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ABSTRACT

The concept of fault facies is a novel approach to fault de-
scription adapted to three-dimensional reservoir modeling
purposes. Faults are considered strained volumes of rock, de-
fining a three-dimensional fault envelope in which host-rock
structures and petrophysical properties are altered by tectonic
deformation. The fault envelope consists of a varying number
of discrete fault facies originating from the host rock and or-
ganized spatially according to strain distribution and displace-
ment gradients. Fault facies are related to field data on dimen-
sions, geometry, internal structure, petrophysical properties,
and spatial distribution of fault elements, facilitating pattern
recognition and statistical analysis for generic modeling pur-
poses. Fault facies can be organized hierarchically and scale in-
dependent as architectural elements, facies associations, and
individual facies. Adding volumetric fault-zone grids popu-
lated with fault facies to reservoir models allows realistic
fault-zone structures and properties to be included.

To show the strength of the fault-facies concept, we pre-
sent analyses of 26 fault cores in sandstone reservoirs of west-
ern Sinai (Egypt). These faults all consist of discrete structures,
membranes, and lenses. Measured core widths show a close
correlation to fault displacement; however, no link to the dis-
tribution of fault facies exists. The fault cores are bound by slip
surfaces on the hanging-wall side, in some cases paired with slip
surfaces on the footwall side. The slip surfaces tend to be con-
tinuous and parallel to the fault core at the scale of the expo-
sure. Membranes are continuous to semicontinuous, long and
thin layers of fault rock, such as sand gouge, shale gouge, and
breccia, with a length/thickness ratio that exceeds 100:1. Most
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observed lenses are four sided (Riedel classification of marginal
structures) and show open to dense networks of internal struc-
tures, many of which have an extensional shear (R) orientation.
The average lens long axis/short axis aspect ratio is about 9:1.

INTRODUCTION

Faults can be pathways or obstacles to fluid flow in the crust
(Chester et al., 1993; Caine et al., 1996; Seront et al., 1998;
Manzocchi et al., 1999, 2008), and as such they have received
significant attention (e.g., Koestler and Hunsdale, 2002; Boult
and Kaldi, 2005; Sorkhabi and Tsuji, 2005). Their influence
on fluid flow is determined by the spatial distribution of flow-
related petrophysical properties within the host-rock volume
affected by tectonic deformation, i.e., the fault envelope
(Tveranger et al., 2005). Describing fault properties in a real-
istic way therefore requires a method where faults are envis-
aged as volumetric entities composed of distinct, structural
elements with distinct physical characteristics and spatial dis-
tributions on a given scale of observation. We introduce here
the concept of fault facies as a way to describe and organize
structural elements of the fault-strain envelope.

Facies Concept in Earth Sciences

The concept of facies (Steno, 1671; Gressly, 1838; Teichert,
1958) has traditionally been applied to descriptions of sedi-
mentary (Reading, 1986) and metamorphic rocks (Winkler,
1976) and, to a lesser extent, to ductilely deformed rocks (Hansen,
1951; Tikoff and Fossen, 1999). This concept has also been ap-
plied to geochemistry (Ernst, 1970), interpretation of well logs
(i.e., Rider, 1996), and seismic character (Mitchum et al.,
1977). In general, a facies can be defined as “a body of rock with
specific characteristics” (Middleton, 1978, p. 4). Ideally, it
should be a distinctive rock that forms under certain condi-
tions, reflecting a particular process or environment. The main
strength of the facies approach lies in its flexibility for subdi-
viding bodies of rock into distinct classes or groups at any scale
according to a specific set of properties or features, observed or
interpreted. This makes facies a powerful tool for pattern rec-
ognition, description, modeling, and forecasting of property
distributions in the subsurface. The introduction of fault facies
is a natural extension of the facies concept into the realm of
faulted rock bodies. We define a fault facies as “any feature
or rock body that has properties derived from tectonic defor-
mation” (Tveranger et al., 2005, p. 68). Similar to sedimentary



facies, individual fault facies occur in certain com-
binations, or associations; in transitional sequences,
or successions; and in larger scale associations with
volumetric dimensions, the architectural element.

Faults in Reservoir Models

Reservoir models have progressively become more
sophisticated with the rapid development of CPU
power and three-dimensional (3-D) computer
graphics. Present-day geomodeling tools can pro-
vide multimillion-cell stochastic realizations that
incorporate depositional architectures and proper-
ties as well as uncertainties attached to these in
high detail. These models serve as input to fluid-
flow simulators used to forecast reservoir behavior
for exploration and production purposes. How-
ever, conventional reservoir modeling tools in-
clude faults in a highly simplified way using a com-
bination of offsets along grid splits and calculated
transmissibility multipliers to capture fault impact
on fluid flow across faults (Walsh et al., 1998; Man-
zocchi etal., 1999; Manzocchi et al., 2008). Known
and important features of reservoir behavior, such
as fluid flow inside the fault envelope, can thus
not be included explicitly, and flow between non-
juxtaposed cells can only be included in an ad-hoc
fashion using history matching. This renders fault
description as implemented in present-day simula-
tors inadequate for detailed evaluation and fore-
casting of fault sealing and compartmentalization.
Furthermore, not including the fault envelope as a
volumetric entity with altered porosity relative to
the surrounding host rock may lead to the overes-
timation of in-place volumes. Finally, the lack of
explicit descriptions of fault envelopes in current
models renders them unsuitable as tools for de-
tailed planning and risk assessment prior to dril-
ling through faults.

Including fault envelopes as explicit volu-
metric grids populated by products of the faulting
process offers an alternative way for handling fault
properties in reservoir models. Recent research
(Syversveen et al., 2006; Fredman et al., 2007,
2008; Soleng et al., 2007) has studied the feasibil-
ity of this approach using a range of synthetic geo-
logical data sets to develop a technical framework

for fault-zone modeling. By introducing volu-
metric fault zones into standard reservoir models
and supplying appropriate conditioning param-
eters for fault-envelope structure and strain distri-
bution, fault facies can be handled using existing
modeling tools developed for sedimentary facies.
The availability of a technical framework and work-
flows allowing explicit representation of fault fea-
tures as facies focuses the attention toward how
fault facies should be described and organized in
the field. Below we present the use of fault-facies
classification schemes, which allow systematic ob-
servation and quantification of fault-zone elements
for 3-D modeling purposes.

