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Abstract

The axial zone of the Ethiopian Rift is made up of Quaternary extensional fractures and normal faults. Field analysis was performed to
study the mechanism of development of the normal faults. The collected data show that the normal faults (1) are subvertical at surface, (2)
have dilation proportional to the throw, and (3) end laterally as extension fractures, that is, tension fractures which gradually decrease in
dilation. The minimum measured opening of normal faults is 2 m and the maximum measured dilation of the extension fractures is 4 m. The
minimum measured length of normal faults is 800 m and the maximum measured length of the extension fractures is 400 m. The collected
data suggest that the normal faults nucleate from wider extension fractures in the axial zone. When the extension fractures reach critical
dimensions (length = ~ 800 m and dilation = 2—4 m, corresponding to a predicted depth of ~700 m), the shear rupture behavior controls
the further propagation of the fractures at depth. This mechanism has close similarities with models previously proposed for fault formation
along the oceanic ridge of Iceland. This suggests common rifting processes along diverging plates, independently from the oceanic or

continental nature of the lithosphere.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Normal faults are commonly well developed features
in rift zones. Among these, active narrow rift zones
(sensu Buck, 1991) are characterized by a focused area
of extension and offer the opportunity to observe, within
a limited area, normal faults at different stages of
evolution. Narrow rifts are found in both continental
and oceanic domains; among the best-known examples
are the East African Rift System and the oceanic ridge
of Iceland.

These rift zones are made of several interacting
extensional segments (Bonatti, 1985; Ebinger et al.,
1987; Ebinger, 1989; Gudmundsson, 1992, 1995; Nelson
et al., 1992; Hayward and Ebinger, 1996). At the early
stages, these usually consist of half graben-like
structures, interacting and evolving towards symmetry
and turning into graben-like structures at later stages
(Ebinger et al., 1984; Bosworth, 1985; Gudmundsson,
1987a,b; Rosendahl, 1987; Morley, 1988; Woldegabriel
et al., 1990; Scholz and Contreras, 1998; Kazmin and
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Byakov, 2000). Regardless of these asymmetries, a
narrow rift shows an inner, younger and active zone of
extension, characterized by subparallel extension frac-
tures and normal faults, whose vertical displacements
increase from the axial zone towards the mature rift
margins (Mohr, 1968; Needham et al., 1976; Tamsett,
1986; Martinez and Cochran, 1988; Forslund and
Gudmundsson, 1991, 1992; Angelier et al., 1997). It is
commonly accepted that subparallel extension fractures
and normal faults form contemporaneously and inde-
pendently under the same stress conditions in the axial
part of a rift (Mohr, 1968; Gibson, 1969; Pollard et al.,
1983; Tamsett, 1986).

Several works have addressed the details of for-
mation and development of normal faults in the axial
zone of oceanic rifts: in these works, faulting has been
interpreted as related to dike emplacement (Pollard et al.,
1983; Curewitz and Karson, 1998; Rubin and Pollard,
1988; Stein et al., 1991), to the bending of the
lithosphere (Tamsett, 1986), or as the consequence of
a critical growth of extension fractures (Gudmundsson
and Backstrom 1991; Forslund and Gudmundsson, 1992;
Gudmundsson, 1992). Less is known on the develop-
ment of normal faults on narrow continental rifts, where
faulting has been mainly proposed to be due to the
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Fig. 1. Structural map of the Ethiopian Rift, interpreted from Landsat images. The inset shows a structural sketch of the East African Rift System; the Ethiopian

Rift and its relationships with the Afar triple junction are shown.

reactivation of deeper pre-existing discontinuities (Smith
and Mosley, 1993; Le Gall et al., 2000); in such a
framework, the depth of fault nucleation is still debated
(Cowie, 1998, and references therein).

This study thus aims at: (1) providing additional
insights on the mechanism of formation and growth of
normal faults in continental narrow rifts; (2) testing
whether any of the proposed models of fault formation
in oceanic rifts may be applied. For this purpose, we
considered the axial zone of the Ethiopian part of the
East African Rift System, where we performed field
survey and fracture measurements. In particular, we
focused on the geometry and kinematics of the normal
faults and the relationships between normal faults and
the nearby extension fractures. The collected data
suggest that normal faults nucleate from extension
fractures, once these reach a critical dimension,
similarly to what has been proposed for the normal
faults along the oceanic ridge of Iceland.

2. Tectonic framework

The East African Rift System is an Upper Tertiary—
Quaternary intracontinental narrow rift, divided into an
eastern and a western branch and composed of several
interacting segments, from Mozambique to Afar (Fig. 1,
inset; McConnell, 1972). At Afar, the East African Rift
System forms a triple junction with the Gulf of Aden and
Red Sea rifts, both characterized by a more advanced
extensional stage (McKenzie et al., 1970; Le Pichon and
Francheteau, 1978).

The Ethiopian Rift constitutes the northernmost part of
the East African Rift System, connecting this with the Afar
triple junction (Fig. 1, inset). The Ethiopian Rift started to
develop during Miocene (Davidson and Rex, 1980;
Woldegabriel et al., 1990), following a broad doming
centered on the present Afar depression (Ebinger et al.,
1989). During Pliocene and Quaternary, the Rift progress-
ively deepened, evolving through a sequence of interacting
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Fig. 2. The normal faults in the axial zone of the Ethiopian Rift show a
proportion between their length L and their throw 7.

half-graben segments (Hayward and Ebinger, 1996, and
references therein). Widespread basaltic and rhyolitic
volcanic activity was commonly associated with rifting
(Woldegabriel et al., 1990; Chernet et al., 1998).

The youngest part of the Rift is the axial zone, which
presently coincides with the Wonji Fault Belt, mainly
formed during Quaternary (Fig. 1; Mohr, 1967, 1987). The
Wonji Fault Belt is characterized by NNE—-SSW-trending
active extension fractures and normal faults, which in many
places are associated with fissural or central volcanic
activity (Gibson, 1969; Mohr, 1987; Chorowicz et al.,
1994; Korme et al., 1997). The normal faults are in most
cases arranged in a right stepping en-échelon configuration
(Mohr, 1968; Boccaletti et al., 1998) and the vertical throws
are in the order of several tens of meters (in the axial zone;
Gibson, 1969) to several hundreds of meters (in the rift
margins; Woldegabriel et al., 1990; Hayward and Ebinger,
1996).

3. Results

A field analysis was carried out in the axial part of the
Ethiopian Rift, characterized by extension fractures and
normal faults. Field analysis consisted of a detailed mapping
and measuring of the geometry (length, strike, dip) and
kinematics (dilation, throw, hanging wall tilt) of the normal
faults. Most of the analysis was focused on Quaternary
fractures. The Quaternary age of the fractures can be
inferred by: (1) the age of the outcropping rocks (mostly
consisting of Upper Pliocene—Quaternary basaltic lavas and
welded ignimbrites; Davidson and Rex, 1980; Woldegabriel
et al., 1990; Chernet et al., 1998; Tadewos et al., 1998); (2)
the lack of significant erosion along most of the faults, as
shown by the sharp asperities along their walls.

The active normal faults observed in the axial zone of the
rift show proportional relationships between their length
and throw (Fig. 2). Larger displacements are associated with
longer faults, indicating interdependence between the

horizontal and vertical dimensions of the faults; this is a
result of the fact that the lengths (strike dimensions) of faults
scale with their heights (dip dimensions) (Gudmundsson,
2000). Similar results were obtained in several extensional
settings, both on oceanic and continental lithosphere
(Cowie, 1998, and references therein).

All the observed Quaternary normal faults responsible
for regional extension in the axial zone of the Ethiopian Rift,
with throws larger than a meter, show an opening; these
structures we call open normal faults (Fig. 3). The open fault
is bordered by vertical walls, suggesting a subvertical
geometry for the normal fault at the surface (Fig. 3). The
layers in the hanging wall regularly show a tilt, usually
between 10° and 50°, towards the downthrown side. Such a
tilt is responsible for a real throw much larger than the
apparent one observed at the sides of the open area.

