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The distribution of deformation bands in damage zones of extensional faults in porous sandstones has
been analyzed using 106 outcrop scanlines along which the position and frequency of deformation bands
have been recorded. The analysis reveals a non-linear relationship between damage zone width and fault
throw, a logarithmic decrease in deformation band frequency away from the fault core, as well as a fractal
spatial distribution associated with clustering of the deformation bands. Furthermore, damage zones
appear wider in the hanging wall than in the footwall, although the deformation band density is similar
on both sides. Statistical trends derived from the database imply that fault growth in porous sandstones
can be considered as a scale invariant process. From an initial process zone, the damage zone grows by a
constant balance between the development of new deformation bands in the existing damage zone and
the creation of new bands outside. Moreover, as the width of the damage zone increases throughout the
active lifetime of a fault, the distribution of the deformation bands in the damage zone remains self-
similar. Hence band distribution and damage zone width for seismically mapped faults can be pre-
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dicted from the relationships found in this paper.
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1. Introduction

Faults are commonly described as the association of two main
architectural elements: a central fault core which accommodates
most of the displacement and a surrounding fault damage zone
(Wallace and Morris, 1979; Jamison and Stearns, 1982; Chester and
Logan, 1987; McGrath and Davison, 1995; Caine et al., 1996; Beach
et al,, 1999; Shipton and Cowie, 2001, 2003; Fossen et al., 2005;
Braathen et al., 2009). The fault damage zone is thus the volume of
deformed rocks that results from initial process zone development
and subsequent slip surface initiation, propagation, and linkage or
interaction in the fault zone (Peacock et al., 2000; Kim et al., 2004;
Fossen, 2010). This envelope of deformed rocks is of great interest
in faulted reservoirs and aquifers, since its intrinsic characteristics
and the distribution of small-scale damage structures is seen to
influence fluid flow in a hydrocarbon or hydro reservoir setting.
Further, the rocks contained within this envelope possess me-
chanical properties that differ from those of the pristine host rock.
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Damage zone geometries have been studied through structural
maps, detailed cross sections and microstructural analyses of
deformation mechanisms (Jamison and Stearns, 1982; Chester et al.,
1993; Antonellini and Aydin, 1994; McGrath and Davison, 1995;
Schulz and Evans, 1998; Chester et al., 2004; Fossen et al., 2005;
Johansen and Fossen, 2008). However, due to the multiplicity of
parameters that can affect fault damage zone geometry, such as
lithology and associated diagenesis, rheological stratification or
inherited fault array geometry (Johansen et al., 2005; Childs et al.,
2009; Braathen et al., 2009), the internal structure and evolution
of damage zones are not fully understood.

In this paper, we analyze damage zone geometry through the
study of deformation band distribution in highly porous sand-
stones (Fig. 1). Damage zones in porous sandstones form by
growth of deformation bands prior to the establishment of a slip
surface (e.g., Aydin and Johnson, 1978, 1983; Underhill and
Woodcock, 1987; Mair et al., 2000; Rotevatn and Fossen, 2011;
Fig. 2). In contrast, damage zones in low-porosity and non-porous
rocks grow by fracture formation. Slip surfaces (secondary to the
main fault) are found in damage zones in both porous and non-
porous rocks. However, in porous rocks, they are scarce and
often associated with zones of densely packed deformation bands
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Fossen and Bale (2007)

a) Utah

b) Corsica

Fig. 1. Illustrations of a) a damage zone in Utah (from Fossen and Bale, 2007) displaying two distinct deformation band sets, and b) deformation bands in porous sandstone from the

Aleria basin of Corsica (France).

(Aydin and Johnson, 1978; Antonellini et al., 1994; Shipton and
Cowie, 2001; Johansen and Fossen, 2008). Fractures that may
form in damage zones due to late fault reactivation, typically after
substantial lithification and loss of porosity, are not considered in
this work.
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Fig. 2. Illustration of extensional fault in porous sandstone succession, showing a
principal slip surface accommodating nearly all displacement and deformation struc-
tures (deformation bands and fractures) in footwall and hanging wall damage zones.
Wf = width of the footwall damage zone; Wh = width of the hanging wall damage
zone; T = throw.

Deformation bands are millimeter-thick structures that result
from strain localization processes in highly porous granular media.
They are characterized by grain reorganization due to grain sliding,
rotation and/or fracturing associated with dilation, shear and/or
compaction mechanisms. Different types of deformation bands
exist: cataclastic bands, disaggregation bands, phyllosilicate bands,
and solution and cementation bands (Fossen et al., 2007). The
formation of these different types of deformation bands appears to
depend on a large number of factors, such as the porosity of the
host rock, which is fundamental for grain re-organization and
stress concentration at grain contacts (Flodin et al., 2003; Johansen
et al,, 2005), but also on grain sorting, grain roundness, burial
depth, cementation and state of stress (Antonellini and Pollard,
1995; Menendez et al., 1996; Mair et al., 2000; Hesthammer and
Fossen, 2001; Schultz and Siddharthan, 2005). The most common
deformation bands are cataclastic bands, as described by Aydin
(1978) (Fig. 1), which is nearly exclusively the type of bands
covered in this study. Their individual offset is generally not greater
than a few centimeters even though they can reach more than
100 m in length (Fossen and Hesthammer, 1997); their height is
commonly limited by the layer thickness. Compaction within
cataclastic bands causes a reduction in porosity and permeability as
compared to the host rock (e.g., Fisher and Knipe, 2001; Fossen
et al.,, 2007). It has, however, been observed that individual bands
display high lateral variability in their petrophysical properties,
which would prevent bands from acting as impermeable barriers to
fluid flow (Fossen and Bale, 2007; Torabi and Fossen, 2009).

Deformation bands in damage zones can occur solitary or
clustered (Aydin and Johnson, 1978; Johansen and Fossen, 2008).
Deformation characteristics within a damage zone are important
for stress distributions as well as fluid flow in reservoirs; the latter
depending on the vertical and horizontal continuity and connec-
tivity of the bands as well as on their geometrical arrangement
(Kolyukhin et al., 2009). For instance, deformation bands might
reduce the sweep in the most permeable sandstone layers and
thereby counteract the expected early water breakthrough in such
intervals at wells (Fossen and Bale, 2007). From another point of
view, the intrinsic geometry of damage zones can be connected to
the processes of fault growth, giving insight into fault growth
mechanisms.

