0 sT, where
K0 ¼ 0.5, as proposed for the initial lithostatic stress state.
Conversely, we assume that the vertical stress is lithostatic and
does not vary with tectonic stress, especially at shallow burial
depth in such incohesive materials. Following these hypotheses,
the stress path in q-p space passes through 3 successive stress
regimes as sT increases: a normal, a strike-slip, and a thrust
stress regime (Fig. 9). For K0 ¼ 0.5, the stress path is defined by
a tri-linear function showing three pieces with slopes s ¼ �1, 1,
and 2, respectively. The permutation from normal to strike-slip
stress state occurs when sH þ sT ¼ sV. The permutation from
strike-slip to reverse stress state occurs when sh þ K0 sT ¼ sV.
The slope of the linear segments as well as the position of the
stress permutation points in q-p space depend linearly on K0, and
the distance between the two permutation points decreases as
K0 increases.

In an extensional regime, the tectonic stress sT < 0 and the
minimum horizontal stress sh ¼ sH þ sT decreases, amplifying
differential stresses with respect to the lithostatic stress state
supposed during burial. However, the effect of this tension on
stress magnitude along the perpendicular horizontal direction sH
is not well constrained. Stress data from overconsolidated gran-
ular deposits (e.g., resulting from vertical unloading in glacial
environments) suggest that a decrease DsV < 0 in the vertical
load induces variations in horizontal stresses that are somewhere
in the range [K0 DsV, 0] (e.g. Mitchell and Soga, 2005). In other
words, horizontal residual stresses are not relaxed and they tend
to be locked in the material. Accordingly, we assume that in
a lithostatic stress regime with extensional strain, the variation in
stress magnitude along the perpendicular horizontal direction is
in the range [K0 sT, 0]; thus, the stress path is given by a linear
segment with a steep slope (i.e., s ˛ [�2, �3]). This stress path
predicted in an extensional regime is therefore significantly
different than in a contractional regime and motivates a discus-
sion of the type of band formed under different tectonic
environments.
5. Model of deformation band system formation as a function
of tectonic setting

5.1. Stress regime and band type formation

Considering (1) two sands with different burial depths of 200 m
at the time of deformation and (2) that the Pyrenean compression
and Oligocene tension act horizontally on a lithostatic state after
burial in the way proposed in Section 4.2, we obtain the different
stress paths shown in Fig. 8 when using a value of K0 ¼ 0.7. This
value is more relevant than the lesser end member case of K0 ¼ 0.5
used only for convenience in Fig. 9 to describe the different seg-
ments of the stress path due to an horizontal compression. K0 ¼ 0.7
is a good approximation of in-situ measurements in different
boreholes from sand-dominated basins in absence of tectonic
loading (Atef Onaisi, pers. comm., Total), and is within the range of
values measured in oedometer tests of sands (Mitchell and Soga,
2005). The difference in grain sizes of the Uchaux and Orange
sands creates different positions and sizes of yield surfaces (Section
4.1) and affords the opportunity to discuss the stress state at the
time of band formation.

At Uchaux, the stress path for the Pyrenean compression rea-
ches the thrust-fault stress regime (i.e. s3 ¼ sV) before hitting the
yield cap. The yield cap is intersected by the stress path in a quite
low part of the envelope with large mean stresses and relatively
small shear stresses. At Orange, the stress path in compression also
hits the yield cap under a thrust-fault stress regime (i.e. s3 ¼ sV),
but on a higher part of the envelope, where quite large and nearly
equal values of mean and differential stresses are reached
(w25MPa). During later extension, both the relative position of the
stress path, its slope and the yield cap depend on the over con-
solidation of the material due to the previous tectonic compression.
Moreover, potential strain hardening due to the presence of pre-
vious bands and the possible error in the estimation of the burial
depth for this stage of deformation makes the stress analysis in
polyphase contexts more difficult to discuss. However, it is clear
that tensional stresses provide the best chances to hit the yield
envelope in its upper part, where the differential stress is high
relative as compared to the mean stress.

Therefore, we believe that for the same Pyrenean tectonic
compression, two different types of band sets are possible in a re-
gion due to the difference in material properties and burial con-
ditions. While compaction with little shear was favored at Uchaux
(stress path hitting a low part of the cap envelope), more shear and
less compactionwas favored at Orange (stress path for larger depth
hitting the cap in a higher part), which is thoroughly consistent
with the Ds(net)/Dc ratios and the force chains obliquity observed in
the reverse SECB and CSB sets (Figs. 5b and 6). Conversely, the same
sand formation (Uchaux) formed two different types of band sets
because the material was subjected to tectonic compression and
then, tension. While compaction with little shear was favored for
compression, much more shear and less relative compaction was
favored for tectonic tension, which is thoroughly consistent with
the wide differences in Ds(net)/Dc ratios and the force chains
obliquity observed in the reverse SECB and normal SB sets of this
unit (Figs. 5b and 6).