Subvertical open normal faults are thus regularly found
along the axial zone of the Ethiopian Rift, from north of the
Fantale volcano (southern tip of the Afar depression;
approx. N9°00/ Lat.) to Lake Abaya (approx. N6°30' Lat.).
In the axial zone of the rift, open faults have also been found
along exposed sections of eroded fault scarps. Fig. 4 shows
an example of an eroded fault scarp: the opening between
the foot wall and the hanging wall has been filled by debris
deposits. Open normal faults with a very similar geometry
have been described along the oceanic ridge of Iceland
(Gudmundsson, 1987a,b, 1992; Angelier et al., 1997).

The openings of the normal faults in the axial zone of the
Ethiopian Rift tend to be proportional to the throw of the
faults, either along the same fault or in different faults (Fig.
5). This indicates interdependence between the size of the
fault and the amount of horizontal extension it accommo-
dates. An example is shown in Fig. 6, which reports a
representative case of open fault south of the Fantale
volcano, in the axial part of the Ethiopian Rift.

A further feature of the normal faults in the axial part of
the rift is their common association with subvertical
extension fractures. No significant development of minor
extension fractures subparallel to the normal faults was
found along the foot wall and the hanging wall of the normal
faults. Nevertheless, as for the example shown in Fig. 6,
extension fractures often branch from the normal fault or
replace limited parts of it, such as some inner portions and
the tips. In particular, the throw of the active normal faults
regularly decreases at the tips and the fault terminates as a
subvertical extension fracture (Fig. 7), which progressively
decreases in its opening along the strike of the fracture.
Close similarities exist with the tips of the normal faults
along the oceanic ridge of Iceland (Gudmundsson, 1992,
and references therein).

The opening component (W; dashed line) and the shear
component (throw T; solid line) of the tips of several normal
faults are shown in Fig. 8. The tips of a normal fault are here
defined as the extremities of the fault characterized by the
progressive increase in the vertical displacement, until the
maximum displacement is reached. The diagrams in Fig. 8
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hangingwall

Fig. 3. Section of an active open normal fault in welded ignimbrites south of Fantale volcano, in the axial part of the Ethiopian Rift. The footwall and the
hanging wall are separated by an open area. The exact location of the picture is shown in Fig. 6.

Fig. 4. Section of an open normal fault in the axial part of the Rift. The fault scarp is partly eroded and the open area between the footwall and the hanging wall
is filled by debris deposits. Even though this fault is more mature than the one shown in Fig. 3, the two structures are identical.

show how the considered normal faults start, at the tips, as
extension fractures and progressively increase their opening
(dashed line); the vertical displacement (solid line) starts at
an innermost position and then progressively increases (Fig.
8). Similar features were observed at the tips of normal
faults in Iceland (Gudmundsson, 1987a,b) and in Utah
(Cartwright and Mansfield, 1998).

Thus, these collected data show that: (1) there is a regular
association between the throw and the dilational component
of the normal faults in the axial zone of the Rift (Figs. 3—-5);
(2) the throw along the fault is proportional to its dilation
(Fig. 5); (3) parts of the normal faults are pure extension
fractures (this happens regularly at their tips; Figs. 6-8); (4)
both the normal faults and the extension fractures are
subvertical at surface (Figs. 3, 4 and 7). These observations
suggest a genetic relation between the normal faults and the
extension fractures in the axial zone of the rift.

14

-
o

N

Throw of normal faults T (m)
()]
— T

||||‘i|||||||||||||||||||

0 4 8 12

Dilation of normal faults W (m)

Fig. 5. The normal faults in the axial zone of the Ethiopian Rift show a
proportion between their opening W and their throw T.
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Fig. 7. Vertical extension fracture at the northern termination of the normal
fault shown in Fig. 6.

The diagrams in Figs. 9 and 10 show the geometric
relationships between the normal faults and the extension
fractures in the axial zone of the Ethiopian Rift. Most of the
extension fractures are less than 100—150 m long and no
extension fractures longer than 400 m have been found (Fig.
9). In contrast, normal faults shorter than 800 m have not
been observed and the mean length of the normal faults is
several thousand meters (Fig. 9).

The measured dilation of the normal faults and extension
fractures is shown in Fig. 10: the mean dilation of the
extension fractures is around 2 m; extension fractures with
an opening larger than 4 m have not been observed. The
mean dilation of the normal faults (at least those shorter than
3000 m; see Fig. 9) is around 7 m, with a minimum value of
2 m. Thus, the mean dilation of the normal faults and the
extension fractures shows a different distribution: even
though a partial overlapping (between 2 and 4 m) occurs
between the two distributions, the mean dilation of the
extension fractures is several meters smaller than that shown
by the normal faults (Fig. 10).

