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The present study focusses on ﬁeld description of small normal fault zones in Upper Miocene–Pliocene
sedimentary rocks on the northwestern side of the Red Sea, Egypt. The trend of these fault zones is
mainly NW–SE. Paleostress analysis of 17 fault planes and slickenlines indicate that the tension direction
is NE–SW. The minimum (σ3) and intermediate (σ2) paleostress axes are generally sub-horizontal and
the maximum paleostress axis (σ1) is sub-vertical. The fault zones are composed of damage zones and
fault core. The damage zone is characterized by subsidiary faults and fractures that are asymmetrically
developed on the hanging wall and footwall of the main fault. The width of the damage zone varies for
each fault depending on the lithology, amount of displacement and irregularity of the fault trace. The
average ratio between the hanging wall and the footwall damage zones width is about 3:1. The fault core
consists of fault gouge and breccia. It is generally concentrated in a narrow zone of ∼0.5 to ∼8 cm width.
The overall pattern of the fault core indicates that the width increases with increasing displacement.
The faults with displacement <1 m have fault cores ranging from 0.5 to 4.0 cm, while the faults with
displacements of >2 m have fault cores ranging from 4.0 to 8.0 cm. The fault zones are associated with
sliver fault blocks, clay smear, segmented faults and fault lenses’ structural features. These features are
mechanically related to the growth and linkage of the fault arrays. The structural features may represent
a neotectonic and indicate that the architecture of the fault zones is developed as several tectonic
phases.

1. Introduction
The Upper Miocene–Pliocene sedimentary rocks
are composed mainly of interbedded open marine
sandstones and claystones of the Marsa Alam Formation; interbedded limestone, coarse sandstones,
claystones and conglomerates of the Shagra Formation (Orszag-Sperber et al. 1998). These rocks
are dissected by a NW–SE faults. Faults are generally described as zones consisting of a fault core
and a surrounding damage zone, which diﬀer structurally, mechanically and petrophysically from the
undeformed host rock (Chester and Logan 1986;

Smith et al. 1990; Forster and Evans 1991; Chester
et al. 1993; Bruhn et al. 1994; Caine et al. 1996).
The fault core represents the part of the fault zone
where most of the displacement is accommodated.
It consists mainly of slip surfaces, gouge, breccia,
cataclastic material, clay smears, horses and geochemically altered rock bodies (Chester and Logan
1986; Chester et al. 1993; Bruhn et al. 1994; Caine
et al. 1996; Clausen 2002; Clausen et al. 2003).
The damage zone is the deformed rock volume that
surrounds the fault core and may be composed of
subsidiary faults, fault blocks, veins, joints, stylolites, cleavage and folds (Chester and Logan 1986;
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Wu and Groshong 1991; Chester et al. 1993; Bruhn
et al. 1994; Caine et al. 1996; Hesthammer et al.
2000; Jourde et al. 2002). Fault zones may
have important implications for ﬂuid ﬂow in
the earth’s shallow crust as they commonly
act as localized conduits or barriers (McCaig
1988; Sibson 1992, 1994, 1996; Sibson and Scott
1998).

J. Earth Syst. Sci. (2017) 126: 37
The structural features within the fault zones
are described in this work. Sliver fault block, segmented faults, fault lenses and clay smears represent the main structural features within the
damage zone and fault core in the studied area.
The structural features within the fault zones are
mechanically related to the growth of the fault and
may contain subsidiary faults or fracture networks

