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Abstract 

An analysis of gravity data collected by the institute of Geological Survey of Ethiopia in 
conjunction with seismic wave velocity and Euler Deconvolution results to determine a 
preliminary crustal structure model of study area.  The residual gravity anomaly indicates gravity 
maxima occur over magmatic segments and the gravity minima occur over the Ethiopian plateau 
escarpment and Danakil block which is related to low density material beneath the area. Gravity 
modeling using seismic wave velocity and Euler Deconvolution as a constraint indicates that the 
crust thins nearly 14.4Km over the study area. The presence of a thinned crust and higher density 
lower crust is characteristic of volcanic rifted margins. The study shows that the occurrence of 
geological structures, that are found the Ethiopian plateau escarpment, Erta Ale and Tat Ale 
volcanic range these structures are inferred from the high gradient residual gravity anomaly. In 
addition a significant thickness of sedimentary rock is observed in the beneath the study area. 
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     CHAPTER 1 

       INTRODUCTION 

1.1 Location of study area 

Erta Ale area is in extreme northwestern part of Afar at latitude 13038’10.38’’ and longitude 40 

37’39.39’’, with an average elevation of 231m from the WGS84 reference ellipsoid. Erta Ale has a 

NNW- SSE elongated caldera, with a subvertical rim scarp, hosting a lava lake. Erta Ale volcano lies 

along the on-shore Red Sea Rift (northern Afar, Ethiopia), separating the Nubia and Danakil plates. 

 

Figure 1.1a Map of the study area.   

           

 Figure 1.1b Geological map of the Afar Depression (after Varet, 1978; Acton et al., 1991). 

1.2 Objective of the study 

The main objective of this study was to understand the geologic and tectonic features which control 

Erta Ale volcanic range.  
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Under this objective the following specific objectives are set. 

- DDeetteerrmmiinniinngg  tthhee  tteeccttoonniicc  ffeeaattuurree  ooff  EErrttaa--AAllee..  

--  MMaappppiinngg  tthhee  llaayyeerrss  bbeenneeaatthh  EErrttaa--AAllee..  

--  PPrroodduucciinngg  22..55DD  MMooddeell  bbeenneeaatthh  tthhee  vvoollccaanniicc  rraannggee.. 

1.3 Methodology 

GGeeoopphhyyssiiccaall  iinnvveessttiiggaattiioonnss  hhaavvee  bbeeeenn  uusseedd  ttoo  ddeerriivvee  tthhee  ssttrruuccttuurraall  aanndd  tteeccttoonniicc  cchhaarraacctteerriissttiiccss  ooff  llaarrggee  

aarreeaass,,  ppllaayy  aa  mmaajjoorr  rroollee  iinn  uunnddeerrssttaannddiinngg  tthhee  pprroobblleemmss  ooff  tthhee  EEaarrtthh  ccrruusstt..  TThhiiss  ssttuuddyy  wwaass  ccoonndduucctteedd  

bbaasseedd  oonn  tthhee  ggrraavviittyy  ffiieelldd,,  wwhhiicchh  iiss  oorriiggiinnaatteedd  nnaattuurraallllyy  wwiitthhiinn  tthhee  eeaarrtthh  dduuee  ttoo  ggrraavviittaattiioonnaall  ssoouurrcceess.. 

TThhee  ggrraavviittaattiioonnaall  ffiieelldd  ooff  tthhee  EEaarrtthh  iiss  nnoott  uunniiffoorrmm  oonn  tthhee  ssuurrffaaccee  ooff  tthhee  EEaarrtthh,,  aanndd  iittss  mmaaggnniittuuddee  iiss  

mmeeaassuurreedd  bbyy  aa  GGrraavviimmeetteerr,,  wwhhiicchh  iiss  oonnee  ooff  tthhee  mmoosstt  sseennssiittiivvee  mmeecchhaanniiccaall  iinnssttrruummeennttss..  TThhee  ppuurrppoossee  

ooff  tthhee  rreellaattiivvee  ggrraavviimmeetteerr  iiss  ttoo  mmeeaassuurree  tthhee  vvaarriiaattiioonn  iinn  mmaaiinn  ggrraavviittaattiioonnaall  ffiieelldd  ooff  tthhee  eeaarrtthh  tthhaatt  wwiillll  

llaatteerr  bbee  uusseedd  ttoo  iinnffeerr  tthhee  ddiiffffeerreenncceess  iinn  rroocckk  ddeennssiittyy  rreellaatteedd  ttoo  ssuubbssuurrffaaccee  ggeeoollooggiicc  ssttrruuccttuurreess..  

HHoowweevveerr,,  tthhee  iinntteerrpprreettaattiioonn  ooff  ggrraavviittyy  uussiinngg  ssuubbssuurrffaaccee  ddeennssiittyy  vvaarriiaattiioonn  iiss  ccoommpplliiccaatteedd  bbyy  tthhee  ffaacctt  

tthhaatt  tthhee  vvaarriiaattiioonn  iinn  tthhee  ggrraavviittaattiioonnaall  ffiieelldd  iiss  nnoott  oonnllyy  bbyy  iitt,,  bbuutt  aallssoo  bbyy  ootthheerr  eeffffeeccttss  ssuucchh  aass,,  tthhee  

llaattiittuuddee  ooff  mmeeaassuurreemmeenntt  ((dduuee  ttoo  bbootthh  EEaarrtthh  rroottaattiioonn  aanndd  nnoonn--sspphheerriiccaall  sshhaappee)),,  eelleevvaattiioonn,,  llooccaall  

ttooppooggrraapphhyy,,  ttiiddeess  aanndd  iinnssttrruummeennttaall  ddrriifftt..  TThheerreeffoorree  bbeeffoorree  iinntteerrpprreettiinngg  ggrraavviittyy  ddaattaa  ttoo  ssttuuddyy  tthhee  

ssuubbssuurrffaaccee  ffeeaattuurreess,,  eeffffeeccttss  ooff  tthhee  aabboovvee  mmeennttiioonneedd  ccaauussee  mmuusstt  bbee  rreemmoovveedd  ffrroomm  tthhee  mmeeaassuurreedd  

ggrraavviittyy  ddaattaa..  EEvveenn  aafftteerr  rreemmoovviinngg  tthhee  aabboovvee  mmeennttiioonneedd  eeffffeeccttss  tthhee  iinntteerrpprreettaattiioonn  pprroocceessss  iiss  

ccoommpplliiccaatteedd  bbyy  tthhee  ffaacctt  tthhaatt  tthhee  rreedduucceedd  ggrraavviittyy  ddaattaa  iiss  ssttiillll  tthhee  ssuuppeerrppoossiittiioonn  ooff  tthhee  eeffffeecctt  ooff  tthhee  

ddiiffffeerreenntt  ssuubbssuurrffaaccee  ddeennssiittyy  vvaarriiaattiioonnss..  DDeeppeennddiinngg  oonn  tthhee  aaiimm  ooff  tthhee  ssuurrvveeyy  uunnwwaanntteedd  ssiiggnnaall  wwiillll  bbee  

ffiilltteerreedd  oouutt  ffrroomm  tthhee  ddaattaa  ttoo  iinntteerrpprreett  tthhee  rreemmaaiinniinngg  ssiiggnnaall  ttoo  mmaapp  tthhee  ssuubbssuurrffaaccee  ddeennssiittyy  vvaarriiaattiioonn..    

