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a b s t r a c t

Cataclastic deformation structures in Cretaceous high-porosity sands in the Bassin du Sud-Est, SE France
were surveyed by scan-lines to examine: (i) the role of tectonic loading path on cataclastic deformation
band (CDB) network development, and (ii) the development of larger ultracataclastic faults as strain
increases. Deformation during PyreneaneProvençal shortening resulted in a persistent high density
(w10/m2) of conjugate reverse-sense CDB zones (displacements up to w30 cm), with no generation of
larger faults. Highelow-density undulations occur for each pair of the conjugate set in an alternating
manner, suggestive of network hardening, with a wavelength of several tens of metres being in the order
of mechanical bed thickness. For two study areas which experienced significant OligoceneeMiocene
extension, a moderate, undulating background density (w4/m2) of normal-offset CDBs was recorded,
which became focussed in places into clusters (w50/m2) a few metres wide. Thus tectonic loading path
may strongly influence strain distribution. CDB zones develop by the addition of successive bands at the
edges until, at a thickness of around 5 cm, new bands tend to stray further away from the zone edges.
Coarser sands have thicker CDB zones, suggesting that host grain size, along with mechanical bed
thickness, could be an important contributor to the scale limit in CDB zone growth. Larger ultracataclastic
faults and discrete slip zones localised within or at the edges of some clusters of CDB zones, post-date
cluster development rather than inducing it. This stage of deformation evolution is only reached in
extension, not in shortening, suggesting the infeasibility of achieving the critical state line during
horizontal compression.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Fluid circulation in the crust, and in particular hydrocarbon
migration in reservoirs, is highly dependant on fault geometrical
and hydromechanical properties (e.g. Manzocchi et al., 1998;
Matthäi et al., 1998; Wibberley et al., 2008). Faulting in porous
sandstone often produces zones of deformation bands rather than
planar fracture surfaces (Aydin, 1978; Aydin and Johnson, 1978,
1983; Underhill and Woodcock, 1987; Antonellini et al., 1994;
Davis, 1999; Fossen et al., 2007). Cataclastic deformation bands
(CDBs) are brittle shear zones that form through a combination of
compaction and cataclasis. Porosity and grain size reduction asso-
ciated with CDB formation are thought to cause strain hardening,
further deformation then being accommodated by deformation of
the wall rock, adjacent to the initial band (Aydin, 1978; Aydin and
Johnson, 1978, 1983; Underhill and Woodcock, 1987). Continued
.

All rights reserved.
deformation may possibly result in the development of localised
slip surfaces at the edge of deformation band zones (Aydin and
Johnson, 1983; Antonelini and Aydin, 1995; Shipton and Cowie,
2001). Some, but not all of these different field observations have
been understood through laboratory experiments (Wong et al.,
1997; Mair et al., 2000; Torabi et al., 2007).

Descriptions of such deformation distributions in high-porosity
sandstones are quite varied, ranging from examples of deformation
band localisation as “damage zones” around larger faults, in relay
zones (often expressed as “ladder zones” cf. Schultz and Balasko,
2003) or in fault-tip folds, to zones of deformation distributed
over distances much greater than typical damage zone widths (e.g.
w100 m) with no obvious relationship to larger structures (Aydin,
1978; Underhill and Woodcock, 1987; Jamison and Stearns, 1982;
Shipton and Cowie, 2001; Du Bernard et al., 2002a,b; Wibberley
et al., 2007). Yet although recent advances have been made in
understanding the mechanics of yielding to generate a single
deformation band (e.g. Schultz and Siddharthan, 2005; Aydin et al.,
2006; Wibberley et al., 2007), no unifying mechanical model exists
for explaining and predicting distributions of deformation bands in
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Fig. 1. Simplified geological and structural map of the study areas in the Bassin du Sud-Est, Provence, Southeast France. Locations of the three study areas are denoted by boxes.
Modified from Wibberley et al. (2007).
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terms of regional controls such as tectonic loading paths. Further-
more, the evolution of a network, and mechanical controls on this
evolution, are still unclear, particularly with respect to localisation
processes (a) at the scale of a single deformation band e what
controls deformation localisation into a band, and deformation
band growth? (b) at the scale of a cluster of deformation bandse do
they become clustered around previously formed larger faults as
fault “damage zones”, or do the clusters of deformation bands form
first, by early deformation localisation, with continued localisation
of deformation generating the larger faults within or at the edges of
these clusters? Some example of these behaviours exist (Fossen
et al., 2000, 2007; Shipton and Cowie, 2001), yet understanding
the mechanical controls on fault distribution is fundamental in
order to provide better fault distribution prediction in reservoir
flow simulations from limited structural input data (Saillet, 2009).

This paper presents a statistical and quantitative field study
aimed at providing a model of deformation patterns and fault
growth mechanisms in high-porosity sandstones. This study pres-
ents three different cases of Cretaceous high-porosity sands and
sandstones in the Bassin du Sud-Est, Provence, France (Fig. 1). The
field data were recorded along scan-lines from excellent quarry
exposures from the Orange, Massif d'Uchaux and Bédoin areas
(Fig. 1). These field data allow us to provide detailed descriptions of
the distribution of deformation and its evolution, leading to inter-
pretations in terms of fault growth mechanisms and fault network
development in high-porosity sandstones. This part of the study
concerns only the geometrical evolution of the deformation. The
impact of deformed structures in sandstones on fluid flow, evalu-
ated from permeability and geometric properties of the structures,
will be addressed in a separate publication.
2. Geological setting and data acquisition

2.1. Regional context of the Bassin du Sud-Est

The Bassin du Sud-Est is a triangular region between the Massif
Central to the North West, the Alps to the East, and the Mediter-
ranean Sea to the South. It is a Mesozoic cratonic basin on the edge
of the Alpine orogen, w200 km long and 100e150 km wide. The
total thickness of the sedimentary units is up to 10,000 m in the
central area, but this thickness decreases to 2000e3000 m towards
the edge of the basin (Delfaud and Dubois, 1984). From the Triassic
to the Cretaceous, sedimentary deposits are essentially marine,
corresponding to basin rifting related to Tethys opening. In the
middle Cretaceous, the sedimentary units correspond to detrital
sands deposited during the beginning of basin inversion. From late
to end Cretaceous, the sands were deposited only in a continental
environment, with locally high sedimentary rates (Debrand-
Passard et al., 1984). In the West of the Bassin du Sud-Est, much of
the resulting CenomanianeTuronian deposits are high-porosity
sands and poorly to moderately consolidated sandstones.

