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Abstract 

Well exposed Central Afar (Ethiopia/Djibouti) offers direct observation of a wide range of extensional 
structures and rift morphologies, at regional and local scale. Large Format Camera satellite photography and 
aerial photography was used to investigate in stereo-models phenomena of progressive extensional faulting. 
Representative successive fault geometries and fault evolution patterns are presented and discussed. 

Introduction 

In most modern and ancient rifts extensional fault 
geometries and fault evolution patterns related to 
early and successive stages of rift development are 
obscured by advanced crustal deformation and rift 
sedimentation. Hence, during the last decade, 
sandbox- and computer modelling was used to in­
crease our understanding of extensional processes 
and models of rift development were derived from 
geophysical and borehole data from various (most­
ly advanced) continental rift systems. (Wernicke & 
Burchfiel 1982, Jackson & McKenzie 1983, Bos­
worth 1985, Rosendahl 1987, McCiay & Ellis 1987, 
Morley 1988, Cochran & Martinez 1988, Ebinger 
1989). 

Central Afar (Ethiopia/Djibouti, see Fig. la) 
offers direct observation of a wide range of exten­
sional structures and rift morphologies represent­
ing different stages of upper crustal deformation, at 
regional and local scale. In fact , as part of an ad­
vanced and still active continental rift system and 
triple junction of three major rift zones (Red Sea-, 
Aden- and Ethiopian Rifts, see Fig. lb) well ex­
posed arid Central Afar can be regarded as a nat-

ural (realistic) model of upper crustal deformation 
under progressive and still active rifting. There­
fore, it seemed a suitable place to investigate phe­
nomena of successive extensional faulting at local 
and regional scale, along- and across-strike. 

Complete coverage of Central Afar by satellite 
and aerial photography allowed observation and 
mapping of extensional structures in stereo models 
(under a mirror stereoscope). In a first step, syn­
optical Large Format Camera (LFC) photography 
(approx. scale 1:800 000, spatial resolution about 
15 m) was used to map extensional structures of 
Central Afar (map area shown in Fig. l a, Fig. 11 
and 12) . Then, aerial photography (approx. scale 
1:50 000, spatial resolution about 5 m) was used to 
map and evaluate extensional fault geometries and 
fault patterns of selected areas characterized by 
different styles and stages of extensional deforma­
tion. Finally, relations and interactions between 
local and regional extensional fault systems were 
studied in satellite and aerial photography. A set of 
aerial photographs, map views and structural cross 
sections was compiled to illustrate observed geo­
metries of extensional fault systems and successive 
stages of extensional upper crustal deformation. 
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Fig. la. Locality map of study area. 

Unfortunately, for technical reasons, not all pre­
sented examples of aerial and satellite photography 
can be shown at original scale or as stereo-models. 

Early stages of extensional faulting 

Aerial photography from NW-SE striking active 
Manda Haro- and Assal-Ghoubbet Rifts (situated 
at the northwestern and south-eastern margins of 
Central Afar, respectively; see Fig. lb: M.H. and 
Assal-Gh.R.) indicates that upper crustal exten­
sion initiates as isolated fractures, mostly curvili­
near and in a diffuse en echelon arrangement sub­
parallel to the rift axis. This is demonstrated in an 
oblique aerial photograph from Assal-Ghoubbet 
Rift (Fig. 2a) showing NW-striking surface rup­
tures formed in 1978 in young rift basalts and in 
vertical aerial photography from the axial zone of 
Manda Haro Rift (Fig. 2b). Here, subrecent curvi­
linear fissures in diffuse en echelon arrangement 
outline incipient boundary faults of a future gra­
ben. The axis of crustal subsidence is marked by the 
direction of a subrecent lava flow and by the loca-

tion of a lake. Ongoing extension would lead to the 
lateral propagation and coalescence of shown early 
fractures, to further subsidence of the graben floor 
and to development of master and subsidiary faults 
as displayed in map view of a well developed sym­
metric graben (Fig. 2c; part of the southern Dana­
kil-Graben system). The spatial occurrence of its 
faults as well as fault geometry and the shape of 
fault-bounded larger and smaller crustal blocks 
(wedge- or rhomboid shaped) do correspond quite 
well to early patterns of extensional fracturing as 
illustrated in Fig. 2a and Fig. 2b. According to 
comparative studies of extensional fault geome­
tries of Central Afar Fig. 2 illustrates in 3 successive 
steps basic geometries of extensional fault systems 
that do occur at local and regional scale. (compare 
fault geometries and shape of fault bounded crustal 
blocks in Fig. 3a- c, Fig. Sa and Fig. 9). 