11..44  TThheessiiss  ssttrruuccttuurree  

This thesis comprises of sex chapters. The first chapter deals about the location, objective and 

methodology. Chapter two consists and geological setting Chapter three consists of the theoretical 

frame work of gravity method for exploration. Gravity data and data processing are discussed in 

chapter four. Chapter five incorporates modelling and interpretation. Conclusions and 

recommendations are discussed in chapter sex.  
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11..55  PPrreevviioouuss wwoorrkk  

The gravity field of Ethiopia has been studied since the early 1960s (Gouin and Mohr, 1964; Mohr 

and Rogers, 1966) in order to determine the general crustal structure of the region the Afar region of 

northeastern Ethiopia (Makris et al., 1972; Mammo, 2004). The earlier studies (Makris et al., 1970, 

1972; Searleand Gouin, 1972) determined that the MER and the northern Afar region coincided with 

a regional Bouguer gravity minimum that is related to crustal attenuation, while the southern Afar 

region is less attenuated and may contain continental crust. Although many geophysical and 

geological studies have been conducted in Afar depression crust, the nature of the crust below the 

region remains a topic of continuing debate. For example, using refraction seismic and gravity data, 

Makris and Ginzburg (1987) studied the crustal structure of the Afar depression, and suggested that 

the two crustal layers below Afar are thinned continental crust. They further argued that crustal 

thickness below Afar increases from 14km beneath the northern sector to 28km below the south 

segment of the depression, which is thicker than the crust below Iceland. Contrary to this view, 

Mohr(1989)suggested that the crust below the Afar depression is characterized by a new igneous 

material which has replaced the original bulk continental crust.    
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CHAPTER 2 

GEOLOGICAL AND TECTONIC SETTING OF AFAR 

 2.1 Geology of the study area 

The geological units of the Afar Depression and marginal areas can be divided into four broad 

groups.  

(1) Neoproterozoic basement, Mesozoic sedimentary rocks, and Eocene–Miocene basalts 

(2) Miocene igneous rocks 

(3) Pliocene volcanic rocks 

 (4) Quaternary volcanic and sedimentary rocks. 

1. Neoproterozoic Basement, Mesozoic sedimentary rocks and Eocene–Miocene basalts  

The Neoproterozoic basement, which represents part of the Arabian–Nubian Shield, is prevalent on 

the periphery of the Afar Depression. The Arabian–Nubian Shield covers vast terrain to the north and 

northwest of the Afar Depression in eastern Eritrea and northern Ethiopia, respectively (Vail, 1985; 

Berhe, 1990; Stern, 1994).  

The Neoproterozoic rocks of the Arabian–Nubian Shield also occupy parts of the Danakil and Ali-

Sabieh Blocks.The Neoproterozoic basement rocks are overlain by Mesozoic sedimentary rocks that 

get progressivelyyounger towards the south and southwest on the Ethiopian and Somalian Plateaux, 

respectively. On the Ethiopian Plateau, the Mesozoic sedimentary rocks comprise Early Jurassic 

Adigrat Sandstone, Middle Jurassic Abay Limestone, Late Jurassic Antalo Limestone and Cretaceous 

Debre Libanos Sandstone. On the Somalian Plateau, the Mesozoic sedimentary rocks include Early 

Jurassic Adigrat Sandstone, Early Jurassic Hamanilei fossiliferous Dolomite and Limestone, Late 

Jurassic Urandab gypsiferous Limestone, and Early  

Cretaceous Antalo Sandstones .The pre-rift group (Neoproterozoic basement/Mesozoic sedimentary 

rocks) either does not exist in the Afar Depression or are covered beneath the Pliocene and 

Quaternary volcanic and sediments. There are certain views regarding the influence of preexisting 

structures on the development of the Main Ethiopian Rift, the Red Sea and the Gulf of Aden. Many 

researchers have concluded that the structural and stratigraphic evolution of these structures have 

been significantly influenced by pre-existing Neoproterozoic faults, penetrative structures and terrane 

boundaries as in the case of the Red Sea and the Gulf of Suez (Almond,1986; Crane and Bonatti, 

1987; Sultan et al.,1992; Montenat et al., 1998; Bosworth and McClay, 2001). However, few 
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researchers such as Mohr (1975) have argued that these rifts did not exploit pre-existing regional 

structural fabrics because the Main Ethiopian Rift run oblique to the nearest Neoproterozoic structural 

trends, the Red Sea obliquely cut the NNE-trending Neoproterozoic schist belt, and although older 

Neoproterozoic structures run parallel to the Sheba Spreading Axis other younger Neoproterozoic 

structures are orthogonal to the spreading axis. Within the Afar Depression, many structural features 

are found to suggest the influence of pre-existing fabric in its evolution. Black et al. (1974) identified 

the~900 km long pre-Miocene Marda Fault Zone, which continues from the Somalian Escarpment 

towards the Indian Ocean, to be in perfect alignment with the Red Sea western margin and the Erta 

Ale axial ranges. Purcell (1976) further proposed from gravity and seismic studies that the Marda 

Fault Zone is a major volcano-tectonic lineament aligned along the lithospheric weakness zone, that 

could be projected along the Erta Ale axial range to the Red Sea or along the Erta Ale axial range into 

the highlands of Eritrea where it corresponds with Neoproterozoic faulting and a significant facies 

change in the Jurassic limestone. Tectonism on the Marda Fault Zone itself is extinct, but it is still 

influencing the Pleistocene volcano-tectonic activities in the Afar Depression (Purcell, 1976). In 

addition, some isolated pre-rifting structural trends are located around the Afar Depression and could 

have local influence. Ghebreab (1998) and Ghebreab et al. (2002) identified N-trending 

Neoproterozoic shear zones at the northern tip of the Danakil Depression and further north along the 

Red Sea coast that were reactivated by younger structures. Collet et al. (2000) indicated reactivation 

of Neoprotorozoic structures that transect the western Afar margin, the Danakil Block and the 

western margin of the Arabian Plate. 

The first known volcanism since the Neoproterozoic time appeared in northern Somalia and the first 

important volcanism occurred at the southern and western margin of the proto-Afar during the late 

Mesozoic (Mohr, 1975). The flood basalts of the Trap Series onthe African Plate covers ~500,000 

km2 and these are ~2000 m thick (Hofmann et al., 1997; Kazmin and Byakov, 2000). The Trap Series 

was extruded onto an erosional surface and sometimes found inter-bedded with fluvial, lacustrine and 

sub-aerial sedimentary rocks nearor above sea level (Civetta et al., 1975; Pallister, 1987;White and 

McKenzie, 1989).Berhe et al. (1987) have identified three stages of volcanismin the Trap Series at 

~50–40, 40–30, and 30–21Ma whereas Ebinger et al. (1993) proposed that the main phase of 

volcanism occurred between 45 and30 Ma. Hofmann et al. (1997) concluded from 40Ar/39Arage 

dating in the Ethiopian Plateau that the Trap Series volcanic rocks were erupted over a short period of 

time at ~30 Ma. 
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2. Miocene igneous rocks 

Eocene–Miocene flood basalts cover the Mesozoic sedimentary rocks on both the Ethiopian and the 

Somalian Plateaux and some parts of the marginal areas . Flood basalts of ~25–15 Ma found within 

the Afar Depression are deeply weathered and intensely faulted. These occur in limited area around 

the Gulf of Tajura and on the Ali-Sabieh Block (Varet, 1978; Vellutini,1990; Acton et al., 

1991).Alkaline to per-alkaline intrusive rocks are found along the western and eastern Afar margins 

and the northern part of Afar (Figure 1.1b). These granites display clear intrusive contact with the 

Neoproterozoic basement, Jurassic Limestones and old Trap Series basalts (Varet, 1978). These are 

probably derived from mantle source as they have low Sr isotope ratio and might be associated with 

an early phase of continental break up (Barberi et al., 1972, 1974). Younger Miocene igneous rocks 

within the Afar Depression include the Mabla and Dalha Series (Figure 1.1b). The Mabla Series 

consists of rhyolites and ignimbrites with minor intercalation of basalts (Vellutini, 1990). These were 

erupted along N–S trending vents (Varet, 1978; Vellutini, 1990). The Dalha Series is a basaltic 

sequence up to 800 m thick found inter-bedded with rare detrital sedimentary rocks and ignimbrites 

(Varet, 1978).  