This paper presents a combined study of three areas in the
Bassin du Sud-Est, the Bédoin, Massif d'Uchaux and Orange areas
(Fig. 1). These studies were carried out on high-porosity sand and
sandstone outcrops in active and abandoned quarries (Figs. 2e4),
which provide excellent 2-D and 3-D exposures of deformation
band networks and larger faults. These sands/sandstones are
composed of a large range of quartz grain sizes which vary between
the study areas. They also contain a few clay lamellae and, in places,
limestone beds containing a few shallow marine fossils. These
sands generally have a marine origin from deltaic to beach sands,



Fig. 2. (a) Location of the study area at Orange. Modified from the 1/50,000 geological map of Orange, BRGM. (b) Location of the scan-line within the sandstones from the “Quartier
de l'Étang” quarry.
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with some beds of aeolian origin. The sand outcrops show a low to
moderate cohesion between the quartz grains due to a lack of
cement, but can formvertical quarry faces for somemonths to years
before erosion and outcrop collapse sets in. These sand units have
undergone a low depth of burial, possibly less than 800 m (Delfaud
and Dubois, 1984). Deformation is expressed in these sands and
sandstone units as cataclastic deformation bands (CDBs), larger,
ultracataclastic (“mature”) faults and discrete slip surfaces
(Wibberley et al., 2007). The orientation and kinematics of these
structures are highly variable, but, from regional knowledge, can be
attributed to the three different regional tectonic events in Pro-
vence: (i) NortheSouth PyreneaneProvençal shortening accom-
modated by regional foreland thrusting, giving the Cretaceous
outcrop an EasteWest structural trend; (ii) NWeSE Oligocene-
eearly Miocene rifting which caused normal faulting in parts of the
Upper Cretaceous strata; (iii) Miocene left-lateral strike-slip reac-
tivation of some of the major pre-existing NEeSW faults in the
region.

2.2. Deformation features

The deformation features in the Cretaceous high-porosity sands
and sandstones of the Bassin du Sud-Est consist of cataclastic
deformation bands (CDBs) and larger ultracataclastic faults or
discrete slip surfaces. At the outcrop scale the CDBs appear as single
bands with millimetric offsets, usually grouped into zones of
narrowly spaced bands with offsets from a few millimetres to tens
of centimetres (Fig. 5). In most cases, the fine-scale sedimentary
lamellae make it easy to determine apparent offsets. At the
microscopic scale these CDBs are characterized by grain crushing
and compaction (Wibberley et al., 2007). Such grain crushing and
compaction resulted in a significant decrease in the porosity and
permeability between the host sand and the deformed sand as
previously described elsewhere (e.g. Underhill and Woodcock,
1987; Antonelini and Aydin, 1994; Fowles and Burley, 1994). The
observations of these CDBs in the Bassin du Sud-Est suggest an
evolution with displacement increase and thickness growth of the
structures, similar to previous observations (Aydin and Johnson,
1978; Underhill and Woodcock, 1987; Antonelini and Aydin,
1995). The thinner features are deformation bands with very low
displacements (e.g. <10 mm). These bands correspond to a single
cataclastic fault strand with a thickness of one to a fewmillimetres.
The SEM observations of these CDBs (Wibberley et al., 2007) show
a preferential occurrence of fractures at grain contact points, sug-
gesting a process of Hertzian fracturing (Gallagher et al., 1974). This
observation also shows that, for a single CDB, this Hertzian frac-
turing process involves a zone typically not greater than five quartz
grains wide. Scanning electron microscope (SEM) observations
show that the processes of fracture and cataclasis produce a new
generation of very fine grained fragments infilling the porosity
space.

Thicker features are “multiple strand” zones of cataclastic
deformation bands (e.g. 10e300 mm in displacement, 10e100 mm
wide) formed by generation of successive adjacent single bands,
referred to hereafter as “CDB zones”. The adjacent bands within
these CDB zones can be generated with a variable spacing. At the
outcrop scale it is not easy to distinguish the different bands within
a CDB zone, except where there are lenses of host sand between the
different bands. Field observations show that the number of indi-
vidual bands in a CDB zone correlates with offset, up to the scale
limit of the deformation bands, around 30 cm offset (Wibberley
et al., 2000). This finding contrasts with studies of the number of
discrete slip surfaces in fault core zones in high-porosity sand-
stones which show no correlation with offset (Shipton et al., 2005).

Larger faults, with offsets greater than around 1 m, are also
present in the high-porosity sands and sandstones of the Bassin du
Sud-Est. These faults appear to have been generated separately from
the smaller-offset CDBs, in some cases during a later tectonic event



Fig. 3. (a) Location of the study area in the Massif d'Uchaux. Modified from the 1/50,000 geological map of Orange, BRGM. (b) Location of the different scan-lines within the
“Boncavaï” quarry.
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than those forming the cataclastic deformation bands. These larger
faults present drastic differences in their properties and charac-
teristics compared to the CDBs. On the field scale, these faults show
a fairly homogeneous deformation zone of ultracataclastic fault
rock, with sometimes one or more discrete slip surfaces in the fault
core, and a cluster of anastomosing cataclastic strands around the
edges of the fault zone (Fig. 6). At the microscopic scale there are
also large differences between these faults and the CBD micro-
textures. SEM photomicrographs (Wibberley et al., 2007) show
some rounded quartz grains of original sedimentary size and
a higher proportion of ultrafine material than in CDBs. These
differences seem to reflect a transition in fault growth mechanisms
from CDBs to larger faults, yet there are a relatively small number of
these ultracataclastic fault zones in the study areas. In the Orange
and Bédoin areas, thesemature faults are normal faults, post-dating
the earlier reverse-sense CDBs. In theMassif d'Uchaux area they are
large strike-slip faults, cross-cutting the earlier normal-sense CDBs.
Thus, in some cases at least, deformation localisation into
ultracataclastic fault zones is encouraged by the presence of an
earlier set of deformation bands of high density (Wibberley et al.,
2007).

2.3. Field data acquisition

In order to characterise the deformation distribution in each
area, the CDBs were sampled by scan-lines made on each outcrop.
The position of all visible CDBs or larger faults was recorded along
one metre-wide scan-lines (thus structural density, rather than
frequency, is recorded), perpendicular to the strikes of the main
structures. This methodology is similar to at least some of the
previous studies of this type elsewhere (e.g. Du Bernard et al.,
2002b). Because of our rectilinear quarry topography, it is not
necessary to make any statistical correction in the CDB positions on
the outcrop, although density corrections were performed for dip
obliquity between (horizontal) scan-line and non-vertical struc-
tures (Priest and Hudson, 1981). For each CDB, the orientation, the



Fig. 4. (a) Location of the study area in the region of Bédoin. Modified from the 1/
50,000 geological map of Vaison la Romaine, BRGM. (b) Location of the different scan-
lines within the sands from the “Le Cros” quarry.
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thickness, and the number of CBDs in a CDB zone and their offset
were recorded in order to statistically analyse each outcrop. CDB
zones are grouped into a single structure provided that the outer-
most strands are no further from the remaining structure than the
thickness of the remaining structure, and that they converge to
touch the structure. A total scan-line length of 717 mwas recorded
for the 3 study areas combined.
3. The distribution of deformation

3.1. Outcrop description

3.1.1. Orange sandstones
The Orange study area is located in the abandoned Quartier de

l'Etang quarry, on the south side of the town (Fig. 2). The outcrop is
composed of different sedimentary units of Cenomanian age. The
majority of the quarry is composed of a cohesive (not disintegrating
to the touch) quartz sandstone unit, mineralogically mature, but
texturally immature, with a high porosity partly due to the small
proportion of quartz cement. This sandstone unit has a marine to
beach origin, and is composed of medium-size quartz grains of
average size of 550 mm. At outcrop, it is possible to observe some
sedimentary channel structures formed in a marine environment,
and in other parts of the outcrop some benthic shallow marine
fossils are present. The sandstone unit is covered by a calcarenite
unit, the contact between these two units dipping around 8� to the
South-West. The deformation of the sandstone unit of the Quartier
de l'Etang quarry consists of conjugate reverse-sense CBDs with
a low angle of dip (34� to 37�) and an ESEeWNW trend thought to
be related to NeS PyreneaneProvençal shortening (Figs. 5, 7a). At
the Orange outcrop, there are also a small number of high-dip
(around 80�) normal CDBs which were formed during a later
tectonic event (Fig. 7a). A mature, larger normal fault (10 m
displacement) is also present. One single scan-line 258 m long has
been recorded from the Orange study area.