Damage zones in fault branch points or relay zones tend to be
wider than damage zone of isolated, straight or simple fault seg-
ments. Relay zones also show a wider range in orientation of
deformation bands and fractures (Fossen et al., 2005). For
simplicity, our study of damage zones is focused on simple fault
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Table 1
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Database overview. The number of scanlines is given for each throw encountered at a certain location. Bold numbers represent the total number of scanlines for the corre-

sponding location.

Location Number of scanlines Fault throw (m) Lithology SST: Sandstone References used
Sinai, Egypt Tayiba Mines 8 100 Fluvial/deltaic SST CIPR fieldwork
Wadi El Khabouba 9:1;1;1;6 15; 20; 100; 140 Fluvial SST Beach et al., 1999; CIPR fieldwork
Wadi Matulla 6:2;2;2 3.1;3.5; 50 Fluvial and aeolian SST Beach et al., 1999; Ehrlich, 2003
Western Sinai 9:1;2;2;1;1; 151 10; 30; 50; 75; Fluvial SST Knott et al., 1996
100; 200; 2000
Wadi Araba 2 3 Fluvial SST Du Bernard et al., 2002
Gebel Hazbar 2 5 Fluvial SST Du Bernard et al., 2002
Nagb Budra 1 30 Fluvial SST Du Bernard et al., 2002
Gebel Samra 1 2500 Fluvial SST Du Bernard et al., 2002
Wadi Isaila 1 20 Fluvial and aeolian SST CIPR fieldwork
Close to Wadi Baba 9:8;1 14; 200 Fluvial SST CIPR fieldwork
Thal fault 2 2000 Fluvial SST CIPR fieldwork
Utah Delicate Arch 7:3;2;1;1 20; 40; 100; 150 Aeolian SST Antonellini and Aydin, 1994
SE of Dead Horse Creek, 9:1;4;4 2.02; 5; 15 Aeolian medium to fine grained Fossen et al., 2005; CIPR fieldwork
near Goblin Valley SST — interdune deposits
State Park entrance
Bartlett fault 18: 2; 16 15; 200 Aeolian medium to fine grained CIPR fieldwork
SST — interdune deposits
Mill Canyon 2 10 Medium to coarse Aeolian SST Johansen and Fossen, 2008
San Rafael Desert 14:1;10;1; 2 1.7;1.9;12; 15 SST/siltstone Johansen and Fossen, 2008
England Northumberland 1 140 Fine-medium grained Aeolian SST Knott et al., 1996
Corsica Aleria basin 3:1;1;1 6; 8; 20 Medium to coarse grained SST CIPR fieldwork
(fluvial to shallow marine)
Svalbard Billefjorden 1 1200 Carboniferous SST CIPR fieldwork
Netherlands Roer valley 1 0.2 Fluvial sands Bense et al., 2003

segments or segments without obvious mechanical interaction
with other fault segments.

We here present an analysis of damage zones of extensional
faults in highly porous sandstone. Our study centers on quantitative
characterization of fault damage zones through the spatial distri-
bution of deformation bands and how these evolve in response to
fault displacement. Key characteristics, including damage zone/
fault size scaling relationships, were extracted from an extensive
database of field observations. The focus is on the relationships
between the width of the damage zone, the distribution of bands
within the damage zone, and the fault throw.

2. Database of field observations

In order to establish a database on damage zone geometry in
porous sandstone successions, detailed fault damage zone scan-
lines were acquired. A database of 106 scanlines was compiled from
outcrop observations. We consider this database sufficiently large

uncontrollable factors affecting the dataset, we have limited our
study to the analysis of damage zones surrounding individual fault
segments. Accordingly, damage zones situated in relay zones have
been discarded.

2.2. Data collected for each damage zone

In this study we handle footwall and hanging wall data sepa-
rately. Ideally these should be considered together, however, both
footwall and hanging wall damage zones are rarely exposed for
individual faults. Hence, the expression “damage zone width”, as
used here, corresponds to what has been called the “damage zone
half width” by some authors (e.g., Hesthammer and Fossen, 2001;
Shipton et al., 2006; Fossen et al., 2007; Fossen and Bale, 2007;
Lockner et al., 2009; Powers and Jordan, 2010) and thus half the
damage zone discussed by others (e.g., Shipton and Cowie, 2001;

and representative to allow general conclusions to be drawn for %
porous sandstones.
25
2.1. Host rock, faults and damage zones @
c
The database was partly compiled from published sources S 20
(Antonellini and Aydin, 1994; Knott et al., 1996; Beach et al., 1999; D2
Gjessen, 2001; Du Bernard et al., 2002; Bense et al., 2003; Ehrlich, g 15 I Footwall
2003; Johansen and Fossen, 2008) and partly from field data S [ Hanging wall
collected by the Department of Earth Science (University of Bergen, o .
Norway) and UNI Centre for Integrated Petroleum Research (UNI 3
CIPR). The bulk (94%) of the data derives from mainly fluvial Nubian %
Sandstone in Sinai (Egypt) and overall aeolian Entrada and Navajo Z 5]
Sandstones in Utah (USA) (Table 1). Fault throws range from 1 to
2500 m, with the majority of data corresponding to throws be- o m
tween 100 and 200 m (Table 1 and Fig. 3). All faults are normal 5 10 50 100 1000 3000
faults, with 60% of the scanlines recorded in the footwall, and 40% Throw (m)

in the hanging wall. The host rock lithologies are highly porous,
coarse- to fine-grained sandstones (Table 1), with a few data from
very fine-grained sandstones. In order to constrain the number of

Fig. 3. Distribution of damage zones in the database as a function of fault throw,
distinguishing between hanging wall and footwall data.
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Fig. 4. Example of outcrop with location of scanline from the quarry and mine system in Wadi el Hommur (Malha Formation, Nubian Sandstone), Sinai, Egypt. Deformation band
frequencies along scanlines were recorded only in the footwall in this case (scree-covered slope in the hanging wall).

