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Regional and local tectonics at Erta Ale caldera, Afar (Ethiopia)
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Abstract

Erta Ale volcano lies along the on-shore Red Sea Rift (northern Afar, Ethiopia), separating the Nubia and Danakil plates. Erta Ale has
a NNWeSSE elongated caldera, with a subvertical rim scarp, hosting a lava lake. Structural field work was aimed at defining the deformation
pattern around the caldera. The caldera consists of along-rim and across-rim structures, resulting from local and regional (maximum extension
wNEeSW) stress fields, respectively. These structures cross-cut each other at high angles, suggesting that the two stress fields remain distinct,
each prevailing during rifting or caldera collapse. The local along-rim extensional fractures are gravity-driven structures that formed due to the
retreat of the caldera wall after collapse, and are confined to the region of caldera subsidence. The across-rim structures are mainly located to the
N and S of the caldera, where they form rift zones each accommodating a similar amount of extension (w6.3 m), but displaying different trends
and extension directions. Analogue models of interacting fractures are consistent with the Southern Rift being representative of the regional fault
kinematics, while the Northern Rift is a local perturbation, resulting from the interaction between two right-stepping rift segments along the Erta
Ale Range.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Deformation in volcanic areas is usually the result of the in-
teraction between structures related to a regional stress field
(far-field) and a local stress field (near-field). Regional struc-
tures are often associated with the generation and rise of
magma, while local structures may result from the rise and
emplacement of magma. The interplay between these two
scales of structures are often best observed at calderas.

Calderas consist of depressions, whose diameters are sev-
eral times larger than the diameter of vents (Williams,
1941), related to underpressure (Lipman, 1997) or overpres-
sure (Gudmundsson, 1988) conditions within the underlying
magma chamber. These extreme pressure conditions result in
the development of a subcircular collapsed area, with maxi-
mum subsidence ranging from tens of metres (usually in mafic
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calderas) to a few kilometres (usually in felsic calderas). As
the formation of calderas may be related to overpressure/
underpressure conditions within the underlying reservoir, their
shape can be similar to the map-view shape of the reservoir
causing the collapse (Bosworth et al., 2003, and references
therein).

The geometry of, and structures associated with, calderas
reflect both the influence of a regional stress field (responsible
for the generation and accumulation of magma in the underly-
ing reservoir) and a local stress field, induced by the reservoir
itself (Gudmundsson, 1998, and references therein). Calderas
are usually found along continental and oceanic rift zones
(Cole et al., 2005, and references therein), even though signif-
icant numbers have also been found in strike-slip (e.g. Bellier
and Sebrier, 1994) and compressional settings (De Silva, 1989;
Yoshida, 2001).

Defining the deformation pattern due to the local and re-
gional stresses at calderas is particularly important for under-
standing how regional tectonics impact on their formation.
Calderas are, for example, elongated at different trends with
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respect to the regional structures, from which it can be inferred
that the tectonic controls on magma rise and emplacement are
variable (Acocella et al., 2002; Holohan et al., 2005). More-
over, knowledge of the interplay between regional and local
structures is an essential step for predicting the location of
opening of a vent or a fissure during episodes of volcanic un-
rest. Despite these important issues and the large amount of
studies on calderas (e.g. Cole et al., 2005, and references
therein), the relationships between regional and local struc-
tures have been poorly studied to date (e.g. Minor, 1995;
Bosworth et al., 2003). Investigating these relationships in
well-exposed calderas may permit generic conclusions to be
draw regarding the origin and development of calderas, which
may be of benefit for future studies where caldera structures
are complex or poorly exposed. Erta Ale, in northern Afar
(Ethiopia), is an active basaltic caldera characterized by
many well exposed faults and fractures and a complete lack
of surficial vegetation or regolith cover (Fig. 1). Moreover,
as Erta Ale caldera lies along the active North Afar Rift
(Barberi and Varet, 1972; Tapponier et al., 1990), the regional
tectonics can be investigated.

In order to study the surface deformation related to the col-
lapse of the Erta Ale caldera and its relationship to the sur-
rounding regional tectonics, we use structural field work, in
the Erta Ale caldera area, and analogue experiments. Field
work permits estimation of the geometries and kinematics of
deformation at the surface. Erta Ale area is notoriously hard
to reach. Access since the early 1970s has been restricted,
due to the heavy political instability of the region; however,
the slight improvement of the political situation permits now
sporadic visits. The field analysis was undertaken during
a 10-day helicopter expedition in December 2003. While field
work provides information on the caldera structure and its
tectonic environment, analogue experiments are exclusively
devoted towards providing a better understanding of the re-
gional tectonics in which the caldera has formed. With these
tools, the present study aims to define: (1) the deformation pat-
tern related to caldera collapse; (2) the regional structural set-
ting of the caldera; and (3) how the superimposition between
the regional and local stresses occurs. The data collected
show that the two stress fields produce distinct deformation
patterns.

2. Erta Ale caldera and its tectonic setting

Erta Ale caldera lies along the NNWeSSE trending Erta
Ale Range, in the Danakil depression, northern Afar (Fig. 2;
Barberi and Varet, 1970). Afar is a triple junction between
the Red Sea, Aden and Ethiopian rifts (McKenzie et al.,
1970; Tazieff et al., 1972; Le Pichon and Francheteau,
1978). The deformation pattern within Afar is, however,
mainly the result of the interaction between the Red Sea and
Gulf of Aden rifts, which forms a broadly deformed area char-
acterized by bookshelf faulting and block rotations (Mohr,
1972; Tapponier et al., 1990; Manighetti et al., 2001).

Erta Ale Range is in the northern part of the NWeSE trend-
ing Red Sea Propagator, which is the on-land southern termina-
tion of the Red Sea Rift (Tazieff et al., 1972; Manighetti et al.,
1998). The Ethiopian plateau (mean elevation w2500 m above
sea level) and the Danakil Alps (mean elevation w1000 m
above sea level) lie to the east and west, respectively, of the
thinned crust in the propagator. This propagator is currently ex-
tending at w2 mm/year due to spreading between the Nubia
Plate and the Danakil Microplate, (Fig. 2; Jestin et al., 1994;
Eagles et al., 2002). The axis of Erta Ale Range is characterized
by active normal faulting and diffuse volcanism, which is
Fig. 1. Aerial view of the northern part of Erta Ale caldera, showing the caldera rim and the pit craters within the caldera which host the lava lakes. The arrow

shows an example of an along-rim fracture. For a scale, the southernmost pit crater is w90 m wide.
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Fig. 2. (a) Tectonic setting of the Afar region; arrows show relative motion of the Nubia and Arabia plates (at N40�E, 16 � 1 mm/year; from Manighetti et al.,

2001, and references therein). (b) Geology and structure of the central part of Erta Ale Range (modified after Barberi and Varet, 1972).
mainly basaltic in composition, although fractional crystalliza-
tion has produced some more evolved rocks (Fig. 2; Barberi
and Varet, 1970, 1972; Barrat et al., 1998; Amelung et al.,
2000). Erta Ale Range has a mean elevation of several hundred
metres above sea level, rising above a plain of evaporite and la-
custrine deposits, at a mean altitude of 200 m below sea level.

Erta Ale caldera is located along Erta Ale Range on the
summit of a basaltic shield volcano, rising w1000 m above
the surrounding plain. The caldera consists of an elliptical de-
pression, which trends NNWeSSE, has dimensions of approx-
imately 1600 � 700 m, and may comprise several overlapping
subcircular collapse events (Fig. 3; Oppenheimer and Francis,
1998). Erta Ale is most famous for its basaltic lava lakes,
which are located within two pit craters in the northern part
of the caldera, and have been intermittently active during the
last century (Barberi et al., 1973; Oppenheimer and Francis,
1998). The mechanism by which lava feeds the lakes is still
the subject of study (Harris et al., 2005). The lakes are associ-
ated with a low extrusion rate of lava, which suggests that the
volcano mainly grows through intrusions (Oppenheimer and
Francis, 1998) or, alternatively, that convection of recycled
magma occurs (Oppenheimer et al., 2004), without significant
plutonism (Harris et al., 1999).

3. Structural field data

Structural data have been mainly collected along the entire
rim and outer border (up to a distance of w1 km from the rim)
of the caldera, as local collapses and recent lava flows within
the caldera mask the original floor and the innermost struc-
tures. Nevertheless, the study along the rim and outer border
permits the recognition of most of the structures possibly re-
lated to caldera collapse and to regional tectonics. These
structures have been mapped and measured at a metre scale.
Immediately outside the well-defined subvertical caldera
wall (Fig. 1), which marks the caldera rim, two sets of struc-
tures have been recognized. The first set of structures comprise
extensional fractures, which are usually parallel to, and a max-
imum distance of few tens of metres from, the rim. These

Fig. 3. Main features of the NNWeSSE elongated Erta Ale caldera.
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fractures are found throughout the border of the caldera and
are here referred to as along-rim structures (Fig. 1). The sec-
ond set of structures consists of extensional fractures and nor-
mal faults, which usually strike at a high angle to the trend of
the caldera rim and extend a considerable distance (up to a few
kilometres) outside the caldera. These structures are only
found in narrow zones at the northern and southern tips of
the caldera and are here referred to as across-rim structures.
These structures are subradial to the caldera and, within the
caldera, are covered by recent lava flows.