3.1.2. Massif d'Uchaux sands
The Massif d'Uchaux study focuses on the excellent exposure

provided in the Boncavai quarry, to the northeast of the town of
Mornas. The study area is made up of different Turonian (late
Cretaceous) sands and sandstones. All the outcrops studied are
situated within the same sand units. These sand units have a very
low cohesion (crumble to the touch) and are essentially composed
of moderate to large quartz grains, with a few clay lamellae. These
incohesive sands are organized in centimetre-scale fining-upwards
units. These observations suggest sand deposition in an inter-tidal
deltaic environment. The Boncavai quarry area is situated on the
south side of an anticline structure of WNWeESE trend (Fig. 3). At
the scale of the quarry, the deposits have a constant dip of a few
degrees to the Southeast. The deformation of the Turonian sands is
essentially expressed as normal-sense conjugate CDBs trending
NNEeSSW corresponding to ESEeWNW Oligocene extension
(Fig. 7b). There is widespread evidence that these CDBs act as
barriers to recent and present-day groundwater flow, because of
the haematite-coloured grain-coating deposits in the sand adjacent
to the faults. This coloration marking the local limits of fluid
percolation down through the sand in the vadose zone and/or
Liesegang ring type diffusion, although the mechanism of fluid-
rock interaction responsible for this is currently not clear and is the
subject of parallel research. A few low-angle reverse CDBs were cut
by the normal structures, probably corresponding to the Pyr-
eneaneProvençal shortening (Fig. 7b). A mature strike-slip fault is
also present cross-cutting the normal CDBs, probably related to the
regional Miocene strike-slip faulting (Fig. 7b). Data from this study
area were collected from five different rectilinear scan-lines along
the outcrops, with a total length of 209 m.

3.1.3. Bédoin sands
The Bédoin study area centres on the Le Cros quarry which is still

periodically active, to the NorthWest of the village of Bédoin, South
of Mt. Ventoux (Fig. 4). The Le Cros quarry is composed of a single
sand unit several tens of metres thick, with a low cohesion
(crumble to the touch), of Cenomanian age. The Le Cros quarry
sands have very fine to intermediate quartz grain size and a few
clay lamellae. The deposition of this unit probably occurred in
a beach to marine environment, with occasional evidence for
transition to an aeolian-type deposition. This unit has a constant
low dip (a few degrees) to the South-West. As in the Massif
d'Uchaux area, the CDBs of Bédoin exert an influence on present-
day groundwater flow, as evidenced by the haematite-red deposits
of grain-coatings adjacent to some of the CDB clusters. The sands of
the Bédoin area show deformation structures generated during three
different tectonic events. A set of reverse, conjugate low-angle CDBs



Fig. 5. Field appearance of conjugate arrays of cataclastic deformation bands in the Upper Cretaceous sandstones at the Quartier de l'Etang quarry, Orange. a) Detailed field view of
the alternating chronology between structures of two conjugate sets. (i) Field photo; (ii) interpretative field sketch. b) Broader field view of the generally synchronous, but locally
alternating, relationships between two conjugate sets of reverse CDBs and CDB zones. (i) Field photo; (ii) interpretative field sketch.
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is present, with a broadly EeW to NEeSW trend, formed during
NeS PyreneaneProvençal shortening. This first fault generation is
cross-cut by a large population of steeply dipping normal, conju-
gate CDBs trending WSWeENE probably corresponding to Oligo-
ceneeMiocene extension (Fig. 7c). This second tectonic event is also
responsible for the presence of a larger, mature normal fault zone
with a localised slip plane and a throw on the order of 10 m. Sub-
vertical CDBs with a NWeSE trend (Fig. 7c) post-date the other
structures and are interpreted as having formed during later strike-
slip faulting during the Miocene. Data were collected from four
different rectilinear scan-lines along the outcrops, with a total
length of 250 m.
3.2. Description of CDB densities

In this sub-section, data on the distribution of CDBs and larger
faults from the outcrops for the three study areas are presented, in
order to investigate the controls on the density of developing arrays
of deformation bands and faults. For each outcrop the CDB density
is defined as the number of CDBs per square metre plotted as
a function of distance along the scan-line.

3.2.1. Orange sandstones
The deformation recorded in the Orange study area corresponds

mostly to one single tectonic event, expressed as low-angle
conjugate reverse faulting. A later extensional event generated only
a small number of normal CDBs and larger “mature” ultracataclastic
faults. Data corresponding to these reverse CDBs were obtained
along one single scan-line 258 m long. Because of the angle of 40�

between orientation-dip of the structures and the scan-line, it is
important to make a correction to the field-measured density
values (Dfield). The angle correction (Dcorr) is obtained (Priest and
Hudson, 1981) by using the equation (1):

Dcorr ¼ Dfield � 1=½Sin 35�� (1)

On the density profiles, the Dcorr and the Dfield are given. The
density profiles obtained illustrate three important features
(Fig. 8):

1. The CDB density scan-line corresponding to the total data set of
the conjugate reverse fault population shows a persistently
high density (generally in the range 7e15/m2), and a more-or-
less continuous distribution of the deformation along the
outcrop, with a clustering in the South (Fig. 8a). The clusters of
CDBs on the South side of the outcrop correspond to the
presence of ladder zones of very thin CDBs and do not impact
significantly on the overall distribution of strain.

2. The CDB density variations corresponding to the two different
(opposing dips) sets of the conjugate fault population show
a more heterogeneous distribution of deformation (Fig. 8b, c).
The density profile corresponding to the SW-dipping conjugate
population shows a high CDB concentration in the south,
middle and north of the outcrop but low-density “voids”
around 100 and 160 m (Fig. 8b). The density profile corre-
sponding to the opposite set (North-dipping) of the conjugate
population shows a high CDB concentration around 100 and
160 m but important “voids” in the South, in the centre at
around 120 m, and in the North (Fig. 8c). As illustrated by the
vertical dashed arrows in Fig. 8b and c, these “voids” or troughs
in the NE-dipping set density profile coincide closely with the



Fig. 6. Field appearance of relationships between thin CDBs, large clusters and a slip zone in the Upper Cretaceous sands of the Le Cros quarry at Bédoin. a) Field view of the
relationships between earlier thin structures and two larger CDB clusters with strike-slip kinematics. (i) Field photo; (ii) interpretative field sketch. b) Field view of the relationships
between a cemented slip zone within a large CDB cluster of normal fault kinematics. The field observations show that earlier CDBs cluster is cut by the slip zone. (i) Field photo;
(ii) interpretative field sketch.
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positions of high-density zones of the SW-dipping set, and vice
versa, i.e. that there is a spatial correlation between the high
density of one of the conjugate sets and a low density of the
other. A statistical analysis of deformation distribution, based
on the clustering tendency as used in Wibberley et al. (2007),
improved to analyse a range of data bin sizes, shows that each
of the two conjugate sets is much more clustered than the
overall population treated as a single ensemble (Fig. 9).
Furthermore, the cluster analysis is strongest for bin sizes in the
order of w60 m along the scan-line (Fig. 9), converting to
a wavelength of around 30 m when the dip correction is
applied to these low-angle structures, i.e. on the order of bed
thickness.