Aerial views of an area NW of Sardo (Fig. 3a- c) 
illustrate successive steps in the development of a 
complex sinuous fault pattern and its associated 
horst/graben structures. In the area of Fig. 3a dif­
fuse crustal extension has led to formation of pla­
nar and curviplanar steep normal faults of finite 
length. Shadowed or illuminated fault scarps in­
dicate opposing directions of dip and throw and 
lateral differences in throw. The early extensional 
fracture pattern of Fig. 3a, already, displays some 
characteristic phenomena of later sinuous fault pat­
terns, such as overlapping and interfingering of 
planar and curviplanar faults with equal, opposing 
or alternating directions of dip and throw, along­
and across strike. In Fig. 3b further extension has 
led to lateral propagation of pre-existing faults, the 
link-up of formerly isolated curviplanar faults and 
the formation of major (more extensive) faults with 
larger throw (often, in en echelon arrangement; 
see upper part of Fig. 3b). Locally, incipient sedi­
mentary basins have developed on subsiding or 
downwarped fault blocks. In Fig. 3c (situated ad­
jacent to the area of Fig. 3b along strike, towards 
lower left) even stronger crustal extension has been 
compensated by strong movements of individual 
faults blocks or series of larger and smaller fault 
blocks across steep curviplanar normal fault of fi­
nite length. Differential subsidence of typical 
wedge- or rhomboid shaped fault blocks, along and 
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Fig. lb. Structural setting and major geological units of the Afar and adjacent areas (superimposed on a Landsat MSS mosaic) . M.I. : 
Manda Inakir spreading zone; Assa! - Gh. R. : Assa! Ghoubet Rift; M.H.: Manda Haro spreading zone. (The three active spreading 
zones of Central Afar). 
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Fig. 2. Early extensional fracturing and later fault development patterns. Isolated curvilinear and linear fractures, fissures and faults 
characterize an initial stage of upper crustal break up as shown in an oblique photo at the NNW striking axial zone of Assal-Ghoubet Rift 
(Fig. 2a; photo from George 1982). In a vertical aerial photograph from Manda Haro spreading zone Fig. 2b displays an early sinuous 
fault pattern outlining border faults of an incipient graben structure subparallel to the rift axis. For comparison Fig. 2c: map view of a 
major graben structure (Southern Danakil Graben). Note the geometric similarities of early extensional fracture pattern and later 
extensional structures. 



Fig. 3. Three successive stages in the development of a complex 
sinuous fault pattern and associated horst/graben structures ( oc­
curing, along strike, about 25 km NW of Sardo). Fault scarps in 
shadow or illuminated according to direction of dip and throw. 

across strike, resulted in the development of larger 
and smaller horst and graben structures and of 
sedimentary basins. 
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Fig. 4. Three examples of more advanced stages of extensional 
deformation. 
a: Rotation, bending, twisting and plunging of fault blocks 
within a preexisting fault pattern reveal progressive extensional 
deformation leading to domino-type structures (in the upper 
right corner) . Fault scarps in shadow or illuminated according to 
direction of dip and throw. 
b: A zone of uptilted extensional fault blocks (domino- or book­
shelve type) indicating rotational faulting. 
c: En-echelon set high angle normal faults (upper left) border­
ing an extensional unit characterized by progressive rotation of 
fault blocks across a suspected listric detachment fault (at lower 
right) . All examples are from active Manda-Haro spreading 
zone . 
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Fig. 5. Two examples of advanced extensional deformation. 
a: Widespread (diffuse) extensional faulting led to horst/graben rift topography. Later crustal subsidence caused plunging of fault block 
units towards lower left. 
b: A well defined zone characterized by rotation of imbricate fault blocks (with alternating direction of dip and throw along strike) 
indicates concentration of extensional stress into a narrow crustal zone bordered by high angle normal faults in en echelon arrangement 
(Fault scarps in shadow or illuminated according to direction of dip and throw). 
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6b 
Fig. 6. a: Map view of an area of widespread extensional faulting with typical horst/graben structures (NW of Sardo) . 
b: Part of a major graben structure with high angle normal master faults and associated synthetic and antithetic subsidiary fault pattern 
(Southern Danakil Graben). 