3. Pliocene–Pleistocene volcanic rocks 

Pliocene–Pleistocene volcanic rocks cover most of the Afar Depression (Figure 1.1b). They are by far 

the most important geological units in terms of coverage and preservation of igneous features and 

tectonic activities. The most significant series of these is the Afar Stratoid Series which is separated 

from Dalha Series by a nonconformity suggesting a prolonged erosion period and reduced magmatic 

activity (Varet, 1978). The Stratoid Series covers more than 2/3 of the Afar Depression. About 2/5 of 

these volcanic rocks are basalts frequently found to be porphyritic, vesicular, and tholeiitic in their 

geochemical nature (Barberi et al., 1974; Varet, 1978). The thickness of the Stratoid Series reaches up 

to 1500 m with individual flows varying from 1 to 6 m (Varet, 1978; Tefera et al., 1996).  

4. Quaternary volcanic and sedimentary rocks 

Quaternary volcanic rocks in the Afar Depression are composed of basaltic flows, scoria cones, and 

silicic rocks (Tefera et al., 1996). In most places basaltic fissure eruptions were followed by central 

eruptions that produced differentiates of basalt comprising alkaline and per-alkaline silicic rocks 

(Varet, 1978; Tefera et al.1996). However, the rift-parallel axial ranges (within the SE-propagating 

Manda Hararo–Gobaad and the NW-propagating Asal–Manda Inakir rifts) in the northern and east-

central Afar are dominated by basalts which are ~1 Ma old. The Quaternary volcanic rocks, 

especially in the northern Afar are characterized by shield volcanoes .The axial ranges are forced 

along fissures showing symmetric magnetic anomalies that are underlain by thin oceanic-type crust, 
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and get progressively younger from the marginal zones towards the axial zones (Barberi and Varet, 

1977). Because these show characteristics similar to mid-oceanic ridges, Barberi and Varet (1977) 

considered the axial ranges to be equivalents of oceanic spreading centers. E–NE trending volcanic 

centers transverse the NW–SE rifts found along the eastern and western Afar margins (Figure1.1b). 

These transverse volcanic centers are associated with fracture zones equivalent to oceanic fractures 

and composed of alkali basalts with inclusions of peridotite nodules indicating deeper mantle source 

(Barberi and Varet, 1975, 1977). Central volcanoes called marginal centers are also found in the Afar 

margins (Fig.2.1). These are characterized by the occurrence of summit calderas and are mainly 

composed of trachytic and rhyolitic rocks (Varet, 1978). Quaternary sedimentary rocks in the Afar 

Depression are dominated by lacustrine deposits. Significant lacustrine sedimentary rocks were 

deposited in the central Afar along the Manda Hararo–Gobaad rift zones between ~12 and 1 ka 

(Rognon, 1975). Lacustrine sedimentary rocks of ~180–200 m thickness cover the Awsa plain in the 

east-central Afar. 

2.1 Volcano- Tectonics of Afar 

The junction of Kenyan rift and Afar depression and its effect on the fault trends is clearly evident. 

Showing the characteristics of the triple junction with normal and sheared pattern of deformation 

(Courtillot, 1980). 

In north Afar the early phase of the rift began between 25 and 23 m.y ago. This `phase features a 

climax in volcanic activities as well as geochemical change in the volcanic products. In the southern 

Afar, the initial phase of rifting cannot be clearly determined, probably beginning at approximately 

the same time as that of northern Afar. 

The culmination of tectonic activity occurred between 9 to 11m.y. this tectonic phase known as 

choraro, is regarded as responsible for the present geological configuration of the southern Afar. The 

evolution of the graben was accompanied by the significant sinking, which becomes more intense 

moving northward. 

A progressive process of crustal attenuation with transition from continental to an oceanic type of rift, 

characterize the transition from the northern Ethiopia to the Afar rift. Being the site of intense 

tectonic activity, with crustal thinning, Asthenosphere upraises and associated volcanism, both rift 

branches are certainly the site of the thermal regional anomaly. The associated of the observed 
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geothermal manifestation (hot springs, geysers, furmaroles) on the surface of both rift branches is 

clear illusion of the phenomena. 

In of the southern part of Lake Abbe a very intense E-W fault belt extends eastward from the Wonjii 

fault belt. Up throws are dominantly to the south, but the variability permits the existence of a large 

graben in the north part of the E-W fault belt. A huge margin of this belt against the sediments of a 

once more extensive Lake Abbe. The E-W belt curves eastward to ENE-WNW trend (gulf of Aden), 

but becomes largely obliterated by ESE-WNW faults of the Djibouti republic , and indeed further 

south merges with this faulting. There is therefore no surface faulting extending inland WSW- wards 

from the of gulf Tajura directly towards the lake Abbe. Only south of latitude 11.140N (at the 

longitude of the gulf of Tajura) does weak Gulf of Aden appear.In south western Afar the north wards 

–flowing Awash River follows a narrow but widening belt between the Ethiopian plateau -Afar 

margin and the Wonjii fault belt (and its branch north from Amo-Issa). Indeed between Dofan 

volcano and Lake Hertale the Wonjii fault belt abuts against the plateau –Afar margin. North of Lake 

Hertale and the clearly expressed Ajelu –Amossa cross lineament, the faulting of Awash valley is of 

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

very persistent cross –rift lineament : the strongest of these cross rift lineament extend from Karakore 

east to the E-W fault belt immediately south of Lake Abbe. 

The silicic centers of the Wonjii fault belt are situated where there is an inter section from a cross rift 

alignment, and their calderas or crater are elongated in the direction of the cross rift lineament.  The 

Erta Ale volcanic range consists of several volcanic centers and fissural lava fields. Bounded on all 

sides by recent evaporitic   deposit, this volcanic range extends from the Salt pain to the north to the 

Gilietti Lake to the south, reaching more than 100km in length and 20 to 30km in width, covering an 

area of about 2500km2. The Erta Ale volcanic range is the largest volcanic unit of the Northern Afar 

and occupies the median part of the depression. 
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CHAPTER 3 

GRAVITY FIELD OF THE EARTH 

3.1 Introduction 

Gravity and magnetic field are two natural forces fields interact to earth. This is because the earth has 

the ability to attract material masses towards its center. Gravity field is always an attractive force. 

The earth also attracts or repels material which has a magnetic property (Telford, et al, 1990). 

The fundamental principle of the gravity method is based on the Newton’s law of gravitation. It states 

that every particle of matter exerts a force of attraction on every other particle this force is being 

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

distance between them. 

                                              FୀGౣభౣమ
౨మ                 (3.1) 

   where F – is the attractive force between two masses of mass m1 and  mass  m2. 

             r- is the mean distance between two masses. 

             G- is the universal gravitational constant which has a value of 

                  6.672x10-11Nm2/kg2. 

According to Newton’s second law this force can be an external force exerted by one body to another 

body that can cause a change of state to this body. 

Mathematically:  

                                                                       ிభమୀீ೘భ೘మ
ೝమ ൌ ݉ଶܽଶ                   

                                                               and  

                                              ிమభୀீ೘భ೘మ
ೝమ ൌ ݉ଵܽଵ                       

where F12 is the force exerted by m1 on m2 and F21 is the force exerted by m2 on m1. 
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Typical example - A mass m above the earth of mass M will be attracted by:- 

                                                      ிୀீಾ೘
ೝమ ൌ ݉g  

                                                                              ಷ
೘ୀீ ಾ

ೝమ ൌ g                                (3.2)                   

where  g- is gravitational field intensity or intensity of gravitational acceleration. 

Gravity: is the force per unit mass to accelerate the mass m on the    surface or exterior of the earth. 

Gravity field can have components along x, y and z. in this case we call it the gradient field. 

                           grad g= gൌ డ௚
డ௫

൅ డ௚
డ௬

+
ఋ௚
ఋ௭

                             (3.3) 

Measuring the gravity field of the earth is position dependant i.e. g=g(x,y,z) where x, and z represents 

latitude longitude and height respectively or g=g(r,θ,ϕ) in spherical coordinate. 

            ୥ୀீ
ெ
௥మ                                     

Unit of g in Geodesy is Gal [G] given in the honor of Galileo Galilee. 

    1Gal=1cm/s2=103mGal. 

          Gravity unit (g.u) 

  1g.u=0.1mGal, 1Gal=103mGal  

The units tell you the accuracy of determination. The smallest unit has more precision than the big 

unit.  

