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A B S T R A C T

The Southern Main Ethiopian Rift is part of the great East African Rift system situated within the limit of
37o–38.5o east and 5.5o–7o north. Unlike the Central and Northern Main Ethiopian Rift where numerous
geophysical studies have been conducted, the subsurface geology of Southern Main Ethiopian Rift is poorly
constrained. Geological field work on Amaro Horst shows the basement outcrops are dominated by High grade
gneisses and Intrusive with an average density of 6 gm/cm3 overlain by Mesozoic sedimentary rocks possibly
extend into the studied sub-basins. In addition, field structural measurements and extracted lineaments from
digital elevation model show NE–SW, NW–SE and N–S directions in agreement with fault block geometries
identified by Invariance Tensor analysis. The Precambrian basement morphology of the area is delineated using
constrained Tensor Gravity Inversion by applying Parker–Oldenburg algorisms. The basement morphology depicts
the sub-basins; Northern Abaya, Southern Abaya, Chamo and Gelana basins where these areas are characterized
by low Bouguer anomaly below -175mGal and lower Invariance Tensor anomaly may show the sediment infill of
the sub-basins. The deepest depression exceeds 2500m below sea level in northern Abaya sub-basin where the
maximum sediment thickness is more than 3700m. The result agrees with Spectral and Euler source depths so-
lutions that show the limits of the crystalline basement vary between 2500m and 3500m. Amaro Horst, Chencha
and Agere Selam are the basement structural high with average sediment thickness of 500m. The basement
morphology revealed the N–S orientation of Gelana basin and other sub-basins aligns with NE–SW Tertiary
Rifting. This result agrees with the structural analysis as well as previous regional studies on directions of
prominent geological structures. These structurally controlled sub-basins having thick sedimentary sections are
favorable zones for follow-up hydrocarbon exploration.
1. Introduction

The Main Ethiopian Rift (MER) which is part of the East African Rift
system (EARS) where extensional deformation or rifting began as early as
late Oligocene-early Miocene times (Bellahsen et al., 2003; Ebinger et al.,
2000; Ghebreab, 1998; Morley et al., 1992). The MER rift is composed of
three main segments; northern, central, and southern MER in which the
divisions of these segments are marked by E-W trending transverse
structures, the Goba-Bonga lineament separating the central MER from
the southern MER (Abbate and Sagri, 1980) and the Yerer-Tullu Wellel
volcanotectonic lineament (YTVL) is a boundary between the northern
and the central MER (Abebe et al., 1998). Gravity surveys can be utilized
at a wide range of scales, ranging from regional tectonic studies and
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sub-regional hydrocarbon and mineral exploration surveys to local en-
gineering and environmental problems (Corwin and Ward, 1990; Hinze,
1990; Paterson and Reeves, 1985). In a geophysical prospecting inver-
sion of gravity anomalies is an important techniques for determining the
geometry of the Moho and crystalline basement density interface depth
(Feng et al., 2015). Density interfaces are closely associated with the
boundaries of geological structures which provides vital information in
understanding deep structures, regional tectonics and basin architecture,
there are many kinds of methods proposed by different authors involved
in potential field inversion (R J Blakely, 1995; Gubbins, 2004; Menke,
2018; Zhdanov, 2002). Using gravity anomalies, many approaches have
been applied to determine the nature of the undulations of the Basement
andMoho depths (Cordell and Henderson, 1968; Rao and Babu, 1991), in
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which the total gravity anomalies are calculated as the sum of all rect-
angular prisms of constant density. Another approach to delineate the
basement relief is through Global Optimization (Ekinci et al., 2021), a
stochastic derivative-free vector-based metaheuristic named differential
evolution algorithm (DEA). The most widely used methods of inverting
the depth of a density interface using potential field anomalies is the
Parker–Oldenburg approach, that is, Parker (1973) made the forward
calculation of a potential field where as Oldenburg (1974) rearranging it
to determine the density interface.

Since there are very few previous geophysical studies in the area, the
subsurface structures of Southern MER are poorly known unlike the
Central and Northern MER which are well constrained with geophysical
studies. This paper aimed to determine the subsurface geometry of the
basement morphology using constrained gravity and gravity gradient
anomalies inversion based on the Parker–Oldenburg algorithm in order
to determine the structures, architectures and associated sediment
thickness of the southernMER basin essentially to assess the hydrocarbon
potential of the area.

The commonly discussed Bouguer anomaly and the vertical gravity
gradient (Gzz) component is sufficient to produce geologically reasonable
and interpretable results, while including additional components of
horizontal derivatives Gxx, Gxy, Gyy, Gxz, Gyz and Gyz increases the reso-
lution of the recovered geometry of the basement morphology. The
gravity gradients correlate better than gravity with geological features
such as rifts, fold belts, edges, linear structures and magmatic deposits
and intrusions and are an ideal tool to follow geological units associated
with the basement relief below a stratigraphic layer of varying sediments
density (Braitenberg et al., 2011). In the absences of constrains in which
performing inversion is difficult, depth estimations of the sediment infill
of the basin is very crucial step, such results are used to produce best
estimate initial depth to source that can act as initial models for any
detailed quantitative modeling exercises using 2D/3D forward/inverse
modeling techniques. Thus Euler Depth solutions and Spectral depth
estimations performed in this study, depth estimations using Tilt Angle
(Kebede and Mammo, 2021) and EAGLE controlled source wide-angle
reflection/refraction 2D seismic velocity models (Maguire et al., 2006),
geology and nearby well data (Tullow Oil, 2014) have been used as a
prior or axillary information's. To better understand the geology of the
area and to obtain optimal value of basement density, geological field
works were conducted. During field work structural measurements are
carried out and over 30 Precambrian basement and other rock samples
are collected and analyzed. DEM based extracted lineaments and struc-
tures deduced from Invariance of Tensor Gravity fields are also integrated
with the final results of the structural inversion.

