
HAL Id: hal-03324179
https://brgm.hal.science/hal-03324179

Submitted on 23 Aug 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

New insights into hydrothermal fluid circulation affected
by regional groundwater flow in the Asal rift, Republic

of Djibouti
Abdek Hassan Aden, Jasmin Raymond, Bernard Giroux, Bernard Sanjuan

Sanjuan

To cite this version:
Abdek Hassan Aden, Jasmin Raymond, Bernard Giroux, Bernard Sanjuan Sanjuan. New insights
into hydrothermal fluid circulation affected by regional groