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ABSTRACT 

Southern Afar Rift margin is a 2S-30km wide zone separating the Somalian plateau from 

the Afar rift floor . It shows a complex fault pattern, characterized by the interplay of: (i) an 

E - W trending marginal fault system, (ii) a northwesterly major lineaments (faults) and 

(iii) a NE trending Nazareth fault system. The E - W oriented faults playa dominant role 

for the present morphology of the southern Afar rift margin and for the existence of highly 

tilted Mesozoic rocks. 

Rifting induced late Cenozoic volcanism in the southern Afar rift margin three main types. 

The o ldest felsic rocks, aligned parallel with the boundary faults, are formed 

contemporaneously with these faults . The olivine free basalts and the Rhyolites are found 

with in the marginal half grabens. And the youngest volcanic rocks of the area are the Afar 

stratoid series, erupted during further episode of rifting and tilting. 

The marginal fault plane and bedding plane relationship of the area confirmed that the bed 

orientation is greatly controlled by the orientation of the faults . The strike of the beds and 

faults is nearly similar; however, their dip amount is inversely related and their dip 

directions lay opposite to each other. 

Systematic field observations and accurate measurements of the orientation of structural 

elements have enabled to identify the nature of fau lt s at depth: the presence of roll-over 

anticline structures together with the subsidiary normal faults led the author to conclude 

that the nature of faults at depth is listric normal. The general fault pattern of the southern 



Afar rift margin, as well as mesoscopic faul t analyses indicate the occurrence of a roughly 

NNE-SSW extension with small component of dextral shear motion along the Rift margin. 
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CHAPTER- ONE 

INTRODUCT ION 

1.1 General 

Since the mid of 196Os, specially after the acceptation and the development (Oi-Paola, 

1972) of the plate tectonics theory, the interest of many Earth Scientists in Continental 

dri ft pro blems has strongly increased, including the study of the world' s rift wnes. One 

of the most interesting continental rift zone is the East African Rift System or broadly 

speaking the so called the Afro-Arabian Rift System or the Great Rift Valley (Oi-Paola, 

1972; Girdler, 1991). The Great rift valley is actually a long (about 4000miles), deep 

depression extending from the Jordan valley in the north, through the Red Sea, Gulf of 

Aden, Afar, East Africa and terminating in a large number of splaying faults in South 

Africa (Girdler, 1991). It is a major structure of the Earth affecting the whole eastern 

pan or the Afri(.;aJl continent and some part of the southwestern Asia (ChoTOwic7.., 1990). 

Geologic information suggests that the ri ft began as early as the Eocene or even the 

Jurassic but that the current phase of extension began in the mid· Miocene, similar in 

time to the inception of the Basin and Range faulting (Twiss and Moores, 1992). 

However, it is believed that the Gulf of Aden and the Red Sea Rifts pre·date the 

formation of the East African Rift . The present Red Sea - Gulf of Aden could be 

considered as the third stage in the evolution of rifting process: the first being 

represented by the Ethiopian continental rift and the second by the Afar, which is a 

transitional from continental rift ing (Berhe, 1986). The date of 13-14 Ma appears to 

correspond to a significant increase in the amount of ri fting in E. Africa, which correlates 

with oceanization of the two branches (the Red Sea and Gulf of Aden) of the triple 



junction (Gawier and Huchon, 1991). Generally, it is a fascinating rift not only because 

of its large aerial extent but also includes an evolutionary sequence from incipient rifting 

in the south (Mozambique) progressing northwards to a region of fully oceanic (The Red 

Sea and Gulf of Aden). 

Among those variably evolved regions of the Great Rift , the Ethiopian Rift System is 

one, It is bordering the Nubian and Somal ian plateau, thought to have developed above 

one or two paleogen mantle plume and represents the third and northeasterly trending 

arm of the proposed rift-rift-rift triple junction (Ebinger et al., 1989). The Ethiopian rift 

encompasses moderately evolved (Main Ethiopian) to highly evolved (Afar) Rifts 

transecting the IOOOkm \\~de Ethiopian plateau. A great number of step fawts produce a 

tota) latitude difference of more than I 100m between the rift showder and its floor. AU 

these faults are normal fau lts, which run for tens of km in NE - SW to NNE - SSW 

directions or in the case of southern Afar, in an ESE - WNW! E - W and more rarely, in 

a N-S direction (southern portion of the Ethiopian Rift) . 

The Afar depression, which is the northern most segment of the MER, owns transitionaJ 

character from continentaJ to oceanic rifting with indication of sea floor spreading at its 

axiaJ pan. The structural, tectonic and lithologic differences with in the Ethiopian Rift 

vaJley lead to further sub division of the rift as: Afar, Main Ethiopian and southern 

Ethiopian Rifts. 

Afar depression is a region located in the hom of Africa at the junction of three major rift 

zones of the Earth 's crust: the Ethiopian Rift, the Red Sea rift and the Gulf of Aden. It is 
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the only emerged RRR-type triple junction from which the Nubian (Main Ethiopian), 

Soma1ian and Arabian plateaus are separated (Huchon, 1989: Gaulier, 199 1). 

Afar Rift is distinct from that of the remaining East African Rift in the case o f structural 

pattern, evolution and composi tion. The fault patterns present in the Afar depression are 

extremely complex as they reflect the presence, interference and superposition of the 

three main trends of crustal extension, Five major fault trends of different ages are 

recognized in the region (Berhe, 1986), however for the sake of simplicity they are 

categorized in to three major trends. 

The outline of the faulted western scarp of the depression reflects the en-echelon 

disposition of the a.xial grabens of northern Afar. While the south eastern margin of the 

depression belongs to the Gulf of Aden ESE- WNW trend: i.e. the south eastern margin 

of Afar, which is focused in this study, has a structural trend parallel to the topographic 

treml of the Gulf of Aden. Towards the southwest em of Afar, a NNE-SSW (Wonji 

trend) exists, This fault trend extends from with in the Ethiopian Rift Valley up to the 

curvilinear Tendaho graben in central Afar. The rate and direction of extension of Afar is 

comparable with that of the Red-Sea and Gulf of Aden. The 21 mrn a·
1

, NE-SW directed 

extension in the eastern Afar, the Red-Sea, and Gulf of Aden determined from geodet ic 

studies changes to the much slower (3-8mm a·1) sub E-W directed extension in the MER 

(Ebinger et.a1, 1999). 

The southeastern escarpment forms the margins of Somalia plateau and consists of a 25 

km wide zone of antithetically and synthetically tilted blocks of Precambrian rocks 

covered by Mesozoic sediments and Neogene volcanic rocks (Berhe, 1986). The normal 

faulting and block lilting is now highly manifested at the southern margin, near 

3 



DireDawa. It has been suggested that the southern Afar-MER transition regions is bo th 

an important physiograghic and structural transition between the northern terminus of the 

MER and the south most Afar, and an important tectonic and magmatic link between 

these two distinct manifestations of East African Rifting (Chernet et a1., 1998). 

The present southern Afar rift margin escarpment is represented by E-W and ESE faults 

and the No rthwesterly fault zones, which have acted as transcurrent faults . From the 

regional geological map (1 :2,500,000) of Chernet and Hart ( 1999), the area comprises 

dominantly of Precambrian basement , Alaji Group Basalts and Rhyolites, the Afar 

Stratoid series and Alluvial and Lacustrine sediments. It also incorporates significant 

rurount of tilted blocks of Mesozoic sedimentary rocks. 

As evidenced from Satellite lmagenes and aerial photographs, previous and current 

works, the Rift Margin is made by short running step faults with steeply inclined fault 

planes at the top; however, the nature of the fault plane at depth is not yet identified. 

Earlier studies of the area did not tell any about the tectonic evolution and kinematics of 

the area. 
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1.2 locations and accessibility 

The study area is located in the eastern Ethiopia, Dire Dawa Council and partly in the 

Somali Region, centered at the Dire Dawa town. It is about 520 Km from Addis Ababa 

and is bounded by latitude 9° 25 ' 35" - 9° 45 ' 00" and longitude 41 ° 45 ' 00" - 42° 00' 

00" (Fig. I). It is found at the southern margin of the Afar depression. 

The study area is accessible by about 450 km asphalted road taking to DireDawa and 70 

km gravel road. The town is also accessible by railway extended for about 500 km 

Unlike other areas; Dire Dawa is good in the network ofraads. Generally, the area is net 

worked by three types of roads. The 40 km asphalted road crosses the entire southern 

part of the study area and terminates at the town, Dire Dawa This road gives good 

exposure especially fo r the basement and to some extent for the sedimentary terrain. 

There is also an all- weather gravel road crossing the area in different directions. This 

road is the longest and divides the area in to rour major sectors. The last road (dry 

weather) also provides good access to the area but is limited only for dry weather. Here 

what is unique is that some or the tributaries! river channels of the area are also suitable 

for vehicles to move on during dry season. As roughly computed, the over all road 

density of the area is about 0.25 kmlkm2
, which means that the area is entirely accessible 

to make detailed tectonic mapping. 
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1.3 Physiography and climate 

As mentioned earlier, the study area is part of the southern margin of Afar depression; 

therefore, physiography of the area is mainly controlled by volcano· tectonic rather than 

erosional activities. The area is characterized by successive short rwming E·W oriented 

step faults (at present are highly tilted) forming half grabens and horsts. The aggregate 

throw of the faults made the area to change its elevation from 2272m at Dengego to 

below IOOOm at the northern part of Shinile. As a result the maximum slope of the area 

is about 0.43. 

The presence of high relief in the area made the area to be dissected by many tectonically 

controlled small intermittent ri\'ers, which are tributaries to the main perennial river, 

Awash. Most of the rivers run N-S to NNW-SSE following the trend of the major NNE­

SSE rwming lineaments, which crosses the rift margin. There are also some rivers 

rwming E-W direction and later join the N-S flowing tributaries . 

The area is generally characterized by arid or semi·arid climate. According to the data 

collected from the National Meteorological service of Ethiopia, the mean annual 

temperature of DireDawa town varies from 19° to 32.5
0
c. The annual precipitation 

ranges from 440.8 mm to 855.2mm averaging 6 18 nun It exhibits four seasons in a year : 

Bega (summer: December, January, February), Belg (autunn: March, April, May), 

Kiremt (winter: June, July, August) and Tseday (Spring: September. October, 

November). The highest rainfall is recorded during August with I 57.9mmfmonth. 
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1.4 Objectives 

The principal aim of this work is to study an area where tectonic and gravity induced 

block movements are well observed and to understand the process, which has led to the 

occurrence of highly tilted block movements, and to determine the chronological order of 

the structures existing in the area, and at last to come up with detail geological map of 

the area. 

The principal objecli\·es of this study are: 

I. To decipher clearly the tectonic interaction among the different faults, in the southern 

Afar riO margin. 

2. To evaluate block rotation and consequently determine structural evolutions of the 

area and study the nature of dykes using Paleomagnetic data. 

3. To study secondary block movement towards the rift floor due to gravity, and finally 

4. To examine in detail block tilting and associated internal struct ures. 

1.5 Materials and Methodologies used 

To accomplish the aforementioned object ives, the following materials and methodologies 

were used. The materials are: 

I. Approximately 1 :50,000 scale black and white aerial photographs of four 

st rips, 26 in number, published in 19%. 

2. I :250,000 scale topographic map (DireDawa Sheet) published in 1979 
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3. 5, 1:50,000 scale topographic maps: DireDawa and Gerba Aneno sheets 

published in 2000; Kersa, Chelenko and Hurso sheets published in 1999. 

4. Satellite imagery of landsat5 TM (thematic mapper) and related soft wares like: 

ENVI, Cartalnx, Arc view etc ... 

5. GPS (Garmin 12-Channel) fo r locating various geological structures, rock 

sampling points, contacts, hill tops etc ... 

6. Portable core-sample drilling machine fo r collecting core samples for 

paleomagnetic analysis (study). 

7. Geological fieldwork kits such as: compass, hammer, lens, camera etc ... 

Having all the materials and equipments above, the field work was conducted in April 

2003 and during this period, detail geological and structural mapping were done to 

produce a geological and structural maps on a scale of I :50,000. The geological and 

structural maps were mainly proscribed by applying remote sensing applications such as 

Haze correction, Georeferencing, Slretching, SfX1tial fi ltering and interpreting aerial 

photographs 

In all cases emphasis was placed upon systemat ic field observat ions, accurate 

measurements o f the orientations of structural elements, careful recording of the data in 

the field note book, sketching and photographing of structures and preliminary analysis 

of structures in the field . 

For the evaluation of block rotation and approx.imate chronological orders of the dykes, 

a total of 31 core samples from three separate sites were drilled in the field for 

paleomagnetism, and oriented in situ with a magnetic compass. As often as possible sun 
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orientation was also measured. At each site, at least 9 cores were collected from the 

basalt flow and basaltic dykes and sills, and with a distance of about I m between cores. 

Our sampling strategy was focused on the basaltic dykes and sills of the area Back in the 

laboratory 2.S cm-diameter cores were cut in to 2.2 cm-Iong samples, suitable for 

paleomagnetic laboratory of the geology and geophysics department, AAU using JR-6 

Spinner magnetometer. Samples were demagnetized by alternating fIeld. Fi rst 

measurement was taken at NRM (Natural Renmant Magnet ization) and later with the 

fo llowing demagneti 7..ation steps (SMt, 10mT, ISmT, 20mT, 30mT, 40mT, SOmT, 

60mT, SOmT, lOOmT) (see the complete format of demagnetization step for a single 

specimen) . 

Finally, for the nomenclature of rocks in the area., 10 samples were prepared for 

mineralogical analyses in the Central laboratory of the Ethiopian Geological Survey 

(EGS). Based on the analyses rocks of the area are funher classified. 



1.6 Previous work 

Published articles concerning the east African rift in general and the Afar depression in 

particular are many. However, most of them are out dated and dealt only with the 

petrology and geochemistry of volcanism and the extension direct ion of the Ethiopian 

rift. 

Studies pertaining the geology, petrology and geochemistry of volcanism in the northern 

Main Ethiopian rift- southern Afar transition region are carried out by Christiansen et a!. 

(1975), Civetta et aI. (1975) and Chemet and Hart (1999). 

Berhe (1986), Woldegabriel et aI. (1990), Woldegabriel et aI. (1992) gave a brief 

account on the geology and geochronology oflhe Ethiopian rift. 

Meyer et aI. (1975), Mohr (1 975), Kazmin et aI. (1980), Karson and Curtis (1989), Clin 

(1991), Gaulier and Huchon (199 1), Chemet at aI. (1998) and others conducted detail 

description on the volcano-tectonic evolution of Afar and Ethiopian rifts. 

Although the extension direction in the East African Rift System is a maHer of debate, 

many authors: Boccaletti et aI (1992), Abbate et aI. (1995), Boccaletti et aI. (1998) and 

Acocella and Korme (2002) have outlined the extension direction differenlly. 

Block tilling, rotation and continental extension of Afar has been discussed by Black and 

Morton (1975), Acton and Stein (1991) and Souriot and Brun (1992). 

As outlined in the previous sections, it has not been clear up to now how the southern 

Afar rift margin has developed. There is no comprehensive understanding yet whether 

the margin is part of the east African rift or the Gulf of Aden. This, therefore, raises an 

interesting question as to how the southern Afar rift margin is related to that of the rift 

zones. 



2.1 Introduction 

CHAPTER-TWO 

GENERAL GEOLOGY 

The Ethiopian Rift is part of the East African Rift system and is characterized by a long 

history of magmatism associated with varying degrees of lithospheric e,,,lension (George 

and Rogers, 1999). It is a roughly NE oriented segment of the Eastern African Rift 

System, which extends from the Afar. across south western Afar and along the Main 

Ethiopian Rift valley almost to the Kenya border (Mohr and Wood, 1976; Boccalel1 i et 

aI .• 1998; Alula, 1990). 

-
The Ethiopian Rift valley is an important part of this st ructure owing to its junction in the 

Afar depression, with the Red Sea- Gulf of Aden o(.;eallic mega structure, where sea 

ODor spreading is taking place. Though for simplicity the Ethiopia Rift is considered as a 

NNE-SSW oriented linear structure (Barberi el ai. , 1972; Berhe, 1986), it is, in reality a 

complex structure having orientations of N-S to NNW in the northern Afar, a nearly E­

W trend in the south eastern Afar and a N-S direction in the southern Ethiopia. The 

Ethiopian Rift is considered to be active as compared to the other parts of the East 

African Rift. It encompasses highly to less evolved rift segments. As a consequence it is 

possible to divide it in to: the Afar, the Main Ethiopian and the Southwestern Rift zones 

(Boccalett i et aI .• 1998). 

The Southwestern Rift 7..One is a broad structurally disturbed area containing four rift 

valleys which are: the northwesterly trending Kibish Rift, the north south striking Omo, 
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• 

Ksno and Chew· Bahir Rifts (Alula, 1990). This Rift as part o f East African Rift System 

is the transition zone between the Gregory Rift in the south and the Main Ethiopian! Afar 

Rifts in the north (Meyer et at. , 1975). A direct cormection between the southern ri ft and 

the Gregory rift does not exist. The southwestern rift begins to close to the boundary of 

Ethiopia and Kenya. Such rift terminus is a typical site for the formation oflarge horsts. 