3.1. The caldera wall

The caldera wall is completely exposed and consists of
a continuous subvertical scarp with a variable height of be-
tween w80 and a very few metres (Fig. 1). The wall almost
entirely comprises a homogeneous pile of subhorizontal basal-
tic lava flows. The scarp is characterized by an irregular sur-
face, locally shaped by leaning boulders of lava, and does
not form a continuously polished plane (Fig. 4a). As the cal-
dera fault was not visible, no kinematic indicators or slicken-
sides could be measured. The height of the scarp generally
increases as it gets closer to the central part of the caldera,
and is lowest at its northern and southern limits. In addition
to this general pattern, the variable height of the scarp may
locally depend on the presence and thickness of more recent
lava flows within the caldera which abut, and partially bury,
the caldera wall.

3.2. Along-rim structures

The along-rim extensional fractures of the caldera, already
described by Barberi and Varet (1970), are always parallel to
the rim (Fig. 4b). These, as measured on the field, have an
overall wNWeSE strike, peaking at N48�W, although other
minor orientations are observed (Fig. 5a). This mean orienta-
tion is approximately parallel to the wNWeSE elongation di-
rection of the elliptical caldera rim. The distance of fractures
from the rim and the amount of opening of these along-rim
fractures varies considerably. Usually, they are found within
20 meters of the rim, although some extend up to 60 m from
the rim. There is a positive relation between the maximum dis-
tance of the fractures from the caldera rim and the height of
the caldera scarp (Fig. 5b). This suggests that higher caldera
scarps are associated with wider zones of fracturing outside
the rim. The opening width, or dilation, of these extensional
fractures varies from a few tens of centimeters to a few metres.
There is a general tendency for the fractures to have greater
dilation when they are nearer to the caldera rim.

3.3. Across-rim structures

The across-rim structures, which are evidently a significant
distance (few km) outside the caldera rim, cluster to the north
and south of the caldera.

Outside the northern rim, the structures are concentrated
within a wNeS trending fracture zone, which is w1 km
wide and locally buried by recent lava flows (Fig. 6). This
fracture zone consists of segments of subparallel extension
fractures and, subordinately, of normal faults (Fig. 7). Hornitos
are sometimes located along fractures traces. The extensional
fractures have variable lengths and opening widths of typically
up to several hundreds of metres and a few metres, respec-
tively. The normal faults are usually 1 km long, with a maxi-
mum vertical displacement of a few metres. The mean strike
of all the extensional fractures and normal faults is N3�E,
while the mean opening direction for the fractures is N76�W
(Fig. 8). The opening direction was obtained by measuring
the direction given by matching asperities on the opposing
walls of fracture planes (see Acocella and Korme, 2002).
The non-orthogonality (11� of difference) between the mean
strike of the fractures and the trend of their mean extension di-
rection implies an overall moderate component of dextral
shear along the fracture zone on the northern rim of the cal-
dera. The total amount of extension across this fracture zone
was measured by summing all the horizontal and vertical com-
ponents of displacement along two wEeW profiles (traces in
Fig. 6). The profiles were oriented perpendicular to the overall
Fig. 4. (a) View of the SE part of the caldera wall. (b) Extensional fractures parallel to the caldera wall on the outer north rim of the caldera.
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trend of the fracture zone and cross the highest strained parts
of the zone. The profiles include data from fractures lying
within a w100 wide zone parallel to the profiles. This proce-
dure gives a total extension of 753 cm for the northern profile
(line A, Fig. 6) and 837 cm for the southern profile (line B,
Fig. 9). The mean extension for both profiles is 8 � 0.6 m.

To the south of the caldera, structures cluster along
a wNNWeSSE trending fracture zone, several hundred me-
tres wide, which is partly buried by more recent lava flows
(Fig. 9). This fracture zone consists of segments of subparallel
extensional fractures. These fractures are close in location and
orientation to basaltic fissure eruptions formed by several
hornitos aligned wNNWeSSE (Figs. 9 and 10). The exten-
sional fractures have a variable length and opening width,
which are usually up to 1 km and a few metres, respectively.
Their mean strike is N20�W, whereas their mean opening di-
rection is N68�E (Fig. 11). In this case, as the extension direc-
tion of the fracture zone is almost perpendicular (difference of
2�) to its mean strike, the fracture zone formed due to orthog-
onal extension. The total amount of extension across the
southern fracture zone was obtained by summing all of the
horizontal displacements along two wEeW profiles (traces

Fig. 5. (a) Orientation of the along-rim extensional fractures. (b) Linear rela-

tion between the maximum distance from the caldera rim at which the frac-

tures have been found (D) and the height of the caldera wall (H) for 11 sites.
in Fig. 9). This gives a total extension of 580 cm for the north-
ern profile (line C, Fig. 9) and 677 cm for the southern profile
(line D, Fig. 9), with a mean extension of 6.3 � 0.5 m.