FAULT DESCRIPTIONS
Faults and Structural Elements

Faults appear in all tectonic settings. Accordingly,
faults can be ascribed to a fault regime (Figure 1).
A fault system consists of isolated faults or fault
arrays (e.g., Walsh et al., 2003), each with a distinct
geometry (planar, listric, ramp-flat-ramp, etc.), di-
mension (length, width, height), and sense of slip
(normal, reverse, strike-slip). Individual faults are
contained within fault-strain envelopes, within
which the initial rock properties have been modi-
fied. Fault envelopes may overlap in space, as seen
in relay zones between interacting splay faults in a
fault array (Huggins et al., 1995; Walsh et al.,
2003; Rotevatn et al., 2007). Most fault envelopes
exhibit a fault-parallel zonation, where elements
such as the fault core, damage zones, and drag zones
are first-order zonal features (Chester et al., 1993;
Caine et al., 1996; Burhannudinnur and Morely,
1997; Childs et al., 1997; Heynekamp et al., 1999;
Braathen et al., 2004, Collettini and Holdsworth,
2004; Myers and Aydin, 2004; Berg and Skar,
2005; Van der Zee and Urai, 2005; Childs et al.,
2009). The main structural elements within a typi-
cal fault envelope are (Figure 2): (1) fault-rock layers
or pockets, (2) lenses, (3) slip surfaces, (4) shear
fractures (small-scale slip surfaces), (5) extension
fractures, (6) deformation bands, and (7) contrac-
tional features such as cleavages and stylolites. We
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Fault description scheme
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Figure 1. Fault-facies hierarchical classification scheme. Faults can be ascribed to a fault system that consists of isolated faults or fault
arrays with a distinct geometry (planar, listric, ramp-flat-ramp), dimension (length, width, height), and sense of slip (normal, reverse,
strike slip). Individual faults are contained within strain envelopes that exhibit a given volume and shape as well as a fault-parallel
zonation, where elements such as the fault core, brittle damage zones, and ductile drag zones or extended damage zones are first-order
zonal features or architectural elements. Each of these major elements is composed of combinations of structures, such as discrete
structures (fractures and deformation bands), membranes, and lenses, which can be ascribed to facies associations and facies.

will return to the description and classification of
these elements below.

All structural elements mentioned above are
found in faults observed in the field, although
rarely as isolated features allowing simple interpre-
tations. Faults commonly affect a significant vol-
ume of the surrounding host rock in the shape of
a fault envelope, consisting of one or more major
strands, and several subsidiary faults and discrete
structures (e.g., Childs etal., 1997; Myers and Ay-
din, 2004; Berg and @ian, 2007). Our ability to
study faults in outcrop is limited by the fact that
they commonly constitute weak zones in the rock
covered by surficial debris and vegetation. Out-
crops commonly only display a two-dimensional
(2-D) view of the fault envelope, and cases where
faults can be studied in successive cliffs along a
meandering valley or canyon, opening for a 3-D
analysis, are few. Fault envelopes can rarely be
studied in true 3-D, with a few exceptions related
to quarry and tunnel systems (e.g., Wallace and
Morris, 1986; Huggins et al., 1995; Kristensen
et al., 2008).

Fault Facies and Their Classifications

In the analysis of faults in outcrops, as presented

above and also discussed in the literature (Chester
et al., 1993; Caine et al., 1996; Burhannudinnur
and Morely, 1997; Childs et al., 1997; Heynekamp
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et al., 1999; Prestholm and Walderhaug, 2000;
Braathen et al., 2004; Collettini and Holdsworth,
2004; Myers and Aydin, 2004; Van der Zee and
Urai, 2005; Kristensen et al., 2008; Childs et al.,
2009), obviously, many of the elements in faults
are recurring, and therefore, they are globally rep-
resentative for both sedimentary and crystalline
rocks. On a general scale, the modification of ini-
tial host-rock properties within the fault envelope
can be described in terms of the sum of properties
of individual small-scale tectonic structures or
combinations of such structures. To describe faults
in more detail, the depiction of rock properties in-
side fault envelopes requires the identification
and quantification of dimensions, geometry, and
petrophysical properties of individual structural
elements and element combinations present in
the fault envelope, as well as their spatial patterns
and distribution. Addressing several variables in
faults systematically and independently of individ-
ual localities may serve as a guide toward orga-
nized data sets that are an essential input for facies
analyses.

Similar to sedimentary facies, fault-facies defi-
nitions can be adapted in terms of scale and detail
to the objective of the study and the data available.
For example, deformation bands in porous sand-
stone can be defined as a fault facies. However, on
the millimeter scale, deformation bands may have
(1) an inner zone or core of intense shear-induced
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Figure 2. (A) Fault model showing common structures encountered in extensional fault envelopes in siliciclastic rocks. (B) Diagram presenting common descriptions used on elements
in faults, as commonly reported in the literature. (C) Diagram illustrating parameters required as input to modeling of faults.




cataclasis and some compaction, (2) an enveloping
zone of compaction and rare cataclasis, and some-
times (3) a central fracture that may or may not be
mineral filled (Aydin, 1978; Gabrielsen et al.,
1998; Fossen et al., 2007). Such deformation bands
may thus be described as consisting of three fault
facies, together defining a deformation-band fault-
facies association. At outcrop scale, the deformation-
band distribution in deformed sandstone may be
subdivided into several shapes, for example open
networks of deformation bands in a given sand-
stone layer. Such fault-facies associations can make
up the architectural element damage zone.

Based on our outcrop observations of faults
in porous sandstone, we divide the fault data sets
into three main elements: (1) discrete structures,
(2) membranes, and (3) lenses. In the following
sections, structural elements of these groups and
their facies classification are discussed before con-
sidering the importance of diagenesis in faults.

Discrete Structures

In faults (Figure 2), typical discrete structures, also
called sharp discontinuities (without cohesion at
time of development; Schultz and Fossen, 2008),
are slip surfaces, shear fractures, extension frac-
tures, and contractional features such as cleavages
and stylolites. The cleavages and stylolites are con-
trolled by the removal of material by dissolution
processes (e.g., Groshong, 1975). All these ele-
ments are well described by, for example, Hancock
(1985), Petit (1987), and Aydin (2000). Fractures
exhibiting shear, such as slip surfaces, commonly
have more or less continuous walls of deformed
host rock, frequently seen as micrometer to milli-
meter lamina of cataclasite or gouge (Aydin and
Johnson, 1983; Antonellini and Aydin, 1995;
Shipton and Cowie, 2001; Shipton et al., 2005).
Accordingly, slip surface(s) with deformed walls
have been termed slip zones (e.g., Foxford et al.,
1998). The slip surface is frequently seen to repre-
sent both the principal displacement (slip) surface
in fault cores and fractures; the latter are hosted by
individual deformation bands or deformation-band
swarms (Aydin, 1978; Jamison and Stearns, 1982;
Antonellini and Aydin, 1995; Shipton and Cowie,
2001; Fossen et al., 2007; Rotevatn et al., 2008).
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Deformation bands are tabular strain-localization
structures that form in highly porous rocks such as
sandstone (Fossen et al., 2007), which also have
been termed tabular discontinuities (Schultz and
Fossen, 2008). Although deformation bands may
take on a variety of kinematic modes, shear bands
with some compaction are most commonly ob-
served in naturally deformed porous sandstones.
Deformation bands are generally stronger and more
cohesive structures than fractures and show dif-
ferent petrophysical properties and displacement
scaling relations (Fossen et al., 2007).

Extensional fault envelopes in porous sandstone
commonly exhibit swarms, conjugate sets, anasto-
mosing networks, or individual deformation bands
(e.g., Aydin, 1978; Hesthammer and Fossen, 2001;
Shipton and Cowie, 2001; Berg and Skar, 2005),
which can be classified according to type and shape
(Figure 3). Similar patterns are exhibited by fractures
in nonporous or crystalline rocks (e.g., Chester et al.,
1993; Caine et al., 1996). Each of the deformation-
band expressions fills a certain rock volume, which
can be described in terms of length, width, thick-
ness, and shape. Each such rock volume has its
characteristic deformational and thereby petrophys-
ical properties that distinguish it from the sur-
rounding volumes in the same fault envelope.