Amaro horst, in this case, rises between two acutely bi furcating grabens at the southern 

end of the Ethiopian Rift (Bahat and Mohr, 1987; Meyer ea aI., 1975). This horst is not 

linked to one of the adjacent plateaux. Instead, horst·graben faults border Amaro on all 

sides, except its southern end where the horst and the bordering graben Ooors together 

merge imperceptibly in to the south Ethio pian plain. 

The major rifting post·date the ,,~de spread volcanism in the SER Volcanism began in 

the late Eocene, fo llowed by Oligocene basalts and by 12·1 3 my phonolite volcanism 

(Boccaletti et aI ., 1998). While major Faulting pre·date the Pliocene Mursi basalts of the 

Omo group. 

2.2 Volcano-tectonic activities of the northern main Ethiopian Rift 

The main Ethiopian Rift (MER) is a graben "~lh an average \\~dth of about 70 -80 km It 

is walled to the east by the Somalian plateau and to the west by the Ethiopian plateau. 

Even though there is no clear limit, it starts in the north from an arbitraI)' Yerer- Gugu 

cross rift lineament and extends in the south where it bifurcates in to Ganjuli and galena 

(Ashenafy, 2003). In the northern sect ion, the Rift cuts through the Oligocene Ethio pian 
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flood basalt and funnels out in to the Afar depression, which is characterized by modem 

amount of extension (p-factor about 2.5) and has a history of tholeiitic and transitional 

magmatism (George and Rogers, 1999). The bounding plateaus are composed of 

extremely deformed basement of Precambrian age unconformably overlain by horizontal­

sub horizontal Mesozoic strata, which intern are covered by tertiary volcanics. 

Since the past three decades the volcano-tectonic aspect of the northern part of the MER 

has been topic of argument for several authors. Following the works of Mohr, Oi Paola 

(1972) stated that the northern MER is affected by a set of north - northeast, south -

southwest oriented normal faults in " en echelon" disposition which corresponds to the 

Wonji Fault Belt (WFB). 

The successive periods of volcanic activity, according to Oi Paola (1972), includes 

fissure eruptions with emplacement of explosive, dominantly ignimbritic products 

followed by volcano tectonic collapses. The youngest volcanic cycle include the building 

up of silicic central volcanoes on the ignimbrites followed by basaltic fissure eruptions 

and edification of recent mostly pantelleritic centers with associated " sub-historical" 

basaltic fissure eruptions. 

Later Meyer et aJ . (1975) distinguished two main \'olcano tectonic units in the northern 

part of the rift system: an older Nazareth series and a younger Wonji series with 

Pleistocene _ Holocene age. The two units are separated by a azareth faulting phase, 

which came in to activity many mys earlier before the Wonji fault. 



The Nazareth series for~ stratoid, Trachyte, rhyolites, ignimbrites and pumice. In the 

region of Nazareth, the succession, (Meyer et al., 1975; Alula, 1990) consists of light 

rhyolites and ignimbrites. Light pumice on top of Nazareth series has in some places 

greater thickness than normal because it accumulated in previously formed basins and 

grabens. Beds of tuff and yellow loam alternate in the pumice breccias. 

The younger Wonji series, the, is built up mainly from large basaltic flows resulting from 

fissural eruptions. Trachytes, rhyolites, ignimbrites, pumice and tuffaceous materials are 

also found. The volcanics of this series is observed to strongly follow the north -

northeast, south - southwest running faults or are erupted from fissures and vents in this 

direction. 

From tectonic points of view the two phases are summarized as: 

In the first phase during the deposition of stratoid Nazareth Series with an age 

of 5 - 2 my a tensional stress caused the tectonic pattern with in the MER, with 

fractures and dykes trending NE • 5W. The tectonic activity came to an end 

with the Nazareth faulting phase. The pattern during the Nazareth phase can be 

referred to as a tensional tectonics perpendicular to the direction of the MER. 

• In the second and main part of the Nazareth faulling phase a 

Fundamental and completely different evolution began with the Wonji Fault 

Belt. Groups of fractures, open fi ssures and dykes show NNW - 5S W and N -

S trends. The north _ northeast direction of the WFB is oblique to the direction 

of the MER and makes an angle of 100 
- 25

0 
with the NE - SW striking 

Nazareth fault series. 
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Christiansen et a1. (1975); Kll7.rrUn et a1. (1980); Berhe (1986); Chernet et a1. (1 998) and 

Chemet et al. (1999) gave a comprehensive age limit for the development of the nonhern 

main Ethiopian rift volcanics (Table. 1.1 ). Kazmin et aI . (1980) swnmarized the 

development of the rift as follows. 

• The Ethiopian rift developed in stages, of which the main 

stages occurred at 15 to 14, 10, 4.5 to 4, and 1.8 to 1.6myr. 

• At least the northern part of the Ethiopian rift was formed 

simultaneously wilh the Afar (15 to 14rny). 

• In the northern pan of the Ethiopian Rift and in the Afar, init ial 

down warping (14 my) was followed by intensive faulting and subsidence (10 

and 4.5 my) and fmally by formation of the axial zones (1 .8 to 1.6 my). 

• The slow rate of opening and crustal attenuation in the 

Ethiopian Rift provides favorable condition for the partial melting of the crust 

and the effusion of large volume of silicic vo lcanic rocks. 

2.3 Volcano-tectonic History of the southern Afar Region 

After the acceptance of plate tectonics theory, since the mid I %Os, several works 

concerning the evolution of the Great Rift Valley have been published. Some dealt on the 

volcanic and tectonic evolution of the newly fo rmed young ocean basins (Red-Sea and 

Gulf of Aden); where as large number of publications dealt on the East African Rift, 

dominantly on the Afar depression. Despite of some inconsistencies, most wo rks 

confirmed facts about the volcano-tectonic history of the region. 



Barberi el al (1972, 1975); Black el a1. (1972); Ka7.rnin and Berhe (1978); Kazmin el a1. 

(1980) and others were the fi rst to give a comprehensive summary of the development of 

Afar and the northern part of the Ethiopian Rift. According to Barberi et aI. (1972 and 

1975) the development of Afar and Ethiopian fifts started in the lower Miocene around 

25 my ago. However, arguments put forward were that the oldest pre-rift volcanics 

(A1aji volcanics), which are best documented along the so utheastern margin of the Afar, 

are 28-1 5 mao (Morbidelli et aI. , 1975) and those same basalts occur in the Afar floor. 

Most authors believe that the Barberi 's et aI . (1972) assumption was not soundly based. 

There was no data pointing to a sharp increase in thickness of the Miocene (AJaji) basalt 

in the zones of the Afar or the Ethiopian Rift escarpments (Kaznin et aI, 1980). The 

thickness and composition orlhis basalt on the eastern periphery of Afar in the Aisba and 

Danakil uplift (Barberi et al., 1975, Kazmin et aL, 1980), on the south eastern plateau 

and on the western margin of the Ethiopian plateau is rather uniform, while maximum 

thickness 2500m and more, occurs in central - eastern parts of the Ethiopian Plateaus. 

Therefore, there is no proof that the basalt thickness increases towards the ri ft but 

general increase to the west can be inferred from the fact that the Miocene basalts are 

much thicker on the Ethiopian and on the south eastern plateaux (Kazmin et aI., 1980) 

Kazmin and Berhe (1978) disproved the development of Afar, which was dated to 25 my 

that the major rifting of southern Afar and the Ethiopian Rift started at 14 my 

contemporaneously with fo rmation of the Mabla rhyolites (14- 11 my ago) and Anchar 

Basalts (11-1 0 my ago) along the margins of southern Afar and the eastern margin of the 

Ethiopian Rift . Concurrently the Jebel Sadalle and Gara Mulata basalts were developed 

along the rift shoulders. As cited in Berhe (1986) a basaltic unit at the base of Gara 
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Mulata gave an age of 13.3 my, and the base of the Jebel Sadalle Basalts has been dated 

at 14 mys old (Kuntz et al ., 1974). This means that they correlate with the Termaber 

Basalt of the central Ethiopian plateau. 

Following the eruptions of Alaji-Anchar-Gara Mulata basalIs, another imponanl events 

in the rift formation occurred in the late Mi ocene and early Pliocene; at this time faulted 

eastern escarpment was forming, west of this escarpmmt thick accumulation of 

peralkaline silicics of the Na7..areth group began around 9 Ma ago (Chemet and Zewdie, 

1983). They are well developed in the Main Ethiopian Rift , but absent in the nonhem 

terminus of the transition zone and in all Afar depression. As stated in Berhe (1986) the 

Nazareth silicic volcanics are equivalent but different in composition with the lower most 

Afar Stratoid Basalts dated at 7.4 my. In other words the Nazareth silicicslseries or pre 

Wonji series forms as a stratoid series in the rift floor of the MER (Meyer et al., 1975). 

Initial formation of the Afar was followed by wide spread flood basalt volcanism in the 

developing depression (Chemet et al., 1998). Christiansen et al. (1975) stated that the 

entire post rift volcanics consist of four series, which are separated from each other by 

periods of faulting. These series are: 

I. Lower most Afar series (Lower Pliocene) 

2. Lower Afar series (Lower - Middle Pliocene) 

3. Afar Series (Late Pliocene - early Pleistocene) 

4. Aden Series (Pleistocene - Sub recent) 



Lower most Afar Series: - this volcanism started in the lower - Pliocene (that is at II -

10 my ago) with eruptions of fissural basalt, after an imponant phase of down faulting in 

the late Miocene which has marked the present outlines of southern Afar. They are now 

exposed aIong the foothills of the south - eastern escarpment. 

Lower Afar Series: - this stage of nood basalt volcanism between 8 - 5 my (Kunz et aI., 

1975) can be traced nearly continuous along the Afar margins from the main Ethiopian 

Rift towards the Aisha and Tadjoura region. Around 5 my ago the ,'olcanic activity again 

ceased and a period of faulting can be reconstructed effecting at least marginal pans of 

the Afar and the region of the later Wonji Fault Series. 

Dating back from 5 to 1.5 my, a furthe r episode of faulting and tilting occurred 

concurrently with the last volcanic phase of the rhyolites centers (Berhe, 1986; 

Christiansen et aI. , 1975). This tectonic episode, according to the authors, caused 

extensive eruptions of the Afar Stratoid BasaliS covering large area of the Afar floor 

unconformably overlying the lower Afar Stratoid Basalts. 

The last episode of rifting took place between 1.8 my to present. As pointed out by many 

authors (Mohr, 1967; Meyer et at , 1975; Berhe, 1986; Kazmin and Berhe, 1978; 

Christiansen et aI., 1975 and others), the latest volcanism in the Afar and Ethiopian Rift 

is related to its axial extension zone, the Aden series (Christiansen et aI., 1975) in the 

case of Afar and the Wonji Group (Main Ethiopian Rift). Lower Pleistocene faulting 

affected the entire graben floo r and caused a drastic change in the distribution and mode 

of occurrence of volcanic rocks. The distribution of the Aden series well reflects the 

connection of strong dilatation by no rmal faulting and magmatic activity which lasted 

from the lower Pleistocene to Histo ric times, and is restricted to internal graben and 
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marginal zones (Christiansen et aI., 1975). In the southern Afar the Aden Series 

volcanics are known from the two segments of the Wonji Fault Belt: the Hertale and Ad 

Ado graben, and fu rthermore, from the E - W directed marginal Goflol structures east of 

DireDawa The Wonji series forms the upper unit with in the main Ethiopian Rift, 

especially in its northern part. Acco rding to Kazmin and Berhe (1978) the Wonji Group 

includes all rin volcanics formed after the last major episode of rift faulting which 

fo llowed accumulation of the Bofa Basalts. The volcano-tectonic evolution of the region 

(northern main Ethiopian - Southern Afar transit ion zone) starting from pre-rin 

volcanics (A1aji basalt) to the recent Wonji group and Aden Series is sununarized in 

Table 1.1 
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Table 2. 1 Evolutionary history of the Afar and nOr/hem Main Ethiopian Rifts 

AgeRange 'h' , Rift' :J:'; :', ' (;::;'~ , ,!;vcr; .... · I:'i~~\. 
Oligocene- Pre·Rift AJaji Basalt Berhe (1986) 

Miocene (None) Chemet et aI. (1 998) 

(28 - 15 Ma) 

Miocene ,,~ ~<~ 1 et aI. (1980) 

Sad dale Basalt 

Miocene 

14 Ma Rifting Arba Guracha Silicics Berhe (1986) 

14-IIMa commenced Anchar Basalts Kll7min et aI. (1980) 

11- IOMa Gara Mulata Basalts Morbidelli et aI. 

Mabla Rhyolites (1 975) 

Miocene Major stage in 

10 Ma rift development Chemet et aI. (1998) 

8.5 Ma Faultmg & Arba Gugu Basail 

Down warping 

Miocene -
Pliocene Nazareth Group Christiansen et al . 

9.5 - 4Ma Lower Afar Strato id (1975) 

8 - 5 Ma series 

Pliocene I ru,,, 

5 - 2Ma of rifting and Afar Stratoid Series Mohr (1974) 

3.5 - 2 Ma tilting Bofa Basalt Meyer et aI. ( 1975) 

Quatemary/Pleis' 

oeeoe - Recent Last episode of K:t7min et aI. (1980) 

< 1. 8 Ma rifting Wonj i Group, Aden Chemet et aI . ( 1999) 

Wonji Fault Belt Series 

• 
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2.4 Structural Elements of the Southern Afar Region 

As discussed earlier the tectonic trends, styles and siages of extensional faulting are 

variably high, these are thought 10 be caused by differential spreading and propagation of 

Red Sea·Ethiopian and Aden Rins, in space and lime (Kronberg, 1991). Consequently 

the fault patterns present in the Afar Depression are extremely complex as they renee! thr 

presence, interference and superposition of the three main trends of crustal extension. 

Afar triangle is, therefo re divided in to two quite different structural units (Barberi et aI., 

1972 p22): the Red Sea· Gulr or Aden mega structure (NNW·SS E and WNW·ESE 

trends respectively) and the nonhem end of the East African Rift (NNE·SSW). The 

southern sector of this region also incorporates the mentioned structural units except that 

the NNW • SSE oriented extensional faults of the Red Sea are substituted by the 

northwesterly transcurrent fault zones which cutoff the southeastern rift margin and 

extends northward to the rift axis. 

As stated in Berhe (1986) and Meyer et al. (1975) the southern margin of Afar is 

characterized by a number of tectonic trends: the Gulf of Tadjoura. Nal..areth and Wonji 

trends, and the northwesterly fault zones. 

The Tadjoura fawt trend E·W or ESE·WNW are restricted to the southern Afar rift 

margins up to the vicinity of the Gulf ofTadjoura (Berhe, 1986). Detailed structural map 

of Christiansen et al. (1975) has shown that the E - W oriented faults act like Iransfornl 

faults as they cross the axial range of southern and central AFar. During the major stage 



°0 

of rifting, extension occurred in an ENE direction with a smaller component in the N - S 

direction (Black et aI., 1975). From 7 my ago the region west of Aisha was affected by 

extension in a NE - SW direction (Berhe, 1986). This is parallel to the direction of plate 

separation along the Gulf of Aden. 

The second most observable structure of the area is the NE-SW trending fault systent 

The Nazareth fault trend defines the margins of No rthern Main Ethiopian Rift-Southern 

Afar transition zone. It has been described in the Nazareth area by Kazmin et aI. (1 980) 

where they are dated at 9-5 mys old by their association with volcanic rocks of the same 

age. This tectonic activity came to an end with the Nazareth faulting phase about 1.6 to 

1.8 mys ago near the boundary of Pliocene/Pleistocene time. The pattern during the 

Nazareth phase can be referred to as a tensional tectonics perpendicular to the direction 

of Rift. However, recent studies on the main Ethiopian Rift show that the boarder faults 

are not purely extensional, the evidences of a strike slip component of motion has been 

documented (Boccaletti et al ., 1992). 

In the second and main part of the N37..areth faulting phase a fundamental and completely 

different evolution began with the Wonji Fault Belt (WFB). This Pleistocene to recent 

faulting generally trends NNE-SSW and is restricted 10 the ax.is of the Rift (Berhe, 

1986). Groups of fractures, open fissures and dykes show a north-northeast, south­

southwest an north-south directions. The NNE direction of the WFB is oblique to the 

direction of the MER and makes an angle of 10-25 degrees (Alula, \990). As cited in 

Berhe (1986) the limited extent of this trend and the lack of intersecting faults 

surrounding its zone of occurrence led (TazielT et al., 1972) to conclude Ihal the 

Ethiopian Rift played a very minor rock in the formation of Afar. 
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The last structural unit, which is orthogonal or nearly orthogonal to the E-W trending 

Tadjoura, is the northwesterly fault zone. These northwesterly trend ing fault zones in the 

DireDawa area are parallel to the Marda Fault Zone, which is a major structural element 

in the hom of Africa These faults pre-date the Wonji fault belt, but are thought to be 

rejuvenated from pre-existing structures. The Northwesterly Fault zones have displaced 

the southeastern escarpment by 10-15 km in the Dire Dawa area, while the Marda Fault 

has displaced the Aisha block by about II Okm (Berhe, 1986). 