2. Overviews of the geology

The Tertiary rift system of Ethiopia can be divided into three main
areas: the Southern Rift Basins, the Main Ethiopian Rift (MER) and Afar
(Figure 1). An attempt has been made to classify the basins according to
their plate tectonic setting and the combination of plate tectonics and
geodynamics became powerful one to understand the origin and devel-
opment of sedimentary basins (Ingersoll, 1988; Klein, 1990; Klemme,
1980; Miall, 1995; Tucker, 2009). Major oil discoveries onshore on
Uganda and Kenya tertiary rift trigger the explorations of oil and gas in
MER (Purcell, 1981). Drilling have shown thick sediments and oil-prone
Paleogene lacustrine source rocks in Southern Ethiopian Rift basins
(Purcell, 2007), and similar rocks are present near Jimma in the Ethio-
pian rift basins (Wolela, 2006), these source rocks could generate sig-
nificant volumes of oil and gas if buried to sufficient depth. Miocene
lacustrine shales are known in the Main Ethiopian Rift and Afar, and
Paleogene equivalents can reasonably be expected in the subsurface and
higher heat flow and burial under the thick Tertiary basalts could have
matured the source rocks, with oil migrating into interbedded or juxta-
posed reservoirs (Purcell, 2007). On the other hand the pervasive
volcanism and the high geothermal regime will have a possibility of
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destroyed any hydrocarbons generated in these rifts (Purcell, 2007).
Subsurface temperatures measured in the MER from geothermal wells
reveals thermal levels destructive to hydrocarbons, 320 �C at 2200 m at
Aluto/Langanno and 270 �C at 2100 m at Tendaho, however, these high
temperatures concentrated along magmatic segments and should not be
generalized over the entire rift (Purcell, 2007). Exposed sections of
pre-Tertiary sediments-Mesozoic sediments are observed (sandstone and
limestone units of the Adigrat and Antalo Formations, respectively, along
with shale and marl beds) resting unconformably on the crystalline
basement, typical examples of such occurrences is at Kella horst, Guraghe
area, along the western margin at the Escarpment (WoldeGabriel and
Aronson, 1986) and in the Amaro Horst of the southern sector of the MER
(Levitte et al., 1974; Mohr, 1962; Mohr and Gouin, 1967; Zanettin et al.,
1978) and it is infered that considerable thicknesses of sediment fill
sections exist in these segmented rift grabens. In continental area pe-
troleum system is associated with narrow rifts, within which two new
petroleum provinces have been established this century in the Albertine
and South Lokichar Basins (Macgregor et al., 2018). Since there is no
significant exploration for oil and gas deposits in the Main Ethiopian Rift,
there is very little information on the subsurface stratigraphy or structure
in these basins and it is not known if an effective Tertiary petroleum
system is present.

3. Methods

3.1. Geological field work

Field study shows that the study area is underlain by Precambrian
basement rocks, Cenozoic volcanic rocks, Quaternary and pre Tertiary
sediment. Since the main objective of the geological field work is to
collect Precambrian basement rock samples for density determinations to
better constrain the 3D-structural inversions, and the primary targeted
area were selected on the bases of previous geological studies (Mengesha
et al., 1996). Thus most of the samples are collected on Amaro horst and
few samples are collected on southeastern part of Lake Chamo to Konso
and on western plateau (Kemba) where basement outcrops are dominant.

During field work structural measurements are also carried out, with
the Strike and Dip directions presented in (Table 1). Intrusive rock, pre-
rift sediment (red Sandston), Cenozoic volcanic rocks and Quaternary
sediments were observed in the southern MER where more than 30
Precambrian basements and other rock samples are collected along five
traverses of total length 945km (Figure 2).

Water Absorption, Porosity and bulk density determinations were
carried out by the Geological Survey of Ethiopia Mineralogy and
Geotechnical Laboratory Directorate (Table 1).

Constraints from geological field work are utilized for the definition
of outcrops of metamorphic basement rock layers and determination of
average density values (~2.6 gm/cm3) to accommodate lateral variations
of basement rock density in the study area (Table 1). Amaro Horst is used
as a control point, the only reliable basement tie for the study area which
is a narrow block of Precambrian basement caped with thick tertiary
basalt with highest elevation more than 3200 m above sea level sepa-
rating Chamo basin to the west and Galana basin to the east widens and
declines southwards over a length of ~90 km (Ebinger et al., 1993;
Levitte et al., 1974).

3.1.1. High grade gneisses
(i) Gneiss; during field activities high grade gneiss compositionally

hornblende biotite gneiss (Figure 3a) and Quartz Feldspar gneiss
(Figure 3b) are observed, this unit exposed around Northern parts of
Amaro Horst at Kele, it is medium to coarse grained light grey and black
in color interlayered between Quaritzo feldspatic gneiss and biotite
hornblende gneiss previously mapped as hornblende gneiss. This unit is
also exposed on western plateau of Kemba area; it is highly weathered
and changed to sand. (ii) Migmatite rocks; this unit exposed southwest of
study area along konso road on the river bed. The Migmatite gneiss



Figure 1. Ethiopian Tertiary Rift system, SRTM digital elevation model, Faults extracted from geological map of Ethiopia (Mengesha et al., 1996).
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(Figure 3c) is dark grey; medium to coarse grained and strongly layered.
Interlayered with this rock are fine to medium and coarse grained, dark
biotite dominated and light feldspar dominated layers. Compositional
banding is largely migmatitic and parallels internal foliation which is
strongly deformed. (iii) Mafic Gneiss; the unit also found at the south-
west corner of the study area near Gato town. Mafic Gneiss (Figure 3d) is
characterized by a layering of amphibolite, mafic hornblende gneiss and
relatively lighter colored (leucocratic) gneiss. Amphibolite and less mafic
hornblende gneiss are interlayered in various ratios and at different scale
within most of this unit. (iv) Granitoid Gneiss (Granite Gneiss); the unit
exposed in stream cut exposure and the rock compositionally Quartz and
3

feldspar (granitic) but it is highly metamorphosed. Light grey color me-
dium grained slightly weathered similar to Quartizo feldspatic gneiss the
difference is weathering and mineral banding.