3.2 Gravitational potential 

 Gravity field can be represented by a scalar quantity called the gravitational potential. The 

gravitational potential, energy U(R), is defined as the work done by a gravitational force to move a 

point mass from a very distant point (mathematically from infinity) by any path at all to a point 

distant, R, from the centre of gravity of  M, It is given by: 
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                                                       Uሺrሻ ൌ ׬  g. drR
ஶ ൌ  െGM ׬ ୢ୰

୰మ
R

ஶ ൌ  GM
R

                                            (3.4) 

Since the gravitational potential energy is a scalar quantity it is easier to determine the gravitational 

acceleration vector from the potential as: 

                                                                          Fሺrሻm ൌ gሺrሻ                                                                       (3.5) 

As can be seen from the above equation g can be expressed in terms of a potential, U, therefore, 

gravity exploration is referred to as a potential – field technique.  

Moreover, in gravity exploration we account only the vertical component of the gravity field gz 

because it is the only direction in which g can be measured directly (Telford, et al 1980). 

3.2.1 Three dimensional (Newtonian) potential 

 The potential at a point some distance r away from  a three dimensional mass which has arbitrary 

shape can be calculated by first dividing the mass in to small element of mass dm and latter 

integrating it in order to get the total effect. 

The potential of an element mass dm at a distance r from the centre of mass is: 

                                         dU ൌ G ୢM
୰

ൌ Gσ  ୢ୶ ୢ୷ ୢ୸
୰

                                                                            (3.6)          

             where, 

  σ = density 

                           r = (x2+y2+z2)1/2 

Therefore, the potential of the total mass M is found as: 

                                  Uሺx, y, zሻ ൌ  Gσ ׬ ׬ ׬ ଵ
୰୸୷୶  dx dy dz                                      (3.7) 

In cylindrical coordinates, 

         dv= r dr dφ dz, the u (r, φ, z) is : 
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                                     Uሺr, φ, zሻ ൌ  Gσ ׬ ׬ ׬ dr dφ dz୸஦୰                                       (3.8) 

In spherical coordinates,  

  dxdydz = r2 sinθ dr dθ dz, 

  Hence the potential in spherical coordinates will be,  

Uሺr, θ, φሻ ൌ  Gσ ׬ ׬ ׬ r sin θ dr dφ dθ஘஦୰                                      (3.9)  

Since the gravity field can be derived from the scalar gravitational potential then, the acceleration in 

the vertical (Z) direction which is the only component of g that can be measured directly will be, 

                                                  G୸ ൌ  பU
பZ

                                                                   (3.10) 

In Cartesian coordinate system,  

                                           g୸ ൌ  െGσ ׬ ׬ ׬ Z
୰య୸୷୶   dx dy dz                                             

In Cylindrical coordinate system,  

                                                g୸ ൌ  െGσ ׬ ׬ ׬ Z
୰మ୸஦୰  dr dφ dz                                               (3.12) 

 In Spherical coordinate system, 

                                         g୸ ൌ  െGσ ׬ ׬ ׬ sin θ cosθ dr dφ dθ஘஦୰                                         (3.13) 

Note: In the above equations (3.11, 3.12 and 3.13) the density assumed to be constant throughout the 

volume. 
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3.2.2 Two dimensional (logarithmic) potential 

 Consider a two dimensional body which has arbitrary shape. If the mass is very long in the Y – 

direction and has uniform cross section in the XZ plane, then the gravity attraction derives from a 

logarithmic potential. 

The logarithmic potential expression becomes: 

                                    Uሺx, zሻ ൌ  2Gσ ׬ ׬ log ଵ
୰ZX  dx dz                                                   (3.14) 

Therefore, the gravity effect of the two dimensional body will be: 

                                 g୸ ൌ  பU
பZ

ൌ  െ2Gσ ׬ ׬ ୸
୰మ୸୶  dx dz                                 (3.15) 

  Where, r = (x2+ z2)1/2 This equation is used for calculating the gravity effects of bodies of uniform 

density and regular shape such as, sphere, cylinder, horizontal slab etc. 

 3.3 Geometry of the gravity field 

          3.3.1 Gravity of a rotating sphere 

Consider a small mass moving with a velocity v on the surface of the earth rotating with angular 

velocity ω as shown below.    T 

                                                   ω     V         gm 

                                                                           gω 

                                                                                        

                    

 

                                                                            

Figure 3.1 Force components affecting gm 

                          g 
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The possible force acting on a body of mass m moving with a velocity v on the surface of the 

spherical Earth of radius R rotating with angular velocity ω are: 

                                 g= gm+ gω+C+T   and is known as gravity. 

where gm–  is the attraction force per unit mass acting on m due to Earth’s mass. 

           gω–  is the centrifugal force per unit mass acting on m due to Earth’s rotation with ω. 

           C–  is the coriolis force per unit mass acting on m due to its motion with  linear velocity  

                  v on the earth of the earth. 

        T – is the tidal force per unit mass acting on m due to mass attraction of other heavenly             

                 bodies. 

For spherical model of the earth with radius R: 

                     ୥ౣୀீ ಾ
ೃమ ; gω= ω[ωxR], Fω=m ω[ωxR] 

                   C=2[ωxv]; C=0 if v=0 or if m is at rest on the surface of the earth. 

It is not easy to express T with a simple formula due to the variation in position [as they are always 

rotating their position change with respect to position of m] and a number of heavenly bodies causing 

it. 

The effect of C and T on g is usually considered negligible in actual work; g refers to the combined 

effect of both Earth’s mass gravitation and rotation [centrifugal acceleration] i.e.   

                               g=gm+gω  

                          g=ܩ ெ
ோమ+ω[ωxR]                                                                                                  (3.16)                   

 3.3.2 The earth's figure and gravity 

 The elliptical shape of the earth with the widest portion of the ellipse aligning with the equator was 

first proposed by Isaac Newton in 1687. 
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The shape of the Earth and gravity has a close relationship. The shape of the Earth is distorted from a 

spherical shape this is due to its rotation. The best mathematical approximation to the figure of the 

earth is an oblate ellipsoid this can be referred as the International Reference Ellipsoid.  

The dimension of the reference ellipsoid has been refined continually as more exact data have 

become available. In 1980 at the International Union of Geodesy and Geophysics (IUGG) geodesists 

and geophysicists agreed to take ellipsoid that has equatorial radius (a), 6378.136 km and polar radius 

(b), 6356.751 km, as a reference Ellipsoid GRS80. Where as the radius of the equivalent sphere is 

6371.000 km.  

  

 

Figure 3.2 Comparison of the dimensions of the international reference ellipsoid of 1980, with a 
sphere of equal volume. 

The polar flattening (ƒ) is defined as:        

                                       F ൌ  ୟିୡ
ୟ

                                              (3.17) 

The surface of the ellipsoid is to be a level surface in the normal gravity field (Torge, 1989). The 

earth's gravity potential (W) on the surface of the earth consists of the mass gravitational potential 

(Um) and the centrifugal potential (VΦ).   

The centrifugal potential arises from the radial component of the centrifugal acceleration.  

Therefore,  

                                          W ൌ U୫ ൅  V஦                                 (3.18) 

Sphere 

Ellipse 
a

b 
c 
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                         WሺX, Y , Zሻ ൌ  G ׮ σ ୢ୷
୸

൅ ଵ
ଶ

 ωଶ ሺXଶ ൅  Yଶሻ                               (3.19)  

  The relationship between gravity and gravity potential is: 

                               g ൌ grad W                                                                                   (3.20) 

3.4 Equipotential surfaces and plumb lines 

 The gravity field can be geometrically described by surfaces of constant gravity potential 

(Equipotential surfaces, level surfaces) 

                                   W(r) = const. 

and by plumb lines. The relationship between changes in potential and changes in position follows 

from the relation, g = grad W.  

                  i.e.                   dW ൌ g. dr ൌ gdrcosሺg, drሻ                                     (3.21) 

If a test mass is moved along a level surface, we have dW = 0. As a result no work is performed; the 

level surfaces are equilibrium surfaces.   