More advanced stages of upper crustal extensional 
deformation 

Comparative studies of extensional structures in 
stereo-models from Central Afar show, clearly, 
that ongoing higher extensional stress leads to pro­
gressive motion and deformation of pre-existing 
(wedge- or rhomboid shaped) fault blocks or series 
of fault blocks across steep normal faults (compare 
Morton & Black 1975). Lateral changes of exten­
sional stress will result in different styles and stages 
of upper crustal deformation, along and across 
strike, within a given rift system. 

Fig. 4a shows an area where differential subsid­
ence along and across strike and lateral changes in 
throw have caused bending, plunging and twisting 

of individual fault blocks or fault block sequences. 
The major part of Fig. 4a is still characterized by 
non- rotational faulting (rotation of fault blocks but 
no rotation of pre-existing faults under continuous 
extension). Just in the upper right part of Fig. 4a 
there is a sequence of uniformly uptilted fault 
blocks (block surfaces in shadow, fault scarps illu­
minated), indicating rotational faulting (with rota­
tion of pre-existing faults) and high extensional 
strain. Fig. 4a demonstrates that different exten­
sional mechanisms can operate within a given ex­
tensional system along strike due to lateral differ­
ences in extensional stress. 

Across-strike differences in extensional defor­
mation are shown in Fig. 4b. Along its central part 
one can observe a 2,5 km wide zone of uptilted 
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Fig. 7. Map views of along strike complications in areas of advanced extensional faulting. 
a: display of neighboured extensional units (uptilted fault block series) with different (alternating) directions of dip and throw, along 
strike (compare Fig. Sb). 
b: En echelon setting of two major graben systems linked by a transfer zone of advanced extensional faulting compensating differential 
subsidence of the two grabens (Dobi- and Hanle Graben, compare Fig. 8). Note opposing direction of dip and throw of neighboured 
master faults, along strike (central part) . 
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Fig. 8. Large scale extensional structures and crustal warping (characterizing an advanced rift system) shown in LFC photography from 
Dobi Graben and adjacent areas (further comments see text). 

(rotated) fault blocks (with rotation of pre-existing 
curviplanar normal faults) bordered by curviplanar 
high angle master faults towards adjacent zones 
displaying lower extensional strain. On traversing 
such a zone of 'domino' (or 'bookshelve-') structur­
es (centre Fig. 4b) one could expect to find the 
same lithostratigraphic unit in each successive fault 
block. The shape of the rotated fault blocks still 
reflects the basic geometry of a pre-existing sinuous 
fault pattern. Fig. 4c gives an extreme example of 
rotated imbricate fault blocks and of the abrupt 
lateral termination of domino- or bookshelve type 
deformation by a set of high angle normal faults . 

At a large scale, tilted fault block areas or dom­
ino type domains have been observed within Cen­
tral Afar along a few well defined zones (20 to 
50 km in length and 6 to 12 km wide) of the Manda 
Haro (M.H.) Rift, the southern Danakil Graben 
and the Manda Inakir (M.I.) spreading zone (com-

pare Fig. lb). One could get the impression that 
high extensional stress was concentrated into rela­
tively narrow but extensive zones during certain 
phases of rifting in Central Afar. Such zones are 
now in sharp contrast in style and stage of exten­
sional deformation to adjacent areas characterized 
by relatively moderate deformation. 

