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ABSTRACT  

 

The Alalobeda geothermal system is located in the Afar region (Northern Ethiopia), along the western 

margin of the Tendaho Graben. A multidisciplinary study of the Alalobeda geothermal field, funded 

by the Icelandic International Development Agency (ICEIDA) and the Nordic Development Fund 

(NDF), was carried out by the Geothermal Division of the Geological Survey of Ethiopia under the 

supervision of ELC-Electroconsult (Milan, Italy).  

In this paper, we show the results of the integrated geophysical survey, including 123 magnetotelluric 

and  transient electromagnetic soundings and 300 gravity records. The high-density station coverage 

over a regular grid allowed the successful application of 3D MT and gravity inversion, producing 

detailed and realistic models of the resistivity and density distributions.  

The final 3D gravity model images of the bedrock surface hindered by the sediments reveal first-order 

normal faults controlling the graben main structures. Beneath the graben shoulder, a positive density 

contrast (+300 kg m
-3

) was modelled at depths of 1-2 km and interpreted as a propylitic alteration of 

the bedrock surface.  

The 3D resistivity model revealed three NNE-trending fracture zones beneath the shoulder of the 

Tendaho Graben, where topography and structural observations indicate the presence of NNE-

trending MER normal faults. These fracture zones are characterised by a shallow conductive anomaly 

(interpreted as the “low-temperature” clay cap) and a more resistive deeper anomaly (interpreted as 

the “high-temperature” alteration). The fracture zones do not prosecute towards the plain and appear 

to be limited by the NW trending main normal faults of the Tendaho Graben 

 

 

1. INTRODUCTION 

 

The East African Rift System (EARS) is one of the major tectonic structures of the Earth. Although it 

was estimated that the total geothermal potential of the EARS is about 15,000 MWe, only Kenya and 

Ethiopia have installed a capacity of about 217 MWe (Teklemariam Zemedkun, M., 2011). In order to 

support geothermal exploration and capacity building in East Africa, the Icelandic International 

Development Agency (ICEIDA) and the Nordic Development Fund (NDF) co-financed a geothermal 

exploration project. One of the particular objectives of the project is to improve the knowledge of the 

geothermal resource of the Alalobeda geothermal field, in view of the possible production of 

geothermal energy. This field is located in the Tendaho Graben (TG; Fig.1), at the intersection of the 

NW-trending tectonic structures with the NNE-trending Main Ethiopian Rift (MER) lineaments, 

yielding intense rock fracturation. 

In this paper we show and discuss the results from a multidisciplinary geophysical campaign, carried 

out in 2014-15 in the Alalobeda area. The campaign comprised gravimetric, magnetotelluric (MT) and 

transient electromagnetic (TEM) surveys. The results from a previous MT survey, carried out in 2013 

in a nearby sector, was integrated with the new data, with the aim to get an improved resistivity 

model.2. GEOLOGICAL SETTING 
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The Afar triple junction, or Afar Depression, is a region where the Red Sea, Gulf of Aden and Main 

Ethiopian (MER) rifts converge (Fig. 1). It formed after the separation of the Arabian, Nubian and 

Somalian tectonic plates started 25 Ma. Its actual configuration was however set about 1 Ma, when 

the northward propagating MER reached the already joined Red Sea and Gulf of Aden rifts (Corti, 

2009). Primarily, this area is subject to active extensional tectonics, with secondary strike-slip activity 

(Abbate, 1995). 

 

 

Figure 1: Map of the Afar Region and main structures. TG : Tendaho Graben; MER: Main Ethiopian Rift. Main 

geothermal manifestations: ABM-Alalobeda, AM-Ayrobera, DM-Dubti. Deep wells : TD-1, -2 and -3. The 

survey area is marked by a red square. 

The Afar region has been interested by mostly basaltic magmatism, since 30 Ma, with the eruption of 

flood basalts (Corti, 2009). The flood basalts are now lying in the plateaus surrounding the Afar 

Depression. The subsequent tectonic activity led to the formation of several fissural and central 

volcanic complexes. A more recent and diffused volcanic event occurred from 4 to 1.6 Ma, producing 

the Afar Stratoid Basalts (ASS), that constitute the present-day rock-basement. Now, the most active 

area is the Manda-Hararo fissural volcano (Fig.1), active since 3 Ma ago, whose last eruption is dated 

2009 (Ferguson et al., 2010). Presence of melt in the crust at shallow depths was inferred from several 

geophysical studies; in particular, Didana et al. (2015) reported results of MT modelling, from which 

low resistivity anomalies, interpreted as due to partial melt, were found at depths shallower than 10 

km.  