3.1.2. Intrusive rocks
(i) Metagranite; the unit is exposed in the Northwest of the study area

near Soyoma Town. It is characterized exfoliation weathering and foli-
ated, coarse grained light grey in color rig forming topography. (ii)
Granodiorite; The unit exposure northwest of Ager Mariam town shows
porphyritic granodiorite which is a strongly variable rock, locally having
a distinctly porphyritic fabric with coarse euhedral K-feldspar



Table 1. Water Absorption, Porosity and bulk density determinations of sampled rocks by Geological Survey of Ethiopia Mineralogy and Geotechnical Laboratory
Directorate: H.W¼ Highly Weathered. T ¼ Traverse, S¼Station, R ¼ Rock and B¼Basement.

ID.No Rock Name Water Absorption % Porosity
%

Bulk Density gm/cm3 Strike Dip

T1S1RB-001 Quartzite gneiss 0.86 2.21 2.55 210 86

T1S2RB-002 Quartzite gneiss 3.12 8.14 2.60 310 35

T1S3RB-003 Basalt 2.00 5.59 2.78 205 70

T1S4RB-004 Quartzite and Biotite gneiss 4.05 10.91 2.69 10 32

T1S5RB-005 Aphanetic basalt 1.19 3.40 2.85 135 35

T2S6RB-006 Feldspatic gneiss 1.39 3.59 2.56 144 88

T2S7RB-007 Basalt 0.67 1.96 2.90 194 65

T2S8RB-008 Quartzite gneiss 1.78 4.56 2.54 203 80

T2S9RB-009 Basalt 0.84 2.42 2.85 198 86

T2S10RB-010 Metagranite 1.02 2.67 2.59 205 84

T2S11RB-011 Metagranite 1.44 3.75 2.58 192 86

T2S12RB-012 Granodiorite 0.74 2.03 2.72 170 65

T3S13RB-013 Metagranite 1.11 2.83 2.53 225 45

T3S14RB-014 Red sandstone - - - - -

T3S15RB-015 Granit gneiss 1.94 4.37 2.62 320 75

T3S16RB-016 Basalt 2.46 6.64 2.68 - -

T3S17RB-017 Basalt 0.79 2.28 2.86 305 85

T3S18RB-018 Granotoid gneiss 2.09 5.47 2.61 220 70

T3S19RB-019 Megmitite rock - - - 189 45

T4S20RB-020 Quartizofeidspatic gneiss H.W H.W H.W 40 65

T4S21RB-021 Rhyolite 22.26 35.93 1.61 - -

T4S22RB-022 Basalt - - - - -

T5S23RB-023 Basalt - - - - -

T5S24RB-024 Basalt - - - - -

T5S25RB-025 Basalt - - - - -

T5S26RB-026 Gneiss H.W H.W H.W 315 70

T5S27RB-027 Mafic Gneiss H.W H.W H.W 195 48
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phenocrysts in a relatively fine-grained matrix. The rock is characterized
by augen texture and heterogeneous. The observed Granodiorite Con-
tains many sub-rounded, mafic minerals having gray color and rather fine
grained.

3.1.3. Pre-rift sediment
The Precambrian basement rock is overlain unconformably by red

Sandstone (Figure 3e). This red sandstone is exposed near Soyoma Town
and it is medium to coarse grained which contain basal conglomerate/
conglomerate sandstone reddish color and 2 up to 6m thick it is massive
and have randomly oriented joint on the surface. Davidson (1983) sug-
gested the red sandstone represented an erosional surface in south-
western Ethiopia and favored a pre Tertiary age for it.

3.1.4. Tertiary volcanic rocks
(i) Lower basalt flows; this is the oldest and most extensive of the

volcanic unit in the area. The Lower Basalt (Figure 3f) is characterized by
thick, extensive lava flows that locally show columnar jointing in Haro
River and highly fractured all the area. It is massive and fine grained. In
the northwestern part of the area the tertiary volcanic rock is thick and
under lied by rhyolite. WoldeGabriel et al. (1991) uses K/Ar age de-
terminations resulted in the Lower basalt flows dated at 39.8 Ma. (ii)
Rhyolite flows; the rhyolite scamp on the basalt in Chencha but in these
areas the rhyolite inter fingered with the basalt and also forms dome. The
domes show circular or slightly elliptical in top view. At place the
rhyolite made half-domal shaped land form. The rock has fine grained
texture, light grey color and commonly shows slickenside.

3.1.5. Quaternary sediments
The quaternary sediment covers Gelana basin and other low land

places or the roots of horst. Small amounts of coarse alluvium are found
along some of the larger river courses, but the main accumulations are
4

the extensive gravel-sand deposits which form the Gelana flat region to
the south of the mapped area. The Gravel-sand and unsorted materials
are filling lowlands as part of colluvial and alluvial deposits.

3.2. Mapping lineaments

Investigations of geological structures (Lineaments) play important
roles in monitoring of earth quakes and detection of potential zones of oil
and gas, minerals and groundwater movements and study of tectonic
structure of sedimentary basins (Reddy et al., 2000; Sabins Jr, 1987;
Sankar, 2002). Topographic attributes can be extracted from digital
elevation data by applying special computer algorithms (Vittala et al.,
2006), these include slope, aspect and shaded relief algorithms. Shaded
relief derived from digital elevation models is very crucial in identifying
lineaments in different distinct relief and topography. DEM has very high
resolution than satellite or Landsat images having true projections and
tonal variations with no distortion are established or indicated with re-
lief, the position of sun can also be put at different angle at any place
above the terrain surface (Batson et al., 1975). Digital Elevation Model
have terrain attributes; elevations, curvatures, aspects and slopes which
are very crucial for the extractions of structures such as faults and line-
aments (Ganas et al., 2005).

High resolution Digital Elevation Model (DEM) 12.5m retrieved from
Alaska Satellite Facility's data portal (https://vertex.daac.asf.alaska.edu/)
Vertex Alos/Palsar Satellite for remotely sensed imagery of the Earth.
Shaded relief image (Figure4a)was generated from theALOSPALSARDEM
usinga solar azimuth (sunangle)of 45�, anda solar elevationof30�. Finally,
the image has been used for automatic lineaments extraction using PCI
Geomatica software 2018 (http://www.pcigeomatics.com/freetrials). PCI
Geomatica software algorithm for lineament extraction comprised of curve
extraction steps, thresholding and edge detection (Geomatica, 2013). The
automated Line tool, a line extraction algorithmwithin PCI Geomatica was

https://vertex.daac.asf.alaska.edu/
http://www.pcigeomatics.com/freetrials


Figure 2. Geological map of the area and Main Ethiopian Rift Stratigraphic column; modified from (AOC and MoM, 2011): the overlaid Yellow points shows Location
of field traverse of the rock samples collected.
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applied onDEM-derived shaded reliefmaps using the parameters defined in
Table 2 below.