The shape of both fractures and deformation
bands can be analyzed according to their orienta-
tion with respect to the main structure (Figure 3).
Orientation analysis can follow the classifications
introduced by Riedel (1929) (see also Logan et al.,
1979; Katz et al., 2004), with extensional (R, x),
isochoric (Y), and contractional (P, R’) shear
structures, or R, R/, P, X, and Y shears, represent-
ing structural sets with given orientation and kine-
matics. As pointed out by Arboleya and Engelder
(1995), the orientation of structures as they gen-
erate relates to the local stress field, which may ro-
tate around faults, and as such could be different
between the hierarchical orders of structures. This
can contribute to a spread in orientations encoun-
tered in different shear (Riedel) structures.

Membranes
Basically, all faults, independent of throw and size,
contain more or less persistent layers or membranes
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Figure 3. Facies classification scheme for discrete structures,
with types such as slip surface, fracture, and deformation bands.
The classification is based on discrete structure types and their
orientation as subsidiary structures, as discussed in the text.
Shape relates to the appearance of individual or sets of struc-
tures, which can be connected to deformation style.

of rocks along the fault core. Several types of mem-
branes are observed, spanning from cataclasites and
breccias to fault gouge and smears (Figure 4).
Whereas the cataclasites, breccias, and gouge are
fault rocks that relate to the comminution of rocks
(Sibson, 1977; Wise et al., 1984; Braathen et al.,
2004), the smears are layers that are ductilely rotated
and smeared along the fault core (e.g., Lehner and
Pilaar, 1997; Yielding et al., 1997). Membranes are,
for example, found along slip surfaces in porous
sandstone as millimeter-wide cataclastic layers in
the bounding wall rock (e.g., Foxford et al., 1998;
Shipton and Cowie, 2001), or seen as shale gouge
and sand gouge layers as described for the faults
presented below, and in the literature (e.g., Bur-
hannudinnur and Morely, 1997; Childs et al., 1997,
Heynekamp et al., 1999; Prestholm and Walderhaug,

2000; Bense et al., 2003; Doughty, 2003; Myers and
Aydin, 2004; Van der Zee and Urai, 2005; Rawling
and Goodwin, 2006).

The shape of the membranes is of special inter-
est because their common flow-retarding effect in
connection with continuity is crucial for across-
fault flow analysis (e.g., Feerseth, 2006). Consequent-
ly, membrane analysis should establish continuity,
herein spanning from continuous to pocket mem-

branes (Figure 4B).

Lenses

Lenses are lozenge-shaped, tectonic rock bodies
bound on all sides by slip surfaces and/or zones of
concentrated shear, the latter commonly display-
ing membranes. Lenses consist of undeformed to
strongly deformed host rock, or fault rock, as de-
scribed by Lindanger et al. (2007) (see also Childs
et al., 1996; Kristensen et al., 2008; Childs et al.,
2009; Bastesen et al., 2009). Their location can
be both in the core and the damage zone. However,
herein we regard lenses as fault bodies that are not
juxtaposed with their source layer, thus limiting
their appearance to the fault core.

Lenses can be classified according to lithology,
for example, sand, shale, a combination of sand
and shale, or fault rocks (Figure 5). Most lenses
show internal deformation, and as such can be de-
scribed by a facies series spanning from unde-
formed to swarms of internal structures. Their shape
is classified according to their boundaries through
the identification of the structural orientations of
their bounding margins. The terminology applied
to the margin structures is that of the Riedel system
discussed for discrete structures above. By combin-
ing such structures, possible shapes of lenses span
from three sided (Ls3) to six sided (Ls6) and more
(Bastesen et al., 2009).

Diagenesis in Faults

In many reservoirs, diagenesis in the low tempera-
ture realm of fault zones may govern fault-zone
properties (e.g., Heynekamp et al., 1999; Bjerlykke
et al., 2005), covering processes such as compac-
tion, dissolution, recrystallization, and cementa-
tion. On a detailed level, such as for a given fault
zone, the predictability of the effects caused by
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these processes is limited, particularly with respect
to the presence and distribution of allogenic ce-
ments. However, cement seems most common in
the more permeable units or structural elements,
such as coarser sandstones and fractures. The latter
are discussed by Laubach (2003), who presents a
method that forecasts the propensity of fractures
with respect to cement (see also Laubach and Ward,
2006). Furthermore, Heynekamp et al. (1999) re-
ported calcite-cemented zones in and around the
fault cores and established a tentative correlation
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between protolith grain size, deformation process,
cementation, and permeability. For authigenic ce-
ment, recent developments in forecasting quartz
dissolution and precipitation (Walderhaug, 1996;
Walderhaug et al., 2001) can be applied to fault
analysis. Examples of the latter include quartz ce-
mentation of deformation bands, as for example
discussed by Hesthammer et al. (2002). Because
this article focuses on structural elements, the sec-
ondary effects caused by diagenesis are superficially
handled, as reflected by the fact that only distinct



cement occurrences are described as part of the
membrane classes (Figure 4B). Less pervasive ce-
ment or cement as a diffuse mass or other diage-
netic effects are not considered. An extension of
the fault-facies concept should take diagenesis
further into account.

ANALYSIS OF EXTENSIONAL
FAULTS IN SANDSTONE

The attractiveness of fault-facies analysis lies in the
systematic description of faults, which allows the
comparison of observations of individual faults
and analysis of fault data sets. To illustrate the value
of fault-facies analysis, we present a data set con-
sisting of 26 faults. To limit the scope, we here fo-
cus on the fault core.

All faults described here are located in west-
ern Sinai (Egypt), in the uplifted shoulder of the
Suez rift (Figure 6; Table 1). Several major faults
break the Sinai rift shoulder into major fault blocks,
such as the Hammam-Faraun, Thal, and Baba faults
(names from Sharp et al., 2000). For details on the
geology of the area, see the works of Moustafa
(1993), Sharp et al. (2000), Du Bernard et al.
(2002), and Moustafa (2004). The sedimentary
section of this region rests on the Pan-African base-
ment and is commonly divided into lower prerift
and upper synrift deposits (e.g., Moustafa, 2004).
The lowermost pre-rift unit, the Cambrian to Cre-
taceous Nubian Sandstone, consists mainly of con-
tinental deposits. At the studied sites, deposits
mainly consist of moderately lithified and porous,
medium-grained fluvial and some eolian sediments.
These units were buried to a maximum depth of
1500-2000 m (4921-6562 ft) at the onset of exten-
sional rifting in the Suez rift (e.g., Sharp et al., 2000;
Du Bernard et al., 2002; Moustafa, 2004). The fol-
lowing prerift Cretaceous to Eocene succession is
generally distinguished by limestone and mud-
stone deposits, but it also hosts the Matulla Forma-
tion, consisting of porous shallow-marine sand-
stone of moderate grain size. The estimated burial
depth for this unit at the start of rifting is approxi-
mately 800 m (2625 ft). An upper synrift section
of Miocene to Oligocene age is found in isolated

on-shore outcrops and in the subsurface of the
Suez Gulf. Typical deposits include sandstone
units in fault-bound basins, displaying an upward
transition into evaporitic beds. In this synrift se-
quence, faults have been recorded in the Nukhul
Formation, which is dominated by shallow-marine,
fine- to medium-grained sandstone. This unit is
poorly to moderately consolidated and is assumed
to have been located within some hundred meters
from the surface during the onset of rifting.