4. Interpretation of the field data

4.1. Along-rim structures and caldera wall

Even in the most favourable exposure conditions of Erta
Ale, it is not possible to determine whether the observed cal-
dera wall corresponds to the original caldera fault, or whether
it is an ‘erosional’ feature accommodating displacement of
a buried fault inside the caldera. In either case, the lack of
a polished fault plane with slickenlines indicates that a dila-
tional component of displacement accompanied the develop-
ment of the present caldera wall. Therefore, if the caldera
wall corresponds to the principal caldera-forming fault plane,
then this fault must accommodate both vertical and horizontal
(i.e. tensile) components of displacement. The possibility of
tensile displacement during caldera collapse is now tested.

Calderas are usually inferred to be bound by inward dip-
ping normal faults (Gudmundsson, 1988) or by outward dip-
ping high-angle reverse faults (Marti et al., 1994; Acocella
et al., 2000a; Roche et al., 2000; Walter and Troll, 2001). Cal-
deras bordered by inward dipping normal faults are unlikely to
be associated with a component of dilation along a subvertical
wall, as the lithostatic pressure will hinder the formation of ex-
tensional fractures along inward dipping planes. Moreover, the
subvertical caldera wall at Erta Ale is not consistent with an

Fig. 6. Structural sketch of the northern outer rim of Erta Ale caldera, highlighting

a wNeS fracture zone formed by across-rim structures. Along-rim fractures are

present immediately adjacent to the Erta Ale caldera in the south of the map area.
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Fig. 7. (a) NeS extension fractures on the N rim of the caldera. (b) Small (throw w1 m) wNeS open normal fault on the N rim of the caldera. Location of

structures shown in Fig. 6.
inward dipping fault. In the case of outward dipping high an-
gle reverse faults bordering the caldera, the downward move-
ment of the central block may create, at least at the surface
(Gudmundsson, 1992), tensile conditions, consistent with
that observed on the caldera wall. Nevertheless, as there is
no evidence of an outward dipping caldera wall at Erta Ale,
the formation of the observed caldera wall as a direct result
of caldera collapse is unlikely. The third possible origin of di-
lation is that the caldera wall coincides with a subvertical fault
plane, which also seems unlikely, as no polished fault plane
with slickenlines was observed. Therefore, it is suggested
that the caldera wall does not correspond with the caldera
fault; rather that it corresponds to an ‘erosional’ feature mask-
ing an underlying fault plane or unknown orientation and in-
side the present caldera wall.
The extensional fractures found along the caldera rim can
be interpreted as resulting from the collapse of the caldera
scarp. In fact, these fractures are always parallel to the rim,
bordering it for the entire perimeter. Moreover, they are found
within a distance proportional to the scarp height; suggesting
that higher scarps may mobilize larger masses outside the
rim and that the along-rim anelastic deformation does not usu-
ally propagate beyond the region of caldera subsidence. There-
fore, extensional fractures may be (a) collapse structures
directly induced by the subsidence of the caldera, or (b) grav-
ity structures resulting from the lack of confinement induced
by the progressive gravitational collapse of the caldera wall.
The fact that the extensional fractures are not characterized
by a significant component of shear suggests that the second
scenario is more likely. Although these fractures are likely
Fig. 8. Orientation (a) and opening direction (b) of across-rim fractures on the N rim of the Erta Ale caldera. The 79� angle between the fracture strike and ex-

tension direction suggests a dextral component of shear (c).
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to be gravitational in origin, it is noteworthy that the exten-
sional fractures along the caldera rim form as an indirect result
of the local stress field responsible for caldera collapse. There-
fore, despite a significant gravitational component, the devel-
opment of the along-rim structures can be indirectly related to
local tectonics.

A possible model for the evolution of the caldera wall, as
well as of the associated extensional fractures along the outer

Fig. 10. NNWeSSE extension fracture filled by a lava flow erupted from

a hornito located along the NNW continuation of the fracture. See Fig. 9

for location.

Fig. 9. Structural sketch of the southern outer rim of the Erta Ale caldera, high-

lighting a wNNWeSSE fracture zone formed by across-rim structures.

Along-rim fractures are present immediately adjacent to the Erta Ale caldera

in the north of the map area.
rim, is proposed in Fig. 12. In a first stage, the activity of the
caldera fault determines the gravitational instability of the
overlying wall. Extensional fractures form in an outer portion
because of the lack of confinement of the caldera wall
(Fig. 12a). Following the collapse of the inner block, the
zone of extensional fracturing along the rim widens outwards
away from the centre of the caldera (Fig. 12b). This mecha-
nism suggests progressive widening of the caldera through
the enlargement and collapse of portions of its wall.

4.2. Across-rim structures

Across-rim structures concentrated north and south of the
caldera in areas of intense volcanic activity. In analogy to
other basaltic calderas, e.g. Hawaii (Walker, 1990, and refer-
ences therein), these fractures form rift zones (Figs. 2, 6 and
9). Because the rift zones are well outside the caldera, they
can be related to the regional stress field. These rift zones
cross-cut the along-rim structures at a high angle, suggesting
a lack of mechanical interaction between the two types of
structures. This implies that, where both structures are present,
their stress fields remain distinct, without merging. Therefore,
it is inferred that the stress field in these areas varies tempo-
rally, with one dominant mechanism (rifting or caldera col-
lapse) acting at a given time.