 

The strong tectonism and the enhanced thermal regime favoured the formation of several geothermal 

areas in the Tendaho Graben (TG), such as Dubti, Ayrobera and Alalobeda (see Fig.1 for locations). 

The TG was investigated by three deep wells drilled in the 90's in the Dubti / Ayrobera area,. The 

general stratigraphy consists of a lacustrine sedimentary cover, overlying the compact ASS basalts , 

which were found at about 1400 and 1200 m depth in the wells TD-1 and TD-2, respectively. 

Embedded in the sedimentary cover there are some intercalations of more recent basalts and minor 
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pyroclastic layers. Here we assume that the stratigraphy in the Alalobeda area is analogous to Dubti, 

though some differences in the ASS depth may occur because of the different position with respect to 

the graben shoulder. 

 

In the Alalobeda area several geothermal manifestations are present, such as fumaroles and hot 

springs, whose temperature reaches 98 °C. The springs are located in proximity of the graben master 

fault (Fig. 3). Geochemical features indicate a maximum reservoir temperature of 220 °C (ELC, 

2015). The intersection of the NW-trending Tendaho Graben and the NNE-trending Karrayu Graben 

produced widespread fracturation, as it can be also seen from the surface geology. This is a favourable 

structural condition for the development of a geothermal reservoir. 

 

 

3. GEOPHYSICAL SURVEY 

 

The survey area is partially covered by the Tendaho Graben sedimentary infill and includes the 

basaltic western shoulder of the graben (Figure 2). A gravity survey consisting of 300 stations was 

carried out, with a regularly spacing grid of 750 m , over most of the survey area; a wider spacing was 

used in the western sector. A MT/TEM survey comprising 105 stations was carried out by GSE 

personnel and equipment, with a nominal spacing of 1.5 km. The spacing was reduced to 750 m 

around the Alalobeda geothermal springs. In addition, some TEM stations were acquired at the 

locations of a previous MT campaign, carried out in 2013. The distribution of all the geophysical 

stations is shown in Figure 2. The observable deviations from regular sampling are due to logistic 

difficulties or to avoid strong topographic effects. 

 

 

3.1 Gravity measurements 

 

Gravity was measured with a G927 LaCoste & Romberg meter equipped with electronic , beam, 

levels and feedback system. Data were acquired in combination with differential GPS positioning, 

which warrants a vertical precision < 10 cm for most of the stations. Standard scale factor, drift, 

latitude, free air, Bouguer and topographic corrections were applied. 

Two methods were employed to determine the ASS average density to be used for the Bouguer and 

topographic corrections. The first consisted in the classical method of Nettleton (1976), applied to 10 

profiles lying over the ASS basalts; an average density of 2450 kg m
-3 

was obtained. The second and 

independent approach used a 3D forward modelling applied to the mountainous ASS basaltic 

shoulder. The Free Air Anomaly was computed for different homogeneous density values and 

compared with the observed data. The density value was changed until the RMS misfit between the 

two datasets was minimum. In this way, we obtained an optimal density value of 2520 kg m
-3

. The 

adopted ASS density for further processing is an average (2485 kg m
-3

) of the two approaches. 

We assumed the mean value of the complete Bouguer anomaly in the western sector of the ASS 

basalts as the regional gravity field. In this sector of the survey area, in fact, the uniformity of the 

gravity anomaly can be interpreted as due to a rather uniform density.  

The residual gravity map is shown in Figure 3. A wide positive anomaly is located over the graben 

shoulder, (4.3 mGal) whereas a large negative belt characterises the plain (-5.1 mGal). The positive 

anomaly is reasonably generated by a positive density contrast in the graben shoulder, while the 

negative anomaly is associated with the low-density sedimentary cover. The positive anomaly can be 

further divided into three areas (AH1, AH2a and AH2b), whereas two areas, AL1 and AL2, can be 

distinguished within the negative anomaly. In the AL1 sector, some linear trends can be clearly 

inferred (L1 and L2). 

 

3.1.2 Result of gravity modelling  

 

The 3D gravity inversion was carried out by means of the Geosoft GMSYS-3D software package. The 

model is defined by a number of stacked surfaces defining layers with uniform density. Calculations 
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are performed in the wave number domain and are based on the Pearson’s implementation of R.L. 

Parker’s algorithm (Parker, 1972). 

A view of the initial model used for the 3D inversion is given in Fig.4. The top surface was defined 

with the topographic Aster DEM sampled at 150 m. The bottom of the model was set at 3,000 m 

beneath the surface. The initial bedrock surface beneath the sediments was set as the topography 

shifted 100 m downward. The density contrast of the sediments was set to -450 kg m
-3

. The vertical 

extension (in the starting model) of the anomalous body generating the positive anomalies AH1 and 

AH2 (Fig. 2), was inferred by 2D forward modeling, carried out along 7 profiles crossing the ridge. 

We assumed a density contrast of 300 kg m
-3

. 

 

 

 

Figure 2: Distribution of the geophysical stations. The yellow circles mark the MT stations (2013 and 2014 

campaigns), the white crosses the gravity stations. Alalobeda hot springs are indicated by red circles. 

 

 
Figure 3: Residual Bouguer Anomaly map. The positive anomaly area is divided into three subsectors AH1, 

AH2a and AH2b. The negative anomaly is divided into two subsectors, AL1 and AL2. Linear trends (L1-L4) 

characterising the AL1 zone are indicated. FK1 and FK2 are speculatively inferred lineaments. 

 

To get a realistic 3D picture of the bedrock, we have knitted the buried bedrock surface with the 

topographic surface of the ASS outcropping basalts. The result is an image of the graben without the 

sedimentary infill (Fig. 5). The graben deepening towards NE as well as its main faults are clearly 

depicted.  

The results obtained from the 3D inversion are summarised in Figure 6. Several horst-graben 

structures hidden by the sedimentary cover of the graben can be observed. The main faults controlling 

the bedrock structures are traced from the maxima of the horizontal gradient of the bedrock 

topography. The fault system that originates the main graben depression is marked by MF1. A second 

main fault system MF2 divides the main depression into two sub-regions D1 and D2. In the region 

D1, several horst-graben structures are visible (H1-H3) trending NW. These structures are similar to 
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the ones emerging from the sediments and flanking the graben shoulder, and appear shifted by two 

inferred transversal lineaments interpreted as strike slip faults. 

Along the graben shoulder, we have traced the elevation of the top of the anomalous body. The body 

is divided into two sectors: B1 and B2a-B2b. Speculatively, the two sectors seem to be separated by 

inferred faults trending parallel to the Karrayu graben main lineaments. 

 

 

 

 

 

Figure 4: The 3D gravity starting model. The initial graben bedrock is indicated in grey surface.  

 

 

 

 

 
Figure 5: 3D view of the graben ASS bedrock without the sedimentary infill resulting from the 3D inversion, 

seen from SE (upper panel) and NW (lower panel). Vertical exaggeration factor: 6. 
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Figure 6: Map of the ASS bedrock elevation a.s.l. obtained from the 3-D gravimetric inversion. White lines: 

horst-graben structures mapped along the maxima of the topography horizontal gradient; MF1-MF2: 

main graben normal faults defining structural domains D1 and D2; H1-H3, horst-graben structures; T, 

strike slip faults;. White contour lines, elevation of the top of the anomalous body which is divided into 

two sectors, B1 and B2a-B2b, separated by probable faults (yellow dashed lines). 
 

 

3.2. MT and TEM investigations 

Three Phoenix V5 System MT equipments acquired EM data in the 1000-0.0001 Hz range. One 

station located in Ayrobera, about 20 km away fom the survey area, served as remote reference (Fig. 

1). Record lengths ranged between 17.5 to 70.2 hours, with a mean of 26.3. Proprietary software was 

used to estimate the MT impedance and geomagnetic tipper by combining the remote reference 

technique (Gamble et al., 1979) and robust MT processing (Sutarno, 2008). The resulting impedance 

and tipper were of very good quality, also thanks to the very low noise in the survey area (see the 

example in Fig. 9). 