To illustrate the common characteristics of ex-
tensional faults in siliciclastic rocks, the description
starts with two case studies; the Baba village and
Tayiba mine faults (Figure 6, marks 1 and 2, respec-
tively). The case studies set the standard for the
following quantitative analysis of 26 fault cores.
Both case studies are based on outcrops in the Nu-
bian Sandstone.

Baba Village Fault

In the studied cliff-section exposure, the Baba vil-
lage fault has a throw of approximately 12 m (39 ft)
(Figure 7). This fault juxtaposes a footwall section
of meter-thick sandstone beds separated by thin
mudstone layers, with a hanging-wall section of
mainly thin-bedded sandstone. Both units belong
to the Cambrian Abu Thora Formation of the
Ataqua Group. Toward the core, layering shows
a slight drag on the footwall side. In the hanging
wall, a rollover higher in the section replaced by a
drag fold farther down is observed. In more detail,
a complex zone of concentrated shear, the fault
core, can be distinguished because of its pervasive
deformation and the fact that layers across the core
zone are nonjuxtaposed. The surrounding damage
zone shows deformation bands and some slipped
deformation bands (Rotevatn et al., 2008) in sand
layers and fractures in mudstone, of which many
show centimeter- to decimeter-scale displacement.
The intensity of deformation appears to be highest
in the inner footwall damage zone and in the roll-
over hinge of the hanging wall. Internally, the core
consists of one principal slip surface toward the
hanging wall, additional subordinate slip surfaces
toward the footwall, and semicontinuous layer(s)
of gouge from brittle deformation of shale (shale
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Figure 5. Facies classification scheme
of fault lenses (L) in sandstone-shale
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gouge) and gouge from cataclasis of sand (sand
gouge). These two elements bound lenses consist-
ing of both sandstone and sandstone-mudstone,
which have moved along the fault and thus are
not juxtaposed to the beds they originated from.

Tayiba Mines Fault

This fault has a throw of 100 m (328 ft) in the study
area, juxtaposing the lower and upper parts of the
Jurassic-Lower Cretaceous Malha Formation. This
fault cuts thick-bedded fluvial and fluvially re-
worked eolian sandstones with some thin gravel
and mudstone layers, overlying a thick claystone
unit exposed in the footwall. Figure 8 shows a ver-
tical section of the fault core in a quarry, which al-
lows a 3-D analysis of the fault core and footwall in
a 60 m (197 ft) (length) x 50 m (164 ft) (width) x
6 m (20 ft) (height) rock volume. Similar to the
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Baba village fault, this fault is complex with several
structural elements, including (1) fault-rock layers
as fault-parallel membranes, (2) lenses of various
composition, (3) slip surfaces and fractures, and
(4) deformation bands, of which some are fractured.
The principal slip surface of the core sits toward
the hanging wall, whereas associated slip surfaces
appear in an open network that can be traced along
fault strike through the study area. Bounding mem-
branes consist of sand gouge, shale gouge, mixed
shale gouge with sand grains, and claystone-derived
breccia. Membranes are up to 10 cm (4 in.) thick
with a substantial spatial extent but are not contin-
uous laterally. Fault-rock membranes and slip sur-
faces bound lenses of sandstone and shale. Sand-
stone lenses are in general less than 10 cm (4 in.)
thick and several meters long and exhibit internal
deformation-band networks. Shale lenses show
similar internal networks but exhibit shear fractures
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Figure 6. Geological map of western Sinai showing the main lithological units and major faults. Stars indicate the sites that host the
studied faults. See Table 1 for detailed locations (coordinates). The Baba village fault is labeled 1, and the Tayiba mines fault is labeled 2.
The stratigraphic column shows rock sequences, units, and their age (modified from Moustafa, 2004). The four units with underlying

shading are the formations in which faults have been studied. BMFZ = Baba Markha fault zone.

instead of deformation bands. The damage zone re-
veals deformation bands in sandstone and fractures
in mudstone. The damage zone can be mapped
15-25 m (49-82 ft) into the footwall, whereas the
width of the hanging-wall damage zone is uncertain
because of interference with a neighboring fault.

General Characteristics of Fault Database

Several variables related to the 26 studied fault
outcrops differ from data set to data set. Despite
this, the fault-facies analysis reveals common ele-
ments that can be compared and analyzed. Most
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Table 1. Summary of Fault Data as Recorded on Various Sites*

Throw Burial Thick.
Case Location Unit Lithification (m) (m)  Juxtapositon Window  (Max-Min)
Tayiba mines  N29°06.7-33°14.3  Thick-bedded medium- Mod. 100 <1500 Self 6/100 0.68-0.73
course sandstone with
thin mud layers
Tayiba mines  N29°06.7-33°14.3  As above Mod. 100 <1500 Self As above  0.25-0.35
Tayiba mines  N29°06.7-33°14.3  As above Mod. 100 <1500 Self As above  0.20-1.50
Wadi Baba N28°55.5-33°18.2  As above Mod. 100 <1500 Self 5/100 0.8-0.21
Wadi Baba N28°55.5-33°18.7  As above Mod. 100 <1500 Self 8/100 0.12-0.18
Wadi Baba N28°55.5-33°18.7  As above Mod. 235 <1500 Self 2.20/2.35  0.004-0.037
Wadi Iseila N29°12.1-33°12.1  As above Mod. 20 <1500 Self 8/20 0.08-0.30
Wadi Baba N28°55.6-33°18.2  HW = thick-bedded medium- Mod. 200 <1500 Non 22/200 1.0-15
course sandstone with thin
mud layers; FW = moderately
bedded sandstone + shale
Wadi Baba N28°55.6-33°18.2  As above Mod. 200 <1500 Self 10/200 1.0-13
Wadi Baba N28°55.6-33°18.2  As above Mod. 200 <1500 Self 10/200 0.2-03
Wadi Baba N28°55.6-33°18.2  As above Mod. 7 <1500 Self 1/7 0.2-0.25
Baba village =~ N28°57.3-33°17.2  Thick-bedded sandstone + Mod. 12 <2000 Self 2/12 0.053-0.15
layers of shale
Thal fault N29°10.2-33°12.5  FW = fine-medium sandstone; Mod. 943 <1800 Non 3/943 0.9-1.0
HW = synrift fine sand
Thal fault N29°07.5-33°13.4  FW = thick-bedded sandstone + Mod. 1312 <1500 Non 20/1312 0.9-1.2
shale; HW = limestone +
synrift fine sandstone
Sidri fault N28°52.6-33°21.7  FW = fine-medium sandstone Mod. 2000 <2000 Non 15/2000  0.14-21
and shale layers; HW =
synrift fine sandstone
Nukhul Basin ~ N29°01.2-33°12.3  FW = gravel bed and fine Low 12 <200 Self 4/12 0.29-0.40
sandstone; HW = thin-
bedded mudstone
Nukhul Basin ~ N29°01.2-33°12.3  As above Low 12 <200 Non 4/12 0.05-0.08
Nukhul Basin ~ N29°01.2-33°12.3  As above Low 12 <200 Non 4/12 0.018-0.12
Wadi Kaboba  N29°06.2-33°13.6  Synrift thick-bedded fine Poor 20 <200 Self 7/20 0.15-0.6
sandstone
Wadi Kaboba N29°06.2-33°13.6  As above Poor 15 <200 Self 4/20 0.25-1.2
Abu Zenima  N29°04.3-33°05.6  Synrift thick-bedded massive Poor 3 <200 Self 3/3 0.02-0.1
fine sandstone
Abu Zenima  N29°04.3-33°05.6  As above; with a thick shale layer Poor 7 <200 Non 5/7 0.1-0.8
Abu Zenima  N29°05.1-33°04.7  As above Poor 0.5 <200 Self 2/0.5 0.02-0.05
Wadi Kaboba  N29°06.2-33°14.6  Thick-bedded medium-course Mod. 62 <1500 Self 6/6 0.028-0.35
sandstone, thin mud layers
Wadi Baba N28°55.2-33°18.1  FW = thick-bedded medium Mod. 30 <1500 Non 5/30 0.3-0.5
sandstone; FW = thin-
bedded shale + sandstone
Wadi Matulla  N29°02.8-33°08.3  Thick-bedded fine-medium Mod. 7 <800 Self 5/7 0.1-0.6