Childs et al., 2009; Faulkner et al., 2011). Fault throw was recorded
at the position of each scanline, disregarding (but noting) any
additional displacement caused by ductile drag. Also the width of
the damage zone along the scanline and the deformation band
frequency (number of deformation bands per meter) were recor-
ded. In this study, a deformation band refers to a ~1-mm thick
tabular zone characterized by cataclastic deformation. Clusters of
deformation were not considered as a whole; we tried to indi-
vidualize the different bands within the clusters, i.e., each indi-
vidual band was counted. Additional information, such as drag
folding, layer thickness, and the host rock permeability were
recorded when available. All scanlines are oriented perpendicular
to fault strike and follow single stratigraphic layers (Fig. 4). In
total, 106 1D scanlines (Table 1) from damage zones of extensional
faults in porous sandstones are analyzed in this study. For some
scanlines (28 out of 106), the precise positions of individual
deformation bands along the scanline were recorded, offering
essential information on the clustering of the deformation bands.
The majority of the observed structures strike more or less parallel
to their associated main fault (see Aydin, 1978; Johnson, 1995;
Berg and Skar, 2005; Johansen and Fossen, 2008). Dip of the
deformation bands ranges from 450 to 4+80° with respect to
bedding.

2.3. Uncertainties in the dataset

Field observations are often hampered by scree-cover, leading to
gaps in datasets along the scanlines. In the database, 22 scanlines
(out of 106) lack data either at the beginning, in the middle or at the
end of the damage zone. These incomplete scanlines were used
when possible for characterizing the spatial organization of the
bands, or, where the ends were recorded, for estimating the width
of the damage zone, but were not included in calculations of
average deformation band density. Further, there is an uncertainty
related to fault throw. For small faults with up to 10 m throw, un-
certainty is in the order of centimeters. For very large faults, un-
certainty can be up to a few hundred meters, since the throw
cannot necessarily be measured directly at the scanline location
and must be deduced from cross-sections.

Defining damage zone width largely depends on how the fault
core and the background deformation intensity are defined. In
most of the scanlines (CIPR fieldwork; Table 1), the inner
boundary of the damage zone is defined as the boundary between
clearly visible original layering and the more chaotic fault core
characterized by fault gouge and very low degree of layer conti-
nuity. The outer boundary of the damage zone is defined by the
first occurrence of a 3 m interval along the scanline devoid of
deformation band. The background density of the studied faulted
sedimentary succession was generally less than 1 deformation
band per meter.

3. Damage zone characterization

Our damage zone characterization includes damage zone width,
fault throw, average density of deformation bands within the zone
and the distribution of bands across the damage zone.

3.1. Description of deformation band density

Fig. 5 shows a graph of deformation band density versus dis-
tance across the footwall side of the damage zone of a fault with
~100 m throw (fault displayed in Fig. 4). In this case the back-
ground deformation intensity is lower than one deformation band
per meter. Since the density does not decrease linearly with dis-
tance from the fault core, the precise location at which the back-
ground density is reached can be subjective. In this study, we apply
a more objective definition of the damage zone width; a criteria
that opens for comparison of different fault damage zones.

The width is expressed as Wx (in meters), where x represents
the deformation band density reached at the distance Wx from the
fault core, either in the footwall or the hanging wall. For example,
W5max is the outermost location at which the band frequency is at
or above 5 m~!, while W5min is defined as the minimum distance

from the fault core where the frequency first drops below 5 m~'.

30
fault core \] fault damage zone

v

<€— maximum density

# deformation bands / m

distance from the
fault core (m)

12

W5max

13 14 15

W5

Fig. 5. Frequency graph illustrating different ways of defining the damage zone width.
W5min is the distance from the fault core in which the frequencies are consistently
higher than 5 deformation bands per meter. W5max is the distance beyond which the
frequencies are consistently lower than 5 deformation bands per meter. W5 is the
distance corresponding to an average of 5 deformation bands per meter. W10 and W1
are the distances corresponding to an average of 10 and 1 deformation band(s) per
meter, respectively. The example is taken in the footwall side of the fault with a 100 m
throw situated in the Wadi el Hommur Mines (Egypt) (same fault as shown in Fig. 4).
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The arithmetic mean between W5max and W5min corresponds to
W5 (Fig. 5); W5 is the distance from the fault core to the point at
which the average frequency of deformation bands is 5 m~". Other
average widths, for example corresponding to band frequencies of
10 m~' (W10) or 1 m~! (W1), can be defined in a similar manner.
However, taking one deformation band per meter as a limit for the
width of the damage zone can be very sensitive to the decision
made in the field regarding the required length of the scanline. For
example, in Fig. 5, one deformation band might be found at 25 m
from the fault core, which would change drastically the value of W1.
A frequency of 10 deformation bands per meter corresponds to a
rather high frequency and is not necessarily encountered in all the
damage zones. W5 was chosen as the standard width measure for
the analysis since it appeared as one of the statistically most robust
values encountered in nearly all the damage zones analyzed in this
work, even the ones associated with a fault throw of around 1 m.
The fact that deformation band zones form as fault precursors (e.g.,
Aydin and Johnson, 1978; Shipton and Cowie, 2001) is an important
reason why the W5 criterion works so well even for small faults,
hence a different choice of Wx may be preferable for non-porous or
low-porosity rocks.

3.2. Width—throw relationship

In this study, W5 (see above) is used to define damage zone
width. A plot of damage zone width versus fault throw reveals a
positive but non-linear correlation. The best fit function established
is a power-law relationship (Fig. 6). The confidence intervals and
prediction belts have been calculated with 95% confidence. The
confidence belt around the regression line indicates that, for a given
throw, the true value of the width should be located within this
belt, for a given data set. The prediction belt defines, for a given
throw, the interval within which a new observation of width should
be found if this new observation belongs to the same statistical
population as the data set used to define the regression line. This
belt is larger than the confidence belt because the variance asso-
ciated to draw a new point is added to the variance of the existing
data set. The high variability of damage zone width is emphasized
by the prediction belt spanning more than two orders of magnitude
along the y-axis.

