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ABSTRACT 

All available data, over 3000 stations, obtained from the EIGS and the Geophysical 

observatory (Dr. Abera's Ph.D work) were reduced to sea level with a uniform crustal 

density of 2.67 gmicm3
• Effects of Bouguer masses were calculated applying the simple 

Bouguer cOITection. Terrain correction was not applied in which case its effect was 

treated as systematic error in computing the over all mean square elTor of the simple 

Bouguer anomalies at each station. Theoretical gra\·ity field was computed by means of 

the intemational gravity fonnula of 1967 (GRS67) and tied to the IGS};71. The accuracy 

of the Bouguer anomaly at each station is calculated to about ± 2.5 mga!. The regional 

and residual gravity field were calculated from the Bouguer anomaly map by mea~ of a 

computer software. 

The compiled Bouguer anomaly map shows a strong con'elation between the regional 

pattern and topographic feature of the survey area. Owing to higher elevations, the 

adjacent plateaus are marked by negative Bou"ouer anomalies. the minimum of magnitude 

-270 mgals being located around Debreberhan for the study area. The maximu'm gravity 

values occur in the Afar de]Jression conesponding to the relatively lower elevations. TIle 

main Ethiopian rift including Afar is characterized by a relatively positive anomaly as 

compared to the plateaus. The high on the rift accounts for the excess mass at depth on 

which the crust lies relative to the plateaus where a mass deficiency is assumed. 

Gravity values on the main Ethiopian rift are generally less than those in the Afar. TIils 

accounts for the thinning of crust material towards the .-\far along the rift, or it can equally . . 
be explained as by a thickening of a denser material beneath the crust (probably the 

anomalous mantle). The margins separating the rift £i'om the plateaus are marked by steep 
~ 

gra\ity gradients with their magnitude' representing the slope of the escarpment. Steep 

gradients characterize the transition of gra\.ity fidd from the plateaus to the rift floor. 



CHAPTERl 
1. INTRODUCTION 

1.1 LOCATION 

The area under survey is located (Fig. 1) in the northern part of the wfain 

Ethiopian rift and the Southern Afar rift including the adjacent plateaus. It lies between 

7.15° and 12"); latitude and 37° and 42"E longitude covering an area of 296,260 sq. 

kilometers. The compiled gravity data covers almost all the area \\lth the exception of the 

Somalia plateau which lacked data. The northern limit of the main Ethiopian rift where 

the boundary ""lth Afar lies is at about latitude 9.45");. 

1.2 GE:,\ERAL OCTLOOKJOBJECTIVES OF TIIE Sl'RVEY 

It is known that the East African rift system (EAR) has an active geological feature 

\vith recent tensional faulting and volcaIllim, and has long been recognized as a 

continental extension of ihe world rift system (Rothe, 1954: Ewing and Heezen, 1956). It 

;:omplises a selies of rift zones (Rosandahl ct al.. 1986) and extends for some 3200 Km 

from the Afar triple junction at the Red sea - Gulf of Aden intersection to the Zambezi 

river in lv!ozambique. TIle depth and disruption to the Lithosphere and Asthenosphere is 

estimated to be at least 100 Km (Brown & Girdler. 1980). 

Since several years gravimetric measurements have been carried out in the East 

.-'Srican region for geological and geophysical applicatigns to investigate the crustal and 

upper mantle st\U~tures. The Ethiopian rift system (the Afar depression, the :vrain 

Ethiopian rift. and Southern Rift) foffiling part of the EAR system provide a valuable 

platfonn on which to study this process within the crust and upper mantle. 



The main Ethiopian rift (MER) is 'Widely accepted to be due to the relative motion 

of the Nubian and Somalia plates with tensional and normal faulting with distribution of 

seismic, volcanic, and tectonic activity and zones of mineralization. The Afar depression, 

further northeast, is the triple junction of the Red sea, the Gulf of Aden and the Ethiopian 

part of the East African rift. 

The geologic and tectonic features of the study region have drawn the attention of 

several researchers. and efforts have been made to give solutions to exi~ting problems 

applying different geophysical methods. The application of gravimetl)' in ,conjunction with 

other geophysical methods has been effective in delineating areas of maximum crustal 

attenuation with recent volcanic and tectonic activities which correspond to volcanic 

complexes, and in out1ining basement and concealed tectonic lines which are useful for 

exploration purposes. This becomes successful only when reliable gravity data of standard 

accuracy can be gathereo. 

Therefore. the themes of main scientific concern are: 

- the study of the geophysical em lronmlOnt of the region for natural haz.lrd reduction 

through monitoring, to help the development and settlement programs of the country. 

the use of geo-infOlmatic data, that will be generated or have already been generated, 

to better understand the geology of the region in tre efforts made to exploit mineral 

and ener~' resources. 
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The aim of this thesis work is: 

• to compile a new gravity map of the rift valley and associated adjacent plateaus by 

homogenizing all the available heterogeneous data obtained from the sited sources 

following standard reduction procedures. 

• to delineate the maior !!eolomc and tectonic structures of the rift system and the 
~ __ ...... w 

neighboring region~ by adopting the previously conducted geological and 

geophysical (gravity, seismic refraction and seislnicity) survey results as a constraint. 

• to present a preliminary qualitative interpretation (location, shape, ... etc.) of gravity 

anomaly signatures revealed by the main structural features of the region. 

In general, the production of these maps of small (1 :250,000) and large scale (1:50,000) 

is believed to give a first hand information in the distribution, location and orientation of 

the subsurface structures reJated to crustal deformation. mineral and energy resource 

deposits. :",!oreover, the compiled data is believed to contribute to the national challenge in 

the compilation of a gravity catalogue of the country. 



CHAPTER 2 

2.GENERAL GEOLOGY AND VOLCANO-TECTONICS 

The African rift ''Ystem has been the subject of intense geological study and 

debate since it was first described by Suess (1891) and Gregol)' (1896). Its role in the 

recently formulated theol)' of plate tectonics remains rather enigmatic, but the system is 

generally held to mark an extensive and complex zone of Cainozoic, crustal dilatation 

within broader regions of continental swell uplift (Baker et al.. 1972). 

The East African rift system meets the Red Sea and Gulf of Aden spreading zones 

at the Afar triple junction (Fig. 2), and is susceptible to plate tectonics analysis. Plate 

tectonic analysis ~~e1ds an integrated rate, and further assumes that opening of all three 

rifts branching from Afar started together, about the beginning of the :-'·[iocene, according 

to iv!cKenzie et a1. (1970), but in the early Tertiary according to Mohr (1972a). In fact 

the influence of the African rift system at the Afar triple junction may have become 

significant only since the late Pliocene C\lohr. 1970b. 1972a). 

The Ethiopian rift valley owing to its junction. in the .-\far depression, is an 

important part of this stmcture. where sea floor spreading is taking plac". It is an area of 

graben fracrutmg showing an active geological feafllre \\1th an intense tensional faulting 

and volcanism. 

Rifting is believed to have started in the lower l\[iocene. and by the Pliocene it was 

a shallow trough with an in filling of silicic volcanic products empted fi-om centers close 
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to the rift margins (Baker et aI., 1972). Rifting is followed by a regional uplift of the Afro 

- Arabian region. nus can be understood from Almond (1986) in which he concluded 

that before upper Miocene times the Afro - Arabian dome was not recognizable. 

Three main episodes of uplift were recognized in Ethiopia at different times, and 

the voluminous trap flood basalt flow was associated with the earliest episode of late 

Eocene. The present form of the rift is ascribed to the last uplift which occurred during 

late Pliocene to early Pleistocene. 

The Ethiopian rift valley is a graben with an average width of about 70 - 80 Km in 

its central part. It is limited, to the west, by the Ethiopian plateau and, to the east, by the 

Somalia plateau. Its deVelopment is widely accepted to be due to tensional movements of 

the Ethiopian and Somalia plateau. A great number of step faults produces a total 

difference of altitude of more than 1000 m between the top of the plateau and the floor 

of the rift valley. 

2.1 THE RIFT \URGL'iS A. "''D ADJACE."iT PL.-\ TEACS 

The margins of the main Ethiopian rift continue southward fi'om Afar \\ithout 

significant break. It is merely convenient to take the Yerer-Gugu cross - rift lineament as 

the separating line. The ESE -?'iNW Yerer volcano line (Scotiaceous basalt superimposed 

on Pliocene anotthoclase trachytes) marks a faulted and possibly warped boundary 

between plateau rocks to the north and rift ignimbtites and sedinlents to the south (?\.[olU', 

1967c). 



The eastem margin of the rift cuning southward from Mt. Gugu terminates at 

mountain Bada, and resumes some 15 Km to the west of Assela, hence strong NNE­

SSW faulting continues south to fonn the eastem margin of the rift above lake Zway and 

lake Langano. The northwards continuation of the rift margin faulting at Assela is directly 

along the wonji fault belt which also suffers a small dextral displacement at the Guraghe -

ehilalo line. 

On the westem side. the rift margin is fonned by the dominating NE-SW facing 

single in double escarpment. The Guraghe horst is faced by opposite faulting developed 

strongly enougll to fonn a true marginal .graben of Afar type. The marginal graben is 

about 6 KIn \'.i1de and its westem boundary faulting is associated w1th upper Pleistocene -

Holocene Scoriaceous basalt. as well as explosion craters (:V·lohr, 1967). 

The eastem escaJpment of the :VIER is characterized for all its kngth by step faults 

with an imp0l1ant throw compared to the distance from one block to the other. The 

westem escarpment shows in its ~'E sedor an abrupt displacement, sometintes exceeding 

1500 m (:vit. Guraghe), between the top of the plateau and the rift floor, whilst in its S\Y 

sector the main faults have a small down tlu'ow and progressively die out, so that, at its 

SW end the structural limit plateau rift floor becomes only physiographic feature. 