Black et aI. ( 975) sununarized that in the Dire Dawa-Aisha region, there are two 

separate tectonic domains, which are separated by the Bia Anot, north striking 

transcurrent fault. The Southern Dire Dawa domain forms the margin of the Harar­

Somalia plateau and consists of a 50 km wide ?.One of antithetically tilted blocks of 

Precambrian overlain by Mesozoic sediments and trap series basalts dipping 10- 30
0 

south, partly obscured by younger basalts and alluvium In the northern Aisha domain a 

similar stratigraphy is affected by dominantly N and NNW striking faults of the Red Sea 

trend producing fields of blocks tilted at angles of 20°_50° W or E. The abrupt 

juxtaposition of these two domains is best explained by a major sinistral movement 

As stated in Morton and Black ( 975) the areas of pre-Miocene rocks exposed with in 

Afar are all intensely faulted by normal faults , and the blocks between the fau lts are 

strongly tilted. Typically, a series of faults up to a kilometer apart, all or nearly all with 

the same direction of throw; separate a series of tilted blocks with beds dipping in the 

opposite direction to the fault . Onen the dip angles are similar on successive blocks, and 

field of tilted blocks with dip angles up to 40° are commonly observed. Locally the dip 



angles are fTX)re variable from block to block and extreme dip angles of up to 9(l had 

been recorded. In areas of strongly lilted blocks the faults may dip at only shallow angles 

or even show a horizontal attitude. Finally what they concluded is that on the 

escarpments flanking the AFar, bedding dip angles often increase progressively from the 

plateau towards the depression, the escarpment regions being characterized by a series of 

step faults rather than by the large master faulls typical of many continental rin 
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CHAPTER-THREE 

APPLICATION OF REMOTE SENSI 'G AND PAL EOMAGNETISM IN 

STR UCTURAL GEOLOGY 

3.1 General 

In the dynamically growing world, the intent ion of human beings 10 know and manage 

their surrounding is dramatically mounting , Peoples are able to know and e.xchange 

information about the Earth with in real lime. The cause for fast information e.xchange 

is due to the availability of satellites, which are put at various orbits in space. In this 

topic the aim is not to see the nature and characteristics of satellites but to process and 

interpret the remotely sensed image of the study area. 

Remote sensing is the acquisition and measurement of datwinfo rmation on some 

properties of a phenomenon, object, or material by recording device not in physical, 

intimate contact with Ihe features under surveiJIanceJinvestigalion. Whatever working 

definitions we use to describe remote sensing, the key concept is that remote sensing 

involves making observations remotely, or without physical contact with the object 

under investigation. The remote nature of these technologies allow us to make 

observations, take measurements, and produce images or phenomena that are beyond 

the limit of our senses and capabilities. 

Nowadays, the application of remote sensing in the study of regional structures and 

geological maps (small scale) is becoming vital, because the ability of human eyes to 



scene large area at a time is very limited. Before the advent of satellite imageries, 

geologists had used aerial photographs fo r decades as data bases for mapping rock units 

(stratigraphy), study the expression and modes of origin of land forms, determine the 

structural arrangements of disturbed strata (faults and folds) , evaluate dynamic changes 

from natural events (eg. Floods, volcanic eruptions), and seek surface clues (such as 

alterat ion and other signs of mineralization) to subsurface deposits of ore minerals, oil 

and gas and ground water exploration (Nicholas, 1998). With the advent of space 

imagery, geoscientists now can extend that use in three important ways: 

• the advantage of large area or synoptic coverage allows them to examine in 

• 

• 

single scene (or in mosaics) the geological portrayal of the Earth on a 

regional basis 

the ability to analyses multispectral bands quantitatively in terms of numbers 

(DNs) pennits them to apply special computer processing routines to discern 

and enhance certain properties of Earth materials. 

the capability of merging different types of remote sensing products or 

combining these with topographic elevation data and with other types of 

information bases (eg. Thematic maps, geophysical measurements, chemical 

sampling surveys) enables new solution to determine interrelat ion among 

various natural properties of Earth phenomena 

These all and some other application of the satellite imageries make remote sensing as a 

· . d· · I· In our case in the study of global tectonics, it would 
basiC tool fo r ,'ana us ISClP meso , 

·bl ·thout the inputs of remote sensing. Lineament analyses using 
have not been piausl e WI 



space images have been particularly valuable in determining regional and continental 

fracture patterns that real some of the stress history imposed on large crustal units. 

GIS:· Geographic Information Systems are computer based systems that are used to 

store, retrieve, manipulate and analyze geographic information. This technology has 

developed so rapidly over the past three decades that it is now accepted as an 

essential tool for the effective use of geographic information (Aronoff \ 9&9). GIS 

has the ability to spatially interrelate multiple types of information stemming from 

different sources. As remote sensing has routinely provided new and high-resolution 

images of the Earth 's surface, it should be intertwined with GIS as a means to 

constantly and inexpensively update some of the data that comprise an integral 

segment of a GIS. 

3.2 Digital Data and Processing Technique 

The satellite data scene used in this work is obtained from landsat·5 TM acquired in··--­

. The data was primarily used for the area of Aisha and Tadjoura, which are found in 

different UTM zone (zone 3&). As the study area is the western extension of those areas, 

part o f the scene is used for our purpose. The bands available are TM band \ , band2, 

b d3 b d
4 b d5 band6 and band7. As the data was part of the Aisha block and has 

an , an , an, 

got inherited geometric distortion, various digital image-processing techniques ha\'e 

been applied to register and rectify the digital data 
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3.3 Digital Image Processing 

Digital image processing IS an extremely broad bj su eel, and it often involves 

procedures, which can be mathematically complex. I · I I mvo yes rClTlO\ring geometric 

distortion, to calibrate the data radiometrically and to mak · . e an Image m:)rc mterpretable 

(Image Enhancement) for a particular application. The major processing techniques 

applied to rectify and enhance those band, are ·. H . aze correCtion, Georeferencing, 

Stretching and Spatial filtering. 

3.3.1 Haze (Radiometric) Correction 

Hate correction influences the brightness values of an image to correct for sensors 

ma1 functions, or to adjust the values to oompt:lIsate for atmospheric degradation 

(AronolT, 1989). Like all other materials on Earth 's surface, atmospheric particles also 

reflect or emit radiations that will be captured by sensors. Unless not corrected, such 

additional reflectance may lead to wrong image interpretation. Atmospheric scattering is 

high in low-lying regions like Afar. This may be due to the thermal disturbance in the 

atmosphere. 

Atmospheric degradation can be corrected by many techniques, but the IOOst widely 

used and applied in this work is by plotting DN values for a high-wavelength band 

II 
. h . < d h ,calterl·ng is at a minimum against those for a band in the 

usua y In t e lnlTare were 

. . . t1i t (Drury 1993) The second way is 
vIsible region where scattermg has a grealer e ec , . 



based upon examination of renectance fr . om an object of known or assumed brightness 

recorded by multispectral imagery Bas d h . e on t e above two techniques a 0 value of 

resu ling from the atmosphere has been about 17 (cut-off or dark·pixel correction) I ' 

subtracted from the ON value of each pi;xei. 
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~ig.3.1 Two_djmensjo~al ~caner p/~t for high-wa ve ienl,:th band (Band-7) usually in the 
mfrared where scattering IS at a minImum against those for a band in the visible legion 

(IJand-2) where scattering has a gteater elled 

3.3.2 Georeferencing 

Raw digital images usually contain geometric distortions so significant that they cannot 

be used as maps. The sources of these forms of distortions range from variation in the 

altitude and velocity of the sensor plat [orm, to factors such as panoramic distortion, 

Earth curvatures, atmospheric refraction, relier displacement, and non-linearity in the 

sweep of a sensor's IFOV. Although these are the principal factors ror distortion, the 

digital image of DireDawa did not have all these problems. It was already georeferenced 

with respect to UTM projection of zone-38. But co-ordinate translation has been made 

to bring the earlier georeferenced image to the exact co-ordinate (location) orzone-37. 
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The translation applied is based on the exislin I h' . g opograp Ie maps at a scale of 1:50000 

I t on 1 e IOPOmapS and the Satellite Six ground control points (GCPs) were identified bo h h ' 

ven y Isln uted allover the area with relatively image to be corrected. The GCPs are e I d' 'b 

Iffil7..e correction errors due to large number of points on the rugged slopes 10 mm" . ", . 

undulating topography. A root-mearHquare (RMS) error of 2.5 (acceptable error) is 

computed leading to distortion of about 5- 1 Om on the topomap. 

3.3.3 Stretching 

Stretching is not a process of image correction; instead it is the process of single image 

enhancement that makes an image more interpretable for a particular application A full 

range of reOectance from all conceivable surface materials should be recorded and the 

dark as well as the bright surface must be expressed in the ON. However, only few 

Earth' s surfaces have these extremes, Consequently, histograms for most images are 

compressed in to relatively narrower portion of the ° - 255 range (Drury, 1993). 

Displaying the cumulative histogram can indicate the degree of contrast between 

dilTerent surface features. An image with compressed histogram appears to have a very 

poor contrast. Process of stretching changes ON values in an image to any of the 256 

intensity levels and expands the histogram so as to occupy the full range of ON ,'alues 

(0 _ 255). The minimum ON is set to 0, the maximum to 255. This technique (linear 

stretching) enables us to better visualization of the various lithologic units and 

structures of the DireDawa area. 

The integrated result of the above three techniques provide us with well defined 

geological map (fig,3,2) 
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3.3.4 Spatial Filtering 

Another processing procedure falling in to the enhan cement category that often divulges 

valuable information for structural mapping is spatial fill ' Th' hni I I ermg. IS tee que exp ores 

the distribution of pixels of varying brightness over an ,'mag d 'all d d e an , especl y elects an 

sharpens bOlUldary discontinuities. The high frequency features such as faults fractures • 

and other lineaments are filtered with convolution of directional filters to enhance 

features such as faults and lineaments along the E - W, NE - SW and NNW directions 

(flg,3.4 a, b), 

3.3.5 Band ratioing 

Different Earth materials have their own reflectance property. Some are well registered 

by one band and others by the other bands. The process of dividing one band by another 

gives good color contrast between features. It also helps to distinguish the effect of 

varying illumination caused by topography. For the same material, slopes facing the sun 

are more strongly lit than horizontal surfaces, and those facing away from the sun 

receive less radiation. This problem is solved by dividing one band by another. In 

fig.S.2 Band7 is divided by band3, the ratio shows good color contrast between basalts 

and the other materials. 
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Fig.3.2 Band rotioing between bond7 (n omin ator) and band3 (denominator) 
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3.4 Geological and Structural Mapping 

In the aforementioned topics we saw few of the ' sI hn" .. . , \\ay lee lques of the dlglta1 mlage 

processmg. Each band of the image is th ed . en correct and enhanced \\l lh respect to the 

processing techniques. But rmst of the time a single band does t ' 0 II ' , . no gn'c III \fllormaIlOn 

about the area, which has been sensed. Therefore, for the simplicity of image 

interpretation, color composite images are mostly preferred. 

To produce a satellite image based geological map of DireDawa, three bands (namely: 

band?, band5, band3) are selected. The color composite image of the three bands shows 

that the area is lithologically divided in to three major groups. The southern part of the 

area is characterized by light-green to green colored features, and texturally it is slightly 

rough. These are predominantly of basement rocks. While the central, eastern and 

western parts of the area are covered by grey to brownish-grey color. Their texture is 

very smooth. These colors and texture are representatives of the Mesozoic Sedimentary 

rocks of the area. And the northern and northwestern portions of the area are assigned 

by blue to brownish blue color accompanied with rough texture. These are mainly of 

mafic rocks (fig3.3). Scattered spots of malic rocks are also observed in the northeastern 

part completely enclosed by the sedimentary rocks. 

The second but most important application of the satellite image!)' in this wo rk is to 

study the structural interplay of the southern Afar rift margin. Enhancement using 

directional filters helps in mapping the geological structures from the image. Three 

distinct fault systems are observed in the image. The dominant structures are those 

running in an E _ W di rection. These are normal faults that constitute the rift margin. 

The second once are those aligned in the N - S or NNW - SSE direction. These are 
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major lineaments that are cut by the E - W oriented structures. Some of these structures 

are seen magnified by the north SQuth running drainages. The third fault systerT"lS nul m 

a NE - SW direction. These are mainly restricted to the northwestern part of the area 

Satellite based geological maps and structural maps are then mains for the preceding 

chapters to produce detail geological and structural maps of the DireDawa area. 

,/" D" eDawa and its l·icinity 
Fig.3.3 color composite image OJ If 
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3.5 Aerial Photography 

Aerial photographs are the most easily available of all remotely sensed data, and have 

been acquired at various scales for much of the land area of the Earth (Drury, \993). 

Aerial photographs are not digital images and are not as easy as Satellite images \0 

correct their geometric errors and enhance their interpretability. However, various 

techniques can be applied to correct and enhance aerial photographs. 

Like Satellite images, aerial photographs are also affected by large amount of distortion, 

especially at the peripheries of each photograph. So as to remove this distortion and 

make the photos mo re consistent, georeferencing is applied to each photograph. After 

then each feature in the photograph is very close to its exact geographic location 

The last procedure, which was applied to the aerial photographs, was merging 

(mosaicing) a nwnber of georeferenced images to a single one. Mosaicing aerial 

photograph is very important in the study of structural geology. Because this technique 

enables us to examine in a single scene the geological structures of the earth on a 

regional bases. 



Fig.3.S Georejerenced and Mosaicked aerial photographs of DireDawa area 



Fig3.6 Filtering geological striduresjrom the mosaicked aerial photographs 

Or. 
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3.6 Paleomagnetism of DireDawa 

3.6. 1 Introduction 

The primary objective of paleomagnetic research is to obtain a record of past 

configuration of the geomagnetic field (Buller, 1992). In the present study we assume 

that tectonics, or fracturing of the southern Afar, and igneous activities are intimately 

related, therefore, by measuring the distribution in lime and space of magma intrusion in 

to fractures of the Earth's crust to form dykes we can infer the stress pattems and 

relative motions of large cruslal masses and thereby deduce the tectonic history of the 

region, provided, of course, that subsequent crustal movement after dyke format ion can 

be recorded. For assistance in answering this particular question we use paleomagnetic 

data to record the variation in the distribution of the magmatic dipoles of the dykes as a 

function of geologic time. 

3.6.2 Paleomagnetism 

A total of 3 sites were drilled in the field for paleomagnetism. and oriented in situ with a 

magneti c compass. As often as possible sun orientation was also measured. At each site, 

at least 9 cores (total == 31 samples) were collected from the basalt flow and basaltic 

dykes and sills, and with a distance of about I m between cores. Our sampling strategy 

, ed h basalt ' dykes ""d sills of the area Back in the laboratory 2.5 em-was I"OCUSS on t e IC "" 

. 2 2 c ...... long samples suitable for paleomagnetic 
diameter cores were cut m to . " " • 

laboratory of the geology and geophysics depanment, AAU using JR-6 Spinner 

. ed by alternating field. First measurement was 
magnetometer. Samples were demagneUs 

M gneti7..ation) and later with the rollowing 
taken at NRM (Natural Remnant a 

4ll 
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demagnetisation steps (5Mt, IOmT, 15mT 20mT 
, , 3OmT, 40mT, SOmT, 6OmT, 80mT, 

lOOmD (see the complete format of demagnet" . . tSallon step for a smgle specimen). 

Table 3.1 Representative lable 'ormar 'or a " I . J' J ' mc e specimen 

Name SteD X y M OS 'S 
002-2A NRM -9.67 -2.02 -1 .7 10.0 16 2' 
002-2A M5 -6.54 -1 .64 -2 .03 6.97 1 26 
002-2A M10 -5.54 -1 .21 -1.67 5.911 1 23 
002-2A M15 -361 -0.76 -1 .13 3.66 16 2 
OD2-2A M20 -2 .37 -0.53 -0.79 2.55 1 21 
0 02-2A M30 -1 .274 -0.266 -0.367 1.362 1 2 
0 02-2A M40 -0.615 -0.22 -0.20 0.669 2 2 
D02-2A M50 -0.569 -0.148 -0.154 0.626 16 2 
DD2-2A M60 -0.44 -0.121 -0.103 0.4698 2 2 

0 02-2A M60 -0.3 -0.111 -0.06 0.3311 24 2 

0 02-2A M100 -0.22 -0.11 -0.05 0.2521 3 24 

002-2A M100 -0.22 -0.11 -0.05 0.2521 3 24 

Natural remanent magnetization depends on the geomagnetic field and geologic 

processes during rock formation and during the history of the rock (Butler, 19(2). RM 

Iypically is composed of more than one component. The NRM component acquired 

during rock formation is referred to as primary NRM and is the component required in 

most paleomagnetic investigations. However, secondary NRM components can be 

acquired subsequent to rock formation and can alter or obscure primary NRM. 