100 5 o
>

m  Individual damage zone
— W5=1,74 T"* R*=0,54
Confidence belt
(95% confidence)
[IPrediction belt
A Geometric mean (logarithmic bins)
= * W5av = 1,87 T*" R*=0,88
... Only throws with lognormal point
A A A AAA A A A distribution (more than 4 points)
01 LI : : : W5 = 1,76 T°*
d 10 100 1000

Throw (m)

Damage zone width W5 (m)

Fig. 6. Damage zone width (W5) as a function of throw. The best fit (black solid line),
the confidence and prediction belts have been calculated on the individual data point
set. The geometric means have been calculated for different groups of throw using a
logarithmic binning along the x-axis. The dotted trend is obtained using only the
groups of throw represented by more than 4 damage zones and presenting a
lognormal distribution of the widths. Each point is weighted by the variance of its
group.

A positive correlation between fault throw and damage zone
thickness is well established in most of the existing literature (e.g.,
Beach et al., 1999; Shipton and Cowie, 2001; Johansen and Fossen,
2008; Childs et al., 2009; Savage and Brodsky, 2011), although the
published data come from different tectonic settings and lithol-
ogies, and definitions of the damage zone are inconsistent. Statis-
tical analysis of our own damage zone data from highly porous
sandstones in the extensional regime shows that several trends can
be defined. Three of these are shown in Fig. 6. Throws of 100—
200 m are overrepresented in our database (Fig. 3), and one can
argue that more weight is given to the damage zones correspond-
ing to these throws when using individual data and the least square
approximation (defining the black solid line trend in Fig. 6). In order
to avoid this type of bias, values for throw were grouped through a
logarithmic binning along the x-axis. Since the majority of these
groups shows a logarithmic distribution of the damage zone
widths, the geometric mean of the widths was calculated for each
group (represented by an empty triangle in Fig. 6) and then a new
trend using the least square approximation was calculated (black
dash-dot line in Fig. 6). The best fit is still a power-law, although
with a slightly higher exponent than the one calculated for indi-
vidual (unbinned) data, since the large throws (being under-
represented) now have the same weight as the 100 and 200 m
fault throws. On the other hand, groups of data containing only two
points might not be considered representative. An alternative
approach is therefore only to use bins with more than 4 data points
that show a logarithmic distribution. These groups of points,
related to specific ranges of throw, are indicated by an arrow along
the x-axis in Fig. 6 (each arrow indicating the average throw of each
group or bin). Note that the faults with large throw (>1000 m) are
discarded when using this method. The resulting trend (dotted line
in Fig. 6) is calculated from the points in these groups weighted by
the variance of the corresponding group. Even if the very large
throws are not considered, the trend still falls inside the confidence
belt obtained for the whole database.

A power law (W = aT?, where W is the width of the damage
zone, and T the throw of the corresponding fault) seems thus to be
the most robust description of the relationship between the width
of the damage zone and the throw. For our dataset, the exponent
“b” has a value between 0.4 and 0.5 and the value “a” (the ordinate
for a throw equal to 1 m) ranges between 1 and 2.5 (for W5 values).
The various ways of calculating the width (W10, W5 and W1; see
above) hardly change the trend (slope) between the width and the
fault throw. The best-fitting trends (yielding the highest values for
R?) are power law functions with an exponent varying between
0.44 and 0.46 (Fig. 7). However, the parameter “a” depends on the

W1av=3.67 T** R’=0,87
W5av=2,32 T** R*=0,89

[
o

100

(m)

W1 individual damage zone
® W5 individual damage zone
° W10 individual damage zone
o W1 average value
o W5 average value
W10 average value

Damage zone width
=)
!

T T 1
1 10 100 1000 10000
Throw (m)

Fig. 7. Damage zone widths as a function of throw. The represented widths are W10,
W5, W1. The trends are calculated using the geometric mean of the widths for the
different throw groups.



S. Schueller et al. / Journal of Structural Geology 52 (2013) 148—162 153

definition of damage zone width, and increases when changing the
standard width from W10 to W1 (Fig. 7). The quantitative results,
yielding a slope of ~0.5, are in good agreement with the results of
Beach et al. (1999). On the other hand, data presented by Shipton
and Cowie (2001) for fault throws ranging from O to 25 m,
display a linear relationship (i.e., b = 1). However, the limited range
of throw in their data set is insufficient to extrapolate the width—
throw relationship to larger throws. A composite non-linear trend
could be modeled as a combination of a linear trend for low throws
with a decreasing slope toward higher fault throws. However, we
here prefer the power law because it describes the relationship
over a wider range of throws by means of a simple relationship that
fits our current database quite well.

The trends presented here (Figs. 6 and 7) are valid for throws
ranging from 1 to 2500 m. Extrapolation of the curve to lower
values of throw is not possible, since a fault tip process zone, i.e. the
zone of deformation bands ahead of the fault tip (e.g., Shipton and
Cowie, 2001; Rotevatn and Fossen, 2011), is established before the
development of the slip plane itself (e.g., Scholz et al., 1993; Fossen
et al., 2007). The width of the damage zone, when the fault throw
approaches zero, is thus finite: a few meters (~3 m) can be ex-
pected if we consider the value given by Shipton and Cowie (2001),
which would represent the W1max value for the Navajo Sandstone
in their study area. The critical width of the process zone before the
slip surface initiation depends probably on a large number of lith-
ological parameters, including porosity, grain size, mineralogy,
sorting, layer thickness and local stress conditions (Fossen et al.,
2007; Johansen and Fossen, 2008).

3.3. Average density of deformation bands

The average density of deformation bands in a damage zone, “D”,
is defined by the ratio between the total number of deformation
bands present in the damage zone up to a certain distance W,
divided by the distance W:

w
D= Z(number of deformation bands)} / w
0

For instance, D5 is the average deformation density calculated
up to the distance W5 (Fig. 5 for the definition of W5). The average
density is a proxy for the degree of deformation in the damage zone
either in the footwall or the hanging wall. Fig. 8A shows the average
density D5 calculated for the available damage zones as a function
of the fault throw. Plotted data points show no dependence be-
tween the average density of deformation bands and the throw. The

best fit presented in Fig. 8A indicates a slight decrease in density as
a function of throw; nevertheless this trend is not significant since
the fitting factor is very low (R* = 0.026). Thus as the number of
deformation bands grows, W5 increases proportionally to keep the
D5 sub-constant. So, as W5 doubles, so does the number of defor-
mation bands, and the deformation band density remains more or
less constant over time in the range 15 + 9 m~' (Fig. 8A).