 

The MT static shift distortion was corrected by means of a TEM survey, also covering the MT 

locations of the 2013 survey. After the static correction, the old and new MT data were jointly 

processed, forming a 123 stations dataset. Joint inversion of MT phase and TEM apparent resistivity 

data provided the two apparent resistivity correcting factors (sxy, syx) for each station. The MT 

impedance was corrected by assuming that the static distortion can be modelled by the following 

linear relationship: 
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where Zd and Zc are the distorted and corrected impedance, respectively, while C is the correction 

matrix.The final MT dataset was used to carry out a 3-D inversion by means of the ModEM software, 

a FD software designed for parallel computing (Meqbel, 2009; Egbert and Kelbert, 2012; Kelbert et 

al., 2014). The full unrotated and static shift-corrected impedance tensors (Z) were jointly inverted 

with tipper (Tz), at 19 periods comprised in the range 0.003 s and 1000 s. We assigned error floors of 

5 % to the four impedance tensor components, and a constant value of 0.03 was used as an error floor 

for the tipper components. A few heavily biased or scattered data points were discarded after 

inspection. 

The 3-D used mesh consists of 90 by 92 cells in x - and y directions, extending from -25 to +25 km in 

E-W (y) direction and from -25 to +26 km in N-S (x) direction. In the central portion, where the MT 

sites are located, the horizontal cell size is 300 m. Figure 7 shows a view of the horizontal 

discretization of the model domain. 

Different initial models were used for the 3D inversion, in order to validate the results: a 50 Ohm m 

homogeneous medium, a 10 Ohm m homogeneous medium and a model resulting from the linear 

interpolation of smooth 1-D models. The same smoothing coefficient was applied to all the 

inversions. Final results and misfit of the three inversion runs were very similar: our final preferred 

3D resistivity model is that deriving from the initial 1D smooth resistivity distribution. As an example 

of data fit, Figure 8 shows the response for station A013. 

 

 

Figure 7 : The horizontal grid used in the MT model. Site locations are marked by white dots.  

 

3.1.2 Results of MT data inversion 

 

The final preferred 3D resistivity model is shown in Figure 9 as horizontal resistivity slices and 

compared with the tectonic lineaments inferred from the gravity study. The sedimentary infill is 

characterised by a low resistivity layer, labelled S-CL, as can be observed from the -200 m a.s.l. slice. 

This conductive layer shows resistivity lower that 0.5 Ohm m; these values are in agreement with the 

results by Armadillo et al. (2014), referred to 2D MT profiles located SE of Dubti. Such low 

resistivities are interpreted as due to strong clay alteration possibly associated with high-salinity 

fluids. 

The ASS basalts show two anomalies, at 400 m a.s.l. (ASS-CL1) and -200 m (ASS-CL2), with 

resistivity of only about 1 Ohm m. The origin of the ASS-CL1 anomaly may be related to shallow 

strong hydrothermal alteration. The ASS-CL2 anomaly is related to the MER-trending structures 
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visible from topography. Below, three deeper anomalous zones (FZ1-FZ3), visible up to -1500 m 

a.s.l., show a resistivity of about 5-30 Ohm m. 

The N-S anomaly FZ0 is present up to great depth (-4000 m a.s.l.), and it could be caused by 

hydrothermal alteration located along a deep structural discontinuity. 

 

Figure 8: Model response for site A013 of the final preferred 3D resistivity model. Top left : xy and yx apparent 

resistivities; bottom left : xy and yx phases. Top right : real and imaginary Tx; bottom right : real and imaginary 

Ty. 

 

 

Figure 9: Horizontal resistivity slices from the preferred MT 3-D inversion model. Dashed black lines show the 

location of the resistivity profiles of Fig. 10. Other symbols explained in the text.  
 
 

Two vertical resistivity profiles extracted from the 3-D model are shown in Figure 10 (see Fig. 9 for 

their locations). The PT02 profile is orthogonal to the Alalobeda master faults. The graben steps are 

well depicted by the resistivity distribution and track the gravimetric bedrock profile. Considering the 

gravimetric bedrock mapping, it can also be observed that the conductive layer S-CL comprises the 
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sediments and a low-resistivity layering in the underlying ASS basalts. This layering likely represents 

a very strong altered portion of the bedrock. The ASS-CL1 and ASS-CL2 conductive anomalies are 

well discernible on the basaltic sector of the profile (left side). They show a resistivity of about 1 Ohm 

m, and as far as we know, it is the lowest resistivity ever attributed to the ASS basalts. In PT02 it can 

also be seen that the positive gravity anomaly (>1 mGal) is located where the alteration in the ASS 

basalts reaches a maximum. 