Directional analysis performed on extracted lineaments (Figure 4b)
and the orientation of the lineaments represented by the rose diagrams
(Figure 4c) shows three prominent trends NE–SW NW–SE and N–S in
terms of the length and directional frequency which are indication of the
dominant directions of the lineaments. The dominant lineaments tend to
run in the NE-SW direction which aligns in the axial portions of the main
Ethiopian rift. The measured strike direction (Figure 4c) shows that the
dominant direction is NE–SW and NW–SE in agreement with the direc-
tion of the extracted lineaments (Figure 4d).

3.3. Full Tensor Gravity

Full Tensor Gravity data is obtained from Ministry of Mines and Pe-
troleum acquired by Africa Oil Ethiopia B.V in main Ethiopian Rift valley
basins block. FTGeX Gravity Gradiometry system (Instrument) from
Lockheed-Martin used to acquire the Full Tensor Gradiometry (FTG)
which include the Gravity Measurement Assembly (GMA) instrument
that enable the direct measurement of the vertical gravity signals
5

mounted on a De Havilland Canada DHC6 aircraft (Africa Oil Corp,
2013). The FTG as well as the direct gravity signals were acquired with
the main line spacing of 1000 m and Tie line spacing of 5000m design-
ed/flown to follow the terrain at a nominal height of 120m above ground
level as shown below (Figure 5). Since Amaro Horst is a Precambrian
basement with no hydrocarbon prospect, data was not collected over the
entire length of the Horst. Because of the 3D-Structural Inversion does
not require any gap in the data, in all steps of data processing and in-
terpretations interpolation is performed.

Full Tensor Gravity Gradiometry (FTG) measures five independent
gravity gradients, the horizontal components Gxx, Gxy, Gyy, Gxz and Gyz,
and the vertical components Gzz provides a valuable information for the
mapping of subsurface geology and tectonic settings of the survey area
(Dickinson et al., 2010). While the observed Gxx and Gyy (Figure 7 a & d)
accentuates lineaments and faults in North - South and East - West di-
rections, Gxz and Gyz (Figure 7 c& e) identify contacts and edges in North
- South and East - West directions respectively. The observed vertical
gravity gradient Gzz (Figure 7f) is equivalent to the observed Bouguer
anomaly (Figure 6) except it remove the long wavelengths and preserve
intermediate and short wavelengths which is used to estimate depth and



Figure 3. Field photographs of Precambrian basement and other rocks (a) Biotit hornblende gneiss exposed around Northern parts of Amaro Horst at Kele, (b)
Quartizo feldspatic gneiss exposed at Western part of the area Kemba Area (c) Migmatite rocks exposed along konso road on the river bed, (d) Mafic gneiss exposed
near Gato town (e) Pre-Tertiary rock: Red sandstone exposed near Soyoma Town and (f) Lower Basalt.
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predict compositional information related to target geology. Here in a
complete Bouguer gravity (gz) anomaly map of the study area was pro-
duced with a grid spacing of 250 m _ 250 m (Figure 6).

The FTG components Gxx, Gxy, Gxz, Gyz, Gyz and Gzz anomaly maps
(Figure 7) were produced with the same grid spacing to that of Bouguer
gravity (gz) anomaly map (Figure 6).

3.4. Invariance of Tensor Gravity fields

Full Tensor Gradiometry (FTG) is a high resolution gravity surveying
technology that measures different components of the Gravity Gradient
6

Tensor (Murphy, 2004). Since each tensor components of the FTG is part
of the same gravity field, treating them as a collective entity is very
crucial to obtain valuable information about the subsurface geology. One
such method is describe by Pedersen and Rasmussen (1990), the usage of
Invariance to compute new tensor representations from Gravity Tensor
components. Invariance of Tensor computed using two sets of equations
(Eqs. (1) and (2)) that make use of all components simultaneously, those
are;

I1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
GxxGyy þ GyyGzz þ GxxGzz

�� �
G2

xy þ G2
yz þ G2

xz

�r
(1)



Figure 4. (a) Vertex (Alos/Palsar) DEM shaded relief image with solar azimuth (sun angle) of 45�, and a solar elevation of 30� (b) Map showing the distribution of
lineaments extracted within the study area (c) Rose diagram of Measured Strike (d) Rose diagram of automatic lineament map, the overlapped yellow polygons are
Abaya and Chamo Lake shape files.

Table 2. Parameter values selected as input for the automated feature extraction
algorithm.

Description Values Description Values

Filter Radius 10 Line Fitting Error 9

Edge Gradient 30 Angular Difference 30

Curve Length 30 Linking Distance 20
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I2¼
��

Gxx

�
GyyGzz�G2

yz

�
þ�

Gxy
�
GyzGxz�GxyGzz

�þ�
Gxz

�
GxyGyz�GxzGyy

��1
3

(2)

Where I1 and I2 are Invariance of Tensors computed from all FTG com-
ponents.

Tensor information is significant to identify target geology and also
map the geological setting across any survey area. Invariance of Tensors
I1 and I2 are computed using the Pedersen and Rasmussen (1990) tech-
nique shown (Figure 8a & b) respectively. According to Murphy and
Brewster (2007) I1 delineated the gross regional stratigraphy across
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survey areas identifying dominant density contrasts and I2 identifies fault
block geometries. Invariance of Tensor I1 and I2 (Figure 8a & b) is 500m
upward continued to suppress the shallower and sharper anomaly
resulted from higher frequency to accentuate the subsurface geological
and tectonic settings of the area. I1 delineated the gross regional stra-
tigraphy across the area by identifying structurally controlled sub-basins
with lower density contrasts in agreement with Bouguer anomaly
(Figure 6) and Vertical Gravity Gradient Gzz (Figure 7f). The lower
density contrasts of I1 shows that Northern Abaya is structurally con-
nected in N–S with Gelana basin to the south retaining NE-SW to the
north and Southern Abaya and Chamo basins NE–SW direction. Invari-
ance of Tensor I2 (Figure 8b) identifies fault block geometries with high
anomaly contrast on the sub basins dominantly NE–SW and N–S
directions.
3.5. 3D Euler deconvolution