sandstone and thin shale layers

*The database covers the location, general fault characteristics, discrete structures, membranes, and lenses. For fault-facies classes, see Figures 3-5. The data sets are analyzed in
Figures 9-14. DS = discrete structure; HW = hanging wall; FW = footwall; INT = internal; C = continuous; S = semicontinuous; | = isolated; Ssl = slip-surface type; Ss = slip-surface shape;
Sdb = deformation band type; Sfr = fracture; Mt = membrane type; Mf = membrane fault rock; Mc = membrane cement; Lt = lense type; Ls = lense shape; Mod. = moderate.
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Discrete

Structure Slip-Surface DS DS-Shape Membrane-Type ~ Membrane-Shape  Lens-Type Lens-Shape
Type Position Continuity ~ DS-Type Facies Facies Facies Facies Facies Facies
Ssl, Sfr, Sdb HW C, S 2f1  2*Ssl3, Sdbi, Ss3-C, Ss5-C,  Mt2, Mt2-C, Mt3  2*Mf1, Mcl LtA5 Ls4
Sdb4 2*Ss5
Ssl, Sfr, Sdb HW (| Ssl3, Ssf1, Ssf4,  Ss3-C, Ss5-C, Mt1, Mt2, Mt2-C,  2*Mf1, Mf3, Mc1  LtA4, LtA5, 3*Ls4
Sdb1, Sdb3 Ss4-B Mt3 LtB3
Ssl, Sfr, Sdb HW C, 2% Ssl3, Ssf1, Ssf4,  Ss3-C, Ss5-C, Mt1, Mt2, Mt2-C,  Mf4, Mf3, Mc2, LtA3, LtA4 Ls4
Sdb1, Sdb4 Ss4-B, Ss5-B Mt3 Mf2
Ssl, Sfr HW, INT 2*%C Ssl3, Sfr1, Sfr3  Ss3-C, Ss1-C M2, Mt2-C, Mt3  2*Mf1, Mcl LtD-1 Ls4
Ssl INT C Ssl3 Ss1-C M2, Mt2-C, Mt3  Mf1, Mc2, Mf2
Ssl HW, INT C Ssl3 Ss1-C M2 Mf3
Ssl, Sfr, Sdb HW, FW C, 2*S 2*Ssl3, Sslt, Ss1-C, Ss3-C, M2 Mf2, Mf3 LtA3, LtA4, Ls3, 6*Ls4,
Ssl4, Sdb1, Ss4-C, Ss3-B, LtD-1, Ls5
Sdb4 Ss4-B 5*LtD-2
Ssl, Sdb HW, FW Gl Ssl3, Sdb1 Ss1-C, Ss3-B Mt3 Mf1 2*LtA3, LtC4  Ls3, 2*Ls4
Ssl HW, FW C Ssl1, Ssl3 Ss3-C Mt1, Mt3 2*Mf1 LtC3 Ls4
Ssl, Sfr HW Gl Ssl1, Sfr3 Ss1-C, Ss4-C M2, Mt3 2*Mf1 LtA3 Ls4
Ssl HW C Ssl3 Ss1-C Mt3, Mt3-C Mf1, Mc1 LtA2 Ls4
Ssl HW C Ssl3 Ss3-C Mt1, Mt3 Mfa, Mf2 LtC1, LtC2, 2¥Ls3, 354
3*LtC3
Ssl, Sfr HW, FW (O Ssl3, Sfr1 Ss3-C, Ss6-C 2*Mt1, Mt2, Mt4  4*Mf1
Ssl HW C Ssl3 Ss3-C Mt1, Mt3 2*Mf1 LtA3 Ls4
Ssl HW C Ssl3 Ss3-C Mt1-C, Mt1, Mt2,  2*Mf1, Mc4, Mf3 LtC3, LtB3, 4*Ls4
Mt3 LtA3
Ssl FW C Ssl3 Ss3-C Mt1, Mt1-C, Mt4  2*Mf3, Mc4 LtA3, LtB2 Ls4, Ls4
Ssl HW C Ssl3 Ss3-C Mt1 Mf1
Ssl HW C Ssl3 Ss3-C 2*Mt3 Mf1, Mf2 LtC4 Ls4
Ssl Sfr HW, FW Gl Ssl3 Sfr1 Ss3-C, Ss4-C Mt1-C, Mt2, Mt3  Mc4, Mf2, Mf5 LtA2, LtA4, 2*Ls3,
5*LtA3 4*Ls4, Ls5
Ssl, Sdb HW Gl Ssl3, Sdb1 Ss1-C, Ss3-B Mt1-C, M2 Mc5, Mf1 2*LtA3 2*Ls4
Ssl, Sfr HW Gl Ssl3, Sfr1 Ss1-C, Ss4-C Mt1-C, Mt2, Mt3  Mf2, Mf4, Mf5
Ssl HW C Ssl3 Ss1-C Mt1, Mt3 Mf3, Mf4 LtB2 Ls4
Ssl HW C Ssl3 Ss1-C Mt1 Mf1
Ssl 2*S Sslt, Ssi3 Ss3-C, Ss3-C Mt2, Mt2-C Mf1, Mc3 2*LtA4 2*Ls4
2*Ssl HW, FW 2*C 2*Ssl3 Ss1-C, Ss1-C Mt1, Mt2, Mt3 Mf3, 2*Mf4 3*LtA3 3*Ls4
Ssl HW C Ssl3 Ss1-C Mt3 Mf1 2*11B2 2*1s3
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of the faults are from the Nubian Sandstone Group,
with additional faults from the Matulla and Nukhul
formations (Figure 6, Table 1).

The data sets presented here are based on the
2-D view generally allowed by outcrop observations,
as exemplified by Figures 7 and 8. Data were col-
lected at each fault outcrop by carefully mapping
individual structural elements of the core. The maps
were subsequently analyzed for position and length
of discrete structures, membranes and lenses, and
cement if this element was present as distinct lay-
ers or pockets. For elements of spatial significance
(membranes and lenses), the length of the element
along the fault, the C axis, and the maximum width
of the element normal to the fault, the A axis, were
measured. In some cases, and especially for mem-
branes, elements were traced to the end of the ex-
posure, thereby giving minimum length numbers.
In the facies analysis, all individual elements were
classified according to facies classes (Figures 3-5).