Figure 1. (a) Plate tectonic setting of the northwestern Red Sea rift system after Hempton (1987) and Khalil and McClay
(2002), (b) principal structural elements of the northwestern Red Sea–Gulf of Suez rift system (after Khalil and McClay
2002). Bold arrows indicate the dominant stratal dip directions within the individual half-graben sub-basins. ZAZ, MAZ
and DAZ are Zaafarana, Morgan and Duwi accommodation zones, respectively.
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(e.g., Sibson 1977; Caine et al. 1996). Small
faults more commonly consist of isolated segments
within a fault array, with fault propagation, i.e.,
layer/rheology controlled (Bastesen and Braathen
2010). Fault segmentation occurs on a wide range
of scales (Stewart and Hancock 1991; Peacock and
Sanderson 1994) and in a variety of tectonic settings
(Aydin and Nur 1985; Morley et al. 1990). The
fault growth occurs by coalescence of segments,
horizontally (Cartwright et al. 1996; Willemse and
Pollard 2000) and vertically (Childs et al. 1996;
Mansﬁeld and Cartwright 1996). Fault core in
extensional, brittle faults frequently encompasses
lozenge-shaped rock bodies, referred to as lenses
or horses, which may occur in isolation, as en echelon trains, or be stacked to constitute duplexes
(Gibbs 1983, 1984; Gabrielsen and Koestler 1987;
Gabrielsen and Clausen 2001; Clausen et al.
2003). The high-strain zones separating individual
fault lenses or groups of such lenses may include
deformed lithologies derived from the foot wall and
hanging wall (Lindanger et al. 2007). Fault lenses
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are common elements in extensional faults (e.g.,
Gibbs 1983, 1984; Childs et al. 1997; Gabrielsen
and Clausen 2001; Lindanger et al. 2004). Clay
smear develops from a combination of clay intrusion from source layers and from shearing within
the fault zone (Lindsay et al. 1993; Lehner and
Pilaar 1997; Bense et al. 2003; Van der Zee and
Urai 2005) and laboratory experiments (Sperrevik
et al. 2000; Clausen and Gabrielsen 2002). The history of faulting and lithology may play an important role in the complex architecture of the fault
zone (Mandl 2000; Heermance et al. 2003).
In this paper, I examine several small normal
fault zones in Upper Miocene–Pliocene rocks on
the northwestern side of the Red Sea, with varying displacement from <1 to >2 m in order to
explain the architectures of these zones. I present
an analysis of damage zones and fault cores of these
faults. The focus is on the relationships between (1)
the width of the fault core, the damage zone, and
the fault throws, (2) fracture density, width of the
damage zones, and lithology and (3) describe the

Figure 2. Simpliﬁed geological map of the northwestern Red Sea. NF indicates the Nakheil fault segments of the border
fault system. Redrawn after Khalil and McClay (2002).
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structural features associated with the fault zones
as a neotectonics.
2. Structural framework of the
northwestern Red Sea margin
The Red Sea is a relatively young and active
continental rift system that initiated in the Late
Oligocene–Early Miocene (Mckenzie et al. 1970;
Le Pichon and Francheteau 1978; Cochran 1983;
Steckler et al. 1988; Coleman 1993; Bosworth et al.
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2005). It formed in response to the northeast
separation of the Arabian plate away from the African
plate (Girdler and Southren 1987; Hempton 1987;
Joﬀe and Garfunkel 1987; Coleman 1993). By the
Late Middle Miocene, the opening of the Red Sea
was linked to sinistral strike–slip displacements
along the Gulf of Aqaba–Dead Sea transform fault
system (ﬁgure 1a; Freund 1970; Mckenzie et al.
1970; Ben-Menahem et al. 1976; Quennell 1984;
Steckler et al. 1988; Morgan 1998; Abdel Khalek
et al. 1993; Bosworth et al. 2005). The extension
direction was N60◦ E from the Late Oligocene