2.2 THE ETIIIOPIA~\ RIFT SY STE:v1 

2.2.1 PHYSIOGR\pm' 

The general trend of the main Ethiopian rift is 0. ~'E but changes are observed in 

the study region compared to the southem part of the :VIER. These are shown by small 



displacement of the eastern escarpment at latitude go 20' ~ (Kazmin and Berhe, 1978) 

and westward displacement of the western escarpment at about 9° ~ latitude. 

The average altitude of the plateau on both sides of the rift is about 2500 m a.s.l 

while the floor of the rift valley gently decreases from an altitude of 1600 m a.s.l at Lake 

Awasa to an altitude of 1300 m a.s.l just north of the Bosseti - Gudda volcano. 

Proceeding northwards from Bosseti - Gudda volcano. the floor of the rift valley 

continues to decrease down to about 250m a.s.l at its end. that is, the southern shore of 

Lake Abbe. Proceeding southwestward from lake Awasa. the altitude of the rift tloor 

suddenly reaches llOOm a.s.l at Lake Abbaya -about 50 hln south of Awasa - and it 

remains at that level up to the southern shore of Lake Chamo. where the ~fER tenninates 

at honso upland. As shown in the map (Fig. 2) four lakes of t~~tOIli.; or volcano - tectomc 

origin (Zway, Langano .. lbiata, Shalla) occur in the region described. Also other lakes of 

"okano - tectOllic origin (.'l.wasa, Chamo, Abba)'a) occur outside the study area. 

The Afar depression is triangular in shape and is separated from the elevated areas 

of the Etlliopian plateau to the west, the south east plateau and Ogaden to the south, and 

the Danakil horst to the east by fault controlled escarpments .. 'l.t the south western apex of 

the tdangle the East African rift joins the depression. In the plateaus adjoirling the Afar 

depression ~lesozoic and Precambrian rocks outcrop, covered 0'1 the Ethiopian plateau by 

extensive Tertiary volcamc flo\\'s. By contrast with the ~fER .\far tends to be featureless 

and monotonously flat plane. relieved onlyoy young volcamc cones and fresh graben. 



2.3 THE MAIN ETHIOPIA,,,\ RIFT 

2.3.1 GEOLOGY OF THE \'fER 

The prominent geological feature (Fig, 3) in the region is the occurrence of a pre­

trappean structure close the western rift margin, It exposed a 150 m thick mass of 

Precambrian crystalline basement rock overlain by ~vfesozoic matine sequences and a 

tertiary ignimbrite. The Precambrian rocks consist of biotite gneiss with quartzo 

feldspathic pegmatite veins and minor migmatites (Di Paula and Berhe, 1979). Sediments 

of Lacustline origin are well represented; they cover large areas of the rift with sometimes 

great thickness. They are the only non - volcanic formation in this portion of the Ethiopian 

rift covering an area of 4000 Kru2 and whose thickness is sometimes considerable, ranging 

from about 40m in Bulbula river and 50 m in Boru and Maki rivers upto more than 100m 

between Mojo and Koka, 

Two volcano - Tectonic units can be identified (Meyer, eta!' 1975) in the 

;-iorthem part of the wIER: the ;-iazret series and the Wonji series, The ;-;azret series 

extends fi'om the Turkana rift in Kenya through )'IER floor to South Afar and the South 

Eastern Escarpment (Baker, 1Iohr and \VilJiarns, 1972). It is composed of Silicic rocks 

such as Ignimbrites, Rhyolites and Pumice. The age of this unit is 5.2 m.y. and its known 

thickness is not more than 150 m. The ?(.1zret seIies is overlain by LacustIine and fluvial 

sediments. 

TIle younger unit, the Wonji series, is of Pleistocene to Holocene age and lies \\1th 

an unconfomuty of the ~azret series. The Wonji series mainly consisting of Basaltic flows 

: 'J 



as well as some Silicic and intermediate rocks are generally located near the W OI\ii fault 

belt (!\1eyer, etaL 197;; Mohr, 1971). The rock units are called the Wonji group (Kazmin 

and Berhe, 1978) and include all the rift volcanics formed after the major episode of rift 

faulting follo ..... ing the accumulation of the Bofa basalt. Pantelleritic volcanic centers 

represents eruptions of Perk aline Rhyolites, Trachytes. Pumice and Obsidian. They are 

aligned "en echelon" along the segments of the Wonji fault belt. These centers in the 

study region include (from the south) A1uto, Tullu ;'I..[oye, Kone, Gedmesa, Fantale and 

Dofan volcanoes. 

The Wonji series is divided into two parts. TIle lower and upper parts (Meyer. et 

ai, 1975). The lower part characterized by the Welenchiti basalt and its accompan~ing 

basaltic rocks adheres strongly to the ~~'E-SS\Y fractures and fissures. TIle upper pal1 

lies over the \\-denchiti basalt \\1th an unconfonnity, and a thick layer of loam is situated 

between the m·o. 

2.3.2 VOLC..\.. '\0 - TECTO;-';ICS OF THE ~IAI;-'; ETHIOPL.\,,\ RIFT (MER) 

The '-fER floor consists of three caldera - related basins connected by the 

volcano-tectonically active Wonji fault belt (WFB) (\Voldeghebtiel etal., 1990): Zeway­

Langano-Ahiyata. Shala-Awasa and Bilate river drainage basin (Fig ). It is also marked by 

-a persistent belt of intense fresh faulting which has been telmed as the Wonji fault belt 

(:VIohr, 1967). The faults are Sh011 and of nonnal type. and are notably associated with 

tensional fissures first recognized by Gibson ( 196 7b) from the F antak region. The \Y onji 



fault belt is frequently, but not always, axial to the rift and is dextrally displaced along the 

same cross-rift lineament which displays the rift margin. The \VFB is also a line along 

which recent lavas and Ignimbrites have erupted and the whole volcano-tectonic 

association is one suggestive of crustal tension acting across the rift. 

The westward displacement is related to the latitudinal Yerer fault (Mohr, 1967 a) 

although this transverse fault is not a surface exposure. At the latitude of the eastern 

displacement, the rift escarpment runs north east. TIus changes in angle is related to the 

reactivation of the pre-rift tectonic lines and the course of rifting (Kazrnin etal., 1978). 

These transverse tectonic lines are also infelTed to follow the rectilinear pattern of the 

:'vleki and Awash river course (Di Paula and Berhe, 1979). 

In the south, the group of Wonji faults follow a ?-i~'E-SSW direction. In the n0l1h. 

this trend of Wonii faults cut across the ;-"'E-SW trend of the l'vIER indicating the 

development shearing effect (Gibson, 1969: Gibson and Tazief, 1970). :--.feyer, etal 

(1975) however stated the main tectonic stress hitherto has been tensional and shearing 

pattern can be observed in outcrops. 

In the northern Ethiopian-South Afar rift sector, the olientation of the .on echdon 

structure as a whole as well as the offsets of axial zones (progressively displayed eastward 

mo,ing towards the north) and the orientation of the rift shoulders are probably related to 

the complex mowment of the Somalia and :\ubian plates. 
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2..t THE AFAR DEPRESSION 

2.4.1 GEOLOGY OF THE AFAR DEPRESSION 

The rift structures are frequently marked by central volcanoes (Ayelu, Amoissa, 

Yagundi, Gabilema) which erupted significant amounts of Silicic products. The floor of 

the depression is covered by several series of quaternary volcanics with some Pleistocene 

Lacustrine deposits. Beneath the cover of Pliocen~ - Quaternary volcanics and sediments, 

most of Afar is flooded by a great thickness of flood Alkali basalts. exttuded duting the 

Paleocene down warping of the rift system. These basalts, together with the older cover 

rock~. are cut by intense fault belts of probable late Pleistocene age, fonned duting a 

major tectonic paroxysm in the evolution of the Ethiopian swell - rift system. 

In central Afar, Aden series basalts cover an e:>.1ensive area south of lake .Iulietti: 

they are also found at the nOlthern end of the Danakil horst and salt plain, and in the 

Djibouti republic. In southern .~ar these basalts are restricted in their occun'ence as in the 

main Ethiopian rift being found a.s small patches principally associated with the Wonji 

fault belt (Mohr, 1967). 

2.U VOLCAi\lO - TECTO:\lCS OF AFAR 

The junction of the Kenyan rift and the Afar depression and its effect on the fault 

trends is dearly evident. showing the characteristics of l!iple junction with nonnal and 

sheared pattern of deformation (Courtillot. 1980). 



In northern Afar the early phase of the rift began between 25 and 23 m.y ago. 

1bis phase features a climax in volcanic activity as well as geochemical change in the 

volcanic products. In the southern Afar, the initial phase of rifting can not be clearly 

detennined, probably beginning at approximately the same time as that of northern Afar. 

The culmination of tectonic activity occUlTed between 9 to 11 m.)' ago. TIlis 

tectonic phase known as chorora, is regarded as responsible for the present geological 

configuration of the southern Afar. The evolution of the graben was accompanied by 

significant sinking, which becomes more intense moving northward. 

A progressive process of crustal attenuation w1th transition from continental to an 

oceanic type of rift, characterizes the transition from the northern Ethiopian to the Afar 

rift. Being the site of intense tectonic activity. with crustal thinning, Asthenosphere uprise 

and associated volcanism. both rift branches are certainly the site of a thermal regional 

anomaly. The association of the observed geothermal manit~stations (hot SPlings, geysers. 

fumaroles) on the sUlface of both lift branches is ckar illustration of this phenomena. 

In the southern pall of lake Abbe a very intense E-W fault belt extends eastward 

from the Wonji fault belt. UptJu-ows are dOlninantly to the south, but the variability 

pel1T'its the existence of a large graben in the northern part of the E-W fault belt . .-\ huge 

margin of this belt against the sediments of a once more IOxtensive Lake Abbe. The E-W 

belt curves lOastward to an E)""E-WSW trend (Gulf of Aden trend), but becomes largely 

obliterakd by the ESE-\\~\\' faults of the Djibouti republic, and indeed further south 

merges \\1th this faulting. There is therefore no surface faulting extending inland \\'SW-



wards from the Gulf of Tajura directly towards Lake Abbe. Only south of latitude 11.140 

N (at the longitude of the Gulf of Tajura) does weak Gulf of Aden faulting appear. 