Based on the maximum dilation of the observed
extension fractures W~ 4 m and the longest fractures
L ~ 400 m, the mean aspect ratio A (length/dilation) of the
largest extension fractures is A ~ 100. Similar aspect ratios
were measured for the extension fractures along the oceanic
ridge of Iceland (Gudmundsson, 2000).

4. Discussion

Based on these considerations, we propose a mechanical
model for the development of the normal faults from
extension fractures, once these reach critical dimensions
(Fig. 11). Before the onset of fracturing, a point A at surface
is subject to a vertical stress (which is the resultant of
lithostatic and tectonic stresses) ol = 0 and a horizontal
component (due to the tectonic stress) 03 > —¢ (in the
tensile regime), where ¢ is the tensile strength (i.e. cohesion)
of the rock. These conditions can be discussed in the
underlying diagram, considering the Mohr—Coulomb cri-
terion (Fig. 11a). Being the stress conditions mostly relevant
on the left side of the diagram, these considerations are
similar to those obtained with a Griffith failure criterion (see
below).

By increasing the tectonic stresses, ol at surface remains
constant, whereas the horizontal component of stress o3
reaches the tensile strength of the rock; eventually, the stress
at point A reaches the conditions for tensile failure (see
related Mohr diagram) and the formation of an extension
fracture at surface (Fig. 11b).

Once formed, the vertical fracture propagates along its
strike and dip. During the propagation of the fracture at
depth, the vertical stress at the tip A of the fracture becomes
ol = pgh, where p is the density of the rocks, g is the
acceleration due to gravity and % is the depth; to ensure
fracture propagation at depth, the horizontal (lithostatic plus
tectonic) stress concentration at the tip of the fracture must
remain 03 = — ¢ (Fig. 11c). However, at a critical depth A,
the rock can no longer sustain the tensile stresses required to
maintain a pure tensile behaviour. This occurs when the
vertical component at the tip A of the fracture is
ol = pgh. =t (Fig. 11d); the horizontal component o3
remains constant and equal to the tensile strength at the tip A
of the fracture (Fig. 11d). Considering, for our study, a mean
tensile strength of the rocks ¢t = 6 MPa (Jaeger and Cook,
1979; Gudmundsson, 1992, and references therein), a mean
in situ density p = 2400 kg m > (Gudmundsson, 1988) and
g=98m s_z, such critical depth is:

h. =t/pg ~ 260 m. (1)

Considering the Griffith criterion for fracture initiation,
the critical depth is (Gudmundsson, 1992):

h. = 3t/pg ~ 780 m. )

Thus, depending on the criterion (Mohr—Coulomb or
Griffith) we use, the maximum depth for an extensional
fracture is between ~260 and ~ 780 m. These values may
increase if the presence of pore pressure in the rocks is taken
into account.

As shown in the Mohr—Coulomb diagram in Fig. 11d
and according to the criteria of brittle failure, when an
extension fracture attains that critical depth, it becomes a
fault (Forslund and Gudmundsson, 1992, and references
therein). The normal faults start to form when they reach
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zero) to the central portion of the fault (where the maximum displacement is reached). See text for further details.
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definite measures at surface, characterized by a dilation W
between 2 and 4 m and a length L ~ 800 m (Figs. 9 and 10).
Normal faults in various settings have an aspect ratio (strike
dimension/dip dimension) >1 (Nicol et al., 1996, and
references therein); thus, the minimum length (800 m) of the
faults observed in Ethiopia is more consistent with the
critical (minimum) depth A, calculated in Eq. (1) than the
one calculated in Eq. (2).