Figure 3. Summary stratigraphy of the northwestern Red Sea rift system. Data from Said (1990), Purser and Bosence
(1998) and Khalil and McClay (2002).
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through the Miocene (Bosworth and McClay
2001). The pre-existing basement fault zones such
as NW-trending shear zones were reactivated during the Late Oligocene–Miocene extension (Dixon
et al. 1987; Moustafa 1997; Younes et al. 1998;
Younes and McClay 2001). These Precambrian
fault zones strongly controlled the orientations of
the Cenozoic rift faults. The northwestern Red
Sea–Gulf of Suez rift consists of four distinct subbasins (with half-graben geometries) separated by
complex accommodation zones (ﬁgure 1b). Two
extensional fault systems, as well as a number of
NW and WNW half graben, were discussed in
the northwestern margin of the Red Sea (Khalil
and McClay 2009). The western fault system
juxtaposes the pre-rift sedimentary rocks against
Precambrian basement in the footwall, while the
eastern fault system generally trends NW, subparallel to the shoreline and delineates the syn-rift
exposures along the Red Sea coast. The western
fault system is strongly segmented and trends
oblique to the rift trend, reﬂecting the inherited
basement fabric (Khalil and McClay 2002, 2004).
Both of these fault systems consist dominantly
of NW, WNW and NS fault segments that are
linked together and form a zigzag fault pattern
that bounds rhomboidal fault blocks (ﬁgure 2).
3. Geology
Pre-rift sedimentary rocks of the northwestern part
of the Red Sea range in age from Upper Cretaceous to Lower Eocene. They are unconformably
overlain by syn-rift sediments. The oldest synrift sediments at the northwestern Red Sea are
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lacustrine red mudstones, sandstone, breccias and
conglomerates of the Nakheil Formation (ﬁgure 3).
The Nakheil Formation is Late Oligocene in age
(Akkad and Dardir 1966; Said 1990) and is locally
preserved in small hanging wall synclines formed
along the Border Fault system. The thickness of
Nakheil Formation is 60–120 m and it unconformably overlies the pre-rift Eocene Thebes Formation. The Nakheil breccias and conglomerates
consist of reworked chert and limestone clasts
derived from the underlying Eocene Thebes Formation. The coarse-grained sandstones and conglomerates of the Aquitanian–Burdigalian age Ranga
Formation (El Bassyony 1982), Oligocene to Middle Miocene (Hermina et al. 1989), form a distinct
syn-rift unit that unconformably overlies the prerift rocks and in places also overlies the Upper
Oligocene syn-rift red clastics. Its lower part consists of continental red sandstones and conglomerates locally interbedded with a few gypsum thin
beds and marls which contain Late Aquitanian–
Burdigalian fauna referred as Rosa Member
(Philobbos and El-Hadded 1983). The upper part of
the Ranga Formation consists of shallow marine
conglomerates and sandstones containing oyster
shell fragments and patch reefs (Khalil and McClay
2009). Unconformably overlying the Ranga conglomerates are reefal limestones and shallow marine
ﬁne-grained clastics of the Late BurdigalianLanghian Um Mahara Formation (El Bassyony
1982; Said 1990). The Middle-Late Miocene evaporite sequence of the Abu Dabbab Formation
unconformably overlies the older syn-rift and
pre-rift strata. It consists of massive to poorly
bedded gypsum outcropping along the coastal
plain, and it is up to 3 km in the oﬀshore area

Figure 4. Sketch showing some structural elements commonly identiﬁed in fault zones.
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(Tewﬁk and Ayyad 1982; Said 1990). Overlying the
evaporite sequence is a 200- to 300-m thick succession of Upper Miocene–Quaternary sediments
that are exposed along the coastal plain. These
sediments can be up to 1000-m thick in the oﬀshore (Orszag-Sperber et al. 1998; Heath et al.
1999). They include Upper Miocene–Pliocene
shallow to open marine sandstones and claystones
of the Marsa Alam Formation, interbedded limestone, coarse sandstones and conglomerates of
the Shagara Formation, as well as Pleistocene
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conglomerates and coarse sands of the Samadi
Formation.
4. Methods
Small normal faults are well exposed in the Upper
Miocene–Pliocene sedimentary rocks along several
ENE-oriented valleys in the study area. These
valleys are oriented nearly perpendicular to the
strike of these faults. The azimuth of 49 faults