Euler deconvolution uses potential field derivatives or tensor gradi-
ents to image subsurface depth of a magnetic or gravity source (Hsu,



Figure 5. Location of the FTG data acquisition flight path on SRTM DEM of the study area.
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2002). Reid et al. (1990) formulated a 3D form of Euler's equation can be
defined using (Eq.3).

dg
dx

ðx� x0Þþ dg
dy

ðy� y0Þþ dg
dz

ðz� z0Þ¼ � ηg (3)

Where dg
dx,

dg
dy and

dg
dz are independently measured derivatives of the field in

the x, y and z directions ; η is the structural index and (x0, y0 and z0) are
source locations.

3D Euler deconvolution technique was performing on the Bouguer
gravity anomaly and Full tensor gravity components Gxx, Gyy and Gzz in
an attempt to find depth to basement of lineaments. The structural index
is chosen according to a prior knowledge of the source geometry of the
area (Kebede and Mammo, 2021), contacts like faults have a structural
index of 0 in gravity field so identifications of basement blocks faults are
performed using index 0. Euler depth solution (Figure 9) show that the
limits of the crystalline basement sources running between 2500 and
3500 m deep in rift basin area where Abaya Lake, Chamo Lake and
Gelana basins resides.
8

3.6. Spectral analysis

The method is used to investigate the frequency content for estima-
tion of the mean depth of the geological interfaces by the analysis of the
Radial Power Spectrum of gravity field (Spector and Grant, 1970), thus
the method describes the variation of the energy as a function of fre-
quency to estimate subsurface depth given by (Eq.4).

h¼ 1
4π

�
logE1 � logE2

K1 � K2

�
(4)

Where E1 and E2 are power spectra of the gravity field, logE1 and logE2
are logarithms of the power spectra K1 and K2 are wave numbers and h is
depth to interfaces (layer boundaries).

The logofRadial Power Spectrumof thevertical gravity gradientGzz asa
function of wave number or frequency (Blakely and Simpson, 1986), rep-
resented by (Figure 10) reflecting three linear depths: h1 ¼ 3:58km is the
deep basement sources h2 ¼ 2:45km is the intermediate basement sources,
h3 ¼ 1:00km associated with shallow volcano-sedimentary sources.



Figure 6. Complete Bouguer Gravity (gz) anomaly map. ALB ¼ Abaya Lake Basin, CLB ¼ Chamo Basin, GB ¼ Gelana Basin, and AH ¼ Amaro Horst; the overlapped
polygons are Abaya and Chamo Lake shape files.
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3.7. Forward and inverse modeling

Parker (1973) introduced fast Fourier transform (FFT) into the for-
ward calculation of the potential field interface Eq. (5).

F½Δg� ¼ � 2πGρe�j F
!jzo X∞

n¼1

			 k!			n�1

n!
F
h
hn ðrÞ
!i

(5)

Where F½ � denotes Fourier transformation, Δg is the gravity anomaly, G
is the gravitational constant, ρ is the density contrast across the interface,

k
!

is the wavenumber (associated with the wavelength λ), zo is the mean
depth of the interface where the axis system has z vertically downward

with zo > 0, and h ðrÞ
!
is the interface variation from the mean depth.

Oldenburg (1974) developed a frequency domain iterative inversion
method of the density interface based on Parker (1973) algorism which
gives faster computation using the fast Fourier transform Eq. (6).

F½hð r!Þ�¼ � F½Δg�
2πGρ

ej k
!jzo �

X∞
n¼2

			 k!			n�1

n!
F
h
hn ðrÞ
!i

(6)

Each symbol in Oldenburg formula Eq. (6) has the samemeaning as in
Parker formula Eq. (5). Eq. (6) may allow us to iterate the depth of the

interface, but there is a non-convergent term ej k
!jzo to ensure conver-

gence, he added a low-pass filter denoted by HCF (k) Eq. (7) to formula
during the calculation.
9

>>>>< 2π
1
� �

k� 2πWH
��

k

HCF ðkÞ¼

8>>>
>>>>>>>:

0; if
k

> SH

2
1þ cos

2ðSH �WH
; if WH �

2π
� SH

1; if
k
2π

< WH

(7)

The HCF (k) filter passes all frequencies up to WH and does not pass
any above the cutoff frequency SH is used to restrict the high frequency
contents in the Fourier spectrum of the observed gravity anomaly. The
smallest and greater cut-off frequency parameters are chosen from
Spectral analysis (Figure 9) as WH ¼ 0.03 km�1 and SH ¼ 0.06 km�1,
respectively.

According to Bessoni et al. (2020) the RMSE (Root Mean Square
Error) related to iterative optimization applied to obtain the basement
depths using Oldenburg algorism, Eq. (8).

RMS¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

�
dobs � dcal

�2

N

vuuut (8)

Where N is number of observation points ; diobs observed anomaly and
dical calculated anomaly.

In this paper the structural inversion of the basement is performed
using the Complete Bouguer gravity anomaly (gz) (Figure 6) integrated
with FTG components (Gxx, Gyy, Gxy, Gxz, Gyz and Gzz) (Figure 7 a-f). The
GM-SYS 3D is an extension for Oasis Montaj software (Montaj, 2015)
used for the purpose of detecting the depth to the top of the basement



Figure 7. FTG components (a) Gxx (b) Gxy (c) Gxz (d) Gyy (e) Gyz and (f) Gzz anomaly maps: the overlapped polygons are Abaya and Chamo Lake shape files. Units of
Gravity Gradients E€otv€os, with 1 E€otv€os equal to 0.1 mGal/km.
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surface and 3-D modeling of subsurface structures, prevailing the studied
area.