 

  

 

 

Figure 3.3 Equipotential surfaces and plumb lines near the Earth’s Surface. 

The plumb lines intersect the level surfaces perpendicularly.  

Differentiating the gravity potential W = W(x,y,z), we will get, 

dW ൌ பW
பX

dx ൅  பW
பY

 dy ൅ பW
பZ

 dz                                          (3.22) 

  If the vector ds is taken along the Equipotential surface   W = Wo, then the potential remains 

constant and dW = 0.   i.e.dW ൌ gradW. ds ൌ g. ds, then g. ds ൌ 0                              (3.23) 

Plumb

 Equipotential Surfaces W 
= const.  

Geoid
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Since gravity varies due to factors such as variation in mass distribution, the level surfaces are not 

parallel. The level surface which approximates mean sea level is denoted as geoid. It serves as a 

reference surface for defining height systems (Torge, 1989).  

 Geoid is defined as an equipotential surface corresponding with mean sea level surface. The mean 

sea level is considered because the oceans are subject to tides and currents. For practical work, 

measurements of gravity is carried on the physical equipotential surface i.e. geoid or on its best 

approximation, the ellipsoid. 

The theoretical value of gravity γΦ on the rotating ellipsoid can be computed by differentiating the 

gravity potential W and thus, 

                                                     g஦ ൌ gradW                                           (3.24) 

If we considering a rotating ellipsoid W will be the potential due to the attracting mass and rotation. 

Making the necessary mathematical treatment we will arrive at the variation of the theoretical gravity 

value γΦ that is normal to the ellipsoid surface. This value is given as: 

                                            γ஦ ൌ  γୣ ሺ1 ൅  βsinଶΦ െ βଵsinଶ2Φሻ                     (3.25) 

Table 3.1 Normal Gravity Formulas (Torge, 1989). 

Name   γe  Β β1 Ƒ 

HELMERT (1901) 9.78003 0.005302 0.000 007 1:298.3 

U.S.Coast and Geodetic Survey 

(BOWIE 1917) 

9.78039 0.005294 0.000007 1:297.4 

International Gravity Formula 

(CASSINIS 1930) 

9.78049 0.0052884 0.0000059 1:297.0 

Geod. Ref. System 1967 (INT. ASS. 

GEOD. 1971 

9.780318 (incl. 

atmosph. mass) 

0.0053024 0.0000059 1:298.247 

Geod. Ref. System 1980 (MORITZ 

1984) 

9.780327 

(incl.atmosph. mass) 

0.0053024 0.0000058 1:298.257 
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Where, γe is the value of gravity at the equator Φ = 0, β = gravity flattening and β1 is computed from 

the flattening ƒ and the ratio of equatorial centrifugal acceleration and equatorial gravity (m). 

The mathematical formula used to predict the components of the gravitational acceleration produced 

by the earth's shape and rotation is called the Geodetic Reference Formula. The predicted gravity is 

called the normal gravity. 

The formula for calculating the normal gravity γΦ at any latitude, Φ, on a rotating ellipsoid was 

revised in 1967 by the International union of Geodesy and Geophysics (IUGG). Incorporating the 

parameters; 

Re = 6,378,160 meters 

Rp = 6,356,774.5 meters  

ƒ = 1/298.247 

ω = 7.2921151467 x 10-5  radian/second 

γe = 978.031846 gals 

in the normal gravity formula, γΦ = γe (1 + C1sin2Φ + C2sin4Φ), where, the constants C1 and C2 

depend on the flattening ƒ and the rate of rotation ω. We will get; 

γ஍ ൌ  978.031846ሺ1 ൅  0.005278895 sinଶΦ ൅  0.000023462 sinସΦሻ                                 ሺ3.26ሻ 

The above equation is called the 1967 Geodetic Reference System (GRS67) formula (Robinson, 

1988).  

The normal gravity formula (γe) that was used as a reference for our gravity data reduction is the 

Geodetic Reference System, GRS80 formula by (Moritz, 1984).    

γ஦ሺଵଽ଼଴ሻ ൌ  γୣ
1 ൅  κsinଶ φ

ሺ1 െ eଶsinଶφሻଶ                                                                                                            ሺ3.27ሻ 

 where, γe = 9.7803267715 ms-2 

  κ = b γp/ a γe  - 1 = 0.001 931 851 353   

    e2 = a2 – b2 / a2 = 0.006 694 380 0229 
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3.5 Gravity Reference Systems 

Since spring gravimeters measures the relative gravity values between observation sites, it is 

important to find the absolute gravity values at the observation point. In order to determine the 

absolute gravity value at the observation point at least one gravity base station is needed, where its 

absolute gravity value is known.  

The absolute gravity value at each station can be determined by tying it with the global reference 

system, the International Gravity Standardization Net, 1971(I.G.S.N.71) (Morelli et al, 1974). 

Hence, the absolute gravity (g) value at the observation site can be found by; 

                                                                 g ൌ  g୰ ൅ ∆g                     (3.28) 

where, gr is the absolute gravity value at the base station; Δg, the gravity difference between the base 

station and the observation site after corrected for, tied and drift. (Robinson et al, 1988). 

3.6 Gravity reductions 

In gravity surveys, field work is carried on land by taking gravity readings on a profile, at grid 

stations or scattered points covering an area of interest with station interval that takes into 

consideration the frequencies of interest to be observed. In all gravity surveys the vertical component 

of g, gz, is measured. A gravity survey shows variation in the gz reading which is caused by, 

instrumental drift, earth tides, local topography or terrain, and variation in subsurface density. 

Therefore, in order to see the desired anomaly which is caused by variations of subsurface density, it 

is important to correct the other non – geologic factors that affect the value of gz. In general all 

gravity values are reduced to a datum plane, but this plane need not necessarily be the sea – level 

surface (Dobrin, 1988). Those factors which affect the gravimeter readings are classified as temporal 

and spatial variations. 

3.6.1 Temporal variations  

 The temporal variation includes the time varying factors: namely instrumental drift, tare and tidal 

effects, and pressure effect. 



20 
 

3.6.1.1 Drift and Tare correction 

Instrumental drift is the time dependent mechanical changes within the gravimeter even though the 

gravimeter is handled with care. These variations in the gravimeter spring properties with time can be 

due to stretching of the spring, associated with temperature and/or pressure changes. Instrumental 

drift results on that repeated observations at one location yield different values for the gravitational 

acceleration. The gravimeter is usually read more times a day for several days. To correct the change 

in gravimeter reading that is caused by instrumental drift or tare, the usual practice is to reoccupy one 

or more stations periodically during a gravity survey. Repeated gravity readings at one station will 

give a series of different gravity values, which is useful to produce a drift curve for the instrument. In 

order to determine drift effect properly, we should make gravimeter readings at one to three hour 

intervals (Robinson, 1988). 

Another unwanted and more serious problem that needs a special treatment is the tare effect. A tare 

occurred due to an abrupt change in the gravimeter reading. Gravity variation of several tenths of 

mGal or more may occur due to tare effect (Robinson, 1988). Repeated reading at one or more 

stations and a careful analysis of the drift before and after the tare effect is needed to remove its effect 

from measurements.  

In high precision surveys measurements will be taken repeatedly in more than one point and 

adjustment of measurements will be carried out using computer programs aided with visual control of 

tare effects (Becker, 1984).  

3.6.1.2 Tide correction 

Tides are caused by variations in gravity observations resulting from the attraction of the celestial 

bodies (moon and sun). The Earth's body experiences an elastic deformation due to the tidal forces 

(earth body tides) (Torge, 1989). The resulting bulges in the surface have diurnal periodicity which is 

predictable at any point on the surface of the Earth. The tidal variations can be on the range of 0.2 to 

0.3 mgal (Dobrin, 1988). So to use the full sensitivity of the gravimeter these variations must be 

removed.  