3. The larger normal fault, on the North side of the outcrop
(Fig. 2), corresponding to a later tectonic event, has no spatial
correlation with any of the reverse structures. It has a throw of
w10 m and is an ultracataclastic fault zone around 75 cmwide
where measured. The microstructures show an intense
decrease of grains and pores size, which can significantly retard
fluid flow (Saillet, 2009). Additionally, Wibberley et al. (2007)
show that larger faults form preferentially in regions which
have already recorded an earlier deformation event.
3.2.2. Massif d'Uchaux sands
The deformation of the Massif d'Uchaux is essentially expressed

by a population of normal-sense conjugate CDBs and later strike-
slip faults. A low number of small low-angle reverse-sense CDBs are
present, probably generated by an earlier tectonic event. The
density profiles (Fig. 10) corresponding to the different outcrops
show essentially the conjugate and normal CDBs but some strike-
slip faults are also present including a large “mature” ultra-
cataclastic strike-slip fault which crosses the entire quarry outcrop
(Fig. 3). On each profile the position of this large strike-slip fault is
indicated. The density profiles (Fig. 10) illustrate three important
features:

1. The different density profiles show similar patterns of spatial
deformation distribution. The most striking feature of this
pattern is the relatively persistent, in relation to precedent
publications (Du Bernard et al., 2002b), yet undulating back-
ground distribution of the deformation over the length of the
45e60 m scan-lines.

2. For all the outcrops there are a few zones which present an
anomalous CDB density increase in addition to the moderate
overall density (Fig. 10). These zones of high-density concen-
tration are ladder zone features such as in the middle of the
outcrop “South-1”. The anomalous weighting effect of small
ladder zones on density profiles has been checked by also
plotting profiles of cumulative thickness per square metre (not
presented in this paper for simplicity). In such a case the
outcrop shows a more even deformation distribution because
each ladder zone is a high density of very thin features,
impacting much less on cumulative thickness profiles. In other



Fig. 7. Lower-hemisphere equal-area stereographic projections (stereograms) of poles to planes for cataclastic deformation bands and larger faults from the studied areas. (a) Data
from the Orange area; (b) data from the Massif d'Uchaux area; (c) data from the Bédoin area.
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parts of the outcrop there are increases of CDB density unre-
lated to specific structures such as a larger fault.

3. All the outcrops studied are cut by the same large ultra-
cataclastic strike-slip fault zone (with bedding-parallel stria-
tions) which is systematically correlated with a large CDB
density increase. Nevertheless, it is difficult to determine the
kinematics of these CDBs which are present around the larger
fault and hence infer the tectonic event which generated them.
The CDBs clustered around themain strike-slip fault zone show
normal apparent offset in the vertical outcrop views, but due to
the geometry of the dip of the CDBs and the dip of the stra-
tigraphy they may in reality be normal or strike-slip structures.
Hence the relative timing of background CDBs with respect to
clusters is not inferred by these observations.

All the Massif d'Uchaux scan-lines show relatively similar
deformation distribution patterns and CDB densities. These density
distribution diagrams illustrate three important features: (i) The
overall CDB density is moderate (mean values are given in Fig. 10),
with the predominance of single CDBs and thin CDB zones; (ii) A
few patches present anomalous CDB density increases, where CDB
zones are organized in clusters; (iii) These clusters are not
systematically associated with main slip surfaces or larger ultra-
cataclastic fault zones, but those slip surfaces or fault zones that are
present do exist within or at the edges of clusters of CDB zones.

3.2.3. Bédoin sands
Three different events have been recorded by the outcrops of

Bédoin and are evidenced along each of the four scan-lines recor-
ded in the study area (Fig. 4): the PyreneaneProvençal shortening,
the OligoceneeMiocene extension and the strike-slip faulting
during the Miocene. However, offset along the CDBs and CDB zones
is of a similar magnitude to the CDB zone thickness, and displace-
ment is only visible to the naked eye for the larger features. Hence it



Fig. 8. Graphs of CDB densities for the conjugate, reverse structures recorded along the 258 m long outcrop of the “Quartier de l'Etang” quarry in the Orange area. Density is defined
as the number of CDBs per square metre, directly measured on the field or with angle correction (see text for more details). (a) The overall sum of the CDBs present in the scan-line
of the outcrop. (b) Density distribution of the SW-dipping CDB set. (c) Density distribution of the N-dipping CDB set. For each graph n is the total number of deformed structures and
Dav is the mean average density directly measured on the field (without angle correction). Cf is the cluster factor in each case (see text for details).

E. Saillet, C.A.J. Wibberley / Journal of Structural Geology 32 (2010) 1590e16081598
is very often not possible to determine the kinematics of any one
CDB structure. The density profiles obtained on the scan-lines
(totalling 250 m in length) illustrate three important features
similar to those of the Massif d'Uchaux area (Fig. 11):

1. There is generally an overall deformation pattern of undulating
moderate CDB density which constitutes a “background”
deformation along the outcrops.

2. All the different outcrops from the Bédoin study area show
some patches with an increase in the density of structures
corresponding to a localisation of the deformationwithin a few
clusters of CDB zones. These clusters are 5e10 m wide with
a CDB density comprised between 30 and 50 structures per
squaremetre, for a general density average comprised between
6 and 10 structures. These clusters do not generally coincide
with the position of any larger fault, except in one case (scan-
line 3, Fig. 11).

3. Although there are not many larger faults visible at the
outcrops in the Bédoin study area, it is possible to identify two
larger structures. The first one is situated on scan-line number
3 (Figs. 4 and 11), where it is possible to observe a progressive
increase of the CDB density to a maximum in the centre of the
cluster, beyond which the density drops sharply to define the
other edge of the cluster. Localisation of a discrete slip surface
occurred at this sharp transition region at the edge of the
cluster. On this first structure it is difficult to determine the
relative timing of cluster and slip surface because of the poor
condition of the outcrop. The second structure is situated on
the south side of the quarry and was not sampled by any scan-
line because of the orientation of the fault with respect to the
outcrop. Nevertheless, it is also possible in this case to observe
a cluster of CDB zones around a central slip surface with the
same orientation and dip. Given thatmany clusters exist with no
localised slip planes or larger fault zones, it seems logical to
suggest that the clusters evolved first, only some of which then
localised deformation into more evolved fault and/or slip zones.