Figure 5. Detailed geological map of the study area show the main rock units and main structural elements. The major
NW–SE normal fault spate the syn-rift rocks (hanging wall) from pre-rift rocks (footwall). Syn-rift rocks are dissected by
small normal faults. See ﬁgure 2 for location.
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and the displacement along the fault planes are
measured carefully. The attitude (dip and dip
direction) of 17 fault planes and slickenlines are
measured to determine the orientation of the paleostress axes (σ1, σ2, σ3) and the ratio of principal stress diﬀerences R = (σ2 − σ3)/(σ1 − σ3).
Paleostress was determined using an improved version of the right-dihedral method of Angelier and
Mechler (1977), and a rotational optimization
method, using the TENSOR program developed by
Delvaux (1993) and Delvaux and Sperner (2003).
The thickness of fault cores and damage zones
(ﬁgure 4) (hanging wall and footwall damage zones)
are measured along 30 fault zones. Due to variations in lithology along the faults, the thickness of
the fault core and the damage zones were measured
in several places along individual fault outcrops,
covering the maximum and minimum thicknesses.
The data used in this study were obtained directly through the ﬁeld survey of vertical sections
along the ENE–WSW valleys by means of conventional structural techniques (Brunton compass,
tape and GPS), digital imaging, and fault zone
mapping.
5. Structural analysis of the study area
The Miocene–Pliocene sedimentary rocks in the
study area (ﬁgure 5) have average dips of 12◦
towards the northeast (ﬁgure 6a, b). These rocks
are dissected by several macro-scale and small fault
zones. The macro-scale faults were easily detected
on aerial photographs and landsat images. The
main trends of these faults are NW–SE to NNW–
SSE, NE–SW and WNW–ESE striking faults
(ﬁgure 6c). These structural trends inherited from
the Precambrian–Paleozoic basement (Montenat
et al. 1998). The NW–SE to NNW–SSE faults are
mainly normal faults parallel to the Red Sea and dip
to northeast and southwest directions. The WNW–
ESE striking faults play the most signiﬁcant role
in modifying Miocene fault geometry (Younes and
McClay 2001; Khalil and McClay 2009).
Small fault zones are exposed in ENE vertical exposures along Queh, Hamarwan, and Abu
Hamra valleys, as well as other small valleys (ﬁgure
5). These fault zones are mainly normal and are
concentrated inside Marsa Alam (Upper Miocene–
Pliocene) and Shagra (Pliocene) formations. The
fault zones form parallel step faults and sometimes structural grabens (ﬁgure 7a, b). They have
a geometry characterized by straight and slightly
curved fault segments (ﬁgure 8). The curvature
path of the faults is probably due to the changes
in lithology.
The slickenlines are recorded on a number of
fault planes (ﬁgure 9a). The attitude of slickenlines

Figure 6. (a) Field photograph showing northeast dip
of the Miocene–Pliocene sedimentary rocks, looking SE.
(b) Lower hemisphere equal area stereogram of bedding
poles in the study area. (c) Rose diagram of the macro-scale
normal faults in Miocene–Pliocene rocks.

has been used to determine the orientation of slip
and the sense of relative motion along the fault
planes. Seventeen fault planes with a clear sense
of movement are selected to determine the orientation of the paleostress axes (σ1, σ2, σ3). The attitude (strike and dip) of the fault planes and the
attitude (trend and plunge) of the slickenlines were
collected on these faults. The paleostress results
(ﬁgure 9b) indicate that the minimum (σ3) and
intermediate (σ2) paleostress axes are generally
sub-horizontal and the maximum paleostress axis
(σ1) is sub-vertical.
Forty-nine of the 290◦ –345◦ N oriented small
fault zones are chosen to study the fault zone
architecture in the Upper Miocene–Pliocene rocks
(ﬁgure 9c). These faults dip toward the NE and SW
with an average angle of 68◦ and 61◦ , respectively
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Figure 7. Field photograph showing (a) parallel step faults and (b) graben in the Upper Miocene–Pliocene rocks. The two
windows in the bottom show the fracture density in the hanging wall damage zone is more than the fracture density in the
footwall damage zone.

(ﬁgure 9d). The dip separation distances of the
NW-oriented normal faults, which dip towards the
NE, range from 7 to 300 cm, with an average of
80 cm, while the dip separation distances of the

NW-oriented normal faults, which dip towards the
SW, range from 10 to 400 cm with an average of
51 cm. The small fault zones are nearly parallel to
macro-scale normal faults.