In some small scale surveys it may be reasonable to assume that the tidal variations are linear with 

time during the intervals between the times that a base or reference station is reoccupied. In this case 

the tidal variations are included and treated in the same manner as the slow drift in gravimeter 

readings caused by inherent strain in the sensing element. 
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 The tidal variation of gravity which is obtained by a gravimeter survey can be corrected based on the 

masses of the sun and moon and their positions relative to an observation site. This can be computed 

by the formula: 

           δgT ൌ  ଷ
ଶ

 σGR  ቂ Mౣ

୰ౣ
య  ቀcos2θ୫ ൅ ଵ

ଷ
ቁ ൅ M౩

୰౩
య  ቀcos2θୱ ൅ ଵ

ଷ
ቁቃ                 (3.29) 

where, R, is the earth's radius, Mm and Ms are the lunar and solar masses and their distances from the 

earth s centre are rm and  rs. The value σ = 1.16 accounts for the way that the earth itself is stretched 

elastically by the tidal force. Angles θm and θs between a line from the earth’s centre to the 

observation site and lines from the earth’s centre to the moon and sun change with time. These 

formulas are long and complicated; a computer program is ordinarily used to make the calculations 

(Robinson, 1988).  

A more accurate way of removing the tidal effect is through the usage of tidal models such as 

Dodson, Cartwright etc (Torge, 1989). 

3.6.2 Spatial based variations 

These are changes in the observed gravitational acceleration that are space dependent. Just like the 

geologic effects, these change the gravitational acceleration from place to place, but these are not 

related to the subsurface geology. 

3.6.2.1 Latitude Correction 

If the earth were a homogenous non-rotating sphere with the same vertical gradient everywhere, 

apart from local near surface density variations due to geological structures, and if it were a 

perfectly smooth surface, then clearly all gravity variations over the surface would be caused by 

geological structure. But this is not so. Because of the flattening, the poles are near to the center 

of mass than the equator, so that the gravity increases with increasing in latitude. The variation of 

gravity with latitude over the surface of an ellipsoid earth can be expressed by the revised theoretical 

gravity formula estimated by IAG in 1967. 

The latitude correction φδγ  is obtained by differentiating; 

( ))2(sin0000059.0)(sin0053024.0185.978031 22
1967 φφγφ −+= mGal                                 (3.30) 
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 with respect toφ  and is added to g as we moved towards the equator, i.e, 

φδφ
δφ
δγφδγ φ

φ 2sin811.0/1
=⎟

⎠
⎞

⎜
⎝
⎛−=∫ Rds

mgal /km                   (3.31) 

where R  is the radius of the earth R  =6371km, s=R =N_S horizontal distance, and φ  is latitude angle. 

 3.6.2.2 Free – Air correction (δgFA)  

In this case, the topographical masses above mean sea level (datum) surface up to the observation 

point is ignored. The observation point is thought as if it is suspended in the air and, hence the name 

free – air.  In changing elevation, gz, changes because of the change in distance from the centre of 

mass of the earth up to the gravity observation point. Therefore, it is necessary to correct for changes 

in elevation between stations. As a result all field readings are reduced to a datum surface.  

  From Newton's law we have that,g୸ ൌ G M౛

R౛
మ  differentiating this equation with respect to Re we will 

get the value of the free air correction as: 

               δgFA ൌ  ୢ୥FA
ୢR౛

 ൌ  െ ିଶM౛
R౛

య  ൎ  െ ଶ୥
R౛౧

 ൎ  െ ଴.ଷ଴଼଺୫୥ୟ୪
୫

               (3.32) 

where,   δgFA  is the free air correction and Req is the equivalent radius.    

As the negative sign implies, the free – air correction is added to the field reading when the station is 

above the datum plane and subtracted when below it. In order to apply free – air correction the station 

position must be precisely known. . 

Note: If the gravity measurement accuracy is about 0.01 mgal, which is the sensitivity of the most of 

the present day gravimeters, then we must know our elevation to 2 inches (5.08cm) (Telford et al, 

1990). 

3.6.2.3 Bouguer correction (δgb) 

The Bouguer correction is a correction to account for the excess mass underlying observation points 

located at elevations higher than the elevation datum (sea level or the geoid). Conversely, it accounts 

for a mass deficiency at observation points located below the elevation datum. The two assumptions 

that are useful in deriving the Bouguer correction are, the slab is made of uniform density and it has 

infinite horizontal extent. As one changes elevation there are changes in g caused by the added (or 
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subtracted) layer of material that has been included. Thus in moving up from a valley to a plateau the 

gravity decreases due to the increasing distance from the centre of mass but it also increased by the 

attraction of the slab of rock whose thickness is the change in elevation. 

The gravitational attraction of an infinite slab of thickness Δz and density σ is: 

δgB  ൌ  2π G σΔz ൌ 0.04193σ∆z                            (3.33) 

 where σ is in gm cm-3, Δz is in meters and δgB is the Bouguer correction. (Robinson et al, 1988). If 

we assume that the slab has density of 2.67 gm cm-3, the Bouguer correction will be δgB = 0.1118 

mgal /m. 

The effect of this intervening slab is called the Bouguer effect and the correction is called Bouguer 

correction. It is the opposite sign to the free air correction. This effect may be difficult to calculate 

because one does not know the density. Furthermore, if the elevation change is confined to a small 

region, like going up a hill, then the infinite slab is an inappropriate description of the intervening 

mass. Under this circumstance the actual topography must be considered and another effect, the 

terrain effect, is included. Conventional practice is to apply the Bouguer correction first and, the 

terrain correction. 

3.6.2.4 Terrain correction (δgt) 

The Terrain correction accounts for variations in the observed gravitational acceleration caused by 

variations in topography near each observation point. With considerable topographic relief the infinite 

Bouguer slab is not a good model for the intervening mass between the reference elevation and the 

point of observation. The actual gravitational effects must be calculated numerically for the masses 

above and below the slab surface. 

 

 

 

 

Figure 3.3 Topographic effects of the valley (M2) and the mountain (M1) on the gravity 
observation point. 

OBSERVATION POINT 

M2      

M1 

BOUGUER SLAB 

REFERENCE LEVEL 
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In the above figure (3.3), M1 is a mass excess adjacent to the observation point which reduces the 

value of gz. M2 is a mass deficit adjacent to the observation point which also reduces the value of gz. 

Similar to the Bouguer reduction it is necessary to determine the appropriate density values of the 

surrounding lithologic units to carry out terrain reduction. The terrain corrections are difficult to do in 

very rugged terrain because the nearest features have the biggest effect. Choosing the density is also a 

problem but an iterative process is used until the corrected data shows no correlation with the 

topography. 

 When the terrain in the vicinity of the observation point is rugged, the whole area is represented by 

concentric circles and radial lines, making sectors whose areas increase with distance from the centre. 

The gravity effect of a single sector can be calculated from the formula: 

δgt ሺr, θሻ ൌ  σGθ ቄ൫r୭ – r୧൯ ൅ ൫୰౟
మ ା ୸మ൯

ଶ
െ ൫୰౥

మା୸మ ൯
ଶ

ቅ                  (3.34) 

where; θ = sector angle (radians), z = les – lea, es = station elevation, ea = average elevation in sector,  

rO,  ri = outer and inner sector radii respectively (Telford, et a, 1990). 

The terrain correction is the sum of all the sectors. Therefore, if we have n number of sectors, the total 

terrain correction will be: 

                                      δgT  ൌ  n δgt ሺr, θሻ                                                      (3.35) 

Now a day, it is customary to model the topography of the survey area and its surrounding using 

parallelepipeds (Nagi, 1966; Banerjee and das Gupta, 1977) and compute the effect of each 

parallelepiped at measurement points to carry out terrain reduction. 

Because of the assumptions made during the Bouguer Slab correction, the terrain correction is 

positive regardless of whether the local topography consists of a mountain or a valley region. As a 

result the terrain correction is always added to the station reading. 

3.7 Gravity anomaly 

The word anomaly implies deviation from the normal. Gravity anomalies (Free – air and Bouguer) 

are geophysical tools up on which effects of geology on the earth's gravity field can be detected. 
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If gobs is the measured gravity value at station elevation h above the geoid, it should be reduced to sea 

level (geoid) to compare it with gΦ, the theoretical value on reference ellipsoid of the same latitude Φ. 