The Forward and inverse Modeling presented in this paper is sum-
marized in (Figure 11) below.
10
A prior information is incorporated to address the nature of non-
uniqueness in the inverse problem and the inversion process conducted
as optimization problem (Ellis and Oldenburg, 1994; Jackson, 1979;
Mammo, 2012, 2013; Mehanee and Essa, 2015). Since the subsurface



Figure 8. Invariant computation of the FTG data; (a) I1 delineated the gross regional stratigraphy across the area using the density contrast (b) I2 mapping subsurface
fault blocks dominantly shows NE-SW directions.

Figure 9. 3D Euler deconvolution solutions on Southern MER using a window size of 10 grid cells, a depth tolerance of 15% and a structure index 0: AH ¼
Amaro Horst.
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model derived from independent gravity modeling is not unique, plau-
sible or reasonable model is defined using Auxiliary (a prior) in-
formation's by incorporating the results from geological field work, Euler
Depth solutions (Figure 9) and Spectral depth estimations (Figure 10),
11
Tilt Angle depth estimation (Kebede and Mammo, 2021), EAGLE
controlled source wide-angle reflection/refraction P-Wave 2D seismic
velocity models (Maguire et al., 2006) and nearby well data (Tullow Oil,
2014) to arrive at a more plausible geological model.



Figure 10. (a) Radial average of the energy spectrum versus the radial frequency (b) Estimated depth versus the radial frequency computed from vertical gravity
gradient Gzz field.
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The average (Mean) value of the basement interface density (ρ2 ~2.6
gm/cm3) determined from the field is equivalent to the density derived
from P-Wave 2D seismic velocity models (Maguire et al., 2006) by
considering P- wave velocity (Vp ¼ � 5km=s) using a popular relation
between density (ρ) and P-wave velocity (Vp) seems to be that of Gardner
et al. (1974) the relation takes the following forms, depending on the
units of Vp (in all cases the units of density are gm/cm3):

For 1.50 km/s � Vp < 6.0 km/s the density can be determined using
Eq. (9)

ρ¼1:74V0:25
p (9)

The crystalline basement interface density (ρ2 ~2.6 gm/cm3) and
volcano-sedimentary rocks density (ρ1 ~2.4 gm/cm3) are also deter-
mined from density log of Gardim-1 wells of Chew Bahir Basin (Tullow
Oil, 2014). The average interface depth of the basement ðz0 � 3400mÞ is
derived from depth solutions of Euler deconvolution and Spectral depth
estimations (Figure 9 and Figure 10) and depth estimations using Tilt
Angle by Kebede and Mammo (2021).
12
An average density contrast of Δρ ~0.2 gm/cm3 between the
basement interface density (ρ2 ¼ 2.6 gm/cm3) and the volcano-
sedimentary rocks density (ρ1 ¼ 2.4 gm/cm3) with mean interface
depth of the basement z0 � 3400m are utilized to facilitate the
structural inversion of the area of interest. The constrained inversion
process is iterated by applying ten iterations until the fitting between
the observed and calculated Bouguer gravity anomaly as well as Full
Tensor Gravity (FTG) components (Gxx, Gyy, Gxy, Gxz, Gyz and Gzz)
anomalies occurred with an average error lower than five percent
(Figure 12b & Figure 13 a-f).

At the end of the iterative process, the program provides information
to make three graphics: estimated 2D/3D topography of the Precambrian
basement (Figure 14 & Figure 15b), predicted (calculated) gravity
anomaly (Figure 12a & Figure 13 a-f) due to the estimated topography
and Misfit or residual between the observed and predicted gravity
anomalies (Figure 12 & Figure 13a-f). The RMS error obtained from
iterative inversions of gravity and gravity gradients (FTG) are well below
0.1% (Figure 12c & Figure 13 a-f).



Figure 11. Summery of forward modeling and structural inversion.
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4. Results and discussion

This paper presents a study of constraint 3D-density interface inver-
sion of the crystalline basement of Southern MER using Bouguer gravity
signal measured by Gravity Measurement Assembly (GMA) and inde-
pendently measured components of Gravity Gradient Tensor fields (FTG)
Figure 12. Bouguer gravity (gz): (a) Calculated anom
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via FTGeX instrument in which investigations of the subsurface basement
morphology integrated with the geology and tectonic setting is very
crucial for the purpose of districts where there may be hydrocarbons.
Geological field work conducted for determining the density of Pre-
cambrian basement rocks of the area (Table 1) shows that, the basement
outcrops in Amaro Horst ridge and Chencha escarpment are dominated
aly (Forward Model) (b) Misfit (c) RMS Error.



Figure 13. Full Tensor Gravity Components (FTG) (a) Gxx (b) Gyy (c) Gxy (d)
Gxz (e) Gyz and (f) Gzz ; Calculated anomalies (Forward Models), Misfits and
RMS Errors from left to right respectively.
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by high grade gneisses (migmatite gneiss, Mafic Gneiss and Granitoid
Gneiss) (Figure 3a-f) and Intrusive (Metagranite and Granodiorite). The
Precambrian basement rock is overlain unconformably by Pre-Tertiary
red Sandstone (Figure 3e) and the Lower Basalt: the oldest and most
extensive of the volcanic unit in the area (Figure 2 & Figure 3f). More
than 30 rock samples are collected along five traverses of total length
945km (Figure 2) and bulk density determination (Table 1) resulted in
average density of (~2.6 gm/cm3), this value is in agreement with
density derived from density log of nearby Gardim-1 well on Chew Bahir
Basin, Southern Ethiopian Rift (Tullow Oil, 2014) and density derived
from P-Wave 2D seismic velocity models (Maguire et al., 2006). Field
studies showed that in some localities of Amaro Horst crystalline base-
ment is unconformably overlain by Pre-Tertiary or Mesozoic sedimentary
14
rocks possibly extend into studied sub-basins with larger thickness than
the elevated area where the unit is exposed. Multi-Layer 3D gravity
forward modeling in northern parts of Ethiopia by Mammo (2010) and
2D/3D modeling of potential field data in Central MER by Kebede et al.
(2021) shows that the existence of Mesozoic sediment overlaid on the
Precambrian basement rock. Fieldwork conducted on southern part of
Amaro Horst by WoldeGabriel et al. (1991) documented middle to late
Miocene fossiliferous volcaniclastic lacustrine and fluvial sedimentary
sequence interbedded with basaltic flows. The Mesozoic and middle to
late Miocene fossiliferous volcaniclastic lacustrine sedimentary rocks are
a proven oil-prone source unit in Jurassic – Cretaceous and Tertiary ba-
sins respectively (Macgregor et al., 2018; Purcell, 2007). Black shale and
Lignite occur on the western rift margin, west of the Lake Abaya basin
and initial organic geochemical analysis demonstrated that these are
potential petroleum source rocks (Africa Oil Corp, 2014). Miocene source
rocks with 5–7% TOC at early oil thermal maturity delineated in the
Abaya Basin (Africa oil Corp, 2017). The results of measured structures
(Table 1), DEM based extracted lineaments (Figure 4b) and Invariant
Tensors computed using the Pedersen and Rasmussen (1990) technique
(Figure 8b) showed that the study area has numerous heterogeneous
fractures whose structural trends are oriented in NE–SW, NW–SE and N–S
direction. Directional analysis performed on the measured structures and
DEM extracted lineaments presented in a rose diagrams (Figure 4c) and
(Figure 4d) generally showed that dominant trend tend to run in the
NE–SW in Abaya and Chamo basins and N–S direction align with the
axial portions of the Tertiary Ethiopian Rift which is also in agreement
with fault block geometries identified by Invariance Tensor analysis
(Figure 8b). These results have good correlation with the faults deduced
from analysis and interpretation of Full Tensor Gravity (Kebede and
Mammo, 2021) and known faults deduced from geological studies in the
area (Asrat et al., 2001; Mengesha et al., 1996).