Both rifts have accommodated a similar amount of total ex-
tension, with values ranging between 6.3 and 8 m. The S Rift
is undergoing pure extension, while the N Rift accommodates
a minor component of dextral shear; which, given the total
amount of extension, corresponds to w1.5 m or to w20% of
the total strain. Differences in the obliquity of extension across
each rift are generally consistent with their dissimilar orienta-
tions relative to the regional extension direction. The S Rift is
subparallel to the trend of Erta Ale Range structures (Barberi
and Varet, 1972), while the NeS trending N Rift is slightly ob-
lique to regional structures. Despite an overall regional control
on the N rift, both its trend and extension direction represent
a minor departure from the regional patterns within the Erta
Ale Range.

A detailed study of the structures along the Erta Ale Range
shows that this consists of discrete wNNWeSSE trending tec-
tonic rift segments associated with volcanic activity (Fig. 2).
To the south of Erta Ale, the S Rift coincides with the north-
ernmost part of the wNNWeSSE trending Erta Ale rift seg-
ment (Fig. 2). To the north of Erta Ale, the axis of tectonic
and volcanic activity shifts to the NE, along a dextrally offset
segment of the rift axis (Fig. 2). Further north, tectonic and
volcanic activity shifts back to the SW along the northern con-
tinuation of the Erta Ale segment, which is referred to as the
Bora Le Ale segment. Therefore, the NeS structures along
the N Rift may be interpreted as local structures within the
transfer zone between the two dextrally offset rift segments.
In order to test the model that the N Rift and its extension di-
rection are induced by the interaction of two offset extensional
segments and to understand better the tectonic controls on the
caldera, results from new analogue models are analysed. These
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Fig. 11. Orientation (a) and opening direction (b) of the across-rim fractures on the S rim of the Erta Ale caldera. The 88� angle between the fracture strike and

extension direction suggests extension orthogonal to the fractures (c).
experiments are exclusively used for a better definition of the
tectonic setting of the caldera.

5. Analogue modelling of interacting offset segments

5.1. Scaling, materials, experimental set-up
and assumptions

In order to simulate the growth of rift zones related to the
rise of magma, the experiments were performed in a centri-
fuge, similar to previous studies (e.g. Mulugeta, 1985). The
experiments simulated the interaction of two offset rift seg-
ments formed in conjunction with the rise of hot astheno-
sphere within a thermally anomalous mantle below a thinned
lithosphere. The rheology of the lithosphere has been approx-
imated with an overall brittle behaviour (Ranalli, 1995).
The length ratio z* between model and nature is 10�7 (1 cm
in the model corresponds to w100 km in nature; Table 1). The
densities of the rocks of the crust and upper mantle (2600e
2900 kg m�3) and of the available experimental materials
(900e1800 kg m�3) impose a density ratio of r* w 0.5. Since
the models were run at w102 g, the gravity ratio is g* ¼ 102.
These ratios imply that the stress ratio between the model and
nature is s* ¼ r*g* z* w 5 � 10�6 (Table 1). For these
dimensions of stress and a mean cohesion for the rocks
c w 107 Pa (Ranalli, 1995), the cohesion of the lithosphere,
must be scaled at w5�10�6; with a low cohesion material
(c w 50 Pa) required to simulate the oceanic lithosphere. For
this purpose, we used a mixture of Vaseline (60%), paraffin
(20%) and gypsum powder (20%), with cohesion of a few
hundred Pa. The cohesion of the material was evaluated
through shear tests, using Casagrande’s box.
Fig. 12. Mechanism of development of the caldera wall. See text for further details.
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Newtonian silicone (LSI), with density ¼ 1310 kg m�3

(measured in a densimeter based on Archimedes’ law) and vis-
cosity m w 3 � 104 Pa s (measured in a Couette viscosimeter;
Weijermars, 1986), simulated the thermally anomalous asteno-
sphere. The surrounding mantle was simulated using a denser
and more viscous silicone (DSI; density ¼ 1410 kg m�3; vis-
cosity m w 7 � 105 Pa s). The mean viscosity of a thermally
anomalous asthenosphere in nature is m w 1019 Pa s and that
of the surrounding mantle is m ¼ 1020e1021 (Ranalli, 1995).
Therefore, the density (w100 kg m�3) and viscosity
(w50 Pa s) contrast between the LSI and DSI are consistent
with those found in nature. The LSI and DSI were w1 cm
and w2 cm thick respectively, to simulate a mean thickness
(in the order of 102 km) of the lithosphere and asthenosphere,
consistent with the imposed length ratio z* (Fig. 13). The
mean strain rates related to the rise of asthenosphere in nature
are 3n w 10�15 s�1 (Turcotte and Schubert, 2002), whereas in
the experiments they are 3m w 10�3 s�1, giving a strain rate
ratio between the model and nature of 3* ¼ 10�12 (Table 1).
As the time ratio between the model and nature is t* ¼ 1/
3* w 1012 (Table 1), 1 s in the experiment corresponds to
3.3 � 104 years in nature, implying that the mean duration
of the experiments (w5 min) simulates w107 years in nature.