J. Earth Syst. Sci. (2017) 126: 37
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zones. They are commonly deﬁned by the occurrences of asymmetric subsidiary faults, fractures
and sometimes drag folds. The subsidiary faults
and fractures are both synthetic and antithetic
to the faults and they typically strike parallel or
subparallel to the fault. The slip surfaces along
the subsidiary faults have a dominant dip–slip displacement and there is no indication of lateral slip.
A few numbers of fractures have diﬀerent directions. These fractures are closed and look like shear
fractures, but the lateral displacement along them
is not clear. The fracture distribution is somewhat
diﬀerent across the foot and hanging wall damage zones. The hanging wall damage zones are
wider and display a larger number of fractures than
the footwall damage zone (ﬁgure 10a, b and c). The
average ratio between hanging wall and footwall
damage zones width is about 3:1. The ﬁeld observations and measurements show that the width of the
damage zone varies along diﬀerent faults developed
within Upper Miocene–Pliocene sedimentary rocks
which are based on the amount of displacement. A
direct relationship exists between the width of the
hanging wall damage zones and displacement along
the master fault (ﬁgure 12a).
6.2 Fault cores

Figure 8. Small NE dipping normal fault with 1 m displacement. (a) Dip of the fault changes from top to bottom,
probably due to change in lithology. Notice the releasing jog
and restraining bends along the segments of this fault. SW
dipping curved small normal fault. (b) The displacement
changes from one segment to another.

6. Fault zone analysis
The NW–SE small fault zones in Upper Miocene–
Pliocene sedimentary rocks, along the northwestern margin of the Red Sea, show a large variety of structures. These fault zones consist mainly
of fault core and damage zones. The fault core and
damage zones are measured along 30 fault zones.
The fault core is formed of gouge and breccia with
occasional gypsum veins. Damage zones gradually
fade outward into intact host-rock. Their distinction from the host-rock is based on the change in
the density and geometry of fault-related fractures,
although the boundary is gradual. The detailed
descriptions of the damage zones and fault cores
are shown in the following sections.
6.1 Damage zones
Damage zones along the investigated small normal
faults include hanging wall and footwall damage

Fault cores in the studied fault zones are up to a
few centimetre wide and are composed mainly of
gouge, breccia and sometimes membranes of gypsum veins (ﬁgures 10a, b, c and 11). The gouge
probably developed as a result of shearing and the
smearing of plastic claystone into the fault core.
The thickness of the fault cores increases with
increasing displacement (ﬁgure 12b). For displacement <1 m, the fault cores are discontinuous and
display thicknesses between 0.5 and ∼4 cm, while
for faults with displacement up to 2 m, the fault
cores are approximately continuous and display
thicknesses between ∼4 and 8 cm. In some cases,
the fault core thickness is more than 8 cm and
consists of a variety of fault rocks and entrained
bodies of rocks (ﬁgure 13) that probably indicates
considerable variation in strain intensity and deformation style. The fault core and damage zone are
separated by a slip surface, upon which all the displacement localises. In other cases, this transition
may be gradual, forming a fault core–damage zone
transition.
7. Structural features associated
with the fault zones
The studied fault zones have a number of structural features. These features are represented by
sliver fault blocks, segmented faults, fault lenses
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Figure 9. (a) Example of slickenlines as a sense of movement indicator on small normal fault planes in the study area.
(b) Lower hemisphere, equal area projection, of small fault planes, observed slip lines and slip senses; circles, triangles and
squares = symbols of stress axes σ1, σ2 and σ3 (S1, S2 and S3). R = stress ratio. (c and d) Rose diagram and Lower
hemisphere, equal area stereoplot of small faults in Upper Miocene–Pliocene rocks, used for studying the fault damage zones.

and clay smears. They are mechanically related to
the growth and linkage of the fault arrays and represent a neotectonics in the northwestern Red Sea.
The descriptions of these features are given in the
following paragraphs.
7.1 Sliver fault blocks
The deformed zone between two small normal
faults is called as sliver fault block. This structure

is composed of rotated fault blocks; antithetic;
synthetic normal faults; and drag folds (ﬁgure 14a,
b). The sliver block between faults, no. 1 and no. 2,
in ﬁgure 16(a) is rotated 12◦ clockwise. This rotation was a result of the movement along the two
normal faults. A number of minor 45◦ /N55◦ E antithetic normal faults dissected this block (ﬁgures 15,
16a). The displacement along these minor faults
increased the clockwise rotation of the beds within
the sliver fault block.