The observed Bouguer anomaly (Figure 6) shows variations from
minimum of -200mGal to the maximum of -140mGal. Abaya Lake,
Chamo Lake and Gelana basins are depicted by low amplitude gravity
anomaly lower than -175mGal may be interpreted as a low density
source rocks associated with pre-rift, post-rift and syn-rift sediment
depositions. The Bouguer gravity anomaly in northern Abaya basin is
approximately -180mGal, where the maximum basement depth of more
than 3.7 km delineated. The regional Bouguer gravity anomaly of Omo
basin in Southern Ethiopian Rift is below -140mGal (Purcell, 2007) in
which 3D inversion of the residual gravity anomalies and automatic
depth estimation techniques indicated that basement depth is estimated
to be about 4 km on average (Mammo, 2012). In Lake Turkana Basin,
North-western Kenya of Eastern branch of tertiary rift, the basement
depth exceeds 5 km (Rop, 2012), where the regional Bouguer gravity
anomaly is -100mGal on average (Purcell, 2007). On the Western
branch of tertiary rift of Uganada, the basement depth of Albertine
Basin in at circa 8 km (Macgregor, 2015), where the regional Bouguer
gravity anomaly below is -220mGal (Nimmagadda et al., 2006). The
Bouguer anomaly pattern agree with Invariance of Tensor anomaly
(Figure 8a) delineated structurally controlled sub-basins with lower
density contrasts may also shows the sediment infill of the sub-basins.
Referring to the geological map of the area (Figure 2) lacustrine allu-
vium and eluvium are mostly prevalent at Abaya Lake, Chamo Lake and
Gelana basins having relatively lower densities evidently contribute to
low gravity as well as invariance of tensor anomalous zones over these
areas. North-south trending high Bouguer anomaly deviated by 16.7 %
from the mean value separating Gelana basin to the east from Chamo
Lake basin to the west associated with the elevated metamorphic
basement rock of Amaro Horst. This high values are also observed in the
central parts of the area may be the extension of elevated Precambrian
basement rock of Amaro Horst dive into the subsurface to the NW-SE
direction parting Abaya Lake basin into two Northern and Southern
structurally distinct sub-basins. The spectral energy spectrum
(Figure 10) reflects the deep and intermediate basement sources of 3580
m and 2450 m respectively and the shallow volcano-sedimentary



Figure 14. 2D-Basement relief (Inverse Model) map overlaid by extracted lineament: NBA ¼ Northern Abaya Basin, SBA ¼ Southern Abaya Basin, CB ¼ Chamo Basin,
GB ¼ Gelana Basin and AH ¼ Amaro Horst; the overlapped polygons are Abaya and Chamo Lake shape files.
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sources having a depth less than 1000 m, this result agree with Euler
deconvolution source depth solutions (Figure 9) that shows the limits of
the crystalline basement sources running between 2500 m and 3500 m
deep over the sub-basins. The basement inversion has been constrained
using a priori information's, depth solutions of Euler deconvolution
(Figure 8), Spectral depth estimations (Figure 10), depth estimations
using Tilt Angle (Kebede and Mammo, 2021), P-wave 2D seismic ve-
locity models (Maguire et al., 2006), nearby well data (Tullow Oil,
2014) and results from geological field work to minimize the
non-uniqueness solutions of the potential field inversion. The con-
strained inversion process incorporate an average density contrast of
(~0.2 g/cm3) between the basement interface density (~2.6 gm/cm3)
and volcano-sedimentary rocks density (~2.4 gm/cm3) with an average
basement interface depth of (~3400 m), iterated ten times until a
satisfactory agreement between observed and calculated Bouguer
gravity (Figure 12) and FTG components are obtained. The topography
of the study area (Figure 5 & Figure 15a) shows the surface elevations
varies from a maximum value of more than 3200 m above sea level
15
(a.s.l) in Amaro horst to a minimum value of 1123 m a.s.l in area where
the Chamo Lake basin resides. The basement morphology (Figure 14 &
Figure 15b) shows significant subsurface undulations in the area by
clearly delineated four sub-basins residing in the area; Northern Abaya,
Southern Abaya, Chamo and Gelana basins where the maximum
depression exceeds a value 2500m below sea level (b.s.l) in Northern
Abaya basin. The basement depth of Gelana basin is more than 2200 m
b.s.l whereas in southern Abaya and Chamo basins the basement depth
exceeds 2100 m b.s.l. This result agrees with Invariant Tensor
(Figure 8a) that delineated structurally controlled sub-basins with lower
density contrasts and Euler and Spectral source depths solutions
(Figure 9 & Figure 10) that show the limits of the crystalline basement
vary between 2500 and 3500m deep on the studied sub-basins.