The Bédoin scan-lines show relatively similar deformation
distribution patterns to the Massif d'Uchaux outcrops: (i) The
overall CDB density is undulating but generally moderate, with



Fig. 9. Graphs of cluster factor versus bin size using the definition of Wibberley et al.
(2007) adapted for analysing the size of the “most likely” periodic clustering by
repeating the cluster factor analysis for a range of different bin sizes, displacing the bin
along the scan-line at 1 m intervals. Results are theoretically independent of sample
size, hence the result that each conjugate set has a cluster factor twice as high as the
ensemble of the conjugate fault population (peaking at around 50e60 m bin size)
suggests that the more even distribution of CDBs in the overall population is the result
of summing the more clustered distribution of peaks and troughs of the two conjugate
sets together.
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mean scan-line averages between 6 and 10 structures per m; (ii) A
few zones of anomalously high CDB density exist (with density of
30e50 structures per m), where CDB zones are organized into
clusters; (iii) These clusters are not systematically associated with
discrete slip surfaces or ultracataclastic fault zones, but ultra-
cataclastic fault zones are sometimes present within the maximum
density of CDB zones. In the Bédoin area the deformation features
correspond to three different tectonic events and in some cases it is
not possible to determine the kinematics or displacement with the
naked eye.
4. Characterisation of individual CDB properties based
on field data

4.1. Fault thickness data

Previous studies of the relationship between fault zone thick-
ness and fault displacement (Robertson, 1983; Scholz, 1987; Hull,
1988; Evans, 1990) have generally shown that although there is
an overall linear relationship between fault zone thickness and
displacement, it is necessary to take account of various problems
like the definition of the edges of the fault zone or the thickness
variation along a single fault when interpreting data. Fault zone
thicknessedisplacement data are presented in Fig. 12, for single
CDBs, CDB zones and larger ultracataclastic fault zones in the study
area of the sandstones from Orange and the incohesive sands from
Massif d'Uchaux and Bédoin. The data are presented with two
different thickness data measurements. Thicknesses using method
1 are given as the total distance between the outermost edges of the
outermost strands constituting the multiple-band CDB zones. With
this first measurement method the host sand contained in between
the different strands of a multiple-band CDB zone is included in the
measurement. Thicknesses using method 2 are given as the sum of
the thicknesses of each individual band constituting a multiple-
band CDB zone. This second measurement method defines an
“effective thickness” of deformed material, taking into account that
material between the bands is undeformed host sand.

There are sufficient similarities between the data from the three
study areas to be able to generalize the observations in the
following way:
1. Fault (or CBD) thickness is often equal to (with a thick-
nessedisplacement ratio approximately equal to 1) or smaller
than displacement (with a thicknessedisplacement ratio
between 1 and 0.1), with a general linear relationship despite
this variation.

2. For the larger structures (d>w100e500 mm), a proportional
increase between thickness and displacement does not clearly
exist.

3. Where thickness data were also collected using method 2 or
“effective” thickness data, these thicknesses recalculated as the
sum of the individual strands show a steady general decrease in
ratio of “effective” thickness of deformed material to
displacement as displacement increases. In other words, as
displacement increases, additional increments of displacement
result in decreasing amounts of added volume of deformed
material.

4. Larger normal faults (throw> 1 m) and CDBs/CDB zones are
plotted on the same graph for comparison. These faults fall in
a different class of structures and they show different micro-
structure and deformation mechanisms. These ultracataclastic
fault zones have much lower thicknessedisplacement ratios
than CDBs and CDB zones.

5. Where clay layers are intersected, the structures have thick-
nessedisplacement ratios at the lower end of the range of data.

6. Where structures were formed in different tectonic events at
the same outcrop, no significant differences are detectable
between data corresponding to the different events.
4.2. Fault thickness distribution data

Fig. 13 shows the fault thickness distribution data for all of the
outcrops studied in the Bassin du Sud-Est. For each different study
area, all of the structures recorded along the scan-lines are pre-
sented. Data are not divided into kinematic groups, because kine-
matics was not discernable in many cases, and so leaving such data
out would generate artificial trends, particularly in the exclusion of
the single CDBs and thinner CDB zones for which offsets were most
difficult to discern with the naked eye. The three different study
areas exhibit the same general pattern, that there is a predomi-
nance of thin CDB zones of small displacement. For example, only
20% of the structures have thickness greater than around 1 cm
(0.6e2 cm depending on the study area). There is a much lower
proportion of larger (wider) CDB zones and ultracataclastic fault
zones than small CDB zones. Differences in the fault thickness
distribution data between the three study areas relates closely to
the initial host sand grain size: the larger host sand grain size has
thicker structures, and the lower host sand grain size has thinner
ones (Fig. 13).

4.3. CDB, cluster and fault zone internal structure

Fig. 14 presents information on the internal structure of CDB
zones in terms of the number of individual cataclastic bands
identifiable to the naked eye within a CDB zone in relation to its
thickness. These data are presented separately for the three
different study areas. The data corresponding to the Orange area
have been recorded only using thickness measurement method 1
(Fig.14a), i.e. the overall width of the CDB zone fromone edge to the
other. Method 2 was not used because it was not possible to
precisely distinguish the limits of the zones of cemented host grains
from the white strands of the deformation band structure with the
naked eye. It was, however, possible to detect strands as “whiter”
zones and tentatively count them. Data from the Massif d'Uchaux
and Bédoin areas have been presented using both method 1



Fig. 10. Graphs of CDB densities for the normal and strike-slip structures recorded along scan-lines with a total length of 209 m in the “Boncavai” quarry in the Massif d'Uchaux area.
Density is defined as the number of CDBs per square metre. The CDB density overall is moderate, with localisation of deformation within clusters of deformation bands. For each
outcrop, n is the total number of deformed structures and Dav is the mean average density.
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(Fig. 14b(i) and c(i)) and method 2 (Fig. 14b(ii) and c(ii)) thickness
measurements. Thicknesses usingmethod 2 are given as the sum of
the thicknesses of each of the individual bands constituting
a multiple-band CDB zone or individual high-strain zones in an
ultracataclastic fault zone.

The data on the cataclastic bands in the CDB zones corre-
sponding to the three different study areas show the same overall
patterns of increase in the number of strands with increase in
thickness. In general, the CDB zones show a linear dependence of
the number of bands with increase in thickness, suggesting that
CDB zones develop by formation of additional bands successively at
the edges of the structure as deformation continues. Multiple-band
CDB zones with identifiable undeformed sand in between the
bands are typically recorded as thicker structures for a given
displacement than those CDB zones with no host sand within the
structure (Fig. 14b(i), c(i)) but when the effective thickness of fault
rock (thickness method 2) is plotted, it seems clearer that the
thickness of fault rock increases as a function of displacement in the
same way for the two types of structures: the best-fit relation for
the effective thickness for both types of structure together (Fig. 14b
(ii), c(ii)), being very close to the best-fit relation of overall
thickness (method 1) for the CDB zones with no host sand within
them. For the data from Bédoin (Fig. 14c), the CDB zones thicker
than around four centimetres a different trend is apparent:
a disproportionate thickness increase with addition of new bands
(Fig. 14b(i), c(i)) collapses onto a single linear trend when the data
are re-plotted in terms of effective thickness of deformed fault rock
(Fig.14b(ii), c(ii)). This indicates that CDB zones growingwider than
around 50 mm do so by addition of successive bands further and
further away into the host sand until they are considered as sepa-
rate structures entirely.