J. Earth Syst. Sci. (2017) 126: 37
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Figure 10. (a) Field photograph showing the damage zones of a small NW-oriented normal fault. The hanging wall damage
zone is wider and highly fractured than the footwall damage zone. Fault core is ranging from 5 to 8 cm. Fault-bounded lenses
are present along the main fault and the antithetic subsidiary faults. Synthetic, antithetic and vertical joints are present
in the hanging wall damage zone. (b) Field photograph showing hanging wall damage zone along 65◦/N55◦ E small normal
fault. Fault core ranges from 1 to 5 cm. Deformed rock lenses are present between the main fault and antithetic faults.
Notice the rollover fold along the hanging wall of the 30◦ /S60◦ W antithetic subsidiary fault. (c) Field photograph showing
the damage zones of a 70/N60◦ E small normal fault. The hanging wall damage zone is represented mainly by synthetic
gypsum veins. The average thickness of fault core is about 8 cm and consists mainly of gypsum. Hammer serves as scale.
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7.2 Segmented faults

The fault zones and the subsidiary faults generally
consist of isolated segments in the studied area.
These segments have the same orientation and dip
exposed in a vertical cliﬀ section (ﬁgures 7b, 14a).
The cliﬀ section consists mainly of repetition of
sandstone and claystone rocks. The competence
contrast between these rocks may have caused the
segmentation of the faults. The same result is concluded by Bastesen and Braathen (2010). They
mentioned that the fault segmentation is controlled
by layer/rheology.
7.3 Fault lenses
The fault lenses are observed along the main
and subsidiary faults in damage zones and sliver
fault blocks. These lenses are developed by faultsegments linkage and by tip bifurcation of the
faults (ﬁgures 10a, b, 16). Asperity-related lenses
may become thin and tight. The shapes of these
lenses vary from long lenses with one tip to small
lenses with two tips and sometimes they appear as
semicircular bodies. The material inside the lens
may become more deformed than the surrounding
rock (ﬁgure 10b).
7.4 Clay smears
The term ‘clay smears’ include all processes that
somehow transform claystone or mudstone in the

J. Earth Syst. Sci. (2017) 126: 37
wall rock into clay in the fault rocks. Clays are
common constituents of fault rocks in the studied
fault zones. The clay smears are recorded along
main and subsidiary faults (ﬁgure 16). The clay
smears in the fault rocks are probably due to abrasion movement of claystone past sandstones and
shearing deformation between hanging wall and
footwall cut-oﬀs of claystone beds.
Permeability can be reduced by as much as seven
orders of magnitude due to the incorporation of
clay in fault rocks (Crawford et al. 2002; Davatzes
and Hickman 2005). Smearing of low-permeability
clay is one of the most important conditions promoting fault sealing (e.g., Caine et al. 1996), and
so assessment of fault smear distribution is of key
importance for evaluating the ﬂuid connectivity of
hydrocarbon reservoirs and groundwater systems
alike.

8. Discussion
The examined small normal fault zones are concentrated inside the Marsa Alam (Late Miocene)
and Shagra (Pliocene) formations. The azimuth
of these faults ranges from 295◦ to 345◦ N. These
faults dip toward the NE and SW. The paleostress analysis of 17 fault planes bearing slickenlines indicates that the minimum (σ3) and
intermediate (σ2) paleostress axes are generally
sub-horizontal and the maximum paleostress axis

Figure 11. Photograph showing fault core, which consists of gypsum pocket and gouge.

J. Earth Syst. Sci. (2017) 126: 37
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Figure 12. Fault displacement vs. hanging wall damage zone (a) width and (b) vs. fault core thickness.