Therefore the gravity anomaly at a station is defined by,                                  

                        Δ g ൌ  g୭ୠୱ –  γ஍                                                                        

where; Δg is the gravity anomaly; gobs is the measured gravity value of a station reduced to geoid 

surface, after the temporal and spatial corrections have been applied; γΦ, the theoretical gravity of the 

station at latitude, Φ. 

 In order to get the desired anomaly that is caused by geologic structure, we have to correct the 

measured gravity value, for the corrections that we have mentioned before.  Therefore:  

The Free - air anomaly (∆gFA)       

   ∆gFA  ൌ  g୭ୠୱ  ൅  0.3086h െ γ஍ሺଵଽ଼଴ሻ ሺmgalሻ                                           (3.36) 

Where, h is the elevation at which the gravity station is above the datum chosen for the survey. 

The Bouguer Anomaly (∆gB) 

 ∆gB ൌ g ୭ୠୱ  ൅  0.3086h െ  0.04193 σ Δz െ  γ஍ሺଵଽ଼଴ሻ ሺmgalሻ              (3.37) 

The Terrain Corrected Bouguer Anomaly (∆gT) 

∆gT  ൌ  g୭ୠୱ  ൅  0.3086h െ  0.04193 σ h ൅  δgT െ γ஍ሺଵଽ଼଴ሻሺmgalሻ            (3.38) 

Note: Considering that the above corrections have accurately accounted for the variations in 

gravitational acceleration they were intended to account for, any remaining variations in the 

gravitational acceleration associated with the Terrain Corrected Bouguer Gravity Anomaly, ∆gT, can 

now be assumed to be caused by geologic structures. 
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CHAPTER 4 

GRAVITY DATA AND DATA PROCESSING 

4.1 Gravity data  

The gravity data used for this study were obtained from Ethiopian Institute of Geological Survey 

(EIGS). These data set consists of 305 gravity points (Figure   4.1) and all the stations were tied to 

IGSN71 (International Gravity Standardization Net 1971; Morelli et al., 1971), which is located in 

Addis Ababa. 

4.2 Analysis of gravity signals 

All the gravity data were reduced by making fundamental corrections, including drift, latitude, free 

air and terrain corrections. The observed gravity values were reduced to sea level using a uniform 

crustal density of 2.67 g/cm3. The Bouguer and free- air gravity anomalies were calculated using the 

Geodetic Reference System of 1967(GRS67). After all the reductions have been made  the data was  

analyzed by using two-dimensional extrapolation followed by two-dimensional smoothing of the 

noise introduced by the extrapolation, and  extracting one-dimensional profiles from the smoothed 

two-dimensional contour maps is carried out by using SURFER 8 mapping software. 

4.2.1 Bouguer anomaly 

The Bouguer contour map has been produced based on a geostatic gridding method called Kringing 

with a contour interval of 5mGal so that the short and long wavelength anomalies may be separated 

out in Figure 4.2.  

The resulting map characterized by the gravity anomaly varies between -140mGal to 20 mGal. The 

Bouguer anomaly map indicates high gravity anomaly is dominated in NNW-SSE trending which 

might be associated with the Erta Ale and Tat Ale Axial volcanic ranges and this indicates either the 

intrusion of high-density material into the crust or the thinning of the crust. In contrary, highly 

negative values are observed over the Ethiopian plateau which is related to thinning of the mantle 

lithosphere has been occurred below this region. 

In general a prominent gravity low indicates depression in the basement or low density volcanic 

material on the surface or low density upper mantle material beneath the surface.  
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Fig 4.2 Bouguer Anomaly map 

4.2.2 Regional-Residual separation   

In order to produce gravity anomalies of local and regional origin, a regional – residual separation 

method of 3rd order polynomials fitting is applied to the Bouguer anomaly.  

4.2.2.1 Residual anomaly 

Since the regional gravity field has been removed out from the Bouguer gravity, the only effects 

expressed in the residual gravity map are those caused by the local geology. The correlation between 

the residual anomalies and the local geology along the volcanic range is very clear. The residual 

anomaly map indicates high gravity anomaly is dominated in NNW-SSE trending and the rest of the 

region, the Ethiopian Plateau and Danakil block, is filled with negative residual anomaly. Even 

though these regions are covered with high density material, they exhibited negative residual gravity 

anomaly this might be an indication of the existence of some geological structures (bodies) which 
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attributed to very low density beneath the surface. This will agree with (Mohr, 1967a) the northern 

part of the Danakil horst is composed of Precambrian basement rocks overlain by Mesozoic 

sedimentary rocks similar to those on the Ethiopian Plateau.  

Comparison of the residual anomaly map (Figure 4.3) with geological map (Figure 1.1b) shows the 

positive correlation between gravity high and active faulting and magmatic centers. For example, 

high gravity anomaly coincides with Erta- Ale and Tat Ale volcanic range, indicating a crustal 

thinning is occurred in these regions where dense material intrudes the overlaying crust and the area 

is overlaid   with Pliocene flood basalt. 

 

Figure 4.3 Residual Anomaly map 
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4.2.2.2 Regional gravity anomaly  

The regional gravity anomaly map (Figure 4.4), which was extracted from the Bouguer gravity 

anomaly map shows smoothed large scale regional features. The high regional gravity anomaly is 

dominated in NW-SE trending, which is parallel to Red Sea and probably related to a NNW-SSE 

elongated caldera. The map has a range of values between -150mGal and 20 mGal with a contour 

interval of 5mGal. 

The regional anomaly has a higher anomaly at the nearly NNW –SSE and the rest of the region is 

filled with low regional gravity anomaly. The NNW-SSE trend of the regional anomaly map has 

similarity with the Bouguer anomaly map at the same location as shown in Figure 4.2. Most of the 

regional and the Bouguer anomalies have a similarity with respect to the locations where the positive 

and negative anomalies are found.  

 

Figure 4.4 Regional Anomaly map 
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 4.3 Data processing  

In order to enhance and isolate the gravity anomalies filtering and enhancement techniques are carried 

out. 

 4.3.1 Horizontal gradient 

The horizontal gradient method has been used intensively to locate contacts of density contrast from 

gravity data (Cordell, 1979) or pseudogravity data (Cordell and Grauch, 1985). Short-wavelength 

anomalies are also enhanced. Blakely (1995) stated that the horizontal gradient of gravity anomaly 

caused by a tabular body tends to overlie the edges of the body if the edges are vertical and well 

separated from each other. The biggest advantage of the horizontal gradient method was its least 

susceptibility to the noise in the data because it only required the calculations of the two first-order 

horizontal derivatives of the field (Phillips, 1998). The amplitude of the horizontal gradient (Cordell 

and Grauch, 1985) is expressed as:  

              

Where   (  డ௚ 
డ௫

ܽ݊݀ డ௚
డ௬

  ) are the horizontal derivatives of the gravity field in the x and y directions. 

Horizontal-gradient maxima occur over the steepest parts of potential-field anomalies, and minima 

over the flattest parts.   

The amplitude of the horizontal gradient has been calculated from Bouguer anomaly to locate 

contacts of density contrast from gravity data in Figure 4.5. High gradient values were observed 

around the Ethiopian plateau escarpment, Erta Ale and Tati Ale volcanic range.  The major faults 

striking in the N-S direction that dissects the area into the Ethiopian plateau escarpment boundary and 

the Afar depression can be observed in Figure 4.5. The most interesting result is that the locations of 

the volcanic ranges are well correlated with the horizontal gradient anomalies, which indicates that 

the volcanic areas in study area are structurally controlled.  
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Figure 4.5 Horizontal gradient map. 

EA = Erta-Ale, TA = Tat-Ale 

4.3.2 Upward continuation 

Upward continuation filter is based on the concept that if the gravity values are known anywhere on 

the earth’s surface, gravity at any higher elevation can be calculated from these values this process 

which has a similar effect as low –pass filter removes short wave lengths and enhances long wave 

lengths of regional anomalies. The gravity field is upward continued to suppressed higher wave 

numbers that are related to near surface bodies and this will allow   the regional deep seated structure 

to become clearer. 