The different field observations show an evidence for a chro-
nology in the development of isolated CDBs, CDB clusters and slip
surfaces or narrow slip zones. Generally, the observations show
that clusters are cut by the slip surfaces and narrow slip zones
(Fig. 6b). The different scan-lines (Figs. 10 and 11) also show that
slip surfaces and narrow ultracataclastic fault zones can exist in the
middle or at the edge of clusters of CDB zones, but they never exist
without clusters. On the other hand, many clusters exist with no
associated slip surface or narrow ultracataclastic zone. These
observations suggest that the clusters of CDB zones formed first,
some of which then went on to localise the deformation by



Fig. 11. Graph of CDB densities for the reverse, normal and strike-slip structures recorded along scan-lines with a total length of 250 m in the “Le Cros” quarry in the Bédoin area.
Density is defined as the number of CDBs per square metre. As for the Massif d'Uchaux case, the CDB density overall is moderate but variable, with localisation of deformation within
clusters of deformation bands. For each outcrop, n is the total number of deformed structures and Dav is the mean average density.
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generation of discrete slip planes or narrow slip zones of highly
deformed ultracataclasite.
5. Discussion

Spatial distributions and geometric properties of CDBs and
larger faults were measured in three different areas of the Bassin du
Sud-Est along scan-lines of totalling 717 m in length. Systematic
recording of the deformation structures has allowed us to better
understand the mechanisms which control the distribution of
deformation and fault growth in high-porosity sandstones.
5.1. Development of individual CDBs

The systematic recording of the deformation features along the
different outcrops allow us to characterise the deformation in the
high-porosity sands and sandstones and to propose a conceptual
model for CDB growth (Fig.15). First, our results showa predominance



Fig. 12. Thicknessedisplacement relationships for CDBs, CDB zones and larger faults in the high-porosity Cretaceous sands and sandstones of Provence. (a) Data from the Orange
area; (b) data from the Massif d'Uchaux area; (c) data from the Bédoin area. Data from the Massif d'Uchaux and Bédoin areas have been recorded based on two different
measurement methods: (i) thickness defined as the distance between the outside edges of the outermost strands (method 1); (ii) thickness defined as the sum of individual strand
thickness (method 2). The cohesion of the host rock seems to have a very important role in the thicknessedisplacement relationships (difference of one order of magnitude between
sands and sandstones), and hence on the micro-mechanisms of deformation.
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of thinner CDB zones, with 80% of all CDB zones having a thickness
less than around a centimetre, as discussed in the preceding section
(Fig. 13). The frequency distribution of thickness/displacement,
skewed towards the narrower structures, is significant in consid-
ering fault growth. The thinner features grow during continued
displacement with a proportional increase in thickness up to
around 5 cm, by an increase of the number of individual bands
which constitute a CDB zone (Stages 1 and 2 in Fig. 15a and b).
Additional bands become spaced further and further away from the
CDB zone, so that beyond around 100 mm thickness, later strands
are far enough away to be counted as separate structures (see
definition in the section on data acquisition). Nevertheless, the field
data presented (Figs. 12 and 14) suggest an upper limit of CDB zone
thickness of around 0.1e0.2 m, beyond which deformation jumps
to a new band entirely.

There is, on average, a difference in the thicknessedisplacement
ratio between the smaller CDB zones and the larger faults, for all
those structures with displacements above around 0.5 m. This
difference is clearest for the data from Orange (Fig. 12a). For the
smaller features (d< 200 mm), there is a proportional increase in
thickness with displacement, albeit with a scatter in thick-
nessedisplacement ratios between 0.1 and 2. The larger structures
(d> 0.5 m) show thickness-to-displacement ratios less than 0.2, i.e.
at or below the thicknessedisplacement ratio range of the smaller-
displacement structures (Fig. 12), suggesting that the growth
process does not operate as efficiently at larger displacements.
Indeed, the development of ultracataclastic fault rock textures in
the larger-displacement structures gives the impression of even
more localised deformation. Studies show that ultracataclastic fault
core zones in high-porosity sandstones elsewhere also have much
narrower thickness-to-displacement ratios than associated CDBs
(e.g. Shipton et al., 2005). Where clay is involved, thick-
nessedisplacement faulted clay values have, on average, lower
ratios than the structures without clay, demonstrating that the



Fig. 13. Frequency distribution of CDB zone and fault zone thicknesses for cataclastic
deformation bands and larger faults in the three different study areas of Provence. The
thickness is defined as the distance between the outside edges of the outermost bands
(method 1). The average grain size of the host rock is given for each outcrop by the
symbol f.
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incorporation of even small amounts of clay into the deformation
bands may preferentially localise deformation or at least partially
inhibit wall rock wear and deformation band widening.

The observation that CDB zones grow by the addition of new
peripheral bands instead of continued deformation on the existing
onesmay, at first sight, be taken as evidence of work hardening (e.g.
Underhill and Woodcock, 1987). Nevertheless, stress perturbations
around the CDB zone which encourage localisation of the new
bands adjacent to the CDB zone, coupled with intragranular
microcracking around the CDB zone as it develops (Wibberley et al.,
2007), suggest that other factors may also play a role, particularly as
laboratory experiments do not show a strength increase of samples
as individual strands form in a developing CDB zone (Mair et al.,
2000). The data corresponding to the larger CDB zones (with
a thickness more than w10 cm) show a diminishing thickness
growth as displacement progressively increases, by a decreasing
role played by the addition of new bands to the CDB zone structure.
Thus the data from the different sand and sandstone outcrops show
two different growth mechanisms, which are scale dependent. The
thinner CDB zones grow by systematic addition of new bands,
according to a work-hardening process and/or by stress perturba-
tions encouraging adjacent intragranular fracturing. For CDB zones
wider than around 10 cm however, the data suggest that these
work hardening and/or other processes cease to dominate. The
reason for such a transition may be one or more of the following
possibilities:

1. The larger CDB zones are typically longer e their development
may be limited by bed thickness and mechanical properties of
adjacent beds (e.g. Schultz and Fossen, 2002) as predicted by
numerical modelling of instability development during multi-
layer deformation (e.g. Schueller et al., 2005). However, beds
are often thicker than the height of the outcrop (e.g. several
metres to several tens of metres), making this difficult to
assess.

2. Stress perturbations may vary with CDB zone thickness, length
and displacement gradient. It is possible that wider, longer CDB
zones will have wider zones of stress perturbation, so addi-
tional bands could be generated further and further away from
the original CDB zone to the point where they are no longer
recorded as part of the same single (“multistrand”) CDB zone.

3. Grain size and grain point contact geometry could be control-
ling factors (e.g. Cundall, 1989), particularly given that smaller
average host sand grain size seems to cause narrower CDBs
(Fig. 13).
5.2. Development of CDB networks

The three study areas show deformation patterns which can be
related to one or more different tectonic events. For the sandstones
from the Orange area, the structures are mostly conjugate reverse
CDB faults corresponding to PyreneaneProvençal shortening. Here,
only a few later, normal faults are present, related to Oligoce-
neeMiocene extension. Evidence of deformation structures corre-
sponding essentially to one single tectonic event at this outcrop is
highly significant in terms of allowing us tomake interpretations of
how this network of structures developed during the single
tectonic event. In terms of the spatial distribution of the CDBs
documented from the scan-line data (Fig. 8), two main interpre-
tations can be made:

1. Firstly, the distribution of the deformation along the outcrop is
relatively homogeneous with a moderately high density of
CDBs and an addition of high density of deformation which
corresponds to a localisation of the deformation in a few
clusters of CDBs such as “ladder zones”. Such a persistent
density distribution over a transect of c. 250 m is important
because it suggests an overall relatively homogeneous bulk
strain (shortening) accommodated by these CDBs over a rela-
tively large distance, in comparison to previous studies which
mostly suggest CDBs are formed as clusters of CDBs around
larger faults, such as damage zones developed by progressive
displacement along the fault (e.g. Shipton and Cowie, 2001; Du
Bernard et al., 2002b; Johansen and Fossen, 2008).