In south- western Afar the northwards - flowing Awash river follows a narrow but 

widening belt between the Ethiopian Plateau - Afar margin and the Wonji fault belt (and 

its branch north from Amo-Issa). Indeed, between Dofan volcano and Lake Hertale the 

Wonji fault belt abuts against the plateau - Afar margin. North of Lake Hertale and the 

clearly expressed Ajelu - Amoissa cross lineament, the faulting of the Awash valley is of 

two trends: NNW-SSE parallel to the Ethiopian - Afar margin, and ENE-WSW as some 

linear and very persistent cross - rift lineament: the geysers and hot-sptings south of 

T endaho are situated on one of these cross lineaments. The strongest of these cross rift 

lineaments ~xtend from harakore east to the E-\Y fault bdt immediately south of Lake 

Abbe. 

The silicic centers of the Wonii fault belt are situated where there is an intersection 

from a cross rift lineament, and their calderas or craters are elongated in the direction of 

the cross rift lineament. The cross-rift lineaments trend \\~\Y-ESE in the main Ethiopian 

rift and the Lake Tana rift, but whilst this trend also occurs in the southern Afar, the 

dOlllinant trend in .\far is \\'SW-E~'E, perpendicular to the Red Sea rift. 



followed into south Afar where it changes and becomes parallel to the Red sea trend. It is 

offset en echelon from the spreading area of the Red sea, which is marl<ed by an 

alignment of gravity maxima. 

Mohr and Gouin (1967/68) concluded that the main Ethiopian rift is in gravity 

'high' as compared to the adjacent plateaus, and the Free-air values for the rift floor range 

between 0 and -50 mgals. They tentatively identified the cause of the rift 'high' is the 

underlying silicic magma chambers and their extensive volcanic effluvia (welded tuff.~, 

lavas, pumice), and I"ith thick LacuslIine sediments, all deposited in the subsiding proto­

rift, pre-middle Pleistocene trough. 

Again Molu- and Rogers (1966) related the gradient over the not1hern Ethiopian 

plateau, to the change in crustal thickness and,or to the thickness of underlying anomalous 

material slIiking towards the center of the Ethiopian swell. "The southern limit of tltis 

regional gradient must occur near the latitude 01 Addis Ababa. coinciding with the 

southward introduction of westward downlv,up~d Trap series basalts in southern Shoa 

and northern Kaffa". 

Gravity surveys in Afar (ivIohr, 1967) indicate that Free air values are about zero, 

without either the positive Bouguer values of the central Red sea or the negative values of 

the east African rift system and is thought to be atttibuted to flood basalts which have 

ftlled the Afar downwarp, By contrast Ivith the thick silicics under the tii! yielding ,1 

gravity 10w'. 

:.& 
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Crustal density models (Alemu, 1992) in the study region demonstrate under 

compensation in the plateau areas and overcompensation in the depression at shallow 

depths. The study suggested that the compensation of the Ethiopian and Kenyan 

topographic Domes are due, at least in patt, to crustal thickening. It also suggested that 

there are significant variations in the crustal structure along the rift axis. 

3.2 SEIS~lICITY OF THE MER ~,\'D AFAR 

)'lany palis of the :\iER system are seismically active with seismic energy release 

often taking place in form of intermediate and small earthquakes. Regarding seismicity, 

Gouin (1979) has thoroughly discussed the seismic acti\ ity of the whole Ethiopian rift 

system and neighboring regions prior 1977. Laike and Fekadu (1981) summarized the 

seismicity of the Ethiopian rift system based on instrumental and historical data. They 

suggest that the western escarpment of the wiER system in more active than the Eastern 

Escarpment. 

The westward shift of epicenters in the southern most rift tends to bridge the 

seismicity gap between the Ethiopian side of the East African rift and the western rift (Fig. 

+) the seismicity gap between the Ethiopian rift and the Eastern rift is evident fi'om the 

seismic data available (Shah. 1986). 

An earthquake swann took place near Dofane and Fantale volcanic centers in 

1981. Prior to the swann. a micro em1hquake survey had been conducted by lIdolnar eta I 

(1970). DurinQ this surveY the remon had ven' small seismic activitv. . ........ . ~. . 



~'ig.4. ,seismici ty in the .t:ast African Rift System 
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Seismicity and focal mechanism studies of the East African rift system (Sykes, 

1967, Fairhead and Girdler, 1971; Fairhead and Stuart, 1982; Shudofsky, 1985) show 

that the rift system is a constructive plate boundary which is rather complex and forms a 

series of interconnecting rifts through eastern and southern Africa. These studies show 

that the eastern and western rifts of the East African rift system are characterized by 

continuous belts of normal faulting and graben structures. However, they differ from each 

other in that the eastern rift is thought to have a connection with the Gulf of Aden and the 

Red sea whereas much of the western rift appears to be older and is often assumed to be 

unrelated to the ocean ridge system. 

Results of Kebede and Kulhanek, (1991) show that greater focal depths for the 

~fER are found for earthquakes in the southern part of the East African rift rather than in 

the northern part. 

3.3 SEISMIC REFIU.CTIOi'\ RESl;LTS 

Refraction profiles (Fig. 5) were measured (Berckhemer eta\" 1975) along the 

main trends of crustal thinning and one west of Addis Ababa in order to compare results 

within the depression with a nOimal continental crust. The crustal slIucture of the Afar 

depression as obtained from the refraction profiles selected by the author departs from the 

normal continental crust in both thickness and velocity distribution in the crust and upper 

mantle--.The results show an upper crust with a velocity of 6.1 to 6.2 kmis being observed 

on all proftles. It is however thinner than nonnal compared \\ith the thickness of the upper 

-:rust on the plateau (18 to 20 kID). The total thickness less than that of a wntinental ~rust 

being over 20 km over most of the area. HOIvever one should note that even in the north, 
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near Dallol, \vhere the thickness of the crust is reduced to 14 kID, 6.1 kIn's upper crust is 

still present. 

The crustal thickness under the Southern extension of the Danakil Horst i~ 

somewhat greater, but not significantly so. The crust throughout the depression is 

underlain by an upper mantle \v;th an abnormally low velocity 7.4 mis. The unusual 

structure of the crust could not be explained in terms of intrusions which form dykes and 

sills and extrusion in the Afar depressions. They follow fault lines and must have reached 

the surface during the breakup of the crust due to extension (Nforton and Black, 1975) 

The crustal structure of Djibouti area (Ruegg, 1975) is similar to the rest of the 

Afar area. having a Granite layer overlying a 6.8 kID·s lower cmst (referred to as an upper 

mantle by Ruegg. This layer overlies a Low velocity (7.1 to 7.4 kmis) upper mantle. He 

has noted a higher than usual poison's ratio of 0.28 to 0.33 compared with 0.25 to 0.26 

for old oceanic and continental crusts. Sereale (1975) has found a high \"piVs ratio across 

the Afar depression. Th"se results indicate a panially melted upper mantle material. 

The isostatic ~Ioho-depth map (Akmu. (992) was computed to .;heck the regional 

isostatic trend of the :VIain Ethiopian Rift and the adjacent plateaus, according to the Airy­

Heiskanen modd of ~ompensation. The seil,mic results (B"rckhem"r "ta~ 1975) and th" 

2-D gravity models reveal that the normal mantle beneath the ""estern Plateau lies at a 

depth of 38-42 kID. Elevations 2000m were taken to conespond to the plateaus and 

those of . 2000m to the rift. 



Figure 5: Location of the seismic refraction profiles on the Western Ethiopian plateau, the northern part of the 

Main Ethiopian Rift and the Afar depressi~n (from Berckhemer, el al. 1975) 
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CHAPTER 4 

4. THE GRAVITY FIELD A:\D GRAVIMETRY 

The method involves the measurement at the surface of small variations in the 

gravitational field. Small differences or distortions in that field from point to point over the 

surface of the earth are caused by any lateral variation in the distribution of mass in the 

earth's crust. Therefore, if geologic movements involve rocks of different densities, the 

resulting irregularity in mass disttibution will make corresponding vatiation in the intensity 

of gravity. The measured variations are interpreted in terms of probable subsurface mass 

disttibutions, which intum are the basis for inferences about probable geologic conditions. 

·U BASIC PRI!\CIPLES 

The basis of the method is ~e\\ton's law of gra,itation. This states that every 

particle of matter exerts a force of attraction on every other p"rticle, this being directly 

proportional to the product of the masses and inversely proportional to the square of the 

distance between them. i. e. 

F = GM1Ml!R" ........................................................... (1) 

Where F is the force between the two pallicles of masses \11 and ;\12 

R - their separation and 

G - the universal gravitational constant (6.672 x 1O·llm\·lkg·1 
). 

Let M, is replaced by M which is equal to the mass of the ea11h (6 x 1024kg), and 

R equal to the radius of the earth (6371 KIn), and the :\11 mass of a body on the ealth's 



surface. Then, the attraction force of the earth per unit mass acting on the body is given 

by 

g = GMIR ........................................................................ (2) 

Where g -is the gravitational acceleration and its unit is the 'gal' ; 

1 gal= 1 emf S2 

The possible forces acting on a body of mass m (Fig. 6) on the surface of a 

rotating spherical Earth (Heiskanen and Moritz, 1967) are: the attraction force of the 

earth, the centrifugal force (due to the rotation of the earth about its axis) and the coriolis 

force (for a body in motion). 

The attraction force is given by: 

F = - Gi\lm RiR3 .................................................. 0) 

The centrifugal force. as an inertial force in a rotating earth is given by 

feg = - mcux(co x R) ........................................ U) 

and the z-component is 

(feslz = -mco'Rcostjl 

where co=7.292115x10·5 rad/sec is the angular velocity of the earth. It is known to a high 

--, 
degree of accuracy from astronomy. 