At a local to regional scale, Fig. 5 shows two 
areas of different mechanisms of extensional defor­
mation Fig. Sa shows diffuse extensional faulting 
and associated horst and graben topography (com­
pare Fig. 3). Fig. Sb is crossed, diagonally, by a well 
defined high strain zone characterized by rotation­
al faulting. Of special interest here are repeated, 
along-strike changes in the direction of dip and 
throw of rotated imbricate fault block series within 
the high strain zone (fault scarps either illuminated 
or in shadow according to direction of dip and 
throw). En echelon set curviplanar high angle mas-
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Fig. 9. Stereogram (LFC photography) illustrating advanced extensional faulting, rift topography and crustal warping of the area 
between Tendaho Graben (upper right) and Assal-Ghoubet Rift (lower left). Compare Fig. 11. 

ter faults outline individual sections of different dip 
and throw. 

Figs. 6 and 7 give representative map views of 
some typical fault patterns from Central Afar. 
While Fig. 6a relates to diffuse extensional fault­
ing, Fig. 6b covers part of a major graben structure, 
displaying its master and subsidiary faults and fault 
block geometries. In both figures sedimentary ba­
sins indicate structural lows. Fig. 7a provides a map 
view of the high strain zone of Fig. Sb and its border 
faults (note change of dip and throw direction 
along- and across-strike). Under ongoing exten­
sion the along-strike asymmetries shown could, 
eventually, develop into isolated depositional sys­
tems and larger alternating half graben structures 
(linked by transfer or accomodation zones of com­
plex structural setting) as described from the Tan­
ganyika-Rift by Rosendahl (1987) and Moorley 

(1988) and from the Gregory Rift by Bosworth et 
al. (1986) . Fig. 7b shows the structural setting of an 
area where two major en-echelon graben systems 
are linked by an extensional high strain zone that is 
characterized by intense rotational faulting. This 
area is shown in aerial view in Figs. 4c, 8 and 9. It 
could be interpreted as a transfer zone striking 
obliquely to the rift axis. No indication of strike slip 
motions has been found. 

In its central part Fig. 8 shows the Dobi Graben 
and (towards the left) the rotated imbricate fault 
block sequence of the above mentioned transfer 
zone between Dobi- and Hanle Graben (left cen­
tre). In general, Fig. 8 provides a synoptical view of 
the complex extensional fault pattern that charac­
terizes an advanced rift system: symmetric and 
asymmetric graben structures of different size, ex­
tensive high angle normal faults in en echelon set-
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Fig. 10. For comparison: cross sections illustrating main type and stages of extensional faulting as observed and mapped on 1:50 000 
aerial photography from Central Afar (Fig. lOa) and derived from borehole and geophysical data from North Sea and Suez Rifts (Fig. 
lOb, after Ziegler 1982, Sch6neich 1988 and Coletta et al. 1988). 

tings (here with visible throws of up to 1000 m) 
bordering major extensional units and outlining 
larger (internally fractured) crustal blocks, zones 
of uptilted imbricate fault block series, truncation 
of faults or fault systems, crustal flexuring (lower 
left corner of Fig. 8 where a high angle normal fault 
passes laterally into a crustal flexure) and crustal 
down warping (in the upper right part where sin­
uous fault patterns disappear under Pleistocene 
sediments, along strike). In Fig. 9 a LFC stereo-

model demonstrates the advantage of stereoscopie 
view (by lens stereoscope) of structural setting and 
rift topography for the area between Tendaho Gra­
ben and Assal-Ghoubet Rift (compare Fig. lb and 
Fig. 11). It displays, model-like, large scale crustal 
fragmentation, crustal warping, associated rift ba­
sins and volcanic centres . It should be pointed out 
that the large scale structures shown were formed 
under continous extension of an already intensely 
fractured crust and have been superimposed on 



Fig. 11. LFC mosaic providing a synoptical view of Central Afar and illustrating spatial occurrence and dimensions of major extensional units , sedimentary basins and volcanic 
centres (compare Fig. 12). Note several photolineaments crossing regional structural units (diagonally, from upper right to lower left) , indicating zones of transverse tectonic 
structures and associated volcanism. 