These materials were introduced to a centrifuge with the
configuration shown in Fig. 13. The LSI is embedded within
the DSI, forming two offset parallelepipeds. Two en-echelon
cuts, with c w 0 Pa, were made within the brittle material be-
fore the run along the centre of the LSI parallelepipeds
(Fig. 13). Different configurations for the en-echelon fractures
were tested, varying their overlap width, overlap length, length
and strike. The centrifuge induced, through a density contrast,

Table 1

Scaling ratios between analogue models and nature

Parameter Model/Nature ratio

Length L* w 10�7

Density r* w 0.5

Gravity g* w 102

Stress s* w 5 � 10�6

Viscosity m* w 10�14

Strain rates 3* w 10�12

Time t* ¼ 1/3* w 1012

Fig. 13. Analogue models experimental set up.
the rise of the LSI through the DSI. The rise of the LSI be-
neath the two fractures enhanced their along-strike propaga-
tion and thus interaction.

This set-up is similar to previous studies (Corti et al., 2003,
and references therein; Tentler, 2003), and avoids the limita-
tions produced by basement discontinuities commonly found
in the interaction zone when simulating offset extensional seg-
ments (Mauduit and Dauteuil, 1996; Acocella et al., 1999).

The following assumptions have been made in order to in-
terpret the models. (a) The scale at which the growth of ridge
segments has been simulated (hundreds of km) is one order of
magnitude larger than that required by the natural case (tens of
km); this imposes a z* (length ratio between model and nature)
one order of magnitude lower than expected. Such a length ra-
tio has been chosen to maintain the proper viscosity propor-
tions between experiments and nature. In fact, only the z*
value used permits simulation of the correct viscosity contrast
between the rising magma and the surrounding medium. As
the interaction mechanism along rift zones is scale indepen-
dent from metres to hundreds of kilometres (Acocella et al.,
2000b), such a simulation of a scale larger than required is
considered a reasonable first approximation. (b) The growth
of the cracks in the experiments is enhanced by the rise of
the magma analogue, consistent with what has been observed
at oceanic ridges. It is presently not well constrained whether
the growth of the Red Sea Propagator is driven by the rise of
magma (as in the experiments) or by tectonics only. However,
as its overall evolutionary stage is closer to that of oceanic
rifts, rather than continental rifts (Hayward and Ebinger,
1996), the rise of hot magma is expected to contribute signif-
icantly to the growth of the Rift. For this reason, the experi-
mental simulation of the growth of the Red Sea Propagator
through the rise of magma appears feasible. (c) The aim of
the experiments is not to simulate a specific case, as the diffi-
culty of determining its natural parameters would limit the ap-
plicability of the models. Rather, the goal is to understand the
overall mechanism of interaction, so that it might be applied to
a wide range of natural cases, including the Erta Ale Range.

5.2. Description and discussion of the experiments

Thirty-three experiments were carried out to study how rift-
zone segments with variable geometries (e.g., overlap length,
overlap width or overstep, length and orientation) grow and in-
teract. A detailed description of all experiments is beyond the
scope of this paper. The experiments all produced the same gen-
eral evolution and mechanism of fracture interaction, which is
here summarized with reference to the model generated in ex-
periment OFC 12 (Fig. 14). This experiment had an initial con-
figuration of fractures similar to that of the offset rift segments
within Erta Ale Range. In fact, the initial configuration of the
two parallel fractures in OFC 12 is S (overstep) ¼ 0.5 cm and
OL (overlap length) ¼ �1 cm (Fig. 14a). Therefore, the aspect
ratio A (where A ¼ OL/S ) of the resulting interacting zone is
w2 (absolute value), similar to that between the Erta Ale seg-
ment and the rift segment to the NE (Fig. 2b).
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Fig. 14. Evolution of experiment OFC 12. (a) Map view of undeformed stage. The pre-cut fractures are highlighted by the dashed lines. (bed) Map view enlarge-

ment of the central part of the experiment. (b) Experiment at t ¼ 4 0; the extension directions of the primary fractures and in the interaction zone are highlighted