The coriolis force. if the body is moving on the surface of the Earth with velocity 

Y is given by 



f,or = 2mrox V ................................................. (5) 

and the z-component is 

It is evident from Eq. 4 that the centrifugal force is maximum at the equator and 

zero at the poles and it opposes the attractive force of the Earth and from Eq. 5, the 

coriolis force is zero for a body at rest (V=O) on the surface of the Earth. By definition, 

accekration due to gf2vity (y) is the resultant of the gravitational (g) and centrifugal (z) 

accelerations. 

I.e, y=g+z 

'r = -GI,,{ RR3 ~ (~) x '<'D x R) ........................... (6) 

The representation of the gra\-1ty field and related computations are simplified if we 

consid,-r the scalar quantity 'Potential' instead of the vector quantity 'acceleration'. Since 

Curl 9 = O. Curl z = 0 ............ (7) 
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Corresponding potentials V and <D exist for the gravi tational and 

centrifugal fields with the relationships, 

g = grad V. z = grad <D .................................... (8) 

The gravitational potential of the earth (v = volume of the earth), considering a 

mass element dm and density p can be expressed as a function of position 'r' as 

V(r) = Gf dJa'r 

and the centrifugal potential is given by 

<D = ",\\Jd2 

where d is the distance perpendicular to the axis of rotation. 

Sometimes it is convenient to use cylindrical coordinates. smee the volume 

dement in the Cartesian coordinates, d\.=dxdydz is transformed in cylindrical coordinates 

as rdrd¢dz, the expression for the gravitational potential becomes, 

V = Grjjjdrdcj>dz 

In spherical coordinates, dxdydz = isin6drd¢d6 : hence we've 

V = Grjjjrsin6drdcj>d6 

The acceleration in the direction of the z-axis (that is, the only direction in which g can be 

measured directly) is given by 

& = dV,dz = -Grji.i(z,r")drddJdz. (cylindrical) 
and, 

& = Gpj.i.izsin6drdqld6 = -Gpjjjsin6cos6drdq,d6, (spherical) 



4.1.1 POTE:\l'L\L FIELD EQL'ATIONS 

The divergence theorem (Gauss' theorem) when applied to the 

gravity field over a region of space is equivalent to the integral 

of the outward normal =mponent of the field over the surface 

enclosing the region. Mathematically . 

.iv \l·gdv = l,!!.ods .............................................. (9) 

If there is no attracting matter contained within the volume. the 

integral are zero. and 

\l.g = 0 ........................................................... (0) 

i.e the potential satisfies Laplace's equation in free space. But since the gravitational force 

is the gradient of scalar potential. then 

y.g = y·YV =y'V = 0 .................................... (1) 

If on the oth~r hand, there is a patticle of mass 'm' .vithin the volume and, in 

particular. if.ve consider it at the center of a spherical 5urface of Jadius 'r', then the 

integral 

J,g.,ds = -(Gmi)(-hlr') = -4r.Gm ..................... (12) 

TIUs result holds regardless of th~ shap~ of the surface and the position of the particle m 

within the surface. If the surface encloses several particles of total mass M, we can v,Tite 

j"\'gdv = J,g.,ds = -41lG~L 

If this volume v is made very small, enclosing a point on the region, we may remove the 

integral sign to get 



The splitting of the gra\ity field into a "nOlmal" and a remaining small "disturbing" 

field considerably simplifies the problem of its determination (Heiskanen and ~'foritz, 

1967). Therefore we assume that the ideal reference ellipsoid, which is related to the 

mean sea level surface with excess land masses removed and ocean deeps filled, is an 

equipotential surface of a normal gravity vector field. Denoting the potential of the normal 

gravity field by 

l' = U(x. y, z) ................................................. (16) 

we see that the reference ellipsoid is a surface with 

"C(x, y, z) = Co = constant. .............................. (17) 

Th.; pot.;ntiai 0-") of the nOimal gra\lty vector fidd is the sum of the attractiv.; potential 

(\") and the centrifugal potential (<D): 

u = V ~ <D = Gi dmr ~ ',w'(x2 ~ v2
) •••••..••••••• (18) 

The nonnal gra\ity vector y,. at a given latitude f on the reference ellipsoid is the gradient 

ofU: 

'Y,. =" gradC ................................................... (19) 

"hose magni tude lS the norrr.al gravi ty and the direction is that of 

the plumb line. i.e .. the plumb line is ver·tical at all points on 

the equipotential surface. 

Lsing th.; definition of moment of inertia in mechanics one can amye at, 



where M is the total mass of the earth, and K is a constant determined by the moments of 

inertia about x, y, and z axes and the mass M (Garland, 1979, Tsuboi, 1983; Telford et 

al., 1990, Heiskanen and ~foritz, 1967). Hence, using Equations 19 & 20, one can easily 

show that the normal gravity (theoretical gra\·ity) value, Y9' as a function of the latitude 

angle, </>, at any point on this ellipsoid is given by 

y. = Yo (1, Bl sin2 
</> - B2 sin22</» ...................... (21) 

where Yo is the value of y. at the equator (y = 0), Bl and B2 are constants. ~-faking 

use of all the observed values of g at a number of points over the ea11h, numerical values 

of the constanls Bl and Bl have been determined in 1930 by the Intemational :\ssociation 

of Geodesy (lAG) and adopted the formula kno\\n as the 1930 Intel'llational Gra"ity 

Formula and is given by 

'!Il"", = 9780-l9(l ,O.005288-1sin'<jl-O.0000059sin'2tjl) mGal.. ..... (22) 

with Yo = 9780-19 mGal. equatorial radius a= 6378.388 km. polar radius b=6356.909 

km, the elipticity (polar flattening) given by f=(a-b}b=li297. 

Recent studies 011 the orbits of satellites have provided more precise values for constants 

Bl and B2 and the following is the revised theoretical gray ity formula established by 

GRS in 1967. 

'10:"7 = 978031. 85 (1+0, 0053024sin'q,-O. 0000059s1n'2q,) ruGal ,,( 23) 

With Yo = 978031.85 mGal, a = 6378.160 km. b = 6356.909 km. and f=l i298.25. Even 

in its most refmed state, the standard theoretical gravity formula (Eq. 23) is a very crude 
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approximation. It assumes that there are no undulations on the Earths' surface, where as, 

in fact, we have elevated lands (hills) and oceanic depressions. Hence, for a practical 

work, i.e., measurement of gravity on the physical surface of the Earth we must define a 

physical equipotential surface on the Earth. 1bis physical surface i~ known as the Geoid, 

a surface such that gra"ity g is perpendicular to it. 

Geoid is a zero reference (elevation datum h = 0) for elevations and ocean depths, 

as given on topographic maps. It is the undisturbed mean sea level surface continued into 

continents so as to encircle the Earth, water seeking its level in imaginary shallow canals 

until it is at rest. 

The value of gravity at a point calculated by the standard theoretical formula (Eq. 

23) and that observed and reduced to the Geoid do not agree ",ith each other. 1bi!; is 

because the effect of attraction of an im~sible anomalous mass under the point is involved 

in the observed value. The small difference between the actual gra"ity potential W and the 

normal (theoretical) gravity potential U is denoted by T, (Heiskanen and Moritz. 1967) so 

that 

W(x, y, z) = U(x, y, z) + T(x.y.z) .................... (24) 

T is called the anomalous potential, or disturbing potential. 

We compare the potential on the Geoid 

W(x, y, z) = Wo 

",ith the potential on the reference ellipsoid 

U(x, y, z) = Co 



of the same potential Vo = Woo Consider now the gravity vector gP at a point P of the 

Geoid (Fig. 7) and the normal gravity vector fQ at a point Q of the ellipsoid. The gra\;ty 

anomaly vector t.g is defined as their difference: 

I1g = gp - yQ ............................................................................. (25) 

The difference in direction is the deflection of the vertical (6). Here, gp is the gravity 

value.obseJVed (&b,) at a point on the surface of the Earth and reduced t6 the Geoid point 

(P). IQ is the theoretical gravity value on the ellipsoid point (Q). 

Gravity anomalies develop in consequence of differences in the density 

distribution of the earth, particularly in the upper layers knO\\TI as the crust. Therefore, 

they reflect the internal constitution of the crust and indicate the presence of various 

geological structures connected \\~th the dislocation of rocks of different densities. This 

enables us to study the internal structure of the earth and for gra\·ity prospecting. 

4.2 DATA COLLECTIOl\' 

To produce the necessary information for the preparation of the [mal Bouguer 

gra\ity map, the following essential data must be determined at each observation point. 

1. Relative gravity difference from one 01' more references or base stations. 

2. Relative elevation for making the elevation correction. 

3. Relative position for making latitude con'ections and for mapping the fmal results. 

Field observations produce a series of meter readings. The usual final map is of 

Bouguer gravity, which is in gra\ity units (mgal) with meter readings multiplied by the 
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·U.2 FREE AIR CORRECTIO:\' 

Gravity varies \\ith elevation. A point at higher elevation is farther away from the 

center of the earth and therefore has a lower gravitational acceleration than the one at 

lower elevation. The free air correction accounts for only changes of gravity with height. 

So it is necessary to correct for changes in elevation between stations to reduce 

obselvations to datum surface. The correction is obtained by differentiating the scalar 

equation for a spherical ealth, 

where, WI -is the total mass of the earth 

The gravity at a point located at a height h above the Geoid is 

By the Binomial expansion 

g" = G;-'I R' (1 - 2hR ~ 3h'R2 
- ••• ) 

= ,,- ")ghR-.0..... • ••• 

From this expression, the free air cOITection (8g) is written as 

8gyA = g- g" = 2&nh,Rm = 0.3086h mGaLm ...... (27) 

where Rm and &n are the average radius and gravity of the Earth, respectively. Thus. \vith 

the average values Rm = 6371 X 103 m and &n = 980 Gal inserted. the free air correction 

for h measured in meters is 13&,~ = 0.3086h mGal. The free air c011'<:ction is added to the 

gra\~ty reading when the station is above the Geoid and subtracted when below it. 