Fig. 12. Geological map of Central Afar as derived from photogeological interpretation of LFC photography (Fig. 11) displaying structural setting, sedimentary basins and major 
volcanic centres. 
1 (white) Pliocene to Holocene volcanics, mainly stratiform basaltic rocks 2 Plio-Pleistocene sediments, fluviatile and limnic 3 Volcanic centre, mostly rhyolitic or trachytic, 
locally basaltic 4 regional high angle normal faults S extensional fault system, regional and local 6 basaltic fissures 7 dip direction of upper crust. 
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extensional fault geometries related to earlier 
phases of rifting. In this process, pre-existing faults 
and fault systems could have been reactivated, re­
peatedly, and rotated at local and regional scales. 
This interpretation of photogeological data is con­
firmed by field observations of Barberi et al. 1975, 
Morton & Black 1975, Christiansen et al. 1975, 
Black et al. 1975) from various parts of Central 
Afar. 

In a sequence of representative cross sections 
Fig. lOa illustrates the principal styles and stages of 
upper crustal deformation observed and mapped 
on aerial photography (1:50 000) from Central 
Afar. Individual cross sections were derived from 
altitude measurements in stereo-models applying a 
stereomicrometer. Due to insufficient topographic 
map coverage (providing a reference base level) 
given altitudes have an accuracy of ± 10%. In gen­
eral, Fig. lOa exhibits a wide spectrum of exten­
sional structures and reflects inhomogeneous ex­
tension within the Central Afar rift system. From 
top to bottom Fig. lOa shows principle steps of 
progressive extensional faulting. One can observe 
movements of (internally faulted) larger crustal 
blocks across a system of a few main faults, diffuse 
extensional faulting with step faults, non-rotational 
synthetic and antithetic normal faults and associ­
ated horst/graben structures at a different scale, 
rotational normal faults with uniform or differ­
ential rotation of imbricate fault block sequences, 
roll-over geometry and half-graben configurations 
related to suspected listric faults, paired and mul­
tiple half-grabens and, finally, progressive rotation 
of imbricate fault blocks across a (suspected) listric 
fault. So far, little is known about Afar's extension­
al structures and geodynamic processes at depth, 
but one should expect fault plane dips of major 
near-surface high angle faults to decrease with 
depth to accomodate crustal stretching (according 
to well data and geophysical data from other mod­
ern rifts and extensional fault models from Wer­
nicke & Burchfiel 1982 and Gibbs 1984). Main 
types of extensional fault structures shown in Fig. 
lOa are found in published geological cross sections 
from other rifts such as the North Sea- and Suez 
Rifts (Ziegler 1982, Sch6neich 1988 and Coletta et 
al. 1988) at larger scales, with larger size and thick-

ness of fault bounded crustal blocks (data in Fig. 
lOb derived from borehole and geophysical data). 
Accordingly, fault geometries shown in Fig. lOa are 
thought to reflect fundamental extensional mecha­
nisms that operate at different scales and different 
depths in rift development. 

A synoptical view at a well exposed triple junction 

The LFC mosaic of Fig. 11 and a photogeological 
map (Fig. 12) display a synoptical aerial view of 
Central Afar, its structural setting, rift basins and 
major volcanic centres. Different trends , styles and 
stages of extensional faulting and superposition of 
fault systems are related to or are caused by differ­
ential spreading and propagation of Red Sea-, Eth­
iopian- and Aden Rifts, in space and time. Shown 
major fault systems, sedimentary basins and rift 
topography have resulted from upper crustal defor­
mation during the Pleistocene and Holocene 
(Taieb et al. 1979, Varet 1978, Courtillot et al. 
1984) whereas older rift structures, sedimentary 
deposits and volcanic products are covered by stra­
toid basalts of varying thickness ranging in age 
from 4.0M.a. to lM.a . (Barberi et al. 1975). Ac­
cording to Courtillot (1982) and Makris & Ginz­
burg (1987) the crust of Central Afar is a stretched 
continental crust , about 20 km thick and underlain 
by a low velocity (7.4-7.5 km/s), high temperature, 
upper mantle. Spreading rates within Central Afar 
are still under discussion due to different amounts 
of extension in the various parts of Central Afar 
(Schaefer 1975) but are believed to be lower than in 
adjacent rift zones (Ethiopian Rift 3 mm/a, Red 
Sea- and Gulf of Aden Rifts about 18 mm/a as cited 
by Acton et al. (in press). Differential spreading of 
Red Sea-, Aden- and Ethiopian rift systems have 
caused transverse tectonical structures in the Afar 
rift system and in the adjacent Danakil Horst ac­
cording to Barberi et al. (1975) , Christiansen et al. 
(1975) and Tapponier & Varet (1979). The authors 
report on tensional and rotational movements of 
larger and smaller crustal blocks and associated 
basaltic volcanism along transversal W-E and NE­
SW oriented zones. 