In Figure 9, the general characteristics of the
studied faults are summarized. A minority of the
faults have displacements that exceed the forma-
tion thickness, and the formation is thereby non-
juxtaposed (Figure 9A). For large-displacement
faults, a significant stratigraphic section has passed
any given point in the fault core, whereas for small-
displacement faults, a small section can be repre-
sented in the fault core. The throw of the 26 faults
varies significantly; from less than 1 m (3 ft) to
nearly 2000 m (6562 ft); most of the faults exhibit
throws between several meters and 100 m (328 ft)
(Figure 9B). Most of the faults in the database jux-
tapose thick (>10 m [33 ft]) sandstone units with
moderately (2-10 m [6-33 ft]) layered sandstones,
which were moderately (Nubian Sandstone and
Matulla formations) to poorly consolidated (Nukhul
Formation) at the time of deformation. Most of the
fault cores are complex in that they are made up of
combinations of slip-surface, membrane, and lens
elements (LMS, Figure 9F). More simple cores ex-
hibit slip surface(s) and membrane(s) as constitu-
ents. A comparison of the areal distribution of
fault-core elements with respect to surface area
shows no clear pattern (Figure 9G).

Outcrop-based studies of faults are challeng-
ing because only a part of the structure of interest
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can be observed. In extensional faults, this uncer-
tainty can be estimated by comparing the throw of
the fault with the height of the exposure. The
throw versus height of the exposure data can be
fitted by a power regression trend with an expo-
nent (1) lower than 1.0 (diamonds in Figure 10).
This indicates that the height of the exposure rep-
resents a progressively smaller window of the fault
as fault throw increases. Therefore, this trend ex-
presses the larger uncertainty with increased throw.
This uncertainty can also be described by a so-called
window of observation, which is equal to the height
of the exposure divided by the fault throw. The
window of observation decreases from 10 times
the fault throw for faults of less than 1-m (3-ft)
throw to less than 0.1 times the fault throw for
faults with throw greater than 100 m (328 ft)
(squares in Figure 10).

Analysis of the data on fault-core width shows
that throw versus thickness of the fault core for
the 26 faults can be fitted either by a linear or
power regression line (Figure 11A). The thickness
of the core varies significantly even for individual
sites (Figure 11B). Despite this fact, when throw
is compared with the average fault-core thick-
ness, the plot reveals a possible power trend line.
Fault-core thickness in a 2-D view depends basi-
cally on the spatial extent of two elements: mem-
branes and lenses. However, in our data, poor cor-
relation between fault-core thickness and the

proportion of lenses versus membranes is observed
(Figure 11C).

Discrete Structures

Slip surfaces are key elements for throw accumu-
lation in fault cores. In the analyzed data set, they
are in most cases located toward the hanging wall,
as shown in Figure 12A, implicitly supporting the
theory that elements in the fault core commonly
come from the footwall (e.g., Davatzes and Aydin,
2003). In the outcrops studied, slip surfaces ap-
pear to be continuous; however, this may be only
the case in the limited 2-D window of observation.
Principal slip surfaces and most subordinate slip
surfaces are subparallel to the overall fault core



Slip surface and membrane

Deformation bands and factures

Figure 7. (A) Photograph of the Baba village fault located in the footwall of the major Baba fault (Sharp et al., 2000); see Figure 6 for
the location. The fault juxtaposes sandstone units of the fluvial Cambrian Ataqua Group (lowermost Nubian Sandstone unit) and has an
estimated throw of 12 m (40 ft). Lines outline key structures. (B) Close-up photograph of a part of the fault (red box in A), showing the
details of the narrow zone of concentrated shear, the fault core. Note the position of the slip surface, the red mudstone with clasts of
sandstone as a layer along the core, and the highly deformed sandstone hosting some cement as a tan layer along the core to the right.
These fault-parallel layers, locally in concert with a slip surface, bound lenses within the core. (C) Interpretation of the 2-D fault view
presented in panel A, with marker beds highlighted for illustration purposes. Note the long, thin lenses of the fault core. (D) Interpretation
of the close-up photograph of panel B, showing fault-parallel layers (membranes) of shale gouge and sand gouge, slip-surface(s), and
lenses. Code used on lenses: LtA = lens type that consists of sandstone; LtC = lens type that consists of sandstone and mudstone layers
(see Figure 5 for classification).
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Figure 8. (A) Photograph
of the quarry wall in the
Tayiba mine found in the
footwall of the major

Thal fault (Sharp et al.,
2000; Moustafa, 2004); see
Figure 6 for the location.
The Tayiba mine fault has a
throw of 100 m (328 ft),
with footwall and hanging-
wall sandstones belonging
to the mainly fluvial
Jurassic-Cretaceous Malha
Formation. (B) Interpreta-
tion of the 2-D fault view,
showing a principal slip
surface, sandstone and
sandstone-claystone lenses,
and several types of fault-
rock layers parallel to

the fault.

. Slip surface

Shear fractures or
minor slip surfaces

Medium-grained sandstone with open network of deformation bands
| | Medium-grained sandstone with dense network of deformation bands
- Medium-grained sandstone with dense network of deformation bands and cement

1

Claystone

(Y orientation), but some P and R orientations are
observed for minor slip surfaces that form open
networks (Figure 12A-D).

Analysis of sandstone lenses in the core shows
a dominance of mostly shear-related deformation
bands, as expressed in Figure 12E and F. Such
bands are mostly made up of R orientations, but P
and Y orientations also exist. Most bands occur in
dense to open networks. Similarly, fractures in
shale lenses tend to be shear related with R, Y,
and P orientations in decreasing numbers. Most
fractures are found in dense to anastomosing net-
works (Figure 12D, H).

Membranes

In 2-D outcrops, membranes found in an extensional
fault can be described by their length along the layer
versus maximum thickness, the C versus A axis, re-

906 Fault Facies

Breccia: sandstone-shale mix

spectively. In the analyzed data set (Figure 13), the
membranes are very long as compared to thickness,
with an average C/A ratio of approximately 100.
However, for these data, an upper cutoff for the
C-axis is observed because membranes in many
cases are longer than the exposure (11 of 46 data
points). Most observed membranes consist of sand
and shale gouge or breccia, with a few cases of sand
smear. Shale smear is not observed in the studied
sand-dominated lithologies. The shape of the mem-
branes is mostly continuous through the outcrop,
with fewer semicontinuous to ruptured and patchy
membranes. Very few membranes have pocket
shape.

Of the total data set on membranes, 12 of 61
data points (about 20%) represent distinct occur-
rences of oxide cement in the faults. A common
observation is that cement appears as more or less
continuous layers along boundaries characterized
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by change in grain size, possibly reflecting transi-
tions in permeability. For instance, cement is fre-
quently found in well-preserved sandstone next
to a deformation-band swarm or slip zone. Some
fault-core lenses also host extensive cement, in
such cases revealing a dense network of deforma-
tion bands (Figure 8). Breccias are also locally ce-
mented. In this analysis, cement is included in the
membrane appearance classes. The data show a
tendency for continuous shapes, but with all shapes
significantly represented (Figure 13D).