AF demagnetization is often effective in removing secondary RM and isolating 

PNRM (characteristic NRM) in rocks. During demagnetization at steps NRM through 

10 Ml and some times 15Mt, the remaining NRM rotates in direction and changes 

intensity as a low- stability component (viscous remanent magnetization) is retroved. 

During demagnetization steps 15 through IOOMt, the remaining NRM does not change 

. d' . b d . . ,ens'lty This high-stability component is well isolated by 
m lrecUon ut ecreases m m . 

d 
.. 15Mt Demagnelisation steps above l5mT generates a straight 

emagnelizatJon to steps . 



line directed to the ongm. Results of progressive demagnetization steps are now 

d~played by using Zijderveld diagram (fig.17). 

The AF experiment result fo r DOl indicates that the demagnetisalion steps above ISmT 

did not generate a straight line. Instead many components of magnetil..ation are found. 

Such conditions most probably happened during transition environments. 
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3.6.3 Mean Paleomagnetic directions 

All paleomagnetic components were calculated al Ihe spec,·men level, results or 

specimen belonging to the same core were first averaged and ' h · a mean lor t e Site was 

then calculated, taking each core as a unit. In the second site, 002, signi ficant 

paleomagnetic direction change is observed. Fo ur or the eight core samples are 

clustered in one region and the rest fo ur in another. This dramatic change in pole 

position with in a single basaltic sill reveals that its emplacement might have occurred 

during two episodes of magmatism 

Ten core samples from the NNW-SSE oriented basaltic dyke were analysed; the sample 

mean direction of each core is well related with a site mean direction: Og = 174.2,lg = -

30. I and n 95 = 11.7. At last the overall site mean can be calculated by combining all 

three site mean values together. The final result gave us that Og = 172.0°, Ig = -19.0 (n 

95 = 34.9) (Table 3.2 and FigJ.8). 

As seen above the confidence limit (n 95) of each site mean is less than 12. However, 

the confidence limit of the overall site mean is too large, which is 34.9. Butler (1 992) 

stated that the confidence limit, a 95, should depend on N (number of sites), the n'X)re 

individual measurements there are in our sample, the greater must be the precision in 

estimating the true mean direction. This increased precision should be reflected by a 

decrease in a 95 with increasing N 
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Table 3.2 Paleomagnetic mean directions QverQfied ah AFd .. 
b 'J.er emagnl!llsuflOn. 

Name Direction Ste s 

OD2-2A DirOKir 
002-28 DirOKir 
002-28 DirOKi r 
DD2..JA DirOKir 
DD2-4A DirOKir 
D02-SA DirOKir 
002-58 DirOKir 
DD2-6A DirOKir 
C02-7A OirOKir 
002-78 Oif Ki f 
DD2-8A DirOKir 
DD2-8B OirOKir 
DD2-9A DirOKir 

M10 -Ml00 

NRM -M100 
M10 -M100 
M10 -MBO 
M10 -M100 
Ml0 -M100 
M10 -M100 
M15 -M40 
M15 -M100 
M15 -M100 
M15 -M100 
M15 ·M60 
M20 -M100 

0 02-98 DirOKir M20 ·M100 
002-2 rep G&S site ave 
0 02-5 rep G&S site ave 
002-7 rep G&S site ave 
0 02-8 rep G&S site ave 

002-9 rep G&S site ave 
Mean2 rep G&S site ave 
Mean2-1 rep G&S site ave 
Mean2-2 rep G&S 
DOJ-10A DirOKir 
OOJ-1A Oif Kif 
DD3-2A Oif Kif 
DD3-4A Oif Kif 
OD3-5A DirOKir 
DDJ-6A Oi f Ki f 
DOJ-7A DirOKir 
DD3-BA 

OD3-9A 

Mean3 
All Mea 

DirOKir 

DirOKir 

rep G&S 

rep G&S 

site ave 
M10 -M1 00 
M15 -M80 
M15 -M100 
M20 -M100 
M40 -M80 
M40 -M100 
M20 -M80 
M15 -M100 
M15 -M80 
site ave 
site ave 

N 0 

8 192.5 -16.6 
11 190.7 -12 
9 190.6 -13.5 
8 180.3 -27.5 
9 197.4 -16 
9 153.3 -8.7 
9 155.5 -9.9 
4 152.7 -9.3 
7 145 -6.4 
7 144.3 -2.6 
8 156.8 -2.3 
6 155.8 -1 .6 
7 190.8 -16.5 
6 195 -15.4 
2 191 .3 -14 
2 154.4 -9.3 
2 144.7 -4.5 
2 156.3 -1 .9 
2 192.9 -16 

Os 

192.5 
190.7 
190.6 
180.3 
197.4 
153.3 
155.5 
152.7 

145 
144.3 
156.8 
155.8 
190.8 

195 
191 .3 
154.4 
144.7 
156.3 
192.9 

Is k 

-16.6 
-12 

-13.5 
-27.5 

-16 
-8.7 
-9.9 
-9.3 
-6.4 
-2.6 
-2.3 
-1.6 

-16.5 
-1 5.4 0 

-14 1027.3 
-9.3 2105.6 
-4.5 904.3 
-1.9 8657 
-16 759.6 

8 170.8 -13.1 170.8 -1 3.1 13.3 
4 190.7 -18.5 190.7 -18.5 78.9 

152 -6.3 
129.3 -21.9 
187.3 -28.6 
180.3 -34.1 
187.6 -23.5 
161 .6 -11.6 
169.8 -28.4 

104 21 .7 
155.1 -32.8 
179.2 -47.6 
174.2 -30.1 

172 -19 

152 
129.3 
187.3 
180.3 
187.6 
161 .6 
169.8 

104 
155.1 
179.2 
174.2 

172 

-6.3 

-21 .9 
-28.6 
-34.1 
-23.5 
-11 .6 
-284 
21.7 

-32.8 
-47.6 
-30 1 

-19 

167.2 
o 
o 
o 
o 
o 
o 
o 
o 
o 

27 3 
136 

A95 

1 1 

09 
1.1 
2 9 

1 

1.9 
2.2 

1 

3.3 
3.3 

2.8 
2.6 
2.7 
1.8 

3.8 
5.4 

8 .3 
2 .7 
9.1 

15.7 
10.4 

7.1 
3.2 
1.6 
3.7 
1.3 
1 1 

2.4 

5.6 
1.4 

58 
11 7 
34 9 
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CHAPTER- FOUR 

GEOLOGY OF DlREDAWA AREA 

4.1 General 

sou em /\Jar - northem Much is said concerning the volcano-tectonic evolutl·on of th "' 

Main Ethiopian Rift, however, detail works of geological mapping and lithostratigraphy 

, , rome to pro uce 1:50,000 of DireDawa area is still poor. This work is therefore . d d 

Geological Map of DireOawa area in addition to tile Structural analysis of tile area. 

The existing geological maps covering the region are those prepared at 1:2,500,000 

scales. Part of it is covered by 1:250,000 scale geological map of Berhe (1985) and 

I: 100,000 scale geological map ofZewdie (1974). 

The study area consists of three main types of rocks, which are results of 

metamorphism, sedimentation and volcanism, occurred during Precambrian, Mesozoic 

and Cenozoic respectively. From the one-month fieldwork, the geology of the area is 

well identified. It consists of Precambrian metamorphic rocks, Mesozoic sedimentary 

rocks (comprising of lower sandstone, limestone and upper sandstone), various types of 

Rift related volcanic rocks (the marginal mafic rocks and some intermediate rocks), and 

Quaternary to recent alluvial deposits. 

The metamorphic rocks cover the entire southern part of the area (fig.4. IO) and in some 

deep river cut exposures and at the base of some fault scarps in the middle part of the 
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area. These rocks are Wlconformably overlain by the sedimentary rormallon of 

Mesozoic age and some volcanic products of recent a ges. 

Unlike the other Ethiopia Rift margins, which are volcanic dominate the area IS • 

dominanlly covered by full succession of highly lilted Mesoloic rocks. The oldest 

Mesozoic deposit in the area is the lower sandstone which crops-oul in very restricted 

area in the middle part of the study area, specially along deep river cut and deep fault 

scarp exposures. The next and most dominant Mesozoic sedimentary rocks are the 

limestone group (some times called the Anlala limestone), which constitutes almost 

about 60% of the area, covers the entire middle, southeastern, southwestern and 

northeastern part of the region. The limestone unit is overlain by the upper sandstone 

unit, which outcrops as isolated patches allover the area 

The north and northwestern pan of the area is covered by Pliocene volcanic rocks of 

recent age, These rocks are also common in areas where tectonic activities were intense. 

According to Chernet et al. (1998) these volcanic products are categorized ,\~th the Afar 

slraloid series dated between 5.6 and 4.my. Volcanic rocks ofinterrn::diate composition 

are also present. Some are found directly overlying the basement rocks and others 

erupted along the half grabens bounded by sedimental)' rocks. 

In order to draw a complete picture of the stratigraphy of the area, it is necessary to 

subdivide the rocks based on their lithology, chronology and tectonic evolution. 
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Based on their geochronological order rocks or th , e area could be put from older to 

younger as fo llows: 

I. Basement complex 

2. Lower sandstone 

3. Transition beds 

4. Limestone Supersequence 

5. Upper sandstone 

6, Rift-Related volcanic rocks 

I. Rift margin felsics 

II. Marginal mafic rocks 

7. Quaternary-Recent alluvial deposits 

N: B. The stratigraphy of the Rift related volcanic rocks is mainly based on the works of 

Chemet et al. (1998); Berhe (1986) and Kazmin et al. (1 980) 
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4.2 Basement complex 

These are the oldest rocks in the study area as well th as e cowury as a whole. They are 

of Precambrian in age and now well exposed in the so Ih f . u em part 0 the study area, 10 

some deep river cui exposures and along fau lt planes Mo II h k . . s y, t ese roc S are overlam 

by Mesozo ic sedimentary rocks in the area (fig. 4.1). However, in sarre places, around 

Dengogo and southern Kersa, the basement rocks are directly overlain by the marginal 

felsic rocks: Trachytes and Dacites (Fig. 4.2). 

In the study area, the basement rocks are mainly characterized by Gneisses and Schists. 

Low-Grade metamorphic rocks (like Slates and Phyllites) are absent. The gneiss covers 

the largest portion of the basement rocks. It is pinkish grey when the rock is dominated 

by Microcline; otherwise, it is characterized by white and black mineral banding. The 

petrographic analyses show that the principal mineral constituents of the gneissic rocks 

(meta-granites and meta-granodiorites) are K-feldspar (Microcline), Quartz, Plagioclase 

and Biotite. These minerals together account rrme than 92% by volume of the rock 

sample. Plagioclase shows sericitization and calcitization, which could represent lale 

stage of alteration. Biotite shows alteration 10 chlorite. Microcline is sericitized and its 

twin lamellae are stretched. Some plagioclase also shows myrmikite te.xture. 

The Chlorite-Biotile-Schisl: - these are small exposures mostly found sandwiched 

between the gneissic rocks. Unlike the gneissic rocks, this unit has variegated color 

dominated by deep brown color and consists of biotite, chlorite, chlorite-actinolite and 

act inolite-quartz schist. 
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The basement rock in general, is characterized by pre and syn-rifting st ructures. The 

per-rifl ing structures represent ro~ations , non-systematic fractures, vems il.Ild some 

disharmonic type of fo lds. The syn-tectonic structures are mainly of extensIonal 

fractures and fau lts, which have similar orientation with the major trend of the margmal 

faults and the northwesterly trending lineaments. 

. . the contact between the n:et~morphjc rocks and th e lower 
Fig. 4.1 Road exposure showmg The sandstone is slightly mcfmed 
sandstone (4 km east of Lange). 
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Fig. 4.2 Local Stratigraphie columns: (a) basement rocks overlain bJ,the normal successions 
of Mesozoic Sediments around Lange, (b) basement complex ol'erfain bJ' the marginal rocks 

at the northeast of Dengogo and l'outheasl of Kef so. 



Tllblc-4.1 Summary of the Mineral contents of Gne issic rocks 

Sa.mplc Rock Mineral Mod, \ Texture Location ;~l.;;rM 

Cod, Name % Zone () 
Easting Nonhing Alt . 

I ~Iicroc l inc S7 Xenoblastic 
uan7. 20 I Xcnoblastic 

Pia ·ioclasc 10 Xenoblastic 
Biotite , Flak ' 
Chlorite 2 Flakv 

I 
OpaQue 2 Idioblastic-Xenoblastic 

Sericite 2 Very fmc 

Calcite I Xenoblastic 
Muscovi te I FI 

81943 1 1048506 1922 

Zircon Idioblastic 
T, 2-S2 Meta-Granite Ruti le Hypidoblastic 

S hene Tmoc H idoblastic 

A atile Idioblastic 
Xenoblastic-

Pla~ioclase 46 hVDidoblastic 

uartz 25 Xenoblastic 

K-fcldsoar 20 Xenoblastic 

Biotite 7 FIOk" 
Calcite 3 Xenoblastic 

Chlorite 2 Flokv 
1956 

OpaQue I Xenoblastic 

Tn -S\ Meta- Aoatitc I Idioblasl ic 
819840 1048236 

Granooiorite Zircon Idioblastic 

Sericite Tmcc Verv fine 

Sphene Idioblastie 
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4,3 Lower Sandstone 

The clastic sedimentary succession underlying the Jurassic carbonate rocks and 

overlying the high-grade metamorphic basement is dosen'bed ' I ' as a smg e wut called the 

Lower Sandstone. Equivalent terrigenuos successions ',n other pans of Ethiopia are 

referred to as Adigrat Sandstone in Mekelle basin and lower sandstone in Abay basin. 

Earlier writers: Stefanini (1933); Mohr (1962); Dow et aI . (197 1); Saxena and Assefa 

(1 985) and others used the term Adigrat Sandstone for this formation instead of lower 

sandstone. 

This Sandstone is yellowish-grey to red, fme to coarse-grained, well sorted and is most 

probably the result of reworking of the underling basement rocks. Unlike the lower 

sandstone in Mekelle outlier, which is underlain by the Edaga Arbi glacial (Tillite), this 

unit di rectly overlies unconformably the basement rock (Fig.4.3). Cross bedding is 

common and intercalations of silt and shale occurs frequently in the upper part of the 

section. 

Practical ly the grains are composed of quartz arenites cemented by silica, carbonaceous 

and ferruginous materials. Calcareous cemented rocks are slightly lighter and friable 

than the other sandstone, which are cemented by silica and ferruginous materials. 

The thickness of this unit is high~' variable. Even in some places, it is complete~' 

absent and the carbonate rocks are directly unconformably overlying the basement 

rocks. In some of the deeply cut river gorges, its thickness reaches up to 35 m 

, d Ih maximum thickness of this unit to about 
However, Gelaneh (unpublished) estunate e 



100m This fairly large thickness of the Sandsl . . one IS well observed In toclomcaUy 

undisturbed areas of Kulubi which ,. bo , sa ut 5 kmfi fi ar rom the southwestern part of the 

study area The great variation in thi k . c ness of IhlS unit is med assu to be deposllIOn of 

the Sandstone in a piedmont area or d non· enudated em' ironment of the basement 

Fig.4.3 the A digrat sandstone of DireDawa moerlying the basement rocks 

Bosellini et al. (1999) added that the rapid change in thickness suggest the occurrence of 

rough topography and gully infilling. Both the lower and upper boundaries of Ihe 

Adigrat sandstone are probably diachronous. The age of the lower boundary is 

particularly impossible to date. The beginning of clastic sedimentation was largely 

controlled by the gondwana relicf and can be Triassic to Early Jurassic or even Penruan 

The age of the Upper boWldary, which, grossly speaking, should be taken as the JurassIc 



• 

rifling and by the gradual on lapping of . . manne SedLOlents on to the east Afncnn 

continent 

As the unit is generally exposed along deep river cuts and th b f e ase 0 sleeply 1Jlchned 

fault scarps, it is impractical to indicate it in the l ·caI gea ogl map, however cross-sections 

of the area can illustrate the nature and position of this unit. 

4.4 Transition beds 

The boundary between the lower sandstone and the overlying carbonate rocks is 

characterized by a transitional zone. This transitional zone is thick, 25- 35m. and 

contains alternating beds of shale and marl, \\~Ih some sandstoneJsiltslone and 

calcarenite beds. The transition beds show that the fluvial environment, which was the 

cause for the formation of the lower sandstone, has ceased, while shallow marine 

environment had started to develop. The bottom part of the transition zone is 

dominantly of sandstone intercalated with thinly bedded shale and marl. The sandstone 

is generally thinly bedded (5-2Ocm), (ine-grained (siltstone). friable and greyish -

yellow in color. As moving up sequence. especially along the road leading from Lange 

to Kersa, the sandstone diminishes in thickness and is replaced by calcareous sand, 

shale and marl. The shale and marl intercalations, al half way between the twO 

mentioned towns is well bedded with bed thickness 5 - gOcm (shale) and 0.1 - 1m 
, 

(mar\) (Fig. 4.4) 



Fig.4.4 Representative imagef or the transition bedsi the layers o/th e shale art thick 
at til e ~onom and progress;,'ely decreases their thickness upwards, while lhe layers 
of ma rl ",crease their thickness upwards 

4.5 The Limestone Supersequence 

The organic sedimentary succession overlying the transition beds covers the entire 

middle, western, eastern and northeastern part or the study area This supersequence is 

the dominant rock type covering about 60% or the project area. Equivalent, non-clastic 

sedimentary rocks in other parts or the count!)' are rererred to as the Antalo Limestone 

(Mekelle outlier), the Limestone Wlit (Abay basin) and Hamanlie and Uamndab 

(Ogaden basin). Getaneh (unpublished) stated that this unit is slightly older than the 

Antalo Limestone in Tigray and is estimated to be Lower - Upper Jurassic in age He 

60 



also added that the presence of Ammonit nfi es co mred that IhlS supersequence was 

formed under relatively deep marine environme nt. 