The maximum density of deformation bands is also independent
of the throw on the fault. The maximum density is here defined as
the maximum frequency of deformation bands per meter as
observed in a scanline (Fig. 5). Fig. 8B shows the maximum density
observed in the different damage zones as a function of the fault
throw. The best fitting trend indicates a slight linear increase of the
maximum density with increasing throw, but as for the average
density, this trend is not significant since the fitting factor R? is
0.077.

The results shown in Fig. 8 agree with previous findings from
the Entrada Sandstone in Utah (Johansen and Fossen, 2008), sug-
gesting that there may be a certain density threshold in highly
porous sandstones, i.e. a maximum band density that cannot be
exceeded. This threshold, which is strongly influenced by the pet-
rophysical properties of the host rock as well as the microscale
mechanisms operative in the deformation bands, is probably
closely related to the density of deformation bands and width of the
process zone at the time of fault (slip surface) initiation.

3.4. Spatial distribution of the deformation bands

3.4.1. Logarithmic decrease

Decrease of the concentration of subsidiary structures away
from a fault is a common feature generally seen in most lithologies,
including sandstones (Knott et al., 1996; Vermilye and Scholz, 1998;
Beach et al., 1999; Fossen and Hesthammer, 2000; Hesthammer
and Fossen, 2001; Shipton and Cowie, 2001; Du Bernard et al.,
2002; Berg and Skar, 2005; Johansen and Fossen, 2008), lime-
stones (Micarelli et al., 2003), mudstones (Savage and Brodsky,
2011), and crystalline rocks (Chester et al., 2004). In order to
quantify this decrease in our database, different models have been
tested: linear, exponential, logarithmic and power-law. Considering
fitting factors R above 0.5, the logarithmic model appears to be the
best fitting model for 81% of the damage zones of the database. The
logarithmic model is defined as Y = A + LIn(X), with Y representing
frequency of deformation bands per meter and X the distance from
the fault core (Fig. 9A).

As opposed to functions that asymptotically approach zero or a
constant value, the logarithmic decay function is not valid for an
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infinite range of distances from the fault core, but only for distances
ranging between zero and the damage zone width. Beyond the
damage zone width, the deformation band density corresponds to
the background density. The logarithmic model allows us to
describe the decrease in deformation band frequency by means of
only the two parameters A and L. So, in order to forecast the posi-
tion of the outer margin of the damage zone, the logarithmic
function can be used to calculate its theoretical width as well as the
average deformation band density at a certain distance from the
fault core. For example, knowing the A and L parameters, the
damage zone width W5 (the distance from the fault core to the
point at which the average frequency of deformation bands is
5 m~!) will be defined as W5 = exp((5 — A)/L).

Fig. 9B shows all logarithmic graphs of deformation band fre-
quency in our database. A large range of “A” and “L” values can be
observed. The frequency graphs have thus been tentatively
normalized: the distance has been divided by W5 and the frequency
has been divided by D5 (the average density of deformation bands at
a distance of W5) (Fig. 9C). Two new normalized parameters have
been calculated on the normalized frequency graphs: Anorma
(= (A+ LIn(W5))/D5) and Lyorma (= (A/D5 — Anorma)/In(1/W5)).

Fig. 9D displays the Aporma and Lyorma Values for all the damage
zones of the database. The Aporma Values are more or less gathered
around the average value of 0.53, while the Lyorma values remain
scattered.

3.4.2. Clustering of deformation bands

One characteristic feature of damage around normal faults in
porous sandstones is the clustering of deformation bands. As
illustrated in Fig. 9A, the deformation band frequency does not
decrease monotonously along the logarithmic decay, but exhibit
clustering even far from the fault core. In general, deformation band

frequencies tend to peak near the center of the clusters (Johansen
and Fossen, 2008).

In order to characterize the clustering of the deformation bands,
the precise position of each individual deformation band was
recorded along some of the scanlines. A correlation analysis is
regarded as an efficient method to identify scaling properties and to
precisely describe the spatial distribution of fracture densities
(Vicsek, 1989). Our correlation analysis is based on the calculation
of the correlation integral by using a modified version of the dis-
cretized equation of Grassberger and Procaccia (1983):

2
€ = fcv =1y 2 00— = x)=r™

i<j

where N is the total number of deformation bands in the scanline; x
is the position of the deformation band in the scanline (distance
from the fault core); r is the maximum tested distance between two
deformation bands along the scanline. ® is the Heaviside function,
which is defined as ®(x) = 1 ifx > 0 and ®@(x) = 0 if x < 0. Dc is the
correlation dimension or fractal dimension. The correlation func-
tion is a measure of the number of pairs of deformation bands that
display a spacing (x; — X;) smaller than the distance “r". In our
calculations, r varies from 1 mm to the scanline length. The cor-
relation integral is then plotted as a function of the distance r in a
log—log diagram (Fig. 10A). The slope of the correlation integral
calculated with a linear regression corresponds to the exponent Dc
of the power law. For a linear distribution (such as 1D scanlines), Dc
can vary between 0 (highly clustered deformation bands and thus
localized at a single point) and 1 (deformation bands homoge-
neously distributed in the damage zone) (Fig. 10B). The value of Dc
thus quantifies the degree of deformation band clustering in the
damage zone.
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For practical use, a 5-point derivative function is calculated (e.g.
Fig. 10A), based on the valid range of distances over which the
correlation dimension can be calculated; the valid range of dis-
tances is defined where the derivative function is stable and con-
stant. The range over which the correlation dimension can be
calculated for a single scanline can vary. The correlation dimension
itself contains an inherent error of determination equal to +0.05
according to Du Bernard et al. (2002). Moreover, natural systems
are not expected to be exactly deterministic fractal (Du Bernard
et al,, 2002), because the fracturing or deformation process can
introduce some mechanical or petrophysical constraints in the
system (i.e. local modifications of the mechanical properties of the
rock) leading to some variability of the distribution of the
structures.

Fig. 11 shows the computed correlation dimension Dc as a
function of the fault throw. Calculations using the database indicate
an average correlation dimension Dc of 0.837 with a standard
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Fig. 11. Correlation dimension Dc as a function of the fault throw for 31 faults from our
database. Each point corresponds to a damage zone. Dc appears independent of the
throw, so the average Dc is 0.84 with a standard deviation equal to 0.06.

deviation of +0.062. When the correlation dimension is calculated
over a scale range spanning two orders of magnitude, the power
law distribution of deformation bands in the damage zone is
recognized. When the correlation dimension is valid only for one
order of magnitude, other distributions cannot be excluded (Bonnet
et al., 2001). In our case, from the 31 scanlines that were available
for the clustering analysis, 54% of Dc values were defined on one
order of magnitude length range, 42% on two orders of magnitude,
and 4% could be defined on a three orders of magnitude length
range.