Following this model (Fig. 8), clearly compaction will be favored
in a contractional strain regime (Fig. 10). Field observations in the
western US (Buckskin Gulch, Utah and Valley of Fire, Nevada), also
support this hypothesis where the band systems related to the
compressive Laramide orogeny show a large ratio of compaction to
shear with distribution across wide areas (e.g. Sternlof et al., 2005;
Eichhubl et al., 2010; Schultz et al., 2010; Solum et al., 2010). Such
a distribution is probably related to the limited range of porosity
reduction and attendant compaction possible in the host rock. This
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can lead to a low propagation energy predicted for such compac-
tional bands (Schultz and Soliva, 2012). This restriction could
explain why multiple bands of cm scale thickness are preferred
rather than fewer very thick ones. Little compaction and shear
inferred along SECBs (see for example Fig. 5b) are interpreted as the
result of little comminution and is consistent with the moderate
cataclasis (e.g. Fig. 5a), which is a function of the amount of work
done in a band. Comminution is therefore enhanced along shear
bands as compared to compaction bands because more work is
done due to large shear displacement (i.e. extensional strain
regime, see Fig. 6c and d and Ballas et al., 2012).

Strain localization as shear band clusters at Uchaux (Fig. 4a) and
their potential evolution into faults seems mechanically favored
under tectonic tension because the stress path is getting close to the
critical state line (Figs. 8e10). This localization process is consistent
with the larger amount of shear strain along the bands (Fig. 4b),
therefore allowing the band set to tend to the behavior of faults
where localization is well described. Shear mode fractures gen-
erally grow by shear stress shadowing and anticlustering of smaller
faults leading to self-similar fault populations (e.g. Scholz and
Cowie, 1990; Cowie et al., 1995; Ackermann and Schlische, 1997;
Soliva and Schultz, 2008) rather than scale-dependent behavior
more frequent in dilatant or compactional fracture sets (e.g. Narr
and Suppe, 1991; Schultz et al., 2008).
5.2. The absence of strike-slip bands

Although our model of stress accumulation and banding does
not preclude the initiation of strike-slip bands during a strike-slip
regime, it does not favor their formation as the tectonic stress
component is building to the true thrust stress regime. For a hor-
izontal compression of a horizontal sand layer, the strike-slip
segment of the stress path in the q-p diagram is well below the
burial lithostatic path, far from the critical state line and in a very
limited region for large K0 (Fig. 8). The length of the strike-slip
state stress path segment (Fig. 6) is anticorrelated to K0, i.e. it
decreases when K0 increases. Therefore, in such a contractional
strain regime, strike-slip deformation bands could better initiate in
poorly compliant material (lower K0) and would have a small
Ds(net)/Dc ratio as the path segment is in the lower part of the q-p
space. Such a strike-slip SECB band network has been inferred in
Valley of Fire by Eichhubl et al. (2010), where the burial at the time
of deformation is though to be greater and would represent con-
ditions where the sandstones had greater cohesion and could be
less compliant.

A possible stress scenario to obtain strike-slip shear bands
would be in a composite strike-slip regime where a horizontal
tectonic compressive stress component occurred in one direction
and normal to that was occurrence of a horizontal tectonic ten-
sional stress component. Such a stress configuration could allow
a strike-slip stress state with a large deviatoric stress.
5.3. The role of fluids and material hardening

Although no evidence of syn-deformation fluids is present at the
study sites, it is worth considering their role because they are likely
to be present in high porosity sandstones. Assuming an isotropic
interstitial fluid pressure, the effective stress path on a q-p diagram
should move to the left since the mean stress is reduced by the
amount of the hydrostatic fluid pressure. The effect is to move the
effective stress path toward the critical state line, which favors
faulting or disaggregation banding with isochoric or dilational
shear in an extensional strain regime, inhibiting compactional
banding (Figs. 8 and 10).
Field examination of patterns of intersecting deformation
bands at the Orange quarry (Wibberley et al., 2007) suggests that
work-hardening during deformation band network evolution
changes the bulk properties of the deforming units as well as the
local mechanical properties at the scale of a propagating defor-
mation band tip. This work hardening serves to increase the
strength of the material as deformation evolves, shifting the yield
cap to the right in q-p space (Wibberley et al., 2007). The yield cap
can be shifted to the right of the q-p space and larger Ds(net)/Dc ratio
is therefore anticipated for the newly created bands (Figs. 8
and 10).
6. Conclusions