The type of the limestone is not ·fi unl arm as a result of inhomogeneIty dunng liS 

deposition (Fig.4.5). The lower part of this supersequence has a thickness of about 70m 

and lies on the shale and marl unit. It is dominantly of edd· h . r IS grey to greYISh yellow, 

friable marly limestone with thin beds of shale and mari I·ntercal t· Th· .. a IOns. IS urn! IS more 

widespread carbonate rock and is found following the southern vicinit), of DireDawa to 

the IJekeHalo village (southeastern DireDawa) and in some parts of the Hula-Hutul 

area (southwestern DireDawa) (Fig.4.IO). 

O,'crlying the marly limestone, there is well-developed reddish grey to black-bluish, 

extremely fine-grained (Crypto-crystalline) limestone beds (the middle subgroup) with 

well-oriented sets of joints. The thickness of each bed ranges from 50cm - >2m and an 

aggregate of these beds gives a total thickness of about 140m Fossils are absent or not 

very common, this may tell us that this subunit was fo rmed under deep marine 

environments. Despite of the fact that this portion (unit) is massive and thickly bedded 

black-bluish limestone, thinly bedded shale and marl (5 - !Ocm) are intercalated. As 

stated above there is a remarkable facies change in this sequence, including i1 , 

substantial increase of marly limestone and shale, the total disappearance of the black­

bluish limestone and the occurrence of greyish-yellow marl, shale and mudstone. 

A h
· k . f Iy i·mestone shale marl and mudstone overlies the top part of 

t Ie succeSSIOn 0 mar I , , 

the black bluish limestone. The thickness of this unit, measured from the fault scarp, IS 

about 60m The major constituents of this subunit are: fine-grained, greyish-)'cllo
w 
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marly limestone, aggregates of loose and fragmented yellowish gre)' marl, bght brO\\11 

to dark-brown shale and thinly bedded (10 - 15cm), slight~, nodular black-blush 

mudstone. However, 3 - 4m thick layers of reddish·gre)' lirrestone are common "lth In 

this subunit. Unlike its equivalent units of Abay and Mekelle basins, thIS sub UOit IS 

particularly non·fossi liferous. According to BoseUini el aI. (200 1) this sub group IS 

called the "DireDawa Formation" (Fig.4.7) 

. ' ri and shit: dQminated of Illneston/!, rrttJ 
Fig 4 5 An image showing the three ,S"b.,~;::~/! (middle) and marl dominated uppn 

. . I bl ck massn'e j lower sub group; b ue- a , 
limel'tone. 



, 
'. 

Genera11y, the lower and upper parts of the supersequence are more alike e;~cept that the 

upper part possesses thin beds of mudstone S' h . mce t ese two subgroups Q\\TI sigruficant 

aITX>lUlt of shale and marl they are hi hi . • g y susceptible to erosion and sliding Therefore, 

their morphology/topography is gentle as compared with the cliff fonning middle part 

of the supersequence. Moreover the fault scarps that pass th gh h . rou t ese urnts are highly 

modified by erosion and this time they can't reflect the exact faul t geometl)'. 

4.6 Upper Sandstone 

The yo ungest s iliciclastic Mesozoic sediment, overlying unconfo rmably the upper 

Jurassic sedimentary succession of Harar, is nrured as the ' Upper Sandstone'. 

Equivalent siliciclastic sediments occur in central Ethiopia (Blue Nile; Assefa, 1991); 

Tigray (Mekelle outlier, Bosellini et aI., 1997) and Eritrt:a (Denakil Horst, Hutchinson 

and Engels, 1970). 

This unit consists of three types of well·layered sandstone (Fig.4.6) . The first one is 

whitish to greyish.yellow in color. It is coarse-grained and commonly associated wi th 

quartz conglomerate lenses. The existence of quartz conglo~rates with in this unit 

enables to distinguish it easily from the lower sandstone in stratigraphically disturbed 

environments. The second layer, which is very fine-grained and relatively soner than 

the above two, is light blue to pale-blue in color. Unlike the above twO, this layer is 

thinner and devoid of those quartz conglomerates. 
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The third layer, which is relatively fmer, well sorted and cemented, IS light red In color 

This layer also consists of quartz conglomerates but not as rT'IJch and large as the rlf'st 

layer. 

The above sequence is conunon in the central and southern pan of the area, but as 

moving from the rift margin towards the rift noor, one major change occurs. In most 

exposures of the western and northern part, it is ord inary to observe whitish (sugary 

texture), massive boulders imbedded with in the sandstone. This shows transformation 

(slight metamorphism) of the sandstone in to the so-called quartzite. The main factor for 

the recrystallization of this sandstone may be the existence of anomalous heat during 

dyke injection and an elevated temperature due to emplacement of granites and other 

intrusive bodies in such envirorunents. 

, ' t d ,'. color' well-sorlN lighl-red dst e. It IS va"ega e . 
Fig.4.6 Steeply jncline~ upper-san on

le 
soft sandstone (middle), and white 10 f:rl!f 

sandstone at the top ; Ilght-blue to pllrp , 
conglomeratic sandstone at the bottom. 



In the study area, the complete stratigraphy of th· . . . 
IS Unit IS dIsturbed, therefore the entire 

thickness of this unit is assessed five kilomet fi res away rom the southwestern sIde of the 

mapped area, around Kulubi town. At this locality the stral" h.. II Igrap"llS we preser\ cd, the 

trap series and the carbonate rocks are fOWld , I,,· o,er.]mg and W\derlymg thIS Unit 

respectively and thickness of the sandstone is estimated to be about 120m I·lowe, cr, 

Getaneh (Unpublished), stated that the thickness of this unit is about 300m, which IS 

most comparable with the Ambaradom formation of TI'g r~ R I bl' , 'wI . ecen pu Icallons 

(Bosellini et aI., 1999,2001) stated that the Ambaradam Formalion of DireDawa area IS 

150 - 200m thick mainly consists of fluviat ile sandstone and minor shale and is , 

overlain by trap basalt. 

From the Stratigraphic point of view, it is not heavy task to estimate the relative age of 

the Upper sandstone ofHarar and DireDawa, but to group it to which period it belongs, 

it needs some paleontological evidences. As cited in Bosellini et al. (1997), the 

paleontological dating of the 'Upper Sandstone' of Harar, Chercher and AnlSsi is 

Aptian-Albian (Lower Cretaceous) (Gortani, 1973; Silvestri, 1973; Beauchamp, 1977), 

which is a bit younger than the upper sandstones of Abay and Mekelle. Generally, the 

upper sandstone is undated in Ethiopia. However, at Graua and Gara Mulata, some 

50km south of DireDawa, a 15 _ 20m thick limestone intercalation, rich in various 

species of Orbitilina and pelecypods, clearly indicates an early Aptian age for that tract 

of the formation (BoseUini et aI., 19(9) 



.... ~ .. !\... .. ) 
~~, .:-. ..• "',..;,:., 
R.v?I1. 

~1!IIlI.N(1lfJN:( 

, j~'~ 
( 0KM0I1.«4 

Rill ~ ,iI<", 

:...:.:::.~' 
P:.f·i1fUt/ 

LIKff. t ~ ·f.,. 
:-";7' 

Co~'ome'QlU SQI1ds'.ontJ 

~ 
Up!'" &nJson, 

- 1JA6I_ 
.~ = , § ... '- ~, 

~ 
Mudsloo, &Marly I"",,", .. , 

i ~ 
1Jppt, part of I)" 

--do) 
cmbonatt ,oc.lrs 

. "~:.~ 
~ .. 
-~ •. - . . ....... 

"-- ;::] Midd/" bru, bloc!. 
. , ". ;-','':4. limdmu. Pulf form 
~.~:?7 -"~, ..... '" , -r 

01 tlu CQfbooa/t lOCk.. 

I 
...... , .. , .. , .) 

.' - ., 

,~ I · .. ,c·;;;) -"' Marly liwston.f, thf 

.. ":-;-": '.:; 
,~" .,,~ 
(l'~ .1flI1I • , ~ 

oldd ,,,k of lA, 

• • CQ1bonQtis 

~ 
Q 
< 

< • • 0 
~ 

Shalt andma,t lUlil 

~ 
( __ II" W,U..,rlid and ""Iu,id 

lowIT Sand:ion., 
• ._,.-

..... "' ... 

Fig.4.7 Local Correlalion o/the Mesozoic successions of J)ireIJawa area 



4.7 Rift Related Volcanic Rocks 

Following the majo r episode of rifting, the continental crust of Afar is high!)' auenuated 

Significant decrease in thickness of the crust leads to substantial amowlI of 

decompression melting beneath the thinned continental crus\. Eruption of those molten 

materials to the surface pilot to those various rift related volcanic rocks. The chemislrY 

of these rocks is diverse as they are results of different parental magmas. In this topic 

the aim is not to discuss the geochemistry of these rocks but to understand the nature 

and type of the volcanic rocks of lhe area and to construct their lithostratigraphy. 

As mentioned earlier, there are two types of Rift Related volcanic rocks in the specified 

area These are: 

I. Rift margin felsics 

11. Marginal mafic rocks 

4.7.1 Rift Margin felsics 

h . phic analysis the riO margin Based on their physical appearance as well as I elr petrogra , 

silicics are fu rther subdivided in to twO major groups. 

. d in the southem periphery of the 
The first group (Trachytes and DaCites) are expose 

area, aligned parallel with the boundary faults directly overlying the baserrenl rocks. 

. h· fi to medium grained massive rocks 
These are dominantly of grey to greYlsh·w Ite, IDe 

h d of Lange 10 Dengego (Fig.4. lO). Accord ing to 
forming a circular domes along t e roa 

I ed ·th the Arba Guracha Silicics and Mabla 
Kazmin et al. (1980) these rocks are re at WI 

contemporaneously with the emergence of the Afar 
Rhyolites, which were formed 

depression about 14 Ill)' ago. 
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The petrographic analysis of the unit points that the d . ammanl mmerals are K·feldspar 

and plagioclase, which together constitute 8()OI! of the k " o roc . 'lroxene and other opaque 

minerals (Fe-Oxide) constitute about 5% of the rock sample and Quanz about 5% The 

K-feldspar (Sanidine) and the plagioclase show parallel to sub parallel alignrrent 

Volcanic glass shows devetrification to chalcedony, The texture of the minerals IS 

inmost cases is anhedral. 

The second group of silicic rocks (Rhyolites) are exposed only in the lower pan of the 

margin, confmed with in the major half-graben passing through the southern part of the 

DireDawa town. These rocks are dominantly of grey in color and fme to medium-

grained in texture. They are characterized by well-developed spheroidal weathering 

(flg.4.8). 

The petrographic data reveals that the major minerals constituting the rock are: 

plagioclase, K-feldspar and quartz. These three minerals constitute about 94% of the 

samples. Opaque minerals and pyroxene constitute the remaining 6%. The ground mass 

is dominantly made of tabular plagioclase, anhedral K·feldspar and quartz. Some large 

crystals of plagioclase are seen as phenocl)'sts. The shape of the crystals is dominant ly 

tabular, lath tabular to anhedral. Detail mineral contents of the three samples are 

tabulated in Table 4.2. 



• 

f ig. 4.8 Spheroidal weathering de\'tloped on tire RIr)'ofilic roch 

In the regional volcano-tectonic framework, this late Miocene-Pliocene Silicic 

volcanics are aligned along the base of the southern escarpment of the Afar depression 

(Chernet et aI., 1998). Kazmin et aI. (1 980) suggested that these silicic centres 

developed in a marginal graben 7-9 km. wide (rift - in - rift structure), which formed 

along the foothills of the eastern escarpment oflhe northern main Ethiopian Rift and the 

southern escarpment of the Afar depression. 

In this particular area, absolute age dating has not been conducted. However, ages were 

determined from the silicic rocks of Asebot-Karajote eruptive centres and from 

GaraGumbi volcanoes which have similar composition and tectonic histories with this , 

unit. These results indicate that the Asebol-K.arajote centres were forrred between 56 

and 5.0 Ma, while the later volcanic centre was erupted 6.87my ago (Chemet et at , 
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Sample 

Code 

TWS2 

T4-S4 

XX, 

1998). Therefore it can be speculated th t h Rh . . , ate y01l11c rocks of the area nughl have 

been erupted at the same time with the aforementioned rocks. 

Table 4.2, Sununary of Mineral contents oflhc silicic rocks 

Location in UTM 

Rock Minerals Mode Texture I Zone (37) 

Name 
1 

% Easting NOr1 hing I Altit ude 

\ K-feldspar 60 Anhedral 

\ Plagioclase 20 Lath anhedral 

Devitrified I 

Trachyte j volcanic glass 10 815981 1045462 2073masl 

I Quartz 5 Anhedral 

Pyroxene 3 AnhedraJ 

I Opaque (Fe-Oxide) 2 Anhedral 

K-feldspar 45 Tabular 

Rhyolite Plagioclase 30 Anhedral i 

1058830 I 290masl 

Quartz 20 Sub- 1814470 

Anhedral 

Opaque 5 Anhedral 

I Plagioclase 54 Lath Tabular I 
K-feldspar 20 Lath Tabular 

Dacite Quartz 18 Anhedral 814798 1058407N; I 358masl 

Opaque 5 Anhedral 
, Anhedral 

Pyroxene 3 

r Calcite 
Trace 

7& 



4.7.2 Marginal Mafic Rocks 

These rocks cover a broad exposure on the northern and h nort western portion of the 

area and as patches on the northeastern side. As seen from satelli te imageries and some 

regional maps, it is traced nearly continuously along the Afar margins from the northern 

main Ethiopian rift through the Aisha and Tadjoura region 

Basically, these mafic rocks are of two types: olivine rich basalts and oli\;ne poor once. 

The olivine rich basalts are rnain~' found on the northern and northwestern side of the 

area and are called 'Afar StraJoid Series', They cover the largest part of the volcanic 

products attaining a maximum thickness of about 150m These rocks are assumed to be 

characteristics of well-evolved rift zones. The Age determination carried QuI by Chemet 

et al. (998) dermed that the Afar Stratoid series is dated al4 .68 I11Y, which is ne.:ltl), the 

same as with the age dated by Christiansen et al. (1 975) for the whole series. However, 

recent publication (Kidane et aL , 2002) modified the name to Lower Straloid Series. 

Petrographic analyses of these rocks show that the dominant minerals are plagioclase, 

pyroxene and olivine. These three minerals account about 83%. The ground mass is 

mainly composed of anhedral laths of plagioclase, pyroxene and olivine. The interstitial 

space between plagioclase is filled by pyroxene, oii"ine and opa.que (magneILle) 

minerals. Some empty and partially calcite filled vesicles are also evident. 

\
. . r basalts are comnlJnly found on the northeastern 

The second type of rocks, 0 lvme poo , 
. aI black in color and very finc gramed in lexture 

side of the area. These are In gener 
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They are mostly emplaced in the well-developed half grabens alLgned neart)' parallel 

with the major marginal fault trends of the area and outcrops surficmlly directly abo\e 

the faulted and tilted block intersections. Their thickness is variable but In sorre places a 

thickness of about 30m is evident. 

The leading minerals in these rocks are plagioclase and pyroxene. Lath microhthLc 

plagioclase, anhedral pyroxene and euhedral opaque minerals are the main components 

of the groundmass. Pyroxene and opaque minerals fill the interstitial space between 

plagioclase crystals. 

From the above two mafic rocks, it can be inferred that the olivine poor basalts are 

erupted earlier as a result of the major marginal fault developrrent, where as the oii\'ine 

rich once are resulted from further episode of fau lting and tilting occurred concurrently 

with the last volcanic phase of the Rhyoli tic centres (Berhe, 1986). 



T ltb le 4.3 Summary of thc Mmeral contents of Mafic Rocks 

Loc;ttion in UTt\'1 

SlIITllllc Rock Mi nerals Mode Texture Zone (37) 

Code Na me % Easting Nonh i n ~ Altitude 

Pl agioclase 48 Lath anhedral 

Pyroxene 20 Lath anhedral 

Olivine 15 Subhcdral -

T, -S! Olivine AnhOOrnl HI4400 1079050 9653SI. 

basalt Opaque (Fe-Oxide) 10 Subhedral-

Anhedml 

Calcite 7 
_I 

Plagioclase 4" Lath anhedral 

Olivine 25 Anhcd<al 

Ts- S) Amygdaloida\ Pyroxene 10 Euhedral -

o livine Basalt Subhcdral 828964 1075612 100Sa5t 

Calcite 10 Euhedral -

anhedral 

Opaque 7 Anhedral 

Plagioclase 55 Lalli 

Ts - S2 Basalt Pyroxene 25 Anhedral 821890 1068732 1 I1 9a51. 