The profile PL07, parallel to the graben shoulder, clearly shows the three ASS-CL2 conductive 

anomalies located in prosecution of the MER faults. Below each anomaly, the resistivity bedrock 

(RB) undergoes to a deepening that we interpret as hydrothermal alteration concentrated along the 

fracture zones FZ1-FZ3. The deeper anomalies are probably associated with high-temperature clays 

alteration at depth, while the conductive shallow anomalies are generated by the low-temperature 

alterations. The FZ0 anomaly is deeper and larger, but no low-temperature conductive cap is visible. 

 

 

 

Figure 10: Resistivity sections PT02 and PL07. The bedrock resistivity (RB, white dashed line), is arbitrarily 

defined by a value of 30 Ohm m. The position of the tectonic lineaments inferred from the gravity study is 

indicated with black arrows. Grey lines indicate the normal faults inferred from the resistivity lateral variations. 

The gravimetric bedrock from the 3-D gravity inversion is marked with the black dashed line. Position of the 

gravimetric positive anomaly (RBA >1 mGal) is also shown along the profile PT02. 

 

The detected large resistivity variations in the ASS basalts (Figg. 9 and 10) are likely correlated to 

different alteration grades. Therefore, we assume that the vertical variations of the 30 Ohm iso-

resistive surface can be used as qualitative proxy for the alteration in the ASS basalts. The resulting 

map is shown in Figure 11.  
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We interpret the down doming of the 30 Ohm iso-resistive surface as indicative of enhanced 

conductivity due to four alteration zones (AZ0-AZ3). The AZ1-3 alteration zones are limited to the 

NE by the MF1 main fault system, and are compatible with hydrothermal fluid migrating with along 

the MER fracture zones trending NNE. Orthogonal flow might be driven by the intersecting NW-

trending Tendaho faults. It can be observed that the Alalobeda hot springs are located close to the 

intersection of the AZ2 and the MF1 main fault (Fig. 11). 

The AZ0 alteration zone extends over the MF1 main fault and reaches the plain, and is not related to 

faults revealed by gravity or morphology; however, it may be related to a geothermal fluid upflow. 

Globally, AZ0 and AZ3 pinpoint an alteration stripe orthogonal to the graben shoulder, and extending 

north-eastwards. Its south-eastern limit well agrees with the strike slip lineament inferred from 

gravity. 

 

 

 
Figure 11: Elevation a.s.l. of the 30 Ohm iso-resistive surface. Down-doming of the surface is interpreted here 

as indicative of greater alteration in the ASS basalts and allow to identify four main alteration zones (AZ0-AZ3) 

. The Alalobeda hot springs are marked by red circles. 
 

 

4. CONCLUSIONS 

 

The integration of gravimetric and magnetotelluric surveys and the associated advanced 3D 

interpretation techniques are a powerful method to characterise the structure of high-temperature 

geothermal systems.  

The final 3D gravity model images the ASS bedrock surface hindered by the sediments revealing the 

first-order normal faults controlling the graben main structures. The bedrock shows also second-order 

horst and graben structures that are shifted by strike-slip NE-trending lineaments. Beneath the graben 

shoulder, a positive density contrast ( +300 kg m
-3

) was modelled at depths between 1 and 2 km and 

interpreted as a propylitic alteration of the ASS. 

The 3D resistivity model matches the structures inferred from the gravity analysis. In addition, three 

NNE-trending fracture zones are imaged beneath the shoulder of the Tendaho Graben, where 

topography and structural observations indicate the presence of NNE-trending MER normal faults. 

These inferred fracture zones are characterised by a shallow conductive anomaly (interpreted as the 
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“low-temperature” clay cap) and a more resistive deeper anomaly (interpreted as the “high-

temperature” alteration). The fracture zones do not prosecute towards the plain and appear to be 

limited by the NW Tendaho Graben main normal faults. The resistivity pattern provides clues of a 

fluid path trending NNE along the MER lineaments, while NW-trending flow is likely driven by the 

intersecting Tendaho Graben main faults. The 3D resistivity model also reveals a deep conductivity 

anomaly that may be related to an upflow from greater depth; this feature is directly related neither to 

the NW Tendaho structures nor to the NNE MER strikes. 
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