Lenses

As for membranes, lenses of extensional fault cores
can be described by their length versus thickness ra-
tio (C and A axes). The data show that most lenses

Burial at
time cf; gaulti?g (m)
S R,

Consolidation
00% 00%

G Element area distribution

Figure 9. Basic information for the ana-
lyzed 26 faults, all presented as percent-
ages. All faults are extensional, showing
sandstone-sandstone juxtaposition. (A) Non-
juxtaposed faults placing the footwall for-
mation in contact with a different formation
in the hanging wall versus faults that jux-
tapose the same formation in the footwall
and hanging wall. (B) Throw (vertical sep-
aration) on faults, categorized according
to ranges (0-1 m, 1-10 m [0-3 ft, 3-33 ft],
etc)). (C) Predicted burial at the onset of
faulting, categorized according to ranges
B31% (0-200 m, 200-800 m [0-656 ft, 656
2625 ft], etc.). (D) Effect of layering as an
M poo indicator for mechanical behavior during
;"‘0";‘“&‘9 deformation, as predicted from layer thick-
- ness and the distribution of sandstone

and shale units. Note that Sinai is domi-
m69% nated by thick sandstone sections. (E) As-
sumed degree of lithification. (F) Observed
lenses, membranes, and slip surfaces in
the fault core; LM = lens and membrane;
LS = lens and slip surface; MS = mem-
brane and slip surface; LMS = lens, mem-

m40% brane, and slip surface. (G) Spatial extent
EL>M of lenses (L) and membranes (M).
mL=M
OoL<=m

have a C axis in the range of decimeter to meter
scale, with a C/A ratio ranging from 5 to 20 and an
average C/A ratio of approximately 9 (Figure 14A).
Commonly, the lenses contain an open network
of discrete structures (Lt3), but dense networks
to isolated structures are also observed (Lt4 and
Lt2 of Figure 5). Analysis of lens shapes reveals
a clear tendency for four-sided lenses (Ls4), but
the data set also shows significant numbers of
three-sided and five-sided lenses (Ls3 and Ls5,
Figure 14B, C). When analyzing sandstone lenses
separately, the common observations for all lenses,
as discussed above, are repeated. A minor differ-
ence in the sandstone lenses is a stronger tendency
for open and dense networks of discrete structures,
in this case, deformation bands (LtA3 and LtA4,
Figure 14D, E).
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Figure 10. Plot showing the throw of studied faults versus the height of the mapped exposure, and the throw versus height of fault
exposure divided by throw. Both sets of data points reveal a power-law trend and a reduction of the window of observation with fault throw.

DISCUSSION

Traditional facies analysis of sedimentary rocks
helps the observer to identify features or rock bodies
with similar characteristics. Identifying patterns of
facies distributions provides a powerful tool for
forecasting property distributions in the subsurface.
The fault-facies approach applies this methodology
to fault-related features. Identifying fault facies
within a fault envelope allows the identification
of bodies, the fundamental building objects in vol-
umetric descriptions. In this context, the term fault
architecture becomes meaningful, in that the facies
descriptions and pattern analyses are used in fault
model building (see discussion by Peacock, 2008;
Wilson, 2008). Thereby, architecture describes
the design of the fault with elements that have dis-
tinct compositions, shapes, and positions in the
fault envelope.

Any fault facies will have a set of common
characteristics (i.e., geometry, dimensions, and
petrophysical properties) that can be quantified
depending on the scale and level of detail required
to meet the objectives of the study. At present, ex-
amples of quantification of fault features include,
among others, scaling laws on fault-core thick-
ness versus fault throw in siliciclastic sedimen-
tary rocks (e.g., Childs et al., 1996; Sperrevik
et al., 2002; Shipton et al., 2006), the relationship
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between fault throw and the width of damage
zones in sandstone (e.g., Beach etal., 1999; Shipton
and Cowie, 2001; Schueller et al., 2007), and the
scaling laws established for deformation bands
and fractures in both sedimentary and crystalline
rocks (e.g., Barton, 1995; Vermilye and Scholz,
1995; Marrett, 1996; Odling, 1997). Furthermore,
Schultz et al. (2008) documented that a dependence
of displacement-length scaling for fractures and
deformation bands exists. However, much remains
to be established on a more detailed level, for ex-
ample, the structural element distribution in mar-
ginal parts of fault-strain envelopes, the shape and
size of lenses, the general distribution and shape of
fault-rock membranes, and the impact of diagenesis.
The shape of fault-rock membranes has been ad-
dressed in several studies of shale gouge ratio, shale
smear factor (SSF), and clay smear ratio (Lindsay
et al.,, 1993; Yielding et al., 1997), which are used
to estimate transmissibility multipliers for flow
across faults (Walsh et al., 1998; Manzocchi et al.,
1999). These 3-D techniques are well established
and work well with faults displaying single discrete
planes. However, because these methods essen-
tially integrate all effects caused by fault compo-
nents and geometry into a function of shale gouge,
clay smear, and juxtaposition, thereby obscuring
the presence and effects of fault element distribu-
tion and properties, they are not directly applicable
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in fault-facies analysis. They only average out parts
of the fault envelope.

The new approach to fault description rep-
resented by facies analysis of 26 fault outcrops
from Sinai (Egypt) could be considered a first step
toward a global fault-core database. Despite the
moderate number of observations, the analysis

Figure 11. Data from the 26 faults ana-
lyzed. (A) Throw versus average thickness
of the fault cores. A power-law or linear
regression line fits the data. Note that the
power law has n = 0.52, which seems to be
a general number encountered for fault
thickness. (B) Average thickness versus
range of thickness (maximum minus
mini>mum) for studied faults. A power-law
regression line fits the data. (C) Average
thickness versus ratio between predicted
spatial extents of lenses (L) divided by
spatial extents of membranes (M). The

L data set shows no statistical trend.
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renders valuable information on extensional fault
cores in siliciclastic units. The average width of
the core relates to throw on the fault, consistent
with a linear or power-law trend line (Figure 11),
which is in agreement with several studies on fault-
core thickness (Walsh et al., 1998; Fossen and
Hesthammer, 2000; Sperrevik et al., 2002; Shipton
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Figure 12. Results from analysis of discrete structures, shown as percentage of the data set. The classifications used are presented
in Figure 5. (A) Position of slip surfaces in the fault core (HW = hanging-wall side; FW = footwall side; INT = internal to the core);
(B) continuity of slip surfaces; (C) type of slip surfaces; (D) shape of slip surfaces; (E) type of deformation bands (D bands); (F) shape
of deformation bands; (G) type of fractures; (H) shape of fractures.

910 Fault Facies



A Membrane C axis vs. C/A ratio

Figure 13. Results from

1000.00
* *

* &
*

analysis of membranes,
shown as percentage of
the data set in panels B-D.
The classifications used

L 4

100.00

* o0 @
&
ks

CIA ratio

10.00 *

are described in Figure 6.
(A) Plot of the long axis of
membranes versus the

ratio between the long axis

*e

and the perpendicular

| ® Membrane, n = 46
|OAverage

oriented short axis (C/A),
both recorded in a vertical

1.00

0.1 1 10
C axis (m)

B Membrane type, n = 61

03%
033%

[30%

& Breccia Mt1

B Sand gouge Mt2
[ Shale gouge Mi3
[0 Sand smear Mt4

B Shale smear MI5

018%
m14%

C Membrane shape, n = 50
WO0% 012%

section. The average C/A
100 relationship is 100:1.