Opaque 15 Euhcdml 

Volcanic glass 5 ------
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4.8 Quaternary - Recent aliuvia l depos its 

This Wlit outcrops in all or nearly all of the deeper parts of the half grabens as \\cU as 

along the gently laying major river courses. However, it is dominantly found laymg on 

the 5 - 7 km wide marginal grabens. This Wlit was formed as a resull or the end product 

of weathering of the three rock types. Therefore, various colours and size of sOIls are 

characteristics of the alluvium In some places il is fine-grained, dark to dark brown in 

color and is most probably the result of reworking of the mafic rocks, where as the 

others are fme to coarse - grained, grey to light brown soils. As seen from some 

boreholes in the area the thickness ortM alluvium reaches about 40m 

4.9 Stratigraphic Column of the Area 

. h be " f this chapter the aim was to show lateral extern and 
As mentIOned at t e glMmg 0 ' 

, aI h' k f th ar'ous rocktypes and to construct the lithostratigraphy or the 
vert ic t IC -ness 0 e v I 

uruts. From the regional 
ad· . dating rocks or the 

point of view and some r lomelOC , 

. . . ted as the sketch below. 
DireDawa and its VICIDlty are reconstruc 

JQ 
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CHAPTER - FI VE 

STRUCTURA L ANA LVSES OF TIl E AREA 

5,1 General 

The East African Ri ft System has been formed by the relative motion of the three major 

plates; Nubian, Arabian and Somalian, and Iwo smaller ones, Sinai and Danalol (BeThe, 

1986). Consequently the structural patterns present in the region are strongly governed 

by the relat ive motion of these three plates. Here the aim is not to see all the structural 

patterns of the margins bounding these plates but 10 see only the evolutionary 

development of the southern Afar margin in particular and the Gulf of Aden in general. 

The fault patterns present in the Afar Depression are complex as they reflect the 

interaction of three rift systems in a RRR triple junction. This complexity is not only 

restricted to the axial graben but also extends \0 the marginal faults. From regional point 

of view, the southern Afar constitutes various types of fault trends. Berhe (1986) stated 

that five major fault trends of different ages were recognized in the region (fig.S. I) 

Based on the structural map of southern Afar (Berhe, 1986), the IWO margmaJ fault 

trends, the Gulf of Tadjoura and Nazareth trends meet at the geographic locations 4cf 

52' 30" _ 4 1' 7' 30" E and 9' 7' 30" - <f' 37 ' 30" N, local~' called Asebol, mean "hlle 

the E _ W (Gulf ofTadjoura) and the Nonh westerly lineamcnls intersect at 41° "s'o(r' 

_ 420 00' 00" E and 9° 22' 30" - 9° 40' 00" N or DireDawa area. 



The southeastern escarpment forms the margins of the Harar • Somaha plateau and 

consists of a 25 - 30km wide zone of Antithetically and Synt hellcal~' lilted blocL.s of 

Precambrian rocks covered by Meso' o' 00· Z Ie s lments and Tertl3I)' \ olearuc rocks (Black 

and Morton, 1975), The present ri ft margin of the escarpmcm LS dehrruted by E 

trending fault (Nazareth trend) and E - W oriented faul ts, which could be commuatlons 

of the Ambo fault on the northwestern Ethiopian plateau. The rift margin appears to have 

been affected by north- westerly lineaments, which might have acted as transcurrent 

faults. 

The structural style of the escarpment changes rapidly west and east of Kulubi clther 

side orlhe Gara Mulala fault zone (Berhe, 1986), West of Kulubi the beds dip towards 

the rift and fault planes dip away from the ri ft ; whereas east of Kulubi the re\'erse is 

true. The fault planes dip towards the rift while the bedding planes dip away from the 

ri ft . In the Kulubi area faul t sets \\~th opposed hades are observed to interfinger. This IS 

a transition zone where rotation of bedding and fault planes change from antithetic to 

synthetic, 

When we narrow the area of study to a particular site, DireDawa and it's surrounding, it 

d ·' that this area gives a complete solution fo r the tectOniC style oes not necessan y mean 

and evolution of the southern Afar rift margins, However, structural analyses of the area 

. , ' ' , , t: th ·ft margin development and will strengthen the Idea about 
WI gl\'e unrrunent lor e n 

. d d' ( n of extension of the region Morco\cr, It inhomogeneity of tectornc style an Ire<: 10 • 

, b analyzing the various onenlallons of 
will give the chronological order of structures Y 

Dykes of the area, 
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The analysis is mainly based on the faults, Dykes, Bedding planes, folds and other 

features associated with these major structures. 

5.2 Faults 

As mentioned earlier the study area, located in the southern part of Afar DepressLon, IS 

characterized by well marked nearly E-W oriented boWldaJ)' normal faults at the 

southern periphery, by well-defined marginal graben at the nonh and poorly defined, N 

10° W oriented transcurrent faults bounding a 25 - 30 km wide rift margin This region is 

generally good in preserving airrx>st all the tectonic activities, which have taken pl ace 

since the initiation of rifting to the Miocene- Pliocene periods. It comprises of older (- 14 

my) faults along the periphery of the ri tl to faults of relatively younger « 5 my) age aI 

the northern part . The development of the marginal graben is considered as recent 
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activities of the rift margin. More over middle ag ' I , e '0 cano tectOniC aC11\ ltJes are also 

preserved along the well·developed half grabens or the 'n " n margm In general 

The boundary fauhs, which separate the Somalian plateau 'rom Ih n cd II e n , are consillu! 

by several short running E - W to ESE - WNW oriented faults. These faults have 

discontinuous right-stepping en-echelon disposition. The maximum throw of the 

boundary faults measured from the topographic map reaches up to 500m In other parts 

of the boundary there are a series of synthetic faults up to 300m apart, all or nearly all 

with the same direction of throw, constitute the fault scarp. On traversing such areas, the 

same geological sequence may be repealed on each successive fault block. These normal 

faults are generally older as they are reflected by the older felsic centers along these 

fault s. 

The marginal normal faults , which constitute all or nearly all the study area, are 

characterized by E _ W to ESE oriented fault planes. These faults are some times 

dissected by the north-north-west running lineaments. Continuous long running faults are 

not evident and their trend varies slightly as they cross the NNW oriented structures. In 

the north western part of the area there is one major fault showing unique fault 

orientation. In general, two major marginal fault systems have been distinguished: an E -

W to N 780 W trending fau lt systel1\ which characterizes mainly the entire southern half, 

d N4o' E I N60° E trending fault, the Shinile fault (fig 5.10) 
the north eastern parts, an a 0 

'auilS are the dominant structures forming the largest 
The E-W to WNW oriented Ii 

d
' (fig 5 3) showS that the fault trends of this 

portion of the rift margin. The rose Ingram I .· 

6
00 W. The northeastern, central, southern and 

system vary from S 80° W - N 
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southeastern parts of the area are char t . ed acenz by S 800 W N 75' IV _. , - trtlluang Illult 

scarps. The throw of the faults range from 40 rn to about 150m The rault scarp cuts the 

Mesozoic rocks of the area and the top part of the Precambnan baserrent The 

magnitude of dip of the rault planes is variabl I e. n areas where there IS high block IIl1m&. 

the magnitude of dip of the faults reduce greatl ' d d· ) an a Ip angle of about 4 

measured, while in areas of gently dipping blocks such as· around Lange and Kersa, Its 

dip amount reaches up to 700 N. 

At the western and southwestern part of the area (Mclka-Jctxlu, Dujuma), the marginal 

faults are constituted by several N 80° W to N 6et W oriented fault planes. Their dip 

amount ranges from 70 - 40° NNE and their maximum throw was estimalcd \0 be about 

100m, which is almost similar with the E-W oriented faults. However, this area is devoid 

of any intra-basin volcanic products. 

Well~developed fault scarps are observed in the north and northwestern part of the study 

area in particular aJong the northwestern border of the Shinile town. In this panicular 

area distinct fawt patterns, trending NE to ENE (N 400 E ~ N70
0 

E) and dipping to about 

700 SE are evident. The second and most important distinguishing feature of these faults 

is that they cut the recent volcanic product (Afar stratoid series) of the area, which IS 

dated to 4.68 Ma. (Chemet et aI., 1998). There fore, it can be suggested that these faults 

are the youngest of all marginal faults present in the area. 

The north~northwest trending faults or lineaments in the DircDa
wa 

are aligned N2rf W 

to N50W. These faults are particularly evident in DireDawa and its vicinity TectOniC 

. man)' scalcs Small fau lts are traceable up 
structures associated with these faults occur on . 



to the rift margin (BeThe, 1986) where th'"'· offset the " carp t d 
~J rren , an continue to 

central Afar (fig.5. 1). As he stated nx>re, these faul ts ha\'e eX1ended ruslones datmg well 

back in to the Mesozoic or even the Precambrian. Therefo re, it IS prolTUsmg to say thaI 

these faults (lineaments), which are evident in the study area, have two leClornc rusloncs 

The main evidence for this is the crosscut nature of the structures. Most of the structures 

are cut by the E -W running marginal nannal faulls. This shows that the l\Tf\1"\V Irendmg 

faults pre-date the marginal faults. While the second group of structures cui the marginal 

faults, meaning that these lineaments (shear zone) post-date the m.1rginai faults 

Therefo re, this indicates that the structures might have been rejuvenated from the pre-

exit ing NNW oriented faults. 

In the project area, dextral senses or movements are observed. The nearly - S trendmg 

lineament that passes through the eastern side of the town, DireDawa (DireDawa Textile 

fact ory) shows a dextral sense of movement. This sense or rOOvemenl was confirmed 

from the detail measurements of the bedding plane orientations (FigA.2). But in most 

areas (such as along Lege-Oda river and Hula-Hulul) this sense or movement is justified 

from aerial photographs and satellite imageries. 



t 

(a) (b) 

F~g.5.2 Post-rift. dextral nQrth_nofthwesterly transcurrent faults on th e eastern l'ide 0/ the 
D~re Dawu town (a) Aerial photograph and (b) schematic JUudurul map of eastern 

DlTeDawa 

The other fascinating feature of the area is the development of marginal depresSion 

(Graben) at the north-north-east side of the area This is a continuous graben e.xtendmg 

from Asebot passing through Melka-Jebdu to Shinile, bounded at the north by the N 4(/ 

E to N 700 W trending Shinile Fault and at the south by successive steps of the marginal 

faults (fig.4.11 b). The maximum width of the depression is about 7km nnd IS 140m deep 

from the northern flanking plateau (Rebal and Rerjashcbelcy RIdges) Thick allu\'lnl 



deposits mostly cover its floor but in some areas tilted (2jl . 2 layers ofhmestone: and 

sandstone are present. 

Kazmin et al (1980) estimated that the age of the graben is extendmg to MIocene (about 

9my). However, the marginal graben in the study area is by much )'ounger (<468my) 

This graben may be the recent episode, which has been taken place in the southern Afar 

margin particularly around the DireDawa area. As stated by Chemet et at (1998) the 

rocks, which constitute the plateau flanking the north side of the graben, are dated at 

4.68 Ma. Therefore, this marginal graben is assumed to be developing post·dating the 

Afar stratoid series and the Shinile fault. 
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Fig .. S.3. Siereographic projection and rose diagram analyses of faults: (a) Stuf!ogruphic 

, ,-_ " SJm represellu tire projedlOn of the variQus fault planes' the pole nIlsitions w,'," •• " hoI 

Orienl(lli~~s of the southern and SQuth·eastern portions of rhe study area, Me .. symbols lUI! 

pole pOSlllOns of the south-western and western sides of tire urea, " . " urI!. pole positions 

for til e Shinile and other south dipping faulls; whereas, "<p" represents for the locully 

orietlted fault planes; (b) is a rose diagram/or the .. . "; (e) is u rose diagrum j ar ... ;', 

und (4) is a general rose diagram for the whole fault system. 

The second and most dominant observed feature of the area is the e.xistence of 

successive half-grabens and picks of the tilted blocks. These structures are found almost 

all over the study area except the northern and northwestern parts. They run parallcl or 

nearly parallel with the faults and bedding planes, which bound the half·grabens The 

dimension of the half grabens is variable, in some areas well·developed half grabens thai 

extends for about 6-8 km and widens about 1-2 km are observed; whereas others are 

very sma1l and short. Their floor is mostly covered by thick recent a1lu\<lal depoSits 

8~ 



However, in some places, the floor is co\'ered .... , 1 . "] vo came products of mafic and felsic 

composition. In the nonhem part or lh . e area, the mtra-graben basaltIC rocks are aligned 

parallcl with the depression. 

5.3 Bedding plane 

The areas of pre-Miocene rocks exposed with in DireDawa area are all intensely faulted 

by normal faults (Morton & Black, 1975), and the blocks between the parallcl faults are 

strongly tilted. Typically a series of fault s, all or nearly all \\~Ih the same direction of 

throw, separates a series of tilted blocks with beds dipping in the opposite direction to 

the fau lt. The fault and bedding relationship of the area confirmed that the bed 

orientation is greatly controlled by orientation of the faults. The strike of the beds and 

faults is nearly similar, however, their dip amount is inversely related and their dip 

direction lies opposite to each other. The dip amount of the bedding plane increases \\;th 

progressive increment of block rotation about horizontal a.xis, while the dip amount of 

the fau lts planes decreases with progressive increment in block rotation, The orientation 

of the strike of beds range from S801\v - N60oW; however, the strike of the beds vary 

locally and trends of S450W _ S80~V and N60~V - N40~V are observed, Morco \'cr, 

the dip amount of the beds varies from nearly horizontal to about 45° s. 

As stated above the strike of the beds is not uniform through out the area.. Some 

! aI
.. hEW . I d beds ,,·,·!e the trend of the beds in other localities are 

DC Itles s ow • onen e , 'II 

slightly deviated towards north, In general, the southeastern, eastern, cenlrl:U and 

" d h,., S85~V - N75~V oriented bed strikes, 
northeastern part of the area are charactenze V) 

8$ 
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while, the southwestern western (Melka-Jebdu) and around the NNW ruruung hneament 

are manifested by N75"w - N6o'w oriented bed Slrikes (fig.5. IO). 

On the escarpment flank ing the region, bedding dip angle often increases progressl\ely as 

moving from the plateau (rift margin fau lts) towards the rift floor. AI the southern 

periphery of the area, along the road of Kersa- Lange, the dip amount of the sedimcnlafY 

rocks range from horizontal to about 10° 5, while, as mo ving dO\\TIwards \0 the north the 

dip amount progressively increases and bedding dip of about 45°5 is measured. 
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Ig.5.4 Graphical representations of the general strike and dip diredions of bedsof the Dir F" 
J)awa a,~a .. (al pole positions of the bedding pl,",s and (bl comsponding "" dia •• am fa: 

th e beddmg planes. 

When we focus our observation to a particular block at an outcrop scale, we see that the 

geometry (particularly the dip amount) of the beds is variable. Most measurerrents re\cal 

that the layers, which constitute the bottom part of the block as well as the frontnl p:lrt of 

the top layers, are gently dipping, while as moving up sequence the layers dip steeply In 

that case a dip difference of about 23° is observed between the fro nlnl nnd backsides of 

the top layer (fig.5.5a). Such block geometry is analogues \~~th blocks formed by roll-

over anticline. The second way that modifies the dip amount of a single blod. IS 



development of subsidiary normal l'. laults on the han . gmg wall Th 

faults change the dip of the bed by . ese sUbsldlat) nornuJ 
about 2rf' (fig.5.5 b). Some 51 ' d 

show that the layers of their t eep~ 'ppmg bIocLs also 
op part dip gently han . . ( (heir lowerlbollom ' 

geometry IS most probably analogous with sl . la)ers Such wnpmg. 

(b) 

~ig.5.5 Rcpresentath'c Sketches and photographs showing \'arill1ions in dip anlOunl of a 
smgle layer or block (a) Schematic Cross.sedion showing block rilring accompuni~d wilh 
roll.over anticline stru dures (b) highly tilted block Qccompani~d wilJr antitJretic normal 

faults. 



Some blocks adjo ining the NNW.SSE . trend ing linearren . IS commonly exhibit open folds 

or flexures, which appear to be related to the fau lt mo \'emen P . 1. ark (1997) explruned thaI 

normal drag IS used to describe a fold ha . t t bends In the Opposlle sense Such structures 

predominantly defme the sense of move~nls of the I ranscurrenl faults present Ul the 

area ( fig.5.6). 

strained zone 

A before fracture B aflcr fraclUrc 

Fig.5.6 Association of faults and flexures. Normal drug dudife bending in a strained zone 
(A) may precede fault movement (8) causing flexure in the rocks udjacl!nt to th e faull . 