(σ1) is sub-vertical. The same result is concluded
by many authors (e.g., Lyberis 1988; Bosworth
and Taviani 1996; Bosworth and Strecker 1997;
Bosworth and McClay 2001; Bojar et al. 2002).
The architecture of the small normal fault zones
indicates that they consist mainly of damage zones
and fault core. Analysis of the damage zones indicates asymmetric damage zones. The hanging wall
damage zones are wider than the footwall and are
characterized by densely spaced fractures and subsidiary faults, synthetic or antithetic to the fault
(ﬁgures 10a, b, c and 14b). The average ratio
between the hanging wall and footwall damage
zone’s width is about 3:1. An asymmetric deformation pattern across normal faults is also described
elsewhere in many diﬀerent geological settings and
on a range of scales (Aydin and Johnson 1978;
Koestler and Ehrmann 1991; Antonellini and Aydin
1995; Knott et al. 1996; Aarland and Skjerven
1998; Hesthammer and Fossen 1998; Gabrielsen
et al. 1998; Nelson et al. 1999; Mitra and Ismat
2001). This deformation pattern across normal
fault zones may be a result of asymmetric strain
distribution along the fault.

The sandstone rocks along the fault zones are
aﬀected by a large number of fractures and subsidiary faults than the claystone rocks (ﬁgure 10a).
The same observations are concluded by Peacock
and Zhang (1993) and Ouenes (2000). They
mentioned the fracture distribution show a close
relationship to lithology. This probably indicates
that the asymmetric strain distribution along the
studied fault zones is controlled by lithology.
The width of the damage zones was found to
increase proportionally with displacement (ﬁgure
12a). Several authors have shown a positive
correlation between damage zone width and displacement (Knott 1994; Knott et al. 1996; Beach
et al. 1997, 1999; Fossen and Hesthammer 2000;
Shipton and Cowie 2001).
The damage zones along the curved fault planes
(ﬁgure 8a) are wider than the damage zone along
planar faults (ﬁgure 7a).
The present study indicates that the fault core
thickness increases with increasing displacement
along the faults. For displacement below 2 m, the
fault cores display thicknesses between 0.5 and
∼4 cm, while faults with displacements of more
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Figure 13. Field photograph showing fault core, which consists of a variety of fault rocks and entrained bodies of rocks.
Close-up view shows the thickness of the fault core and main slip surfaces.

than 2 m, display fault core thicknesses between
∼4 and 8 cm. The variations in the fault core of the
studied small normal faults are not great. This may
be related to the small displacements along the
studied faults and most of the studied faults are
planar faults.
The studied fault zones are associated with a
number of structural features, which may be a
neotectonics in the northwestern Red Sea. These
features are mechanically related to the growth
and linkage of the fault arrays. This means that
the fault zone architectures in the northwestern Red Sea are developed as several tectonic
phases.

The ﬁrst structural feature recorded in the fault
zones is sliver fault blocks. This feature is a
deformed zone between two small normal faults.
The deformed zone is composed of rotated block;
antithetic, synthetic normal faults; and drag folds.
The second structural feature is the segmented
faults. Small fault zones more commonly consist
of isolated segments within a fault array, with
fault propagation that is layer/rheology controlled
(Lindanger et al. 2007). The fault segments propagate towards each other and form broken-down
zone as shown in ﬁgure (7b). In other cases, the
segments interact, coalesce and give releasing and
restraining bends (ﬁgure 8a). Childs et al. (1996)

J. Earth Syst. Sci. (2017) 126: 37
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Figure 14. (a) Photograph showing a number of NW small normal faults. The area between faults, no. 1 and 2, is called
sliver fault block. It is characterized by antithetic faults and drag folds. The segmented faults are clear in this vertical section
along the faults 3, 4 and 5. The displacement (D) along the faults ranges from 10 to 120 cm. (b) Photograph showing the
drag beds in the area between faults 1 and 2, which is called sliver fault block. The displacement along the fault no. 1 is
gradually decreasing downward. The hanging wall damage zone along the fault no. 2 is characterized by synthetic small
normal faults.