Upward continuation filtering is carried out (Figure 4.6) on the Bouguer anomaly data at an elevation 

of 10km, 20km and 30km  higher than that at which the Bouguer anomaly is taken . The upward 

continued Bouguer anomaly illustrates, as elevation increases more of the smaller features and shorter 

wavelengths disappear. 

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0.0045

0.005

0.0055

0.006

0.0065

0.007

40 40.5 41 41.5

13

13.5

14

14.5

15

15.5

TA

EA

mgal/m 
N 

Longitude (degree)

La
tit
ud

e 
(d
eg
re
e)
 

Fault



32 
 

 

Figure 4.6 upward continuations. 

 

4.4 Euler deconvolution of gravity signal 

Euler deconvolution can be usefully applied to gravity data provided that thought is given to the 

correct Structural Index (SI). 2D form of Euler's equation is expressed as: 

              x0
డ்
డ௫

+y0
డ்
డ௬

 ൅α= xడ்
డ௫

+yడ்
డ௬

 ൅nT 

Where T -is gravitational field 

            n -is structure index, which is a measure of the rate change with distance of the field. 

The left hand sides contain the unknown source location (x0, y0), and unknown constants α. The right 

hand sides contain the known observation location(x,y). 
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For determination of depth the Euler Deconvolution method has been applied to the selected profiles 

using Euler 1.15 software (Cooper, 2000-2004). Several structural indexes are assigned and found 

that structural index of 0.5 for each profile which gives good clustering solutions. The result of the 

Euler deconvolution in Figure 4.6 and Figure 4.7 shows the depth to the causative body to be 

modelled. 

 

Figure 4.7 Euler deconvolution for profile AA’ 

 

Figure 4.8 Euler deconvolution for profile BB’ 
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CHAPTER 5 

GRAVITY MODELLING AND INTERPRETATION 

5.1 Gravity modelling 

There are many different techniques available to perform the modeling procedure and they can be 

divided into two main categories:  

1. Direct methods, or "forward modelling" These involves setting up a model, calculating the gravity 

anomaly, comparing it with the observed data and adjusting the model until the data are fit well. The 

initial model may be obtained using parametric measurements and/or geological. 

2. Indirect methods, or “inverse modelling” These involve using the data to draw conclusions about 

the causative body, e.g., the excess mass, the maximum depth to the top. Some parameters may be 

calculated, but the full inverse problem i.e., calculating the body from the anomaly, is inherently non-

unique. 

5.1.1 Initial model 

In modelling, geological constraints and geophysical information derived by other methods are 

necessary. For this reason the seismic wave velocity(Vp )of the study area (Makris and Ginzburg, 

1987) which was converted to densities using velocity/density relationships, ρ=0.252 +0 .3788Vp 

(Christensen and Mooney, 1995) and Euler Deconvolution discussed in previous chapter were used as 

initial density (Table 5.1) and depth determination respectively. 

Crustal layer  Vp(km/s) ρ (kg/m3) Depth (km) 

Unconsolidated sediments 

and Pyroclatic 

4.1 2350-2560 3-4 

Upper crust 6.1-6.45 2600-2700 7-11 

Lower  crust 6.6-7.2 2800-2980 15-19 

Upper mantel 7.4-7.8 3100-3200 15-22 

     Table 5.1 P-wave velocity and density obtained from Makris and Ginzburg’s  (1987) 
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5.1.2   2.5-D Forward modelling  

The most common technique in gravity modelling is computer forward modeling of polygonally-

shaped, multiple 2- and 2.5-D bodies (Cady, 1980) along profiles of data. The difference between 2- 

and 2.5-D is that for 2.5-D bodies, the cross-sectional shape extends out a finite distance (called strike 

lengths) in both directions perpendicular to the profile. 

The 2.5-D forward gravity modeling was constructed using ‘Grav2dc’ software (Cooper, 2003a, b) 

and the programs are based on the Talwani algorithm to calculate anomalies (Talwani et al., 1959). 

The background density which was used in modelling is density contrast between the body and 

2.67gm/cm3. Two profile (Figure 5.1) lines were chosen for modelling to illustrate the subsurface 

signature of the residual gravity anomaly.  

Profile AA′ 

This profile is extending over a horizontal distance of 140 km in the NE-SW direction and runs over 

Erta Ale volcanic range (Figure 5.1). Showing the residual anomaly to be ranging from 

-10.75 mGal to 31.5mGal. A best fit between calculated and observed anomalies consist of five layers 

and two fragment material   beneath the profile in Figure 5.2. 

Profile BB′ 

 This profile traverses entirely over Tat Ale volcanic range shown in Figure 5.1.It has a total 

horizontal length of 135 km where the anomaly varies between -27.56 to 29.01 mGal. A best fit 

between calculated and observed anomalies consist of five layers and two fragmented material   

beneath the profile. This best fit model for the residual anomaly and corresponding computed 

anomaly are presented in Figure 5.3.  

5.2   Interpretation of the modeled layer 

The interpretations of the above models have been made separately in order to have a better picture 

for the anomalies which are exhibited in the residual gravity anomaly map. 

1. Model of profile AA’  

This model indicates:- 

- The presence of low density material with density 2.45g/cm3 can be interpreted as a Mesozoic 

sedimentary rock with a maximum thickness of 4.6 km. 
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- The presence of high density material density 3.0g/cm3 can be interpreted in terms of intrusive body 

into the crust or the thinning of crust. The depth to the top of the intrusion is 14.65km near to Erta 

Ale volcanic range. The interpretation is consistent with Makris and Ginzburg (1987) view of the 

crust below this region is only 14 Km. 

- The two fragmented low density bodies are related to quaternary sediment. 

 

Figure 5.1 Profiles location on the residual Anomaly map. 
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Figure 5.2 The 2.5D forward modelling along profile AA′ 

 

Figure 5.3 The 2.5D forward modelling along profile BB′ 
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2. Model of profile B-B’ 

This model indicates:- 

- The presence of low density material density 2.45g/cm3 again related to Mesozoic 

sedimentary with a maximum thickness of 4.3km. 

- The presence of high density material density 3.0g/cm3 can be interpreted in terms of 

intrusive body into the crust or the thinning of crust or the thinning of crust. The depth of 

the top of intrusion 14.75km.This result is also agrees with Makris and Ginzburg(1987)  

view of the crust below this region is only 14 Km. 

- The two fragmented low density bodies are correlated to sediments. 
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CHAPTER 6 

6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

From this study one can conclude; 

Residual gravity anomaly maps show that a narrow zone within the area is dominated by gravity 

maxima that occur of the Erta Ale and Tat Ale magmatic segments. 

- The high gradient in the residual gravity anomalies depicted the existence of geological structures 

/contact, fault/. The high gradient residual gravity anomalies that are found in the Ethiopian 

plateau escarpment, Eta Ale and Tat Ale area are an indication of the existence of some 

geological structures in the area. These high gradient steep residual gravity anomalies are an 

indication of a Fault/contact/. 

- The Ethiopian Plateau and Danakil block are filled with negative residual anomaly implying there 

is low density material beneath the surface .This will agree with (Mohr, 1967a) the northern part 

of the Danakil horst is composed of Precambrian basement rocks overlain by Mesozoic 

sedimentary rocks similar to those on the Ethiopian Plateau.  

- The results of the 2.5D forward modelling of residual gravity profiles reveal that the thickness of 

the crust is 14.4 km near to the volcanic ranges and the existence of the Mesozoic sedimentary 

rocks beneath the study area. 

6.2 Recommendations 

Based on the investigations made under this study the following recommendations are forwarded. 

- More detail integrated geophysical work such as refraction seismic should be conducted for 

further study. 

- The modelling result with a significant thickness of Mesozoic sedimentary rock can be a potential 

exploration target for petroleum exploration. 
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