5.4 Dykes 

Chemet et 31 . (1998) stated that the southern Afar rift margin volcanic products nre 

subdivided in to five chronostratigraphic units, three basalt-dominated and twO Trachrte1 

Rhyolite-dominated. These units are grouped as either belonging to pre-rift or syn-nn 

phases of activities as determined by their temporal and spatial assocmtlon to nft 

structure (Chernet et ai. , 1999). However, in the study area only few of the \olcamc 



products are practically examined the rest ar , e preserved on~' IJl the form of dykes Md 

sills injected to the basement and Mesozoic sed' . lmentar)' rocks. Therefore, to assess the 

,roleano-tectonic evolution of the rift margin detail I aJ , s ructur analyses of the naIure and 

orientation of dykes is vel)' crucial. 

Dyke intrusions of different ages and types are widespread through out the southern Afar 

margin, particularly with in the basement and Mesozoic sediments nanking the rift floor. 

In most pans of the area, the dykes are oriented in three major trends. Based on thelT 

orientation and relative dating, they are categori7..ed in to three groups. The firs t grou p IS 

onented on average N S° - ISo W. In most places these dykes run parallel with the J I W 

trending lineaments (transcurrent faults) and they are synchronous wilh the lineaments. 

They are steeply dipping (vertical) dykes and their thickness ranges from 1.5 • 40m 

Petrographic analyses of these dykes reveal that their composition is basaltic. Plagioclase 

and Pyroxene are the dominant minerals of the rock, they account about 89% by volume. 

From the petrographic point of view, these dykes are similar in composition with the 

olivine poor basalts discussed in the previous chapter. So their activity might be related 

to the emplacement of this olivine poor basalt of the Oahla Age. 

The second groups of dykes are those oriented N 800 · 90° W or exactly parallel with 

the trends of the marginal faults. Most of the dykes are "ertically dipping; but some are 

Slightly inclined (10-30") from vertical towards north. Like the fi rst group. their 

. . aJ .." __ :_ly governed by plagioclase and pyroxene. These \\\ 0 
nuneraloglC composItion IS UKUJU 

. . r bo t 860A h,., volume. But these dykes slightly differ froOl 
mmerals together consist 0 a u 0 " } 

I
"" fr e porphyritic in texture and rclati\"e~' older (Table 

the first group that they are 0 IViOe e . 

5. 1). 



The third types of dykes are those rwming N 200 E to N scf E. These are Independent 

dykes, which are not related with any of the major structural elements of the area. These 

are evident mainly along the road cut exposures of DireDawa _ Oengego and Dengego _ 

Lange. Such dykes are IlDstly thin (0.5 - 1.5 m thick) and friable as compared \\1th the 

above two types. As referred from the work of Megrue et al. (1972), these dykes are 

very old dating back to 11 - 35 my. Therefore, these dykes might ha\"c been developed 

contemporaneously (concurrently) with the pre-rift volcanic products, Alaji and Jebel 

Sadalle basalts. 
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FigS.7 Graphical representation for the orientations of \'u,ious dykes: (a) stereographic 

projection (pole position) for the £.W oriented d)'kes arl! represented by " . ", NNW oriented 

dykes arl! represented by .. . " and NE dykes are represented by " ... "; (b) rose diagram Jor 

tile aforementioned dykes . 



TableS 1 SunullD.1) orthc mmcrnl contcnts or lhc Dykes 

Local.ioll in UTl\t 

Sample Rock Minerals Mode Te"lu re 7..olle (31) 

Code Name % 
Easl ing North ing Alli l ude 

Plagioclasc 55 L31h-Anhcdrnl 

I Pyroxene 3. AnllCdral 

T 11-SJ Basal! Opaque (fc-Oxidc) 8 Euhcdral-Subhcd 

\ 1737.,1 819500 10.50040 

I Olivine 2 Subhcdrol I \ 
Devitrificd volcanic 

glass 1 

Plagioclase 56 Tabular-Lath 

J Porphyrilic Pyroxcne 30 Anhcdrnl I I 
T~·S2 I Basalt Opaque 7 Subhcdral-Anhcd 807347 \ 1053 196 \ 1460asl 

I Volcanic glass 5 -------------
I I I Calcite 2 Anhcdrnl 

9G -1 
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Asphaltcd Road 

Fig.5.8 Basaltic dykes (a) a dJ,ke intruded wah in th l.! basemen' complex, (b) E·1f' oriented 

dyke intruded with in the Shale (Jnd Marl unil. 



5.5 Folds 

The study area or the southern margin of Afar depression in general lS an area shomng 

extensional tectonics. Consequently large-scale (Megascopic) folds are absent In the 

area. However, locally induced rresoscopic folds and some pre-rift folded struct ures are 

observed with in the limestone group and the basemenl rocks. The folds fornlCd by 

basaltic intrusions are predominantly of Dome-shapes (fig.S.9.a &b), whereas some other 

folds fo rmed by the compressional effect of the transcurrent faults are open fo lds. The 

second types of folds, which are commonly observed with in the Gneissic rocks are \'cry 

smal l-scale folds. Such type of folds are mostly irregular in geometry (disharmonic type 

folds) and do nol have any measurable structure (fig.5.9.c). These folds are assumed to 

develop pre-dating the rift fo rmation. 

<a> 
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Fig.5.9 Folded structures developed os a rtsult of basaltic intrllsions (a) and (b) and th ose 

folds formed during the recrystalliz.ation of the basement contplt.'Cd (e) . 
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CHAPTER-SIX 

TECTONICS OF D1REDA \VA AREA 

6_1 General 

The southern margin of Afar, which is considered 10 b 1h ' e e \\ estern e:\: tenslOn of the 

Gulf of Aden, has a structural trend similar or parallelt h h o l e lopogrnp Ie trend of the 

Gulf of Aden. However, since the area is also influenced b th 'n )' 0 er two n systems (the 

Ethiopian Rift and the Red Sea Rift) and one major lineament (Marda Lineament), Its 

structural integrity is a bit difficult to categorize as either part of the Gulf of Aden or the 

other rins. But the orientation of the marginal faults is by much similar ,,; th the Irend of 

the Gulf of Aden (Gulf ofTadjour.), 

The initiation of the rift is believed to have started during the westward propagauon of 

the Gul f of Aden, meaning during the oceanizalion of the Gulf of Aden. Regional 

observations of the area show that there is a large E-W oriented lineament staning rrom 

the Gulr of Aden passing through DireDawa and ends 3tthe west (Ambo), the Ambo 

lineament. The hypothesis, thererore, says thatlhe westward propagation or the Gulr or 

Aden is due to the effect orthe pre·existing lineament. 

From the kinematic point or view, the main Ethiopian rift extends in a NW - SE or E ­

W direction, but the Gulr of Aden extends in a NE - SW direction, which IS parallel 

with the transform faults of its ocean basin. The southern Arar margin on one hand has 

, d" d N2l' E+/ IOo This e.xtension direction IS closely related 
an extenSIOn IrecUon towar s • . 

with that of the Gulf of Aden. Thererore the E - W structures in Ihe study area might 

, r 1h G lr r Aden ridges. Between Ihe time IOlcn 'ru of (22· 
represent the extension 0 e u 0 

'd (GAR) in its westward propagatIOn encountered the 
l lmy) the Gulf of Aden n ge 

lot 



Shukra EI Sheik discontinuity and at that pe . d · . no II IS beheved mal me GAR Jumped 

westward and penetrated the southern Arar de . '" pression lor the firsi lime fomung lhe E-

W oriented structures we see in DireDawa, AI' b' h d Isa Ie an Ambo areas {AudIO et al In 

press, 2003 

6.2 Block rotationltilting and Internal structure of faults 

While it is evident that fields of normally raulled and tilled blocks are rormed by 

extensional processes, the manner in which the raults are accommodated at depth and 

the cause ror tilting or blocks remain a problem. From a geometrical viewpolOt IWO 

solutions have been put forward ror the cause orblock tilling. 

Firstly, if the rault planes are essentially fixed and SIrongly curved; the block movemenl 

is the analogous to a landsl ip due to removal orsuppon in rronl or the block. In thiS case 

small blocks (the hanging walls) rotate about a horizontal axis fixed at the centre of the 

curve (fig.6. t). Such blocks although not common are observed at around Oengogo and 

northern part of Kersa town. These blocks are supposed to be developed by 

gravitational sliding. 

I I . such block rotation is common in 
Fig.6.1 Rotational block tilting afong fIXed fau I pane. 

gravity induced block movements 
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Second, i f faulting takes place on a se . f nes 0 sub parallel straight or curved (, It I . u panes, 

progressive movement causes rolatia al "I · n tiling of both the blocks th I emse \ es llnd the 

faults bounding them. In this case normal r . aults In the hanging wall block may form 

(Twiss and Moors, 1992) a set of imbrical r 1 . e au IS, which are closely spaced parallel 

Fault of the same type that either term"nat . I e ag81nS\ or merge with the detachment fault 

(fig .6. 2) 

II .. 

Fig.6.2 System o/normalfaults commonly arl! characterized by a main fault with associated 
subsidiary faults and by low-angle detachment faults with imbricate fault blocb in th e 

hangi"g wall block (modified after Twiss and Moors, /991). 

Whatever the shape of the faults at depth is, one fact is observed in the study area.. Thai 

is the inclination/tilring of the bedding plane is proponional with the displacement of 

the blocks. The more it is displaced, the more it is tilted. In areas around Lange, Kcrsa 

and Kulubi, particularly along the main road, blocks are not greatly displaced, meanmg 

that block tilting is minimal (0° . 100) , whereas, in places like DircDawa town, ~'I elka 
Jebdu and Halo Busa the large displacement or blocks is accompalllcd with m3.Xlmum 

tilting. In these areas blocks are tilted to about 43°. 
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To determine the nature of the faults at depth wheth th [ 1 1 • er e au ( p ancs are hSlnc or 

planar, geophysical techniques especially Seismic Renection was more comement thiUl 

any other technique. However, due to its limitation, the nature of the fault plnnc W3S 

assessed by analysing the orientations afthe bedding planes. 

In the study area almost all blocks are ti lted to some angle. Some are highly inclined (to 

about 45°) and some are less inclined and even few blocks are free from lilting. As 

mentioned earlier the cause for such disparity is believed to be the variation in the state 

of motion. However, the inequality in the amounllilting of blocks is not limited only on 

those different blocks but also is evident with in a single block. 

The dip amount measurements taken from a single block re\'eai thai the dip angle of a 

single bedding plane varies from place to place. In most blocks, block ti lting is minimal 

at the top of the frontal part of the block, while as moving backward to the depression, 

block tilting significantly increases (fig.6J). This leads to about 20
0 

dip difference with 

in a single layer or block in general . 

The general observation of the layers, which constitute the block, shows that such 

geometry is typical of roll over anticline structures. These structures are therefore, 

. h . bl cks (hanging and foot walls) IS 
developed when the Fault plane separaung t e 1\\ 0 0 

predominantly oflistric normal fault (fig.6.3). 
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Listric Normal Fault • 

Fig.6.3 Model/or the geometry ofthefault plane~': "a " represenlJ the frontal parI oflh e dip 
amount o/the plane, which is gently inclined, while " a' "is the steept!S1 part afthe bedding 

plane. 



6.3 Extensional tectonics in the south A . em far Roft Margin 

The southern Afar rift margin is a roughly E-W (N 87' . W) onented segment of the Gulf 

of Aden Rift. Unlike the Afar rift ODor and the n nh . .. o em mam EthIOpIan nn, whIch ha\e 

been the subject of numerous geological and 51 I aI b . ruc ur 0 sen'allons, thiS sector has 

been less investigated. The lack of detailed structural analyses led to different tectomc 

interpretations regarding its development It is nOI yel cen ' th h h h· . am at w c\ cr I IS sector IS 

part of the Gulf of Aden or the East African rifts. Its structural trend resembles thai thiS 

margin is part of the Gulf of Aden; however, its proximi ty to the Ethiopian rift creates :I. 

debate about its origin. Though debating stress is given to assess the nature and lay the 

margin as either group afthe Ethiopian or Aden rifts. 

Boccaletti et aJ . (J 992, 1998) stated that oblique extension is the dominant mode of 

deformation in the main Ethiopian Rift. According to them the E·W direction of 

extension is consistent with the left·lateral component of motion along so me N·S to N 

400 E trending faults affecting Quaternary volcanic rocks. However, recent works of 

Acocella and Korme (2002) stated that even though the mean extcnsion direction (N 52° 

W+/- 20°) is perpendicular to the mean main Ethiopian Rift trcnd (N 40° E+/-II ~, the 

extension direction is slightly oblique (with a component of dextral shear) with regard 

to the extension fractures of the Wonji Fault Belt (mean trend N 23° E +/- 1 3~ 

Like the Main Ethiopian Rift, the Gulf of Aden also shows well-defmed oblique 

. . b " d'n-erent from the main ElhlOPUlfI nft 
extension. But the direction of extenSion IS ) Lar 1 

" N 30 40° E (\\ith 11 component of de;mnl 
Its extension direction is nearly NE-S\Y or • 

share). 



We saw that the extension direction of th t , ·n 
e \\0 n systems (the EthIopian Rlft and the 

Gulf of Aden) is different. The Ethiopian rin d · exten s In the E·W to ~ 52° W +/.20' • 
while the Gulf of Aden extends in the NE SW d·· . • uecUon, whICn IS onhogonaJ or nC3l"ty 

orthogonal to each other. 

In order to evaluate the Miocene - Pliocene extension direction of the southern Afar 

Ri ft margin, measurements were made on the striations/slickensides of the fault planes 

These striations are linear features of fault planes ind icating the direction of relative 

movement of faulted blocks. 

A total of II measurements were made on the Slickensides of the fault planes. These 

Slickensides or Striations are analysed with their respecti ve fault orientation using the 

geological softwars: Spheristat and Gcorient. The preferred Striation directIon 

(extension direction) and the ,'ector mean directions are the same, which is 48·026° 

(fig.6. 4). As the mean direction of the faults is 49/010° (di p amount/dip direction), the 

associated mean Striation direction (48.026°) indicates that a componenl of de. ... tral 

shear is present al ong the faults. Therefore, the area is not mani fested by pure 

extensional deformation; instead lesser amount of dextral shear is synthesized 

modifying the pure extensional tectonics. 

As evidenced from the previous works, the extension direction of the main EthlOplall 

Rift is E-W to N 520 W +/.20° but the e. ... tension direction of the southern Afar nn 

margin (DireDawa area) is nearly perpendicular to il 

I O~ 



Tablc-6 .1 Summarized orientations of faulls and tlreir raP«lil't M';ations. 

East;Ilg North it.g Symbol Group We;glr tj A;Jmulh j /n cJinalion 

106069 1 33 -I 1.0 1 273 1 45 817 134 
76 5 1.0 30 .... 42 33 - I 1.0 278 J. 50 81 702 1 1060989 
76 5 1.0 40 45 
33 -I 1.0 280 J. 32 828964 1073612 
76 5 1.0 30 29 
33 - I 1.0 285 54 8290 13 1073600 
76 5 1.0 l2 52 
33 -I 1.0 285 J. 50 828982 1073110 
76 5 1.0 23 49 
33 -I 1.0 275 J4 815440 107 1514 
76 5 1.0 3S5 .}3 
33 -I 1.0 290 37 815386 1070865 
76 5 1.0 0 36 
33 -I 1.0 275 1 65 82 1025 1057270 
76 S 1.0 3S 62 
33 -I 1.0 280 60 820295 1057783 
_7~ 5 1.0 41 S6 
33 -I 1.0 283 58 

816969 1060285 
76 5 I.U 

-I 1.0 279 55 33 816778 1060337 5 I. 28 54 76 

I Of. 
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Fig. 6,4 Stf?Teograph ic projection (a) and fast diagram (b) showing ,ht diuction of striation$. 
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6.4 Crustal extension in southern Afar Rift margin 

In studying fault systems, it is possible to estimate the r amount 0 extension (e) III 11 

region quantitatively. Extension (e) is delined as the change in length (I F - 1..0) In a 

given direction caused by the deformation, divided by the origtnal length (1..0) 

However, estimating the amoWlt of extension is not as eas)' as its mathematIcal 

operation. Most of the time structural deformation is easy for observation than 

numerically analysing it. 

To e,'aluate the extension across a region by using fault geometry, we must make a few 

simplifying assumptions. We assume that the fault strike is uniform; the change In 

length of the region is the sum of the horizontal extensions on all the faul ts, and the 

nature of the faults is a rotational planar nannal fault. The extension is then this change 

in length divided by the original distance across the region, which must be measured 

normal to the strike of the faul ts. 

x y L t .. C IUS D 

D 
!" 

• 
C!!:E(> 

~/ 

Fig.6 .S Model that shows the amount of extension 

Ie, 



For a model of rotating planar normal faults (r 6 . 18· .5), It can be easily demed a relaIlon 

ship among the extension, e, the dip of the rotated bedd' C mg , and the dLp of the roulled 

fault plane D. 