.U.3 BOl'Cl.'ER CORRECTION 

The Bouguer correction accounts for the attraction of the material between the 

station and datum plane that was ignored in the free air correction. It is the correction for 

the attraction as approximated by considering the material as an infinite horizontal slab. 

The gravity attraction for a point on the surface of a slab obtained by calculating the effect 

of an infinite disc is given by 

0&l = 21lGph 

where h is the height of the gravity station above the Geoid and G is the universal 

gra'ltational constant. For mean crustal density (2.67 gem3
) and h in meters, the Bouguer 

~orrection redu~cs to 

O&l = 0.1119h .............................................. (28) 

This is referred to as the Bouguer reduction. which moves the mass between the 

Eal1h·s sUlface and the Geoid to infinity and then reduces the point to the Geoid. The 

Bouguer C01Tection is applied in opposite sense to the free air COlTection, i.e.. it is 

subtracted when the station is above the Geoid and ,lee versa. 

4.3.4 TERR.'\I:"i CORRECTION 

The terrain correction allows for surface irregularities in the vicinity of the station. 

There are several methods for calculating terrain corrections, all of which require detailed 

knowledge of relief near the station and a good topographic map extending considerably 

beyond the survey area. 



The correction is done by computing graphically the gravity effect at the 

observation point of all hills above the station level and all valleys below it (Bible, 1962). 

A method of doing this is described by Hammer (1939), which makes use of a specially 

designed transparent graticule divided into zones by circles, these being subdivided into 

compartments by radial lines. The total effect is the sum of each compartment and each 

compartment is computed by its average height. The gravity effect of a single sector is 

calculated from the following formula: 

where G is the universal gravitational constant, q is sector angle in radians, h =!es -e. I, e, 

is the station elevation, e. is the average elevation in the sector, and ro and r; are the outer 

and inner sector radii. The terrain correction dgT is the sum of the contribution of all the 

se·ctors: 

8g-r{r,8) = =:, =:8 5&,,(r.8) ............................... (30) 

The method employed rec.ontly for calculating terrain cOITections using digital 

computers have been devised by (Kane, 1962; Bott, 1959). These generally use a scheme 

of digitizing the topography by writing the elevations at points on a uniform grid so that 

the same grid points can be used for all stations. 

When both the latitude and elevation corrections (including terrain cOlTection, 

when walTanted) have been applied, the residual is .:alled the Bouguer anomaly. This is 

the small component of g which is supposed to have its origins at a shallow depth, and 
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the primary data from which a geological interpretation of their source is attempted. In the 

geodetic sense the anomaly is a single numerical value for any individual observation and 

is the difference of the observed value from a theoretical or calculated value based on 

certain assumptions about the form of the gravity field over the earth as a whole. 

4.4.1 THE FREE· AIR A.. "IO:\1AL Y 

The free· air anomaly is the simple effect of a station at a higher elevation being 

farther away from the Geoid. It is called free air because the theoretical anomaly is 

calculated as if the gravity measurement were at the elevation of the station but without 

taking into account the attraction of material between that elevation and the sea level. 

Thus, 

"'g = goo,';' 0.3086h· yq. ................................................. ..(31) 

.U.2 THE BOCGl:ER A. "mULl' 

111e Bouguer anomaly is the difference between the measured value at the point of 

observation and the theoretical value calculated for that devation or water depth and the 

appropriate density of the earth's materials. The Bouguer. anomaly calculated ignoring 

topographic effects is knO\,TI as simple Bouguer anomaly (S.B.A). 

That is, 

S.B.A = g"bs + O.3086h • 0.1119h • "(<1> ............. (32) 

\\ 'hen all corrections, the free air, Bouguer, together \\"ith teITain cOITections are applied to 

the observed gra,;ty, the resulting anomaly obtained by subtracting the standard 



theoretical gravity value at the given latitude is called Complete Bouguer anomaly 

(C.B.A) and is given by 

C.B.A = !lobs -r 0.3086h - 0.1119h ~ 5gT - y .................. (33) 

where 5gT is the terrain correction 

4.4.3 ISOSTATIC AI\rOllofALY ,,,""ill ISOSTATIC CORRECTION 

According to the theory of isostasy introduced by C.E.Dutton (IRR9) anomalous 

loads such as mountain ranges are supported by the extra buoyant forces supplied by an 

excess of material of lighter density at the base of the crust that displaces the denser 

substratum, where unusual deficiencies in crustal matter such as the great ocean trenches 

are prevented from buckling upward by reduction in the nOlmal buoyant forces caused by 

a deficiency of lighter material at the base. These give rise to variations of crustal 

thickness (roots and antiroots) which is the cause of the broad anomalies in the BOlSouer 

gravity at the surface. 

Calculations of isostatic effects can be made on either ptinciple (Airy's or Pratt's) 

to determine the magnitude of the required deficiency in density under areas of high 

topography. The method of isostatic cOlTection is similar to that of terrain cOlTection. 

When a cOlTection of isostasy is applied to the Bouguer gravity, the residue is usually 

called the ISOSTATIC A,'\O~IALY. 

In general the isostatic ancmaly In.''ps produced show very much 

smaller anomalies than the Bouguer maps. Except in reconna1ssance 

surveys over broad and anomalous regions, however, the isostatic 



the regional properly from the observed data. \\'here the contours at a distance from a 

local anomaly are quite regular, it is possible to take out the regional trend by drawing 

lines which connect the undisturbed contours outside the area within which the anomaly is 

confined. \"'here the smoothed contours cross contours of observed gravity, the 

differences between the two, which had discrete values at each intersection, are marked 

and themselves contoured. the resulting map gives residual gravity. The residual profile 

plotted below the obselved cross section was obtained simply by subtracting the estimated 

regional value from the observed gravity at all points along the profile. TIle graphical 

methods have the advantage that all the available geological information from an area can 

be put to use in drawing the regional. 11lis is particularly important where the survey 

covers an area that is smaller than that of the major structural feature governing the 

regional trends. 

On the other hand, with the anal)iical methods of determining residual gravity, 

numerical operations on the observed data make it possible to isolate anomalies "ithout 

such a great reliance upon the exercise of judgment in caf0ing out the separations. Such 

techniques generally require that gravity values be spaced in a regular array, and templates 

are designed so that values can be interpolated from maps on a uniform grid. Four 

anal~1ical methods in common use: 

1. The direct calculation of residuals 

2. The deterrninatiiiiLof second derivative 

3. Polynomial fitting 

4. Downward continuation 



A good compromise between the two approaches 1S computer 

modeling. This involves setting up various models of the geology. 

all compatible wi th establ ished inf ormation. residual maps are 

rapidly generated for each model by the cOloputer. 

The removal of regional effects is one of the two important problems in gravity 

interpretation. The other is obtaining information from the regional anomaly on the 

structural configuration and density distribution of its source. 

4.5.2 L,\'TERPRETATION 

The interpretation problem usually is finding the mass distribution for the residual 

anomaly. Isogal maps look very li\.:e topographic contour maps. They show circular, 

elongated and irregular area of high and low gra\ity. They may also show linear belts of 

steep gradients which are not necessarily associated with any of the features just 

mentioned. It is possible merely from inspection of the map to make a tentative qualitative 

interpretation if something is \.:nOW" about the geology .. Depending on their relief and the 

distance l>etween axes, this :\·1ay l>e intelpreted as being indicative of structural features or 

trends which may be attributed to deformation in sediments or to density contrasts in the 

basement or both. Gravity highs are in many areas associated with anticlines or with horst 

blocks, both being structures which bring older. denser rocks nearer the sUlface. In other 

regions gravity highs may be due to the presence of heavy basic intrusions. Conversely 

sedimentary basins and relatively light acid intrusions usually produce gravity lows. The 

belts of steep gradients are produced by vertical contacts bdween rocks of differmt 

density such as may occur across fault planes. 



If an interpretation is to be quantitative to any degree at all, there must be density 

infOimation from measurements or, more commonly, from inferences based on the 

general nature of the rocks, which can be learned from existing geological studies or 

maps of the area, if any. Quantitative interpretation means finding out the position, size, 

and shape of the gravitating mass through analysis of its potential field. Almost all 

interpretation of gravity data is by indirect methods. from inspection of the isogal maps, 

taking into consideration all other information about the region, a possible model of the 

structure is de"ised and its gra"ity effect calculated. The observed and calculated 

anomalies are compared, the model then progressively modified and its anomaly 

recomputed until a reasonable fit between the two is obtained. If the geological data are 

s~anty it may not be possible to do more than ~alculate a range of approximate solutions, 

but even to be able to set limits to the possibilities can be most useful. 

When choosing a model it is usual to make the simp!.:st of geometrical 

approximations as the gra\ itational attraction of a number of simple fonns can be easily 

calculated from graphs and standard fonllulae. Since the postulakd geomdrical shape can 

at best be only a crude approximation to the real structure, the fit between the calculated 

and observed anomalies, though often surprisingly good, is unlikely to be 'perfect', i.e. 

within the limits of observational error, but the procedure does enable an estimate of 

dimensions and depth to made quickly. In many instances where there is little geological 

control there may well be little point in pursuing the interpretation further, since it is 

higluy unlikely that a more complicated model will be a better approximation to the true 

structure, however exact the fit between the observed and calculated anomalies. 



Spheres, cylinders and slabs are the usual geometrical forms chosen when making 

preliminary interpretation. Since gronimeters respond only to changes in the vertical 

component of the gravitational anomaly, formulae are required giving the change in the 

vertical component of the attraction at points on the surface. Normally the chosen 

formulae express the variation in the attraction along a traverse at the sUlface across the 

body. If the body is elongated in a horizontal direction (i.e is two dimensional) the traverse 

direction is taken normal to the direction of elongation. 