In Fig. 11 a few major photolineaments (running 
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Fig. 13. Generalized structural contour map of Central Afar derived from evaluation of LFC stereo-models and elevation data from 
topographical maps where available (I.G.N. maps 1:100 000, 1955 and 1:200 000, 1947; Aeronautical Chart 1:1000000). The contour 
map illustrates upper crustal behaviour in an advanced rift system and triple junction characterized by intense crustal fragmentation , 
crustal warping and flexuring. 
1 regional high angle normal faults 2 strike and dip direction of upper crustal surface 3 trends of isohypses 4 sedimentary basins 

from upper right to lower left in about equidistant 
sets) can be traced across the LFC mosaic. These 
photolineaments trace W-E and WNW-ESE strik­
ing transverse zones. The most evident photolinea­
ment in the extreme right part of Fig. 11 (striking 
perpendicular to the regional trend of the Danakil 
Graben) marks the westward projection of the im­
portant W-E striking Assab-structure described by 
Barberi et al. (1975) with axial offsets, subrecent 
alkali-basalt volcanism and upward intrusion of 
mantle material (as shown by geophysical data and 
by the presence of mantle-derived peridotite in­
clusions in basalts from the transversal structure). 
Another prominent photolineament crossing, di­
agonally, the upper left part of Fig. 12 follows the 

structural trend of Kakle- and Ghobad Graben 
(WNW-ESE). It marks the deep- reaching crustal 
break outlining the border zone between Central 
Afar and Southern Afar (see Figs. lb and 11). It is 
characterized by intense subrecent basaltic volcan­
ism and abrupt termination of the NNW-SSE strik­
ing Tendaho Graben. In the central part of Fig. 11 
WNW-ESE oriented LFC photolineaments corre­
spond to dextral transverse faults displacing NE­
SW striking Pliocene-Holocene transverse faults 
and dikes described by Christiansen et al. (1975) . 

A very generalized structural contour map (Fig. 
13) derived from three-dimensional evaluation of 
LFC stereo-models by simple photogrammetric 
procedures (applying a stereomicrometer under a 
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mirror stereoscope) displays some interesting in­
formation on upper crustal topography within the 
triple junction, at the regional scale. Widespread 
crustal subsidence with local crustal upwarping (W 
of Assaito see Fig. 12) characterizes the area of the 
Tendaho Graben. Within the adjacent part of 
Southern Afar (situated in the upper left part of 
Fig. 13) one can observe several well defined local 
domes surrounding a sedimentary basin reflecting 
an area of subsidence (sag basin?) . The axial length 
of individual crustal highs and lows amounts to 20 
or 30 km. Note the well developed graben structur­
es across the axis of some crustal domes. In the 
region between the Tendaho Graben and the 
Southern Danakil Graben (compare Fig. 12) one 
can observe an E-W striking zone of moderate 
crustal upwarp (about 75 km in length an 25 km 
wide). The upper crustal high coincides with a 
change in directional trends of rift structures from 
N-S to NW-SE. It is oriented parallel to E-striking 
photo lineaments outlining zones of transversal tec­
tonics. Another zone of (stronger) crustal upwarp 
trending NNW-SSE can be traced parallel to the 
eastern margins of Danakil- and Tendaho Graben 
over a length of about 100 km at a width of about 
25 km (between P. 1012 and P. 1307 in Fig. 13). 
Widespread crustal doming modified in its topo­
graphy by abrupt subsidence of larger crustal 
blocks along the various major graben structures 
characterizes the areas around the Assal-Ghoubet 
Rift (lower central part of Fig. 13). One might 
speculate whether in an area of attenuated crust 
such as Central Afar (crustal thickness about 
20 km) the above mentioned zones of crustal up­
warp and doming might express regional and local 
upwelling of astenospheric material. 
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