Amaro Horst, a Precambrian basement rock, with surface elevation
greater than 3200m a.s.l used as a control point in the inversion process
has more than 2600m a.s.l high on the basement morphology (Figure 14
& Figure 15b), this may be due to the summit ridge and other high
ground of Amaro Horst are capped by thicker Tertiary volcanic rocks



Figure 15. . (a) 3D-Elevation (b) 3D-Basement relief (Inverse Model) map; ALB ¼ Abaya Lake Basin, CLB ¼ Chamo Lake Basin, GB ¼ Gelana Basin and AH ¼
Amaro Horst.
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(Levitte et al., 1974). Highly elevated areas of the rift margins such as
Chencha and Agere Selam escarpment have also elevation exceeding
2400 m a.s.l.

Taking into account the surface topography (Figure 5 & Figure 15a)
and the basement morphology (Figure 14 & Figure 15b) of the area, the
total sediment thickness (Figure 16) in Northern Abaya and Gelana ba-
sins exceeds 3700m and 3500m respectively whereas in Southern Abaya
and Chamo basins it is approximately 3300m. Amaro Horst, Chencha and
Agere Selam escarpment are highly elevated areas having less sediment
deposits ranging from 70 - 800m.

The basement morphology (Figure 14& Figure 15b) depicted that the
geologically inferred Abaya Lake basin is divided into Northern and
Southern Abaya basins with northern part structurally connected with
Gelana basin and the southern part connected to Chamo basin. This result
agrees with the computed Invariant Tensors anomaly (Figure 8a) that
identifies the structurally controlled sub-basins with lower density
contrast. The most significant feature of the morphology of the basement
is in defining the subsurface geometry of the sub-basins of the area, that
is, the pure N–S elongated basement depression in Gelana basin and
NE–SW trending basement depression observed in Southern Abaya and
Chamo Lake basins in agreement with structural analysis in this study as
well as previous works that show prominent N–S Precambrian faulting of
16
the area (Asrat et al., 2001). The northern Abaya basin has complex
structural configurations with NNW–SSE elongated structure in southern
parts tend to connect with Gelana basin and fitting with the regional
structural trends in northern part, bend from the older NW–SE Mesozoic
rift orientation in the south to the younger Tertiary rift NE-SW orienta-
tion to the north (Figure 14 & Figure 15b). The complex structural pat-
terns of the area may be the results of NNE–SSW Tertiary rift system the
youngest and most active faults perpendicularly cross-cut by the
pre-existing NW–SEMesozoic Ogaden rift faults (Korme et al., 2004). The
N–S oriented topographic high separating Gelana basin to the east from
Chamo Lake basin to the west is anticlines in Amaro Horst, the Pre-
cambrian basement trough plunges into the Gelana basins. The basement
morphology (Figure 14 & Figure 15b) revealed the nature of the sub-
surface geometry related to Southern MER in which the result agrees
with the structural analysis as well as previous regional studies on di-
rections of prominent geological structures. According to Bosworth
(1985) and Rosendahl (1987) continental rift zones comprise a series of
discrete and kinematically linked fault-bounded sedimentary basins
created due to repeated episodes of faulting over millions of years, thus
boundaries between Horst (uplifts) and Grabens (Depressions) in the
basement undulation of the area may have been generated by the evo-
lution of faulting due to the tectonic activities of various geological times.



Figure 16. Total sediment thicknesses (T.S.T) of Southern MER basin and adjacent plateau: NBA ¼ Northern Abaya Basin, SBA ¼ Southern Abaya Basin, CB ¼ Chamo
Basin, GB ¼ Gelana Basin.
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Generally the basement morphology depicted the structurally controlled
sub-basins having sufficient sediment thickness for potential hydrocar-
bon generation and accumulation and in continental rift basins fault
closures against the basement, horst and grabens are the dominant
structural paly provide a smooth hydrocarbon trapping mechanism,
while the primary migration may take place along the fractured planes
(faults) or pores within rock units.

5. Conclusion

This study has made use of a high resolution vertical gravity inte-
grated with Full Tensor Gravity (FTG) datasets to recover the subsurface
structural as well as geological units of Southern MER basin in order to
determine the petroleum potentials of the area. Geological field work
conduced over the area shows that the Precambrian basement outcrops
17
are dominated by High grade gneisses and Intrusive with an average
density value 6 gm/cm3. Field studies on Amaro Horst showed that the
basement is unconformably overlain by Mesozoic sedimentary rock, a
proven oil-prone source as well as reservoirs unit in Jurassic – Creta-
ceous; possibly extend into studied sub-basins (grabens) with larger
thickness than the elevated area where the unit is observed. In addition,
the extracted lineaments from digital elevation model show that NE–SW,
NW–SE and N–S directions with dominant direction align with regional
structural trends NE–SW. Analysis of the Bouguer gravity and Invariance
Tensor anomaly identified a structurally controlled sub-basins charac-
terized by low (below -175mGal) anomalous zones may show that the
predominant sediment infill of the areas. The Precambrian basement
morphology of the area is delineated using constrained Tensor Gravity
Inversion by applying the Parker–Oldenburg algorisms. The basement
structural low depicts the sub-basins; Northern Abaya, Southern Abaya,
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Chamo and Gelana basins, where the deepest depression exceeds 2500 m
b.s.l. in Northern Abaya basin. This result agrees with Spectral and Euler
source depths solutions that show the limits of the crystalline basement
vary between 2500m and 3500m deep on the studied sub-basins. The
maximum total sediment thickness is observed in northern Abaya basin
which is more than 3700m whereas on the basement structural high like
Amaro Horst, Chencha and Agere Selam escarpments the average sedi-
ment thickness is 500m. The basement morphology revealed the nature
of the subsurface geometry related to Southern MER by clearly delin-
eated the N–S orientations of Gelana basin with northern Abaya, south-
ern Abaya and Chamo basins align with NE–SW Tertiary Rifting. This
result agrees with the structural analysis as well as previous regional
studies on directions of prominent geological structures. Finally the
basement morphology depicted the structurally controlled sub-basins
having sufficient sediment thickness for potential hydrocarbon genera-
tion and accumulation, can also possibly provide structural trapping
mechanisms for the generated hydrocarbon.
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