CIUPTER5 

5. DESCRIPTION OF ANOMALIES 

5.1 INTRODUCTION 

The previous geophysical works discussed in chapter 3 were aimed at studying 

specific geological problems related to crustal and upper mantle structures of the 

Ethiopian rift system. The major objectives of the present research work is also reduction 

and preparation of all available gra\,ity data and interpret the produced gravity maps in 

terms of the geologic and tectonic features of the study region, and compare the result~ 

obtained with the previous works aforementioned, Though no gravity obs"rvations were 

made, the task were accomplished with data. compiled from diff"rent sources and 

reprocessed following the procedures in gra, imdry as applied to geophysics. 

5.2 GRO\VITY DATA PREP . .\R.\TION .~"l) PROCESSI.'o<G 

Gravity data were compiled from pre\ iou~ surveys conducted in the stud\' region. 

The sources include: 

• the Ethiopian institute of g"ological surveys (ErGS) and 

• the Geophysical Observatory of A.A.V (Dr. Abera's Ph.D work). 

TIleoretical gra\ity values IYere computed for all stations of hoth data sets (already 

being reduced), using the formula of Geodetic reference system 1967 (GRS67). In order 

to keep the consistency between the two data sets, reprocessing and re-evaluation was 

inevitable ""1th the same theoretical formula, and were checked if they have 



homogeneously been connected to the IGSN71 datum. The observed gravity values for 

some stations in the data set obtained from EIGS were not available. These stations were 

ignored, since it was necessary to start with the observed gravity value for the 

recalculation of the anomalies. A compilation of the two data sets between the defmed 

latitudes and longitudes resulted in a total of 3000 stations. All stations occupied have 

been referred to the IGSN71 (Morelli eta\., 1971) by subtracting 14.91 mGals. The 

primary base station used was of the Geophysical Observatory (977452.16) located at 

Addis Ababa Cniversity. 

TIle standard corrections discussed in chapter 4 are made. to detennine a reliable 

Free - air and Bouguer anomalies. These data was reduced to sea level with a uniform 

density of 2.67gmcm3
. The reduction process was performed using a FORTRAN 

program (Alemu, 1989) based on the above density . 

..\.S one of the objectives of this paper is to establish a standard gravity network, 

the compilation and preparation of these data in a standard fOimat was completed and is 

ready to be used it for detailed survey. T en'ain corrections have not been taken into 

account and only Simple Bouguer anomalies were calculated. The estimated mean terrain 

effect is about 2 mGals. This estimate was based on values calculated along two traverses 

that cross the Aluto mountain (2335m), rising about 700 m above the rift floor by Dr. 

Abera Alemu (1992). 11lis value is used to apply for all stations and treated as a 

systematic error in computing the overall mean square error of the gra,·ity anom<llies. 

so 



..•...... _------------------------

where m'g is the standard ~rror (due to random errors) and S'g is the systematic 

~rror (due to neglect of terrain effect) ( Sjoberg, 1990) of the gravity anomalies . 

. -\ssuming the mean crustal density 2.67 g/cm3 used here is correct, the standard 

error m'D8> can be computed from the law of propagation of enors as: 

m2,~ = m2
g -i- (l.R(8gi8<p)m~/ -r (8L'.g/81i)'m\ .......................... ..(36) 

where mg = '" 0.85 mgal, m<p = ± 500 m (» 0.27 minutes of arc) and mh = ± 10 

m are the maximum standard enor estimates reported for both data sets ( Abiy, 1989: 

A.!emu, 1992) in determining the observed gravity (observation error), the geographic 

latitude and the elevation of the gravity point respectively. 

1/R(8g/~) =l/R(og/~) 0.812 sin 2~ mGal/km(37) 

where R = 6371229 m is the mean radius of the earth. 

For the mean latitude, <p < 10° of the study area, the gravity variation is about 0.03 

mGal for each 120 meters traveled in a )i-S direction. This means that in order to obtain 

an anomaly accuracy of 1 mGaL the position must be known to at least ~OOO meters. For 

the positional error ffi<p = co 500m ( » 0.27' of arc) we adopted in fL'\llg the latitude <p from 

the available topomap of the region, the ell'or ~stimate :n the nonnal gra\ ity amounts to 

1 R(i3g8<p)mq> = = O.I~ mGal for <p = 10° 

The maxunum ~lTor estimate in the Bouguer anomaly COll'~sponding to our 

adopted maximum elevation en'or ffi<p = = 10m of a gravity station therdore amounts to 

(8~8'8h)ll4p = or 1.12 mGal. 



L'sing the fOl1Uula a'bg = m\ -'- (l/R(8g!iXp)m<p)2 + (8L'1g'8h)'m'", + S'~g , the total 

standard error Cbg of the gravity anomalies L'lg is: 

C6g = '" «0.85), 7(0.14/ +(1.12)' +(2.0),),' = = 2.5 mGal. 

The overall accuracy of the Bouguer anomaly values (assuming the correct density 

has been chosen) is therefore expected to be around ± 2.5 mgal. 

5.4 TIIE GRAVITY MAPS 

5.4.1 FREE - AIR A.c'lO~IALY 

There is a close correlation between the pattern of the free air anomaly (Fig. 8) 

and the topography of the study region. However. an overall correlation can not be 

obtained between the anomalies and the subsurface geological and stlUctural features. 

Thus. it is limited to support in the interpretation of the Bouguer anomalies. 

The free air anomaly values vary from -20 to 0 mgals m the main Ethiopian rift. 

from -20 to 30 mgals in the :'.far depression, and from 0 to 110 mgals in the Plateaus. 

The highest value of the anomaly OCCUlTed at the n011h western part of the survey area 

with an amplitude of llOmgal, at the elevation of WIt. Guna (~231m). The other 

maximum value of 90 mgal OCCUlTed on the western plat..:au is located north of Addis 

Ababa around Debreberhan. 



On the eastern plateau, on the Arsi-Bale massif a ma'illnum of 70 mgal occur, and 

on southeast of the Afar depression, on the Harar plateau, 1'.1t. Gara muleta is marked 

with high positive free air anomaly. The minimum value of the free air anomaly occurred 

on the western margin of the Afar, in the Borkena graben. A positive value reaching 30 

mgal in the Afar depression may be related to the Gabilema range located west of lake 

Abbe. 

The curvilinear nature of the main Ethiopian rift at about 8°N latitude is clearly 

evident. The free air anomaly map also reveals the E- \V oriented latitudinal Yerer fault 

where the rift escarpment is displaced and runs northeast. 

5.4.2 BOl'GFERJRESIDlTAL .<\;''10.l\ULIES 

The Bouguer anomaly map produced (Fig. 9) reveals an overview of the 

topographic features and underlying crustal structures. The distinction between the rift 

and the adjacent plateaus and the regional ~tructural features were depicted from the map 

on the basis of the general shape and wavelengths of the anomalies. However, anomalies 

on the Bouguer map have no appreciable correlation "'lth the structural and geological 

features of shallow origin. Separation of the regional and residual anomalies from the 

Bouguer gravity map and their qualitative interpretation led to defining the anomalies 

related to deep slluctures. and local anomalies of shallow Oligin respectively. 

As shown in the previous works of :,.,fohr and Gouin (1967/68) the rift valley is in 

gravity 'high' as compared to the plateaus. The relatively positive anomaly of the rift 

shown on the Bouguer map strikes approximatdy :-':-''E-SSE behveen latitudes 7° and 9°;':' 



and curves to i\'E-S \\' orientation towards the .-\far depression. A series of local positive 

and negative anomalies are superimposed on the relatively positive anomaly which are 

related to local variations in geological structure. 

In general, there seems a close correlation between the Bouguer anomaly and 

topography of the study region, where minimum gravity values are located in areas of 

maximum elevation and ,~ce versa. The minimum gravity value with amplitude of -270 

mgals occur around Debreberhan. Other local minima with amplitudes between -250 and 

-210 mgals are located on the western plateau. The eastern plateau is also marked by a 

gravity 'low' with a minimum value of -250 mgals. 

On the study region considered here. the intensity of gravity increases from -

190mgal in the main Ethiopian rift to -50mgal in the .-\far depression. The pattern of a 

series of anomaly belts separated by small gravity highs show the general trend of the rift 

axis. following the axis of the Wonji fault belt. 

Gravity gradient increases eastward from [he westel1l border and reaches 

maximum at the boundary of the westel1l Ethiopian plateau and the .-\far where dipping of 

the margin towards the depression stal15. The Borkena graben is marked with a relatively 

'high' gravity extending SSE from 11° to 10.5~. abutting the wesl"m plateau escarpment 

with a high gravity gradient running ),;-S at about 39"E longitude. Southward, the Robi 

graben extends to latitude 10~ with approximately the same gravity 'high'. 



,. 

Fig. 9. Bouguer j,nomaly N.ap 



Fig.10. Residual hnomaly !Y;ap 



The two gravity gradients, one trending N-S on the westem boundary of Afar and 

the other on the southeastern boundary with ~'E-SW orientation, converge at the opening 

of the Afar depression. The rift floor of Afar is marked by gravity 'high', beginning from 

the Mt. Guraghe-Chilalo and Yerer - Gugu cross rift lineament where the junction 

between Afar and the main Ethiopian rift seems to lie. 

The residual gravity map (Fig.! 0) characterizes the general pattern of the Bouguer 

map, but Mth small local anomalies appearing after the removal of the regional. The two 

main gradients separating the Afar depression from the plateaus can be readily seen on 

both maps. Particularly, in the Afar depression the Bouguer map shows a trend of 

elongated maxima JUnning n0l1hwards parallel to the main escarpment, with increasing 

vaiu:;s, Iyhich according to )'lakris and Ginzburg (1985) was associated with the crustal 

thinning towards the coast of the Red sea, towards a zone of high crustal attenuation with 

the ~loho revealed to lie at the depth of 51:.tn fi'om seismic refraction data (Berckhemer 

cral., 1975). 