(B) Type of membranes;

(C) shape of membranes;

W4% (D) shape of cement

membranes.
m52%

@ Continuous Mf1

;. Semicontinuous Mf2
| 0 Ruptured Mf3

| 1 Patchy Mfa

| I Pocket Mf5

D Membrane shape, cement, n =12

8%
025%

et al., 2006; Wibberley et al., 2008; Childs et al.,
2009). An uncertainty in the observed fault thick-
ness is seen because this varies through individ-
ual outcrops. The range of thickness (maximum-
minimum) plotted against the average thickness
shows a general trend; as thickness increases, the
range of thickness also increases (Figure 11B). In
more detail, the fault statistics show that the fault
cores are bound by slip surfaces on the hanging-
wall side, in some cases in concert with a surface
toward the footwall side (Figure 12). Single slip

[ Continuous Mc1

E Semicontinuous Mc2
[J Ruptured Mc3

[ Patchy Mcd

M Pocket Mcs

surfaces dominate, but open networks are observed,
similar to those described by Shipton et al. (2005)
for sandstones in Utah. The slip surfaces tend to be
continuous and parallel to the fault core at the scale
of the exposure. Again, the observations are in
agreement with other descriptions of slip surfaces
(Aydin and Johnson, 1983; Shipton and Cowie,
2001; Davatzes and Aydin, 2003). However, Childs
et al. (1997) reported a tendency for fault cores
bound by slip surfaces on both sides. This is a sub-
ordinate trend in the presented data set because
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slip surfaces both toward the hanging wall and
footwall are found in only 22% of the fault cores.
Contrarily, a single principal slip surface at the
hanging-wall side of the core is exhibited by 65%
of the data set, and in summary, a slip surface to-
ward the hanging wall in 91% of the data set exists.
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064%

Membranes are seen as continuous to semicon-
tinuous, long and thin layers of fault rocks, such as
sand and shale gouge, and in some cases, breccia
(Figure 13). In the literature, only one type of study
deals with membrane continuity in a systematic
way, the shale smear studies. A commonly reported



number for shale smear along faults is the SSF
(Lindsay et al., 1993), equal to the relationship be-
tween throw and thickness of the shale source
layer. The SSF is highly variable (1-50), but Lindsay
et al. (1993) suggested smears to be continuous for
factors reaching 7:1 to 11:1. In this interval, the
shale membranes are prone to become ruptured
(semicontinuous), whereas for lower factors, the
shale smear is continuous. Contrarily, Ferseth
(2006) documented that large faults have ruptured
shale smears with SSF as low as 4, and with certain
rupture with an SSF of 6. Although such consider-
ations for shale smear can be applied in fault analysis,
similar smears are not observed in the presented
faults of Sinai. They are characterized by abrasion-
type membranes (Yielding et al., 1997), such as shale
and sand gouge. This is supported by an average
length/thickness ratio that exceeds 100:1, suggesting
that they relate to localized zones of concentrated
shear or sheared walls to slip surfaces. For sand gouge,
this mimics deformation-band cluster zones as, for
example, described by Shipton et al. (2005) (see also
Aydin and Johnson, 1983; Antonellini and Aydin,
1995; Fossen et al., 2007; Johansen and Fossen, 2008).

Lenses in fault cores are commonly observed
in outcrop studies of faults (e.g., Burhannudinnur
and Morely, 1997; Childs et al., 1997; Van der
Zee and Urai, 2005; Lindanger et al., 2007; Childs
et al., 2009). This is in accordance with our data
set, in which lenses are observed in 77% of the
fault cores (Figure 9). When present, they make
up at least half the fault-core area (2-D view) in
64% of the cases; hence they can be considered
major constituents of all fault cores. Most ob-
served fault lenses are four sided (Riedel classifica-
tion of marginal structures). Internally, they reveal
fairly intense deformation, dominated by a dense
network of shear structures of which many have
an R orientation (Figure 14). For sandstone lenses,
the pattern is similar, although internal deforma-
tion is more prone to be of an open-network type.
Internal lens deformation could have several ori-
gins (see Lindanger et al., 2007). It could represent
damage-zone structures developing before the
lens forms and becomes part of the core, either
by tip-line bifurcation, segment linkage, splaying,
or asperity bifurcation (Childs et al., 1997; Ga-

brielsen and Clausen, 2001; Rykkelid and Fossen,
2002; Childs et al., 2009). It could also represent
deformation related to the impact on the lens as
the fault reactivates, working toward the break-
down of the lens structure. Another aspect is
the shape of lenses. In the presented data set, a
significant spread in the long (C) versus short
(A) axis ratio is observed, with the average lens
C/A ratio being approximately 9:1. In compari-
son, Lindanger et al. (2007) reported an average
C/A ratio of 12.5:1 based on a data set covering
both crystalline and sedimentary rocks. However,
differences between sites and lithologies are ob-
served, and this variability may explain the dis-
crepancy with our ratio of 9:1. A similar approach
to lens description is presented by Antonellini
and Aydin (1995), who described the so-called
eye structures bound by deformation bands in da-
mage zones of sandstones. Their data on length or
wavelength versus width or amplitude gives a
power trend through four to five orders of widths.
This trend could well describe the pattern of de-
formation bands and sublenses found internally in
the analyzed sandstone lenses of the fault core.
Because the entire data set presented is from
one region (western Sinai, Egypt) with certain site-
specific characteristics, the statistical trends have
limitations in global application. However, they rep-
resent guidelines for fault-core characteristics that
have significant value as input parameters to fault
modeling. To build numerical fault models that
render similarity to nature, fault elements have to
be quantified. This can be done in deterministic, case
true models, or by statistical trend models that ac-
knowledge the uncertainty in the input or outcrop
data, as shown by the fault-facies analysis above.
The fault-facies concept is general and there-
fore valid in all types of fault-rock analyses. How-
ever, the most obvious application of the fault-
facies approach is within the realm of modeling
hydrocarbon and groundwater reservoirs. In reser-
voir models, each grid cell represents a synthesized
or up-scaled version of a more detailed geological
reality. Sedimentary facies are currently handled in
this way. Faults, however, are merely incorporated
as transmissibility multipliers across grid splits and
generally without considering the fault impact
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within the strain envelope surrounding the fault.
The fault-facies approach will allow users to incor-
porate the full range of elements, geometries, and
petrophysical properties present within the fault
envelope. This enables users to capture 3-D aniso-
tropic flow inside the deformed rock volume.

The geologists’ ultimate goal of presenting the
exact fault envelope filled with the correct facies
for a given fault in the subsurface will probably
never be attained. However, as experience with
sedimentary facies modeling shows, this is in many
ways not a requirement: using a combination of
sensitivity testing and uncertainty analysis, based
on extensive databases on sediment distribution
and shapes of bodies, one can create models with
multiple outcomes that, in detail, clearly are wrong
but in summary approximate reality and acknowl-
edge actual uncertainties.

Published data on faults tend to be most con-
cerned with emphasizing heterogeneity instead of
looking for similarities and patterns. We envisage
that the concept of fault facies may encourage a
shift of research toward the identification and
quantification of fault-rock properties and pat-
terns of distribution, which are the key for fore-
casting subsurface reservoir behavior.
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