2. Secondly, there is a general inverse relationship between the
undulating density of one of the conjugate sets and the density
of the other (Fig. 8), with alternating density peaks and troughs
of one set mirroring the troughs and peaks of the conjugate set.
The sum of the two conjugate distributions is a much more
continuous deformation distribution than the clustered
tendency of each of the two conjugate sets individually (Fig. 9).
These field observations allow us to suggest that deformation
proceeded by development of two conjugate sets of CDBs, of
opposing dips, during the same tectonic event. At the begin-
ning of the tectonic event the deformation is accommodated by
a random distribution of each conjugate set. As deformation
proceeds, further generation of the CDBs of one set is inhibited
in regions where earlier CDBs of the other set are already
present (Fig. 15a). The areas not deformed early on in the
process may experience a higher number of CDBs generated
later. The result of this growth process is that regions with
a high density of faults from one set have a lower density in the
other, and vice-versa. This CDB growth process by competition
between two opposing conjugate sets during a single tectonic
event results in a broadly homogeneous total (albeit undu-
lating) deformation distribution along the outcrop.

Previous studies have suggested that deformation bands form
by work-hardening processes (e.g. Aydin and Johnson, 1983;
Underhill and Woodcock, 1987). Furthermore, work-hardening
processes at fault tips and relay zones have been evidenced by the
generation of ladder zones between segment tips (e.g. Schultz and
Balasko, 2003; Okubo and Schultz, 2005, 2006). However, our field
observations show that the work-hardening nature inferred for
CDB generation may influence the population at the network scale
as well as at the scale of the fault tip, thus causing an increase in the
mechanical strength of the rock mass as well as the individual
deformation band structure. Hence, it is easier for a conjugate set to
develop in a region with low density of earlier deformation struc-
tures. Although overall the two sets are generally synchronous, as
shown by the mutual cross-cutting relationships in different places



Fig. 14. Relationship between number of bands and thickness for CDB zones and larger faults in the high-porosity Cretaceous sands and sandstones of Provence. (a) Data from the
Orange area; (b) data from the Massif d'Uchaux area; (c) data from the Bédoin area. Data from the Massif d'Uchaux and Bédoin areas have been recorded based on two different
measurement methods: (i) thickness defined as the distance between the outside edges of the outermost bands (method 1); (ii) thickness defined as the sum of individual band
thickness (method 2). The linear regressions presented on these graphs are the lines of best-fit, most of which are constrained to pass through the origin; the equations are given for
each one. For the graphs (c), the second linear regression corresponds to the lines of best-fit of the largest structures, which are not constrained to pass through the origin. The
regression in (c ii) is given as a dotted line because of the small number of these structures.
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(Fig. 5), the preferential development of one set in a certain region
probably depends on it arriving in that region by chance before the
other set. Despite this seeming randomness, it is nevertheless
possible that the spacing of peaks and troughs in the densities of
each conjugate set, in this case around 60 m along the scan-line, so
around 30 m perpendicular to any one set, is related to mechanical
unit thickness, although the base of the unit is below ground level
so we can not assess this.

It was not possible to test this model for conjugate CDB devel-
opment on the other study areas because they have recorded
deformation from two or three superimposed tectonic events, and
in many cases it is not possible to attribute an individual CDB to
a particular tectonic event. Because of this, the statistical clustering
analysis performed on the Orange data (Section 3.2.1) was not
performed on the other data sets as it would not have been
meaningful. However, all the Massif d'Uchaux outcrops expressed
similar patterns. For each outcrop there is a generally moderate
density of deformation structures with the addition of clusters of
CDB zones which localised the deformation (Fig. 10). The same
deformation patterns exist also in the outcrops from the incohesive
sands of the Bédoin area (Fig. 11). In these cases, the majority of the
CDBs are normal-sense structures generated during extension. It
therefore seems likely that the difference in clustering tendency
between these outcrops and the distributed nature of the defor-
mation at Orange is simply due to kinematic type of deformation,
with shortening encouraging further generation of CDBs
throughout the volume by system hardening during compression
(Fig. 15a). However, other factors such as differences in burial depth



Fig. 15. Series of block diagrams showing the sequential evolution of deformation from a single band to different sets in a network, with possible localised faulting, during a single
tectonic event. (a) A compressive tectonic event. (Stage 1) Random distribution of the deformation at the beginning of the tectonic event. (Stage 2) Evolution of single CDBs to larger
CDB zones. (Stage 3) Further deformation results in cross-cutting of CDB zones by conjugate structures, but the previous structures inhibit further development of the conjugate set
in places. (Stage 4) As deformation continues, the structural network evolves towards a broadly constant density of conjugate structures. (b) An extension tectonic event. (Stage 1)
Initiation of single CDBs at the beginning of the tectonic event. (Stage 2) Evolution of single CDBs to larger CDB zones. (Stage 3) Localisation of the deformation within some clusters
of CDB zones. (Stage 4) As deformation continues, a slip surface or narrow slip zone grows within a zone of deformation band clustering.
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at the time of deformation, which is difficult to constrain here, may
also play a role. It seems likely that differences in tectonic loading
path have had an effect on the spatial distribution of the resulting
deformation.

5.3. Development of higher-displacement “mature” faults
and slip planes

Previous qualitative and semi-quantitative work on some of the
outcrops presented here found that larger ultracataclastic fault
zones and localised slip surfaces often formed where there was
a high density of CDBs from a previous tectonic event (Wibberley
et al., 2007). The new work expands on the previous study by the
thorough collection of statistical data from scan-lines, such as
spatial variations in density, as well as studying additional
outcrops. It has been found that larger-displacement fault zones
and localised slip surfaces can also form in the same tectonic event
as the CDBs, but in this case they exist within, or at the edge of
clusters of CDB zones. The precise relative chronology of CDBs and
larger faults is difficult to discern at outcrop in most cases, and it is
possible to suggest two different hypotheses for their genetic
relationship: either (a) all the background CDBs formed first, with
a relatively constant density across the outcrop, followed by
localisation into the clusters; or (b) the CDBs initiated in a few
places, and continued deformation allowed both further develop-
ment into clusters and spreading of the deformation elsewhere to
form the other individual CDBs further away from the clusters.
The fact that all larger-displacement faults occur within regions
of high CDB density, but that many high-density clusters exist
without larger faults, suggests that the clusters formed first, only
some of which suffered continued deformation localisation and
generation of ultracataclastic faults and discrete slip surfaces
(Fig. 15b, stage 4). In other words, a larger fault is not a prerequisite
for generating peripheral clusters of CDBs (as in a “damage zone”)
in the study areas examined, but these larger faults localise on pre-
existing cluster zones to accommodate further strain. In fact, in
extensional contexts such as those which generated the structures
studies in the Urchaux and Bédoin areas, it is much easier to form
a slip zone. In the case of reverse deformation, it seems that it is
much more difficult to obtain a localised slip plane or narrow slip
zone e the example of deformation bands accommodating short-
ening at Orange never achieved a state of localisation to evolve into
a large structure; deformation is likely to be transferred into
a different lithological layer before such a high deviatoric stress is
achieved.