On the western Ethiopian plateau, a succession of local positive and negative 

anomalies occur west of the Borkana-Robi marginal graben, parallel to the gradient 

trending "\"-S . .\ wide positive anomaly belt occur on the western plateau adjacent to the 

main Ethiopian rift about 3'fE longitude, and gravity values decrease slowly towards the 

top of the western margin and then rise up slowly towards the rift floor where local 

anomalies are mainly related to rift volcanic centers and associated rocks. 

The rift lakes basin is limited nOI1h by the uplifted ~!eki - .\ wash watershed and 

south by the upwarped margin oflake Shalla. The gravity gradient sholVTI on the residual 



map, northeast oflake Zway, confinns the important ~Ieki - Awash watershed 'transverse 

arch' probably accompanied by shallow depth as interpreted by Gouin and Mohr (1964). 

5.4.3 REGIONAL Al~OMALY 

The regional anomaly map (Fig.ll) which was extracted from the Bouguer map 

shows smoothed large scale regional features. The regional gravity field indicates the 

transition from the plateaus to the rift floor. There is an inverse cOITe\ation between the 

topographic relief and the gravity field in the study region. TIus is associated lVith isostatic 

compensation of the topographic relief by low density material at depth (1vfakris eta\., 

1975). The minimum regional anomaly of magnitude -230 mgals occur on the western 

plateau \vith its center located west of Addis Ababa. TIlls anomaly is thought to be caused 

by density contrasts at the crust-mantle boundary. Although Makris has indicated the 

location of tllls minimum anomaly north of Addis Ababa, the present work shows its 

occun'ence is west of Addis Ababa. TIlls difference in location nlight probably be due to 

high distribution of data used in the work as compared to his data. 

Regional values increase from the center of the minimum anomaly. both towards 

the northeast and southwest direction. The maximum values OCCUlTing in the Afar 

depression could be associated with the dUnning of crust and further towards the Red Sea 

coast. The minimum anomaly striking ~'NW-SSE extends for about 180Km and has a 

width of 83Km. This may be associated with the uplifted region that fonns part of the 

Ethiopian Dome where the effect of the anomalous mantle could be maximum. It is no\v 

generally accepted that the long \vavelength gra\ity anomaly in east Afiica is due to the 

conttibution of the anomalous mantle. 



6. DISCUSSION, CONCLUSION A .. '\TI RECO~~IE:\'DATION 

The gravity anomaly map shows maxima and minima that are separated by 

contour lines of equal gravity. The maxima correspond to the central parts of rock masses 

that have a higher density in contrast \\ith that of the surroundings. The qualitative 

interpretation of the gravimetric maps is to identifY and locate geological units their 

boundaries and structure. 

On the westem Ethiopian plateau, the 10w' about Debretabor coincides with the 

topographic effect of 11.11. Guna. Another 10w' which seems to be a continuation of the 

Guna 10w' and separated by small gravity 'high' could be associated with the elevation at a 

volcanic center south of !\11. Guna. The area around these volcanic mountains is overlain 

by extensive alkaline to transitional basalts often fonning shield volcanoes. trachytes and 

phonolites of Oligocene - Miocene. The high between the two lows occurring about 1l.5° 

latitude could not be e\·idenced by the sutfac.e geoloKv. This may probably be attributed to 

E-W faulting eXknded £i'om the southeastem margin of the lake Tana basin. 

Immediately southwards, south of Dejen a small gra\~ty 'high' is marked, where 

the Free air values reach about zero. This high is not e\oident from the surface geology. 

but it could be associated with the topographic effect on both the nOithem and southem 

ends which are marked by gravity lows related to high elevations. The low on the nOithem 

side occur at a shield volcano while on the southem side the low about Gebregurcha is 

associated with the quatemary volcano. mt. Selale. 



North of 11 "N latitude, the marginal graben forming the outer tectonic boundary 

of Afar against the Ethiopian plateau is not marked by a strong gravity 10w'. Mohr and 

Rogers (1967) associated the absence of this low around Dessie with a very thick 

succession of the Trap selies basalts. These basalts are extensively exposed between 

Kombolcha and Woldia. 

The Residual map shows a wide positive anomaly striking N-S on the western 

plateau between latitudes 7° and 9"N on the Gibe basin. The surface geology of the area is 

marked by the late Eocene - late Oligocene trachytes, ignimblites, rhyolite and tuff with 

minor basalt. The free air anomaly show negative values over this region which 

cOITespond to the low elevation of the area. The local maxima that occur north west of 

\\"dkite could possibly be attlibuted to the flood basalts of middle ;vliocene covering the 

area. 

On tIle western margin of the main Ethiopian rift. the gravity low at about latitude 

8.5";\. coincides with the elevation at :--It. Gurage. On the opposite side of the rift, the 

<"astern plateau exhibits a 10\\ at :VII. Chilalo where the line across the rift, joining the two 

mountains fDlm the known Chilalo - Gurage cross rift lineament. About 38"E longitude 

three small lows occur, one at NIT Zquala and the other two being related to fields of 

small basaltic vents. 

Local positive and negative anomalies are shown on the residual map with 

amplitudes between -60 and 50 mgals, where amplitudes in the rift floor is generally lo\v. 

111e anomalies in the rift floor are associated with the axial zone of recent faulting the 

\\'onji fault belt, trending ~r-S\\' in the main Ethiopian lift and ~"?\'E-SS\\' in the Mar 



depression. The relative positive anomaly of the '\1ER is associated by the mass deficiency 

pro\-iding isostatic balance of the regional uplift to compensate for the relatively lower 

elevation of the rift floor as it was concluded by Gouin (1972). 

Gravity 1tighs' occur immediately north of the major cross lift transcurrent faults. 

The gravity highs over the wonji fault belt is further confIrmed having a sudden gradient 

over the western more active side of the belt. This high is attributed to basaltic injection of 

a thin crust affected by tension as it was suggested by Gouin and !\,IoJu' (1964). The ltighs 

over the Wonji fault belt in the wIER form a pattern in such a way to reflect the structure 

of the rift. Tltis belt of intense, fresh faulting running along the center of the floor of the 

'\-IER (see Mohr, 1960) passes along the northern end of lake Langano, along the eastern 

shores of lake Shall<1- at the Corbetti \'olcano and along the northwest shores of lake 

Awasa. 

Afar is generally characterized by a small negative Bouguer value, "'1th some local 

maxima and minima superimposed in association \\1th local disturbances. A local gravity 

minima located about Dubti could probably be associated with the surface geology of that 

area marked by Pliocene - Pleistocene alkaline basalts and trachytes. The high Bouguer 

gradient on the east em side of the anomaly assumes the existence of a fault or fissure 

striking ~-s. TIle decrease of gra\ity vt'ues from west to east across the gradient indicates 

an increase in elevation which probably suggests the presence of a difference in elevation, 

possibly related to-the E-W oriented Gamari range. 

The maximum gra\ity value occurs east of sardo \\'here refraction seismic results 

(Berckhemer etaL 1975) show that the strongest elUsta! attenuation oceUI> in this area 



ha"ing a minimum thickness of only 14 Km. South of lake Abbe the intense E-W fault 

belt is characterized by a gr3"ity 'high'. 



CO:"lCLCSIOXS 

The gravity data, reduced to the IGSN71 datum, is presented in a standard format 

as one of the objectives of this thesis work is so. The availability of this data will provide 

researchers with a considerable information of the gravity field of the study region and 

could be applied for further research programs intended to be conducted in the region. 

A qualitative interpretation of the compiled Bouguer map, using the existing 

geological infonnation and a limited seismic refraction results as constraint, revealed the 

inverse correlation between the topographic relief and the Bouguer anomalies. local 

minima and maxima superimposed on the broad negative regional anomaly show the 

existence of structural units having density contrasts with the surrounding. The existing 

geological features and some isolated structural units identified in the previous works are 

further confirmed. 

The main conclusions are: 

• 

• 

The long wavekngth negatiw Bouguer anomalies that characterize the regional 

structure is disturbed by the relatively high anomaly bdt which clearly identifies the 

structural feature of the rift distinguished from the plateaus. This anomaly belt is 

thought to be due to the existence of an anomalous mantle at shallow depth . 

Gravity values over the main Ethiopian rift are generally 'low' as compared to that of 

the Afar depression by a magnitude of about 



• 

• 

• 

• 

I·W mGals. The gravity high over Afar which indicates the strong attenuation of the 

crust floming the depression. This is confinned by seismic refraction results taken 

along profIles in Afar (Berckhemer etal., 1975), that crustal thickness reaches 14 

Km at the triple junction, around Sardo. 

The regional gravity values are related with the deep structural features. The pattern 

of the isomGal anomalies on the regional anomaly map indicate the transition from 

the plateaus \\~th higher Bouguer masses above sea level, towards the Red sea ~a 

the Afar depression. The Afar depression is a continental crust, forming a platform 

between continental and oceamc rifts as was suggested by previous researchers. 

Part of the Fthiopian dome is located on the western plateau at about the latitude of 

Addis Ababa. It is marked by minimum regional anomaly indicating the existence of 

a low density material beneath the crust. 

The existence of axial high anomaly belt along the Wonji fault belt its e:'l.1ension 

towards central Afar following the fault belt and its OCCUlTence coinciding '\;1th 

recent silicic volcanoes of the rift is further confirmed. 

In this paper, the general structural and geological features of the study region are 

described by the qualitative interpretation of the gra,·ity maps. But it is ob, ious that this 

kind of interpretation fails to give some critical information regarding the dimensions of 

deep structures underlying the cms\. Therefore. it is herein suggested that more refraction 

seismic surveys to be carried out all over the region to provide researchers with the 

necessary infol1nation and generate crustal models that produce the observed gravity 

anomalies. 



REFERE~CES 

Alemu, A., 1992. The Gravity Field and Crustal Structure of the Main Ethiopian Rift. 
Ph.D. Thesis, Royal Institute of Technology, Department of Geodesy, Report No. 26 
(TRITA GEOD 1026), Stockholm, Sweden. 