Mathematical ly, this can be expressed as : 

e ~ 

e ~ 

L~1NAL - LoRiGIN 

LoRiGIN 

L case + a cosO L 
L 

which is equivalent to 

e ~ 
Sin(C+D) 
Sine -I 

~ Sin «25+50)/Sin50)-1 = 0.260 

One representative cross-section (Fig.6.6), II km long, is taken from the eastern side of 

DireDawa town. The cross-section constitutes nine blocks and nine fault planes. The 

average spacing of the faults is about 1.4 km. the final length of the cross-section is 

11.13km, while the original length of the blocks is summed as: 

= 8.75km 

From the above equation 

Extension (e) ::: 

~ 

L, - Lo - Lo 

11.l 3 km - 8.75 km 
8.75 km 

~ 0.275 
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6.5 Volcano-Tectonic Evolution of So th . u em Afar Rift Marg in 

The development of the southern Afar Margin or Af ar depression In generalIS accepted 

as having started in the Lower Miocene around 25 my ago (Barben " a1 1971) 

However, arguments put forward are that the oldesl (P R'n) re- I volcamcs, which aTe best 

documented along the southeastern margin of the A~ 28 ar, are - I 5 my ago (Kw.nu n et 

al., \980). The present authors (Chemet et aI ., 1998; Ebinger e l 31.,1997) therefore, 

believed and con fi rmed that initial sagging of the A~ar and nh ' E h' no em malO -t IOpUl11 

Rifts began 14 - 15 my ago and was followed by the major episode of rining al1 0 Ma 

(Kazrnin el at , 1980), 

In the southern Afar, particularly the area of DireDawa and its vicinity, the oldest rift 

related tectonic phenomena are reflected by the presence of boundary fau lts and 

synchronous development of the felsic rocks. These structures are well e.xposed in the 

southern periphery of the study area, especially in the localities of Dengego, Kersa, 

Lange and Kulubi areas. The major rifting of southern Afar was accompanied with the 

formation of the Arba GurachalMabla rhyolites (14 - I I my ago) and Anchar Basalts 

(II - 1 0 my ago )(Kazmin and Berhe, 1978), 

Following the initiation of rifting, a major stage in rift development took place. During 

this stage, intensive faulting and down warping led to some accumulation of sIlicIC 

volcanics and basaltic rocks. As stated in Berhe (1986), this stage of rifting played n 

major role for the present morphology of the study area and other adjoining nft nurgms 

Continuous faulting and tilting of blocks are then the cause for the dc\'elopment of 

, t ' al hal f b and consequently an accumulation of ollvmc free basaltiC 
m ra-margm gra ens 

rocks, which are now emplaced \\~th in the properly developed half grabens SIlicIc 

. , laced in the major half grabens located fi\ e 
rocks (Trachyte and Rhyo lites) are no\\ cmp 



km south of DireDawa town. Thes e are recent volcanic event because the layers Ilre 

nearly horizontal ; this shows that intensive faulting and t"lt" h 
I mg as not occurred after 

eruption. 

The petrographic analyses of the E·W and the NNW oriented basaltic dykes gi ve an 

idea that the dykes formed concurrently with or a bit earlier from the olIVIne free 

basalts. From the crosscutting relationship of structures, il is confirmed thai the E-W 

oriented dykes predate the northwesterly dykes. Mean while, the E-W (N 75° W) 

oriented faults are older than the reactivated NNW trending lineaments (transcurrent 

faults}. But what should be clarified here is that the northwesterly [aullS have extended 

histories (Berhe, 1986) dating well back in to the Mesozoic. Some of these structures 

are cut by the E-W running marginal faults and show erHcheJon disposition. So the 

younger NNW trending faults might have been revitalized from the pre-existlOg 

lineaments. 

The youngest volcanic products of the area are the "Afar Stratoid Series" or in our case 

the Olivine-Rich basalts. They cover the northern and northwestern portion of the area 

and extend to the noor of the Afar depression. These rocks are relatively older (4.68 my 

th th "ft floor basalts therefore these rocks are considered to 
ago) as compared to eo er n . , ' 

be a transition from the Lower to the Upper Stratoid Series. 

. 'ustilied by the presence of NE-SW 
The last volcano-Iectonic event of the area IS J 

.' r It and the contemporaneous dc\ elopmenl of Ihe 
running normal faults, the Shlmle ,au 

(I th 4 7 my) and IcctOnlcnlly 
fault is relatively young ess an . 

" g because il CulS the younger \ oleanlc 
" I faults It IS youn different from the other margma . 

marginal graben. This 

IlIA 



rocks o f the area and tectonically diITerent since its orientation is b) much dc\iated 

from th e E-W oriented marginal faults. As moving north\\ ards, to\\nros the rift OIllJf, 

the faull o rientation progress ively changes and orientations si milar " ilh the northern 

Main Ethi opian Rift predominate. 

A1aji basalt 

Basement 

[ 1 l 
I 

,~ 

_1~"ioZl'ii, sedill1C11lruy 
rocks 

Pre-rifling structure or 
soutllern Afar depression 

(28-1 5 my') 

~ Asthenosphere 

Initial fOimatioll Or rifting in 
soutllern Afar Depression 

( IS-1 4mys) 

Major stage of rifting and erup~on 
of the silisic centers along the nil 
bounding faults 

(11 -9mys) 

til . f Intensive faulting and tmg 0 

faulted blocks (S-4mys) 

. ' 1/lliOIl of lite sml"Urtl Afllr rift II III'1:
ill 

. I l'OICflllo-tectolllC el 0 
Fig.6.7 A skete" s" owlIIg IIC 



Tablc-6.2 K-Ar age determination for Southern Afar '"d S h ... , out eastern escarpment 

Unit Location Locality Rock Age (Mal Rerenllce 
Type 

Lower Afar Stratoid 41 5 1' 41 ''£ DireDawa Basalt 4.68 +/-0. I Chemet et aI (1 998) 
Series 9'44 '35"N I 

41 "34'00"E Nonh of Rhyolite 5.06+/-0.16 Berhe (1986) 

9'45 'N Hurso village 5.33+/-0. I 7 

Rift margin silicics 40"34'46"E Aseho! Obsidian 5.6+/-0.09 Chernel el al (1 998) 
9' 16' 14''N 

40"13' 05"E GaraGumbi Trach)1e 6.85+/-0. I Cherne! et aJ (1 998) 

8' 49' 27''N 

Lower Afar Strato id 41 17'E North orOota Basalt 7.4+/-0.2 Berhe(1986) 

Series 9'33 '30''N I Village 

l ebel SaddaJe and 4 1 48 ' 30''£ South-west of Basalt 13.3+/-0.4 Berhe (1986) 

Gara Muiala Basalts 9' 12 '30" DireDawa 

4 I "40'30''£ Near Kulubi Basalt 18.3+/-0.5 Berhe (1986) 

9'25'30''N Village 
Pl ateau (Alaji) basalt 

4 I "39' I 5"E J Kul ubi Basalt 24.1 +/-0.4 Chemele"" (1986) 

9'25'35''N 
~ -
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CHAPTER-SEVEN 

Discussion and Conclusions 

7.1 Discussion 

Prior to commencement of rifling in the transition zone, wide spread flood basalt 

volcanism initiated in response to the thermal and physical effects of the Afar mantle 

plume (Schill ing et aI. , 1992). Products of this continental flood basalt volcanis m are 

exposed through out the northwestern and southeastern Ethiopian plateaus (Jones and 

Rex, 19 74; Zanettin et aI ., 1980). 

The Afar triangle is an area of active extensional tectonics and basaltic m3gmalism 

(Abbate et aI., 1995) from which the Gulf of Aden, the Red -Sea and the Ethiopian nft 

systems rad iale. Normal faults and open fi ssures are the principal elements af the Afar 

tectonics. Howc\'cr, strike-slip faul ts are also recognized in this area Surprisingly, il 

is the only area where various tcctonic activities and continental rift-rift -rift triple 

junction occurs. 

The study area comprises the three main rock types. The basement rocks (mainly of 

Gneiss and Schist) covers the southern part of the area and is also e.xposed as an 

outcrop in some deep river cut exposures around DireDawa to\\n and Beke-Halo 

. Th h' h d taffiorphic rocks· low-grade metamorphic rocks such 
Village. ey are Ig -gra e me ' 

as: slates and Phyllites are absent 
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The Anlala super sequence of DireDawa rep h . 
resents t e manne colomzauon of the 

East African craton. The Mesozoic succession of O' 0 
Ife awa can be correlilled \\lth 

other well-known successions of the Hom of Afri d h 
ca an soul em ArabIa, namel) the 

Mekell e outlier of Tigray (nonhern Ethiopia) the hi NIB f ' ue I e asm 0 central EUlIOPIa, 

the Danakil hars! of Eritrea, the Ogden basin centr-' So I' d th th 
d.I rna la an e sou em COSlaI 

Yemen. In terms of sequence stratigraphy, the Jurassic succession of DlrcDawa 

consists of two depositional sequences: a lower, second order Anlalo superscquence. 

spanning the Late Bathonian to Late Oxfordian (Bosellini el aI., 200 I); and an upper, 

second order Uarandab supersequence of Kimmeridgian-Tithonian age. 

A fluviati le sandstone (Ambaradam, upper sandstone) rests unconformably on the 

underlaying upper Jurassic unit. Its age according to the limestone intercalation 

present near Harar and adjacent highlands (Graua, Gara Mulata, Hirna), should be 

Barremiam-Aptian, thus documenting an early cretaceous derormation episode 

(Bosellini et aI. , 200 I), which affected the entire hom or Mrica and southern Yemen 

(fig .7. 1) 

The last rock type, rift related volcanic rocks, are those erupted during the major nft 

development. They are or two in types : the Late Miocene-Pliocene silicic volcanoes 

al igned aJong the base of the eastern escarpment of the northern MER and along the 

southern escarpment of the Afar depression (Chernet el aI., 1998). Ka7.Jl1in et aI 

(l980) suggested that these silicic centres developed in a marginal graben 7-9 km 

. r: d aI g the foothills of the eastern wide (rift in rift structures), whIch ,orme on 

ER d them escarpment of the Afar Howe\er, 
escarpment of the northern M an sou 

b at' ed along the southern bord enng fnulLS 
there are some felsic centres appear to e Ign 
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of the area which in tum paraU I th e s e Gulf of Aden slrua aJ . ur trend Th t r 
Trachytlc _ Rhyolitic in composition Th mafi e) are 0 

. e .Ie rocks are exposed In the north 

northweSlren pan of the mapped C em nnd area hemet el a1.( 1998) stated thai these rocks are 

more related with the Afar Stratoid series 

C.II"I. 

I 
--

.......... 

.... . ... 

1.1".",,, & Marly """""",, 
l/pfI'parlof~' 
wboM/i toW 

Middl" bllu Mod!. 
lUr.d.on,. P,m/amr. 
oflh, carbon2lt rocA. 

Marly /Ur""''', ~, 
oldd meA of~' 
carborzalis 

Fig.7.1 Local Correlation of the Mesozoic success;()I1!i of DireDuwo area 

Many important structural features in the transi tion zones are manifestations of the 

Gulf of Aden structural trend. These include the southern escarpment of the Afar and 

the Ambo lineament. This structural trend was initiated during early-middle 

Oligocene rifting along the present-day Gulf of Aden (Fanto7zi, 1996), the efTects of 

which may have propagated westward as rifting progressed 10 ocean basin formallon 
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in the Gulf at about limy. This westward propagation, mOSt probably. nughl ha\ e 

been the cause fo r the development of the E-W trending southern Afar margul4l1 

normal fau lts. The E-W oriented faults are the dominant structures co \enng the 

largest potion of the rift margin. Contemporaneously de\'eloped E-\V onented dyke 

intrusions are widespread in the margin. 

The second most observable structure of the area is the NE-SW trending normal faul l, 

the Nazareth fault system. These faults define the margins of the Nonhem mam 

Ethiopian rift-southern Afar transition lone. It has been described in the Nv.areth area 

by Kazmin el al. (1980) where they are dated at 9-5 myoid by their associ'lIion with 

volcanic rocks of the same age. But these faults in the DireOaw3 are a bit younger as 

they cut the younger volcanics (4.6Smy) of the area and may be the last volcanic 

episode of the Nazareth fau lting phase, 

The last structural unit, which is orthogonal or nearly orthogonal to the E-W trending 

Tadjoura, is the northwesterly transcurrent faults, which is aligned parallel to the 

Marda fault zone. These fau lts are dated well back to the Mesozoic and even the 

Precambrian (Berhe, 1986). But syn rift activities are also common showing dextral 

sense of movement in the study area. 

th A[ (particularly DireDawa area) IS 
Unlike the other rift margins, the sou em ar 

. rth Mesozoic rocks (Morton and Black, 1975) 
characterized by highly tilted blocks 0 e 

The trend of the tilted blockslJayers is much alike with the trends of the margma.i 

.' . ,. h th dip direction of the faults and their 
faults but their dip direction IS 0pPoSile \\It e 

. 'th that of the faul ts, One fact IS obscn'cd m the 
dip amount is inversely proport IOnal WI 
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area that block tilting progressively increases 
as one traverses from the nn shoulder 

towards the rift floor. 

Three different types of dykes are recognized in the area Th " e Il rst group are those 

oriented on average N 15° W. They are steeply dipping (venical) dykes and mostly 

run paral lel with the NNW-SSE trending transcurrent faults. The second group of 

dykes are oriented E-W to N 800W or exactly parallel with the trends of the marginal 

faults. Mostly they are venical but in some places they are tilted from vertical by 

about (10 - 30°) towards north. The cross cut behaviour of the dykes reveal that the 

second group of dykes (E-W oriented) are older than the fi rst once. The third types 

(the northwesterly) of dykes are those running N 20° E to 50° E. these are 

independent dykes, which do not depend with any of the structures of the area. They 

are considered to be pre-rift dyke injections. Megrue et al (1972) computed crude dale 

estimation (II - 35Ma ago) of these dykes and are believed to be injected during the 

eruption of Alaj i basalt. 

On the basis of both the general fault patterns of the Afar triple junction and structural 

anaJys is of the DireDawa area, the Miocene - Pliocene evolution of the southern Afar 

rift margin is consistent with a nearly N 26° E extension. This direction of e.xtension is 

slightly obl ique (with components of dextral shear) with regard to the marginal faults 

(mean trend N 81 ° W). This direction of extension is nearly onhogonal with the 

. d· . rth Mo'n Ethiopian rift which is E-W (Bocalelli et al., 1998) or extensIOn IrecllOn 0 e .... , 

NW-SE (Acoccella et aJ., 2002); but nearly parallel with the extension dlTeclion of the 

Gulr or Aden (N30' -40' E) (fig. 7.2) 
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Fig.7.2 Extenl'ion direction of the 

tllree rift zones (a), and extension 

direction of the southern Afar rift 

Margin (b) 
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Like a1l other rift zones the Southern AI ' ft . 
ar n margm IS also affected by crustal 

attenuation. The progressh'e movement of block 
5 on a senes of parallel, curved fault 

planes causes the marginal crust to atten uate b t': r 
)' a lactar 0 about I 27 Therefore, the 

amount of extension (e) in the southern Afar rift " 
margm IS computed to be 0 27 

7.2 Conclusions 

Southern Afar Rift. margin, a site of enthusiasm and keenness, is an area where 

tectonic and volcanic activities are intimately related. Most activities migh t have been 

taken place during the Upper Miocene - Pliocene Periods. The general viewpoin t on 

the study area leads to conclude that 

.... the study area comprises three main Iypes of rocks, which are the results of 

metamorphism, sedimentation and volcanism, occurred during Precambrian, 

Mesozoic and Cenozoic, respectively. The Cenozoic, particularly the Miocene-

Pliocene volcanic rocks are formed as a result of the various stages of rin 

development and are Syn to post rift volcanics . 

.. three fault systems are present in the southern Afar rift margin. The E-W 

(N86°W) trending fault system. These are the commonest and governing fa ults are the 

older structures of the area The second are the N400E to N700E trending faults, which 

are Pliocene in age and show a major change in tectonic acti vit ies of the southern 

Afar. They are the youngest tectonic activity of the area The last fault system (major 

lineaments) incorporates those Faults (lineaments) running to NW-SSE. orne are 

very old dated well back to the Mesozoic and so me are young; S)n rin activities 
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.... three sets of dykes are also present; the IwO sets of dykes, onented In E-W 

and NNW-SSE, are closely related with their respective faults, whi le the uurd Set IS 

unique and is not related with any of the structural elements of the area, but these 

dykes might have been developed during the eruption of Alaji basalt 

.... the southern Afar rift margin is unique. It is an area where significant 

amo unt of block tilting is observed. The Mesozoic sedimentary rocks and the Upper 

part of the basement rocks are tilted to about 45° averaging to 250S . 

.... from the structural point of view the nature (internal structure) of fau lts IS 

assumed to be listric normal fault. 

.... southern Afar rift margin is nol manifested by pure extensional tectoniCS, 

instead lesser amount of dextral shear is synthesized modifying the pure extensionaJ 

tectonics . 

.... the crustal extension af the rift margin is computed using the domino model 

and from di rect measurements across the fault planes. Both computations gave a vcry 

close result with crustal extension of about 0.267 . 

.... most volcano·tectonic activities oflhe area had been taken place before 4.6 

my (million years) except the Shinile fault , which is not well known « 4.7my). 

.... from the geometric and kinematic point of view, southern Afar Rift margin 

has similar tectonic history with that of the Gulf of Aden. This might have 

strengthened the idea of "westward propagation of Gul f of Aden towards Afar 

Depression". 
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