(arrows). Upper inset to the right shows the angular relationships between the connecting fracture (dashed line), its extension direction (solid arrow), and the di-

rection of orthogonal extension (dotted arrow): the discrepancy between the two arrows suggests a minor (w10�) component of dextral shear. In these calculations

the minor counter-clockwise rotation observed in the model (see text for further details) has been removed. (c) Experiment at t ¼ 4 0; a connecting fracture de-

velops. (d) Experiment at t ¼ 5 0; a single continuous fracture is formed. Schematic cross-sections of the experiment are shown at the undeformed stage (e), during

the rise of the LSI (f) and for the final emplacement (g) of LSI.
The undeformed model, at t ¼ 0 0 (minutes) is shown, in
map view (Fig. 14a); a reference grid is placed on the surface
of the model. At t ¼ 4 0, the two fractures widen and propagate
along their strike, producing an enlargement of the area of in-
teraction between the fractures (Fig. 14b). The interaction
zone is characterized by moderate clockwise rotations about
vertical axes, as shown by the distortion of the reference
grid. These rotations are consistent with a local opening direc-
tion at w30� to the overall opening direction, which is perpen-
dicular to the trend of the primary fractures. At t ¼ 4 0, the
interaction of the fractures is also marked by the incipient de-
velopment of a connecting fracture at an oblique angle (w20�)
to the trend of the primary fracture. At t ¼ 5 0, the two parent
fractures, as well as the connecting fracture at oblique angle,
further propagate due to the increased extension. Moreover,
the connecting fracture further propagates along-strike
(Fig. 14c). The rotations about vertical axes in the interaction
zone do not increase, suggesting that most of the elastic strain
is accommodated before the development of the connecting
fracture. At t ¼ 6 0, the model reaches its mature configuration
(Fig. 14d). This is characterized by the complete propagation
of the connecting fracture, which now intersects both primary
fractures. At this stage, the connecting fracture displays a sig-
nificant amount of opening. Any increase in the duration of the
experiment leads to further opening of the sinuous structure
obtained so far, which behaves as a single, continuous system.

The evolution of the experiment in section view is shown in
the line drawings in Fig. 14e, f and g. These drawings have
been obtained by merging the section views of this and other
experiments with a similar configuration. At the undeformed



1818 V. Acocella / Journal of Structural Geology 28 (2006) 1808e1820
stage, the LSI is placed within the DSI, beneath the pre-cut
fractures in the brittle material (Fig. 14e). The centrifuge in-
duces, as a consequence of the increased density contrast,
the rise of the LSI at the base of the pre-cut fractures
(Fig. 14f). Due to the rise of the LSI the fractures widen (in
section) and propagate (along-strike). The mature stage is
characterized by the almost complete rise of the LSI within
the DSI at the base of the brittle material (Fig. 14g); the frac-
tures are wider, with the LSI partly filling the space created by
the fractures and reaching the surface.

A detailed discussion of the whole experimental set and its
implications is beyond the purpose of this study; also, as all the
experiments show an evolution consistent with the one of OFC
12, only the results and implications of this experiments will be
discussed here. Along-strike propagation on the primary frac-
tures is responsible for the interaction of the two en-echelon
fractures, creating an overlap zone. The overlap zone is
initially characterized by elastic deformation and later by an
anelastic response. The former is shown by the local clockwise
variation in the extension direction, which differs from the re-
gional extension direction by up to w30� (maximum stretching
direction of the circles on the grid). Anelastic deformation is
characterized by the development of the connecting fracture,
almost perpendicular to the local extension direction within
the interaction zone. The model undergoes a progressive gen-
eral counter-clockwise rotation of the extension direction
(see the increasing non-alignment between the grid lines at
the sides of the parent fractures; Fig. 14), which is due to the
imperfect confinement of the model within the centrifuge,
and must be removed in order to estimate the opening direction
of the connecting fracture. This rotation has been removed in
Fig. 14b (and related inset), which shows the true kinematics
of the connecting fracture. As the connecting fracture strikes
at an angle of w20� to the primary fractures, it strikes at
w30� to the overall extension direction. This implies a moder-
ate (w10�) component of dextral shear associated with the
opening of the connecting fracture. The presence of such mod-
erate horizontal shear has been commonly observed within
interaction zones (Acocella et al., 2000b, and references
therein). Only when the connecting fracture reaches the
two primary fractures, forming a single sinuous structure,
can the interaction process be considered complete. At this
stage, the single structure reaches a stable geometric and
kinematic state.

In the experiments, the widening of the fractures (former
lithosphere) is not compensated for by the creation of new lith-
osphere, which is inconsistent with what can be observed in
nature. As creation of new lithosphere cannot be experimen-
tally reproduced, the presence of silicone between the frac-
tures should not be interpreted to indicate the occurrence of
mantle exhumation along the ridges in nature.