Since the correlation dimension Dc can be defined, the spatial
organization of deformation bands should be the same at different
scales. In order to test for scale invariance, the scanline can be
binned so that clustering analysis can be performed on the different
parts. Scale invariance then implies that the same correlation
dimension should be found for each data subset. One of the
drawbacks of clustering analysis is the need for numerous data
points (large number of deformation bands) to establish repre-
sentative results. The test was thus performed on a large fault
(throw larger than 1200 m) with a damage zone width (W1) of
68 m. The correlation dimension was calculated first on the total
width of the damage zone and then only on the first half part of the
zone. Dc for the whole damage zone is equal to 0.8465, whereas Dc
for the first half part is equal to 0.8379. This confirms the scale-
invariant nature of the deformation band distribution, at least for
this particular case.

One striking aspect of Fig. 11 is that Dc seems to be independent
of the throw of the fault and can therefore be expected to be con-
stant throughout the fault growth history. This result is in accor-
dance with the work by Du Bernard et al. (2002), implying that
damage zone growth is a scale-invariant process.

4. Factors influencing the damage zone geometry

The large variability of density and width values cannot be
explained only by the displacement accumulated along the fault.
Some attempts have been made to separate the data according to
parameters such as the hanging wall vs. footwall side of the fault,
fault-related folding of layers, depth of faulting, and petrophysical
properties of the host rock.
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4.1. Hanging wall vs. footwall location

Asymmetric damage on each side of a fault is often reported or
assumed in the literature (e.g., Cloos, 1968; McClay and Scott, 1991;
Aarland and Skjerven, 1998; Withjack et al., 1995; Fossen and
Hesthammer, 1998; Du Bernard et al., 2002; Berg and Skar, 2005;
Brogi, 2008; Dor et al., 2006, 2008). To further test this assumption,
the data have been separated into damage zones belonging to the
footwall or hanging wall, which shows significant influence on the
width—throw relationship (Fig. 12). For a similar throw, hanging
wall damage zones are, in general, wider than footwall damage
zones. In order to statistically test this difference, two run-tests
have been performed using the difference between each point
and an average curve, both along the X- and the Y-directions. These
run-tests were performed on individual data points and the chosen
average curve was W5 = 1.5-T%3 (corresponding roughly to the
trend found for the whole database; Fig. 6). The populations were
clearly different with 99.5% confidence along X and 95% confidence
along Y. These results confirm the general asymmetry of the dam-
age zone observed from field and experimental examples, but no
distinction could be identified between the two sides in terms of
deformation band density. This implies that although damage
zones may be wider in the hanging wall side of faults, their
maximum deformation intensity (strain) is comparable on both
sides of the fault.

4.2. Fault-related folding

Fault-related folding of the bedding within the damage zone
appears to significantly influence the average deformation band
density. To explore this relationship we have grouped our limited
data into folded (drag or rollover) and non-folded damage zones. As
a first approach, the arithmetic mean of the average densities D5
was calculated for damage zones associated with faults with a small
throw (below 10 m) versus a large throw (larger than 100 m)
(Fig. 13A). The results (Fig. 12A) suggest that folding has no influ-
ence on damage zones associated with small throws. The average
density D5 is between 15 and 22 deformation bands per meter. In
contrast, for larger throws, the average density triples for the
dragged damage zones as compared to the non-folded damage
zones (Fig. 13A). However, since only three data points support this
observation, no firm conclusion can be drawn. In a further attempt
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to test the influence of the degree of folding on the damage zone,
we define the two parameters Tfold, which is the throw accom-
modated by the fold, and Wfold, which is the horizontal distance
over which the folding takes place, i.e. the width of the drag or
rollover fold. Hence, the ratio Tfold/Wfold is a measure of fold
curvature. A correlation between the average deformation band
density of the folded damage zones and Tfold/Wfold shows a pos-
itive correlation, as does maximum density versus Tfold/Wfold
(Fig. 13B). In other words, an increase in fold curvature implies, as
would be expected, a higher deformation band density.

Somewhat surprisingly, our four data points from Sinai indicate
that fault-related folding does not significantly influence the width
of the damage zone or the spatial distribution of the deformation
bands. Slightly lower values of Dc for damage zones to large faults
with folded wallrocks are observed, but this concerns values of Dc
calculated on one order of magnitude length range, and the ob-
tained average Dc value is still quite close to the global average
value presented in Fig. 11. The salt-related rollover described from
the Cache Valley in Arches National Park by Antonellini and Aydin
(1995) may represent a counter example, suggesting that more data
and further differentiation are needed to draw firm conclusions
regarding the relationship between rollover structures and damage
zone width.

4.3. Lithology, layer thicknesses and depth of faulting

Other parameters, such as the petrophysical properties of the
host rock, layer thickness, and depth of faulting, are all likely to
influence fault growth. Some analyses were performed using the
database, but yielded inconclusive results. Depths of faulting
varying between 0.1 and 2.5 km are represented in the database,
but no specific damage zone characteristics could be related to
this parameter. The density of bands seems to increase slightly
with increasing grain size, based on data from the Slickrock
Member (Utah) between well-sorted aeolian sandstone units and
more fine-grained interdune sand units. In contrast, there seems
to be a relationship between the average permeability (and
porosity) values of the host-rock and the average density of
deformation bands in the damage zone, emphasizing that the
average densities in Utah sandstones (having current perme-
ability of 0.25—3 darcy) are slightly higher than those investigated
in Sinai (currently around 10 darcy). Again, no statistically valid
conclusions can be established, and more data are needed to
explore the lithologic and petrophysical effects on damage zone
characteristics.