Once the fault has formed, it grows further, propagating
both downward and along strike. Both the vertical stress ol
and the horizontal stress 03 at the tip A exceed the tensile
strength of the rock (Fig. 1le). As shown in the Mohr—
Coulomb diagram in Fig. 11e, the stress conditions at the tip

Fault formation and related stresses through time

A of the normal fault are now constantly characterized by
shear failure. The fault at this stage is no longer vertical, as
the shear failure conditions (as shown in the Mohr—
Coulomb diagram) require that an angle a forms between
the vertical principal stress and the fault plane at depth (Fig.
11e; Anderson, 1951). In such a framework, the synthetic
tilt regularly observed in the hanging wall of the normal
faults is interpreted to be the surface expression of the drag
induced by the change of dip of the fault plane at depth. If
such a change in the dip is abrupt and shallow (<1 km of
depth, as in Fig. 11e), the higher friction in this part of the
fault may form a synthetic tilt in the hanging wall at the
surface, consistently with theoretical considerations

stress conditions at point A
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Fig. 11. Mechanical model proposed to explain the formation of normal faults from the progressive growth of the extension fractures in the axial part of the

Ethiopian Rift. See text for further details.
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Fig. 12. Simplified model of formation and growth of the normal faults in the axial part of the Ethiopian Rift. Once the extension fractures form (stage a), they

reach a critical depth &, (stage b), turning into normal faults (stage c).

(Gudmundsson, 1992, and references therein). Conversely,
a gentle change in the dip along listric faults becoming
subhorizontal at depth usually generates an antithetic tilt in
the hanging wall at the surface.

A schematic evolutionary model is proposed in Fig. 12.
The growth of an extension fracture is characterized by its
propagation downward and along strike (Fig. 12a). The
fracture reaches a critical depth, below which the tensile
stresses can no longer be sustained (in the absence of fluids)
(Fig. 12b). As a consequence, it turns into a normal fault; the
propagation of the fault at depth requires a progressive
decrease in its dip (Fig. 12c¢).

An alternative model of formation of the normal
faults may be proposed. According to this model, the
observed downward narrowing extensional fractures
may be the product of an outer-arc extension bending
strain related to the upward propagation of a blind
normal fault. In such a framework, the upward
propagating normal fault may be responsible for a
broad flexure (and thus tilting) at surface, which, in
turn, induces extension in the outer portion and the
formation of extensional fractures. Thus, outer arc
extension fractures propagate downward, while the
blind normal fault propagates upward from depth.

Even though a similar mechanism has been proposed for
the formation of normal faults in the Kenya Rift (Le Gall
et al., 2000), two observations do not support such a model
in the Ethiopian Rift. (1) No tilt in the foot wall and no broad
fracturing outside the fault (in the hanging wall and
footwall) have been observed; this suggests the absence of
a flexure related to blind faulting. (2) The pure dilational
component at the tips of the faults, where T = 0 (Fig. 8) is
usually not accompanied with a significant tilt of the
hanging wall (as shown in Fig. 7) or footwall; this suggests
that the dilational component is not related to the observed
hanging wall tilt and thus the fracture cannot be the result of
a flexure due to an uprising blind fault.

The observed normal faults in the axial part of the
Ethiopian Rift have very close similarities with the normal
faults observed along the oceanic ridge of Iceland
(Gudmundsson, 1987a,b; Acocella et al., 2000). Both are
subvertical open faults, terminate as extension fractures and
show a hanging wall tilt towards the downthrown side. As a
consequence, the mechanism of fault formation proposed

here is similar to the one which has been proposed to explain
faulting processes along oceanic ridges (Gudmundsson and
Backstrom 1991; Forslund and Gudmundsson, 1992;
Gudmundsson, 1992; Wright, 1998). These similarities
suggest a common fracture mechanism and rifting process
along diverging plates, independently from the oceanic or
continental nature of the lithosphere.

5. Conclusions

The collected data in the axial zone of the Ethiopian Rift
show that the normal faults are subvertical and open, with a
dilation proportional to the throw, and terminate as
extension fractures. The normal faults are longer and have
a larger dilation than the extensional fractures. The data
suggest that the normal faults nucleate from larger extension
fractures. When the extension fractures reach a critical
depth, between 300-700 m, the tensile stresses can no
longer be sustained and a failure behavior controls the
further propagation of the ruptures at depth. The similarities
between the mechanism of faulting at oceanic rifts (such as
Iceland) and continental rifts (such as Ethiopia) suggest
common rifting processes along diverging plates, indepen-
dently from the oceanic or continental nature of the
lithosphere.
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