suggested that the segmented fault traces are
organized structures, which form at an early stage
of fault nucleation and propagation. This type of
segmented faults may adhere to the isolated

fault model (Walsh and Watterson 1988; Cowie
and Scholz 1992; Gillespie et al. 1992; Trudgill and
Cartwright 1994; Cartwright et al. 1995; Dawers
and Anders 1995; Huggins et al. 1995; Schlische
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et al. 1996; McLeod et al. 2000). This model
assumes that the tips of originally isolated faults
propagate toward each other until both faults
interact and overlap to form a relay zone, which
eventually breaches. In other cases, the segmented
small normal faults are overlapped and do not
interact with each other (ﬁgure 14a). The present
study suggests that the upward segmentation of the
small normal faults is controlled by the rheological
diﬀerences between sandstone and claystone.
As the segments of the small normal faults link
up with increased fault oﬀset, lenses develop in
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segment linkage areas (Lindanger et al. 2007). The
fault lenses may occur before or after full coalescence of the slip planes (ﬁgure 17, Bürgmann and
Pollard 1994). The formation of fault lenses along
the studied faults is related to the initially segmented nature of fault zones. The vertical propagation and branching of the fault segments give
lenses, as shown in ﬁgure 10(a).
The brittle deformations between the hanging
wall and footwall along the fault zones in the area
are responsible for the development and growth of
clay smearing and fault lenses (ﬁgure 16). The clay

Figure 15. Sketch showing the sliver fault block deformation. (a) Anticlockwise rotation of the fault block between two
normal faults. (b) 45◦ /N55◦ E antithetic fractures dissect the sliver fault block. (c) Antithetic normal faults with 35◦
clockwise rotation of the beds.

Figure 16. Field photograph showing a number of NE dipping small normal faults. These faults aﬀected the Upper Miocene
rocks (interbedded of claystone and sandstone). Fault lens and clay smear are clear along these faults.
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Figure 17. Two scenarios for the development of fault-bounded lens-shaped bodies by coalescence of two non-planar faults.
In scenario 1, the interior of the future lens is deformed before coalescence of the faults. Scenario 2 shows the fault coalescence
before major deformation of the interior of the lens (after Van der Zee and Urai 2005).

smears in the fault rocks are probably due to abrasion movement of claystone past sandstones; and
shearing deformation between hanging wall and
footwall cut-oﬀs of claystone beds. Lindsay et al.
(1993) distinguished three types of clay smear:
(i) abrasion due to movement past sandstones,
(ii) shearing and ductile deformation between
hanging wall and footwall cut-oﬀs of shale beds and
(iii) injection of clays during ﬂuidization. In the
northwestern part of the Red Sea, the clay smears
in the small normal fault cores (ﬁgures 11 and 16)
are in agreement with the ﬁrst and second types
after Lindsay et al. (1993).

9. Conclusions
• The trend of the small fault zones in the northwestern Red Sea is mainly NW–SE. The paleostress analysis of these fault zones indicates that
the maximum stress axis (σ1) is vertical to subvertical and the minimum stress axis (σ3) has
NE–SW direction.
• The damage zone and the fault core are the
main architectural elements of the fault zones.
The damage zones are dominated by fractured
host rocks and sometimes drag folds, while the
fault core zones consist of fault gouge and fault
breccia.
• The damage zones across the fault zone are
strongly asymmetric. The average ratio between
hanging wall and footwall damage zones width is
about 3:1.
• The fault core zones are generally concentrated
in a narrow zone of ∼0.5 to ∼8 cm in width.
The faults with displacements of <1 m have
fault-core widths ranging from 0.5 to 4.0 cm,
while the faults with displacements more than
>2 m have fault-core widths ranging from 4.0 to
8.0 cm.

• A number of structural features were recorded
within the fault zones. These features are
mechanically related to the growth and linkage of
the fault arrays. This indicates that the architecture of the fault zones in the northwestern Red
Sea is developed as several tectonic phases.
The ﬁrst one is a sliver fault block, which accommodates to the movement along the normal faults.
The segmented fault is the second feature within
the fault zones. The fault segments interact, coalesce and give releasing and restraining bends. The
vertical propagation and branching of the fault
segments develop fault lenses. The material inside
the lens may become more deformed than the surrounding rock. The fault lenses are the third feature recorded in the fault zones. The last feature
is clay smears. The clay smears in the fault zones
are probably due to abrasion movement of claystone past sandstones, and shearing deformation
between hanging wall and footwall cut-oﬀs of
claystone beds.
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