Since most of the data come from Utah or Egypt, these two
subpopulations have been compared in Fig. 14. The damage zone
width (W5)—throw (T) relationship is quite similar for both sub-
populations. The really large fault throws existing only in the
Egypt subpopulation have been removed for the comparison. The
correlation dimension Dc is also quite similar for both sub-
populations (0.84 for Egypt and 0.85 for Utah). Only the average
density D5 is slightly larger for the Utah subpopulation (16.3
deformation bands per meter) than the Egypt subpopulation (11.5
deformation bands per meter). These comparisons indicate that
the results (mainly the width—throw relationship and the clus-
tering of the deformation bands) are independent on the locality
and are thus robust.

5. Deterministic statistical model for damage zone growth

The growth history of a damage zone as the related fault accu-
mulates displacement is not well understood. Our database is suf-
ficiently large to model this aspect to some extent based on
statistics alone. We define a simple deterministic statistical model
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Fig. 14. Damage zone width W5 as a function of throw (T) for only Utah (squares) and
Egypt (triangles) damage zones. The table gives the principal characteristics for the
two groups of damage zones. Av. D5 is the average damage density of deformation
bands in the damage zone calculated up to a width W5. Dc is the average correlation
dimension.

by imposing some probabilistic rules based on the observations
defined from the database, as discussed in the previous section. The
following rules are applied:

- We impose the increase of the fault throw so that the width of
the damage zone is imposed and increases by 1 m at each step
of the calculation. However, we do not try to mimic the real
timing of fault and damage zone growth.

- We impose a constant average density of deformation bands in
the damage zone. Here we choose D5 = 12 deformation bands
per meter.

- The width (W5) and the average density (D5) allow us to define
the parameters of the logarithmic decrease (A and L).

D5 x W5 x In(W5) — 557595 In(i)

W5 x In(W5) — %% In(i)

[ 5-A
~ In(W5)

- Finally, in line with our results, we assume that the clustering
of deformation bands as expressed by Dc remains stable during
the fault damage zone growth. We choose a Dc value equal to
0.84.

- In order to define the fractal distribution of deformation bands
in 1D, we use the multiplicative cascade algorithm defined in
Darcel (2002). The method is also used in Du Bernard et al.
(2002).

By combining Dc, A and L, an ideal frequency graph can be
calculated for each step of the damage zone growth. This fre-
quency graph (deformation band density value as a function of the
distance from the fault core) corresponds to the best combination
of deformation band frequency satisfying the clustered distribu-
tion (and Dc value) and the logarithmic decrease described by A
and L.
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A last constraint is added to the model: any cluster of defor-
mation bands that exists at a given step should still exist at the
following step, i.e., the frequency of deformation bands observed at
a certain distance in the damage zone cannot decrease in the next
step, when the damage zone width increases. Fig. 15A shows the
evolution of the measured width (using W5) at each calculation
step and its comparison with the imposed width. Each calculation
step is characterized by an increase of 1 m in the input width (solid
line). The real simulated width (dashed line) is not linearly
increasing as imposed because of the fractal clustering component
of the model. The growth of the damage zone seems to be a
discontinuous process with standstill and accelerating phases, as
tentatively suggested in several previous papers (e.g., Fig. 2 in
Wibberley et al., 2008; Fig. 8.27 in Fossen, 2010; Braathen et al.,
2013). Of course, this statistical result is independent of the real
timing of the fault growth; the fault is considered here to be active
and to grow continuously with time.

In Fig. 15C, the input values of Anorma and Lyorma, describing the
logarithmic decrease of the deformation bands frequency away
from the fault core, as well as the measured ones, are plotted. While
it was not possible to define a trend using the database values (light
gray squares, same as in Fig. 9D), the probabilistic model (colored
points) suggests that Lnorma increases slightly with increasing
damage zone width.

The damage zone width can be related to the fault throw using
the relationships defined in Fig. 6 or Fig. 12. Fig. 16 illustrates the
growth of a damage zone obtained with the probabilistic model.
Each step corresponds to an increase of the input damage zone
width W5 of 5 m. The yellow/light color in the frequency graphs
corresponds to existing deformation band frequency at the last
step, whereas the green/dark color corresponds to the newly
formed deformation bands.

By applying these simple statistical rules, we are able to
generate frequency graphs that are coherent with observations
performed on outcrop. The “statistical growth” of the damage zone
is characterized by the creation of new deformation bands both
within and outside the existing damage zone. Noticeably, following
these statistical rules, it is impossible to grow a damage zone by
only adding new deformation bands outside the existing damage
zone. It is also interesting to note that the maximum frequency of
deformation bands (Dmax) rapidly reaches a high value (increases
up to 40 deformation bands per meter for a width between 2 and
25 m — for increasing throw from 2 to 280 m) and then stabilizes
(between 40 and 50 deformation bands per meter for widths be-
tween 25 and 50 m — throw between 280 and 1100 m) (Fig. 15B).
This is not a parameter constrained by the model and such a limi-
tation of the maximum observed density seems thus only con-
strained by the statistical distribution of the deformation bands in
the damage zone.

6. Discussion — implications for damage zone development

Our study corroborates the generally accepted positive corre-
lation between fault throw and damage zone thickness, and pre-
sents quantified estimates for this relationship for normal fault in
porous sandstones (Fig. 6). The relationship between fault throw
and damage zone width has been described in various ways by
previous authors. While some favor a linear relationship between
damage zone width and fault throw measured along a single fault
(Knott et al., 1996; Shipton and Cowie, 2001) or a partially linear
relationship depending on the location along the fault (Savage and
Brodsky, 2011), others define non-linear trends (Beach et al., 1997,
1999; Fossen and Hesthammer, 2000). In general the widening of
the damage zone is attributed to shearing and attrition of fault
wall rock (Robertson, 1983; Scholz, 1987; Power et al., 1988) or
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strain hardening of fault rocks (Hull, 1988; Faulkner et al., 2003;
Kaproth et al., 2010). A number of authors (e.g., Rykkelid and
Fossen, 2002; Fossen et al., 2007; Wibberley et al., 2008; Childs
et al., 2009) also point out that the thickness and distribution of
fault-related deformation are largely influenced by fault geometry
and more specifically by the locations and dimensions of steps or
bends of the fault surface produced during fault propagation,
which would account for the observed variability in damage zone
widths in this dataset. That is why we focused here on individual
fault segments in order to reduce, if not eliminate, this source of
variability.