This analysis of the three different types of band sets shows
that the general field area was subjected to first a NeS con-
tractional strain related to the Pyrenean shortening and a later
WNW-ESE extensional strain related to the Oligocene rifting.
Strain distribution is observed as Pyrenean reverse sense com-
pactional bands with moderate cataclasis, a low ratio of shear to
compaction and a large conjugate band angle. In contrast, spa-
tially more localized strain is observed as rift-related normal-
sense shear bands with a large shear to compaction ratio, a large
amount of cataclasis and a small conjugate band angle. To explain
the mechanical origin of this strain distribution during con-
traction, we have proposed a model of stress evolution and
plastic yielding in porous sands. The stress path model suggests
that strain distribution characterized by multiple bands having
a large component of compaction likely occurs in the con-
tractional strain regime because of the high rate of increase of the
mean stress and the greater probability for the stress path to
cross the middle or lower part of the yield cap. A stress permu-
tation scenario related to the horizontal stress increase from
a lithostatic state is proposed for contractional strain regimes to
explain the occurrence of reverse-sense compactional bands and
the small probability for developing strike-slip-sense bands. On
the other hand, the stress path model suggests that strain local-
ization with a large component of shear is favored in the exten-
sional strain regime because the deviation from a burial path
must evolve by an increase of deviatoric stresses and a reduction
of the mean stress. This stress reduction, inherent to an exten-
sional strain regime increases the probability that the stress path
crosses the critical state line or the cap side of the envelope in its
upper part.

Additionally:

(1) In the same lithology (Uchaux porous sands), significant dif-
ferences can occur in the band network as a function of the
tectonic regime applied (Pyrenean orogenesis and Oligocene
extension).

(2) In two different lithologies (Uchaux and Orange sands), two
different networks occurred in the same contractional strain
regime (Pyrenean compression).

(3) The ratio of net shear displacement to compactionwas estimated
to be around 1 for the shear-enhanced compaction bands from
Uchaux, to have mean value close to 10 for the compactional
shear bands from Orange and to be a mean about 25 with
greater variance for the shear bands from Uchaux.

(4) The expectation of shear displacement to compaction as
a general function of position on a yield cap (Rudnicki, 2004)
seems to be consistent with the field data, so that the band
kinematics (Ds(net)/Dc) can be related to the mean and the dif-
ferential stresses, grain size, porosity, fluid pressure and strain
hardening (Fig. 10).
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jsg.2012.11.011.

Appendix 1. Calculation of compaction and derivation of
displacement due to compaction

The normal displacement due to compaction can be estimated
from the reduction in pore volume between the host rock and the
compaction band. A section of host rock having initial thickness Ti
and porosity fi is compressed, producing a compaction band hav-
ing thickness Tb and porosity fb (Fig. A1). Because porosity is
defined as f ¼ (Vvoids)/(Vtotal), f Vtotal ¼ Vvoids. Assuming one-
dimensional normal strain to a first approximation, f ¼ (Tvoids)/
(Ttotal), so that f Ttotal ¼ Tvoids. Neglecting plastic deformation in
grains or dissolution, the normal displacement associated with the
reduction in pore volume is

Dc ¼ ðfiTiÞ � ðfbTbÞ (A1)

Eliminating Ti from (A1) by using Ti ¼ Dc þ Tb and solving for Dc
yields

Dc ¼ Tbðfi � fbÞ
1� fi

(A2)

The displacement due to compaction Dc increases with the
difference in porosity between the host rock and the band as well as
with the band thickness. The plastic normal strain associated with
porosity reduction is given by

εp ¼ Dc

Tb
¼ ðfi � fbÞ

1� fi
(A3)

which also increases with the difference in porosity between the
host rock and the band. In previous work, Sternlof et al. (2005),
Rudnicki and Sternlof (2005), Rudnicki (2007), and Tembe et al.
(2008) used the porosity change (fi � fb) alone as a measure of
εp, leading to different values of the compactional normal strain in
their studies.

Appendix 2. Correction of Shear Offset for Band Geometry

Normal strain across a band can produce an apparent shear
offset of a pre-existing passive marker. For a compaction band that
intersects a marker at an angle a (Fig. A2), the apparent shear offset
due to compaction, Oc, is related to the normal displacement due to
compaction, Dc, by

Oc ¼ Dc

tan a
(A4)
Superposition of a separate shearing displacement parallel to
the band leads to an over- or under-estimate of the net shear dis-
placement depending on the sense of a. The measured offset, Ds,
can be corrected for the intersection geometry by

DsðnetÞ ¼ ðDs þ OcÞ (A5)

where the net shear displacement is Ds(net). The sign of tan a in (A4)
determines whether the net shear offset is larger or smaller than
the measured shear offset (Fig. A3).

http://dx.doi.org/10.1016/j.jsg.2012.11.011
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