Asfaw, L.~'I. and Kebede, F., 1981. An eal1hquake swann from the northern part of 
the Wonji Fault Belt and the state of seismicity of the rest of the Ethiopian Rift. Proc. 
First In!. Symposium on recent crustal movements in Africa, In: A.M. Wassef (editor), 
86-103. 

Baker, B.H, Mohr, P.A. and Williams, L.A.J., 1972. Geology of the East Rift 
System of Africa. Geol. Soc. Am" Spec. Pap., 136:67pp, 

Behle, A., :'>1akris, J, Baier, B. and Delibassis, :'\., 1975: Salt thickness near Dallol 
(Ethiopia) from seismic reflection measurements and gravity data; in A. Pilger (editor), 
The Afar Symposium, Stuttgart, Vol. I, pp. 156-157. 

Berckhemer, H., Bair B., Bartelsen, H., Behle, A., Burkhart, H., Gebrande, H., 
:.\Iakris, J., :.\Ienzel, H., ~Iiller H. and Yees, R., 1975: Deep seismic soundings in 
the Afar region and the highlands of Ethiopia: in A.Pilger (editor), The Afar 
Symposium, Stuttgart, \'01. I pp. 66-79. 

Brown, C. and Girdler, R. W., 1980. Intelllrctation of African Gra,ity and Its 
Implication for the Breakup of the continents. JGR, 85: B 1 1, 6~-I3-6455. 

Courtillot, V .• 1980. Opening of the Gulf of Aden and Afar by progressive tearing. 
Physics of the earth and planetary interior. vol. 21, pp. 343-350 

Di Paola, G."!' and Berhe, S., 1979. The Kella horest: A hitherto unknown 
Precambrian crystalline basement in the Ethiopian Rift \'alley (preplint). 

Ewing, \\'.:'11. and Heezen ,B.C.,1956. Some Probkms of Antarctic Submaline 
Geology, Monogr. AGU, 1: 75-81, 

Fairhead, J. D. and Girdler, R. W., 1970. TIle seismicity of the Red Sea, Gulf of 
Aden and the Afar tJiangle. Phil. Trans. Roy. Soc. Lond., ,\,267: 49-74 

Garland, G.D., 1979. Introduction to Geophysics - :-"Iantle, Core and Crust, W.B 
Saunders Company, Philadelphia. 

Gibson, I., L., 1967. Preliminary account of the volcanic geology of Fantale, shoa: 
Bull. Geophys. obs. Addis Ababa, no. 10, p, 59-67. 

Gibson, 1., L., 1970. Quaternary panteleritic volcanism in the main Ethiopian rift: 
univ.Leeds, Dept. Earth sci., 1-1th Ann. Rept. Research Inst. Africa GeoL, p. 35-38. 



Gibson, I. L., 1969. The structure and volcanic geology of an axial portion of the 
main Ethiopian rift. Tectonophysics, 8, 561-565. 

Gouin, P., 1979. Earthquake hi~tory of Ethiopia and the Hom of Africa. International 
Development Research Centre Public. 118e, Ottawa, 258 pp. 

Gouin, P. and l\lohr, P.A., 1964. Gravity Traverses in Ethiopia (first interim report) 
Bull. Geophys. Obs. Addis Ababa, 7: 185-239. 

Hammer, S., 1939. Terrain corrections for gra\lmeter surveys. Geophysics, Vol. 
4, No.3, p.184. 

Heiskanen, \v.A. and Moritz, H., 1967. Physical Geodesy. Freeman, San Franqisco. 

Hunegnaw, A., 1989. Gravity and electrical resisti\~ty sounding applied in geothennal 
exploration in the n011hem part of the :'Jain Ethiopian Rift. :. lasters Thesis, University 
of Leicester. England. 

Kazmin, V. and Berhe, S., 1978. Geology and Development of the Nazret area. 
Ethiopian Institute of Geological Swvey. 

Kebede, F. and Kulhanek, 0.,1991. Recent syslllicity of the East African rift system 
and its implications. Pys. Earth Planet. Inter., 68: 259-273. 

:\lakris, J. and Ginzburg, A., 1985. The Afar Depression: T.ansition between 
continental rifting and sea floor spreading. Tectonophysics. 141: 199 - 214. 

:\1akris, J., \1enzel. H .. Zimmermann, J. and Gouin, P., 1975. Gravity Field and 
Crustal Structure of -"orth Ethiopia. In: A. Pilger and A. Rosier (editors), Afar 
depression of Ethiopia. Stuttgart (Schweizer bart), 1: 135-144. 

:'I.fcKenzie, D.P .• Davies, D., and Molnar. P .• 1970. Plate tectonics of the Red Sea 
and East .-\fiica . .'\ature. 226: 243-248. 

:\10hr, P.A., 1967c. :\fajor volcano-Tectonic lineament in the Ethiopian rift system: 
.'\ature, v. 213. p. 664-665. 

:\lohr, PA, 1967. The Ethiopian Rift System. Bull. Geophys. Obs., Addis Ababa, 
11: 1-65. 

\1ohr. P.A .• 1971b. Outline tectonics of Ethiopia. u~'ESCO, Tectonics of Afiica. p. 
H7-458. 

:\10hr, P.A., 1972. Surface Structure and Plate Tectonics of Afar. Tectonophysics, 15 
(l!2): 3-18. 

~fohr, P.A..1971c. The Ethiopian liiple-tift junction in tenus of plate tectoni.;s. Bull. 
Geophys. Oils. (Ethiopia), 13: 1-18. 



Mohr, P.A. and Gouin, P., 1967. Gravity traverses in Ethiopia ( third interim report). 
Bull. Geophys. Obs. Addis Ababa 10, 15-52. 

Mohr, P.A. and Rogers, A.S., 1966. Gravity traverses in Ethiopia (Second 
Interim Report). Bull. Geophys. Obs. Addis Ababa, 9, 7-58. 

~1ohr, P.A., 1971a. Tectonics of the Dobi graben region, Central Afar, Ethiopia. 
Bull. Geophys. Obs. Addis Ababa, 13: 73-89. 

Mohr, P.A., 1967a. The Ethiopian rift system: Bull. Geophys. Obs. Addis Ababa, no. 
11, p. 1-65. 

~1ohr, P.A., 1971b. Tectonics of the Dobi graben region, Central Afar, Ethiopia. 
Bull. Geophys. Obs. Addis Ababa, 13: 73-89. 

~Iolnar, P., Fitch, T.J. and Asfaw, L.M., 1970. A microealth sUivey in the 
Ethiopian rift. Environmental Science Service Admintration (ESSA). Ealthquake 
~otes, 41: 37-44. 

Morelli, c., Gantar, c., Honkasalo, T., :\IcConnell, RK., Tanner, I.G., Szabo, 
B., (loti/a. U. and Whalen C.T., 1971. The Intemational Gravity Standardization 
~et 1971, lAG, 39 I<:r me Gray Lussac, 75005, Paris. 

Rapp, R H., Palyis X K., 1990. Tile deVelopment and analysis of geopotential 
coefficient models to spherical hannonic degree 360. Geophy,. Res., 95, ;\0. Bl3, pp 
21,885-21911. 

Rosendahl. B.R.. Reynolds. P.'1t. Lorber, P.'1·I., B".lJ'gess. C.F .• ' ... lcCiIl, J., Scott, 
D., Lambiase, J.J. and Derksen, S.J., 1986. Stmctural expressions ofrifiing: lessons 
from Lake Tanganyika. Africa. In Sedimentation in the African Rifts. Geological 
Society Special Publication :':0 25, 29-43. 

Rothe',J.P, 1954. La zone seismiquemediane Indo-. .l,.tlantico. Proc.R.Soc.Lond., 

Ser..'\,222:387-400. 

Ruegg, J.c., 1975. ~rain results about the cmstal and upper mantle stmclUre in the 

Djibouti region (T.F.A.I). In: A. Pilger (Editor), The Afar Symposium, Stuttgm1, Yol. 

I: 120-134. 

Searle, RC, 1975. The dispresion fo sUiface \Y3VeS across southem Afar. In: APilger 

(editor). The Afar Symposium, Yol I: 113-119. 

Searle. R.c., 1970. Evidence of Gravity Anomalies for the Thinning of the 

Lithosphere Beneath the Rift Vallev Ul J..:enya. Geophvs . .foumal Roy. Astron. 

Society. 21: 13-31. 



Shudofsl{y, G."., 1985. Source '\k.;hanism; and focal depths of East African 

Eal1hquakes using Rayleigh wave inversion and body wave modelling. Geophys. 

J.R.Astron Soc., 83: 563·614. 

Sjoberg, L. E., 1990b. The best linear combination~ of Ll and L2 frequency 

observables in the application of TransitIDoppler and GPS. Manuscripta geodaetica 

15: 17·22. 

Sjoberg, L.E., 1990a. Physical Geodesy. Royal Institute of Technology. Department 

of Geodesy, (TRIT A GEOD 2009), Stockholm. Sweden. 

Sykes, L.R, 1967. l\'fechanism of Earthquake and nature of faulting on the :\Iid 

ocean lidges. J. Geophys. Res., 72: 2131·2153. 

Shah, E., 1986. Seislnicity of Kenya. Ph.d Thesis, Seismol. Dept., l'ppsala l'niversity 

and Dept. of Physics, University of Kenya, 282pp. 

Telford, \\'.:\1., Sheriff, RE., and Geldart, L.P. 1990. Applied Geophysics, 2nd ed. 

Camblidge: Cambridge 1.:niyersity Press. 

Tsuboi, c., 1983. Gral·ity. George allen and l-n\yin (publishers) Ltd. L'.K. 

\Yeldeghebriel, G. Arso, J.L. and "'altH, Re, 1990. Geology, Geochronology 

and rift basin development in the central sector of the main Ethiopian lift. Reprint 

from Geol. Soc. of Am. Bull. Vol. 102. pp.-B9-"98. 