5.3. Comparison between experiments and nature

The field data collected along the N and S Rift of Erta Ale
show a discrepancy in the orientation and opening direction
between the two rifts. This is inferred to result from the overall
configuration of the rift segments along the Erta Ale Range. In
particular, The Erta Ale segment and its neighbour segment to
the NE show a dextral offset. This configuration may induce
local variations in the orientation and opening direction be-
tween the two segments, which may be reflected in geometry
and kinematics of the rift at the northern end of the caldera.
Analogue models of interacting fractures simulate the interac-
tion of offset ridges characterized by extension and by the rise
of magma, similar to the conditions observed along the Erta
Ale Propagator. The experimental results show that the inter-
action between offset fractures may develop connecting frac-
tures with a different orientation and extension direction to
the primary fractures. For a configuration similar to that of
the rift segments along Erta Ale Range, the experimental con-
necting fracture has an obliquity of w20� to the trend of the
primary fractures, an extension direction at w30� to the
mean ‘regional’ extension direction, and a w10�component
of dextral shear. These modelling results are similar to the ob-
servations from Erta Ale, where the difference in the trend be-
tween the N and S rifts, comparable to the difference in trend
between the connecting fracture and its parent, is 23�. More-
over, the difference in the extension direction between the N
and S rifts, comparable to the difference in the extension direc-
tion between the connecting fracture and a primary fracture, is
36�. Finally, the component of dextral shear along the N Rift,
comparable to that of the connecting fracture, is 11�.

The consistency between experimental and field data sug-
gests that the N Rift results from the interaction between the
Erta Ale segment and the segment immediately to the NE
(Fig. 15). This interaction induces local variations in the trend
of the N Rift, as well as in its opening direction. Conversely,
the geometry and kinematics of the S Rift are considered rep-
resentative of the Erta Ale segment, with an overall N20�W
orientation and N68�E opening direction. Although not com-
pletely consistent with the estimated extension direction be-
tween Africa and Arabia (Fig. 2a), the measured extension
direction of the S Rift is consistent with previous estimates
along the Red Sea Propagator (Eagles et al., 2002). Therefore,
the extension direction of the S Rift of Erta Ale may be repre-
sentative of the present spreading direction between the Nubia
Plate and Danakil Microplate.

The agreement between the experimental and natural data
suggests that the N and S rifts at Erta Ale are the result of re-
gional tectonics. It cannot, however, be discounted that a sig-
nificant part of the observed deformation may also be due to
the lateral emplacement of radial dikes from the caldera to-
wards the lower slopes of the Erta Ale caldera, similar to
that observed at other volcanoes (Acocella and Neri, 2003,
and references therein). In fact, the emplacement of dikes, un-
der certain conditions (Gudmundsson and Loetveit, 2005, and
references therein) may produce extensional fractures and nor-
mal faults at the surface (Rubin and Pollard, 1988), similar
those observed along the N and S rifts. At Erta Ale, the lateral
emplacement of the dykes is also supported by the common as-
sociation between the fractures and aligned vents or hornitos,
especially in the S Rift. Although a significant portion of the
observed deformation in the rifts may have been induced by
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Fig. 15. Major tectonic and volcanic segments along the central Erta Ale Range (same area as Fig. 2b, which appears, reduced, in the inset) and their geometric and

kinematic relationships. The connecting segment (N Rift) is characterized by a local extension direction, different to that of the Erta Ale segment (S Rift). Inset

shows the consistent angular relationships found in the field and in the models: w30� is the difference between the two extension directions, w20� is the difference

between the trend of the two segments and w10� is the difference between the extension direction of the connecting segment and the direction orthogonal to it, i.e.

the amount of dextral shear.
dike intrusion, emplacement of these dikes was still controlled
by the regional stress field, as summarized in Fig. 15.

The amount of spreading between the two Nubia and Dana-
kil plates has been estimated at w2 mm/year (Jestin at al.,
1994). Assuming that the axis of Erta Ale Range accommo-
dates all of the spreading and using extension of 7 m (mean
value of the N and the S rifts) across the axis of the range,
the fractures observed in the N and S rifts may have formed
in the last 350 years. This is a minimum estimate, as it is un-
likely that all of the spreading between the Nubia and Danakil
plates has been accommodated along the axis of the Erta Ale
Range.

6. Conclusions

Field and analogue data define local and regional deforma-
tion patterns at Erta Ale caldera. The caldera is characterized
by along-rim and across-rim structures, which result from the
local and regional stress fields, respectively. These two sets of
structures cross-cut each other at high angles, suggesting that
the two stress fields remain distinct and prevail during rifting
or caldera collapse. Along-rim fractures are gravity-driven and
form due to the retreat of the caldera wall after caldera col-
lapse. Their location suggests that the along-rim anelastic
deformation does not usually propagate beyond the region of
caldera subsidence. Across-rim normal faults and dilational
fractures are concentrated in rifts at the northern and southern
end of the caldera. The two rifts display different orientations
and extension directions. Analogue models of interacting frac-
tures suggest that the S rift is representative of the regional
tectonic kinematics, while the N rift exhibits a local deviation
from regional tectonics, resulting from the interaction between
two offset rift segments along the Erta Ale Range.
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