The decrease of the deformation away from the fault core fol-
lows a logarithmic decrease in most of our measured damage
zones, as shown in Fig. 9, which is also supported by observations of
the density of fabric elements in damage zones both of mesoscopic
structures and micro-fractures (Anders and Wiltschko, 1994; Scholz
et al,, 1993; Vermilye and Scholz, 1998; Chester et al., 2004). In
other cases, the deformation band or (micro) fracture density has
been ascribed to an exponential decay as a function of the distance
from the fault surface, for example in the Navajo and Entrada
sandstones in Arches National Park (Anders and Wiltschko, 1994),
and in the granodiorite and diorite of the Atacama fault system
(Mitchell and Faulkner, 2009). Savage and Brodsky (2011) modeled
the fracture density decay by a power law in order to mimic the
power law decay of stress produced from a line or a point source,
but the correlation coefficients calculated using logarithmic decay
for these data are not necessarily worse than for power-law or
exponential decay.

The previous observations and statistical characteristics offer
insight into damage zone growth around normal faults in porous
sandstones. Starting with Aydin and Johnson (1978), deformation
band formation causes strain hardening, while subsequent slip
surface faulting is related to strain softening in the same rocks. This
raises the questions why deformation bands continue to develop
after the establishment of a weak and continuous slip surface that
can accommodate large displacements and relax the surrounding
stress. Variation in deformation band density around the slip sur-
face is, however, considerable. Damage zones clearly grow as
demonstrated by all the positive correlations defined between the
damage zone width and the accumulated throw along faults
(Fig. 16).

Renewed deformation band growth could be related to estab-
lishment of fault lenses or geometrical asperities along the slip
surface, obstacles that cause localized stress concentration along
the fault. The model of Aydin (1978) and Aydin and Johnson (1978)
predicts that faults in porous sandstones grow from swarms of
deformation bands. This model explains why deformation bands
never accumulate more than cm-scale displacements before
interlocking of grains that causes strain to delocalize by the for-
mation of new band in the vicinity. According to the observations
and the probabilistic model established in this study, new defor-
mation bands do not necessarily form in the close vicinity of an
existing cluster; new clusters can form outside of the established
damage zone (as advocated by Saillet and Wibberley, 2010), while
the existing clusters may continue to grow. Nevertheless, according
to the fault growth model of Scholz et al. (1993) or Vermilye and
Scholz (1998), a damage zone (or process zone) exists prior to the
formation of the slip surface. Our analysis shows that there is no
statistically significant correlation between fault throw and the
maximum density of deformation bands. Furthermore, the fact that
clusters close to the fault core have similar observed maximum
deformation band densities in both wide and narrow damage zones
(Fig. 16) suggests that a maximum density of deformation bands
(per meter) is rapidly established in the damage zone during fault
evolution.

We propose that the maximum band density may be linked
to a critical stress level at which the clusters become saturated
with deformation bands. In highly porous aeolian sandstones,
the maximum observed deformation band density ranges from
25 to 60 deformation bands per meter, but may be as high as
100 per meter (Johansen and Fossen, 2008) (values a bit more
scattered in Fig. 8B). Interestingly, this characteristic geometry is
also observed in our probabilistic model, where no upper limit
has been fixed (Fig. 16). In the latter case, the limitation of the
density value is reproduced by the spatial distribution of the
deformation bands and the geometry of the damage zone. The
fact that the frequency of deformation bands is more or less
constant during damage zone growth and thus independent of
fault throw indicates that the formation of new clusters and
maturation of existing clusters within the developing damage
zone is more or less coeval. This result points out a scale
invariant damage zone growth, where the creation of new
deformation bands is balanced by the widening of the damage
zone.

Higher density or a higher scatter in orientation of deformation
bands may result from mechanical interaction associated with fault
branch points, fault overlap zones and fault intersections. Such
structural complexities are a prerequisite to accommodate differ-
ences in kinematics of interacting faults (Cruikshank et al., 1991;
Childs et al., 1995; Davatzes et al., 2005; Johansen et al., 2005). The
effects of structural complexities, orientations and lengths have not
been analyzed in this study since only single fault segments were
taken into account.

All of our data were collected from highly porous and permeable
sandstones. However, these sandstones show significant differ-
ences in grain size, grain sorting and state of lithification. Accord-
ingly, the documented robust damage zone throw-width trends
documented in this work attest to a global mechanism for damage
zone growth, in which lithology and sedimentary facies seems to be
of subordinate importance. Other factors, such as the position in the
footwall or hanging wall, and maybe fault zone folding, are factors
of more significance (see also the example of the Berge fault
damage zone in Kvamshesten basin; Braathen et al., 2013). We
advocate that a global scaling of the damage zone width with fault
displacement can be identified. Similarly, the distribution of the
deformation bands remains spatially self-similar during the fault
zone evolution.

7. Conclusions

The presented outcrop-based database of damage zones of
normal faults in porous siliciclastic sediments consists of 106
scanlines perpendicular to fault strike. The scanlines record the
distribution of deformation bands in the damage zone. Analysis of
the database identifies the following characteristics of damage
zones in porous sandstones:

1. The damage zone width scales with the throw of the corre-
sponding fault. The relationship between damage zone width
and throw is a non-linear relationship, corresponding to a
power-law with an exponent close to 0.5.

2. The damage zone is statistically wider in the hanging wall than
the footwall.

3. The density of deformation bands in the damage zone is more
or less independent of the throw. An average value of 15 m~! is
defined, even if the range of values is large (between 5 and
25 m™ ). Larger densities of deformation bands are observed in
folded damage zones.

4, There is an overall logarithmic decrease in the frequency of
deformation bands away from the fault core.
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5. Deformation bands in the damage zone are spatially clustered
and their position along a scanline can be described by a fractal
distribution with a correlation dimension equal to 0.84, irre-
spective of the displacement on the fault.

These observations imply that the fault growth can be consid-
ered as a scale invariant process. A process zone already exists
before the onset of the fault slip plane. With localized fault slip, the
damage zone is growing. Growth is characterized by a constant
balance between the development of new deformation bands in
the existing damage zone and new bands exterior to this zone,
leading to combined and probably stepwise increase in deforma-
tion band frequency and widening of the damage zone. The dis-
tribution of the deformation bands in the damage zone is spatially
self-similar throughout the fault evolution.
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