The progressive localisation of deformation through time during
extension, from an undulating “background” CDB density pattern
and the clustering of CDBs through to formation of larger-
displacement ultracataclastic fault zones and initiation of discrete
slip surfaces may therefore be at least partly a function of the
extensional tectonic regime and associated loading path. It is often
tempting to associate such deformation localisation with material
softening of the slip zones, yet in reality localisation is also
controlled by other factors such as system geometric constraints



Fig. 16. A QeP0 map of generation of deformation structures in high-porosity sand. CSL indicates Critical State Line. Four different hypothetical stress paths are indicated (labelled
AeD), each producing a different range of structures. See text for details.
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and is not simply a function of material softening (e.g. Hobbs et al.,
1990). In the case of extension, it has been suggested that elastic
unloading of the wall during normal faulting may inhibit the
continued generation of new deformation bands around the fault,
whilst the main fault zone continues to deform. As the faults grow
up-dip and down-dip they will be controlled by other system
parameters such as bed thickness and themechanical contrast with
adjacent beds, so that eventually the mechanical properties of the
fault will be controlled by system constraints at a larger scale,
possibly with damage zone accumulation contributing to further
fault zone development.

The importance of loading path on deformation structural
evolution can be illustrated by QeP0 maps (Fig. 16). These plot the
stress paths in terms of differential stress (Q) against effective mean
stress (P0) as commonly done in soil mechanics. On such plots, the
range of stress states at the onset of plastic deformation can be
plotted (a yield envelope), as can the fields in which deformation
occurs by compaction, dilation or the critical state line of constant-
volume deformation between the two. Plastic yield envelopes
continuously evolve as the sand is subjected to compaction and/or
tectonic deformation until they reach a “clasticeplastic” yield
envelope at which point cataclastic deformation bands are gener-
ated (Bolton and McDowell, 1997; Wibberley et al., 2007). For this
reason, several authors have recently used a framework of soil
mechanics to better understand the initiation of cataclastic defor-
mation bands, seen as a phenomenon of plastic deformation which
may be either compactant, dilatant or constant-volume (e.g.
Schultz and Siddharthan, 2005; Aydin et al., 2006; Wibberley et al.,
2007). Deformation accommodating much larger slip than typical
deformation bands, usually by discrete slip surfaces and/or ultra-
cataclastic fault zones, is considered to occur on the critical state
line of isovolumetric deformation. Although there is no a priori
connection between the critical state line (as a range of stress
states) and localisation (as a description of deformation distribu-
tion), microstructural studies of the ultracataclastic fault zones
suggest constant-volume granular flow operated during shearing,
supported by classical soil mechanics experiments after a given
shear strain (e.g. Mandl et al., 1977).

Fig. 16 illustrates four hypothetical loading paths on a QeP0

map of differential stress (Q) against effective mean stress (P0), the
first path (A) being tectonic compression, the other ones being
different cases of extension (BeD). In all cases, cataclastic defor-
mation bands initiate at the “clasticeplastic” yield envelope (stage
i), in most cases on the right hand side (“cap” side) of the Q peak
in the yield envelope, suggesting compaction. The strength of the
CDB itself defines a new yield envelope, being stronger than the
host sand. In the case of shortening, CDBs continue to be gener-
ated until they start to cross each other, at which point network
hardening occurs and the stress path moves up towards the CDB
yield envelope (stage ii on stress path A). A critical density is
achieved at which the bulk stress state lies in fact on the CDB yield
envelope (stage iii). Further increase in stress is required to
continue deformation, but it is uncertain whether this can
continue to the critical state line (Fig. 16) e it is more likely that
failure of an adjacent bed will lead to a thrust fault propagating
into the porous sand bed.

In extension, on the other hand, the exact sequence and type of
structures generated is suggested to depend on the starting
position of the effective tension loading with respect to the clas-
ticeplastic and CDB yield envelopes. In loading path B (Fig. 16), the
path continues to increase differential stress and hence generate
CDBs until, like path A, a critical density is reached (network
hardening). Beyond this, differential stress continues to increase
until the critical state line of the (bulk) deformation band material
is reached at which point faulting occurs by ultracataclasic in
a zone with granular flow, and/or by forming discrete slip surfaces.
Field evidence indicates that slip surfaces in this context localise
within clusters of CDB zones or at the competence contrast
between CDB clusters and host sand. In loading path C (Fig. 16),
the critical state line for the sand is reached as the stress path
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continues to move through the compactant regime during
network hardening before the CDB yield envelope is reached,
suggesting that faulting will occur in the sand by localised ultra-
cataclasis. Finally, in loading path D (Fig. 16), the CDB initiation
occurred at greater differential stress than the critical state line
(and on the dilatant side to the left of the yield envelope peak),
suggesting that further deformation will quickly result in defor-
mation localisation in the sand on discrete slip surfaces along with
unloading. This softening effect may be enhanced by non-associ-
ated Coulomb plasticity softening (Mandl, 1988) as described by
Wibberley et al. (2007).

6. Conclusions

The statistical analyses of the spatial distributions and
geometrical properties of cataclastic deformation bands and larger
ultracataclastic fault zones in Cretaceous high-porosity sands and
sandstones from Provence, SouthEast France, allow us to evaluate
the controls on deformation distribution and fault growth mecha-
nisms. The main results can be summarized as follows:

1. CDB density distributions along the Orange outcrop suggest
that deformation was accommodated by two conjugate sets,
each of heterogeneous distribution, during the same tectonic
event. In any one place, where there is a higher density of faults
from the first set, there is a lower density in the second, and
where there is a lower density of faults from the first set, there
is a higher density in the second. The result of this fault growth
process is a broadly homogeneous total deformation along the
outcrops which developed by a system-hardening mechanism
during shortening. The frequency of the density undulations of
each of the two conjugate sets may be related to mechanical
bed thickness.

2. The Massif d'Uchaux and Bédoin outcrops have moderate,
undulating densities of mainly normal-sense CDBs associated
with extension. Some zones are present with anomalously
high CDB densities, where CDB zones are organized into
clusters, some of which contain larger-displacement ultra-
cataclastic fault zones or discrete slip surfaces. This distribu-
tion differs from the reverse-sense CDBs at Orange. Thus for
the first deformation event to strongly affect the outcrop, the
clustering tendency is dependant on kinematics and therefore
tectonic loading path. Thickness growth of CDB zones,
however, is independent of these, but dependent on host grain
size with thicker CDB zones forming in coarser sand/
sandstone.

3. CDB zones grow by a proportional increase of thickness with
displacement due to the addition of new individual bands
within the zone, corresponding to a work-hardening process
at the scale of the zone. As thickness achieves a certain
value on the order of w10 cm, the generation of additional
bands does not continue in proportion to thickness growth.
In these larger CDB zones, the new outer bands are gener-
ated further and further into the host sand away from the
zone. Hardening processes cease to dominate for these
larger CDB zones, and further deformation occurs with
clustering of CDB zones followed in some cases by genera-
tion of the larger-displacement ultracataclastic faults and
discrete slip surfaces which grow with increasing local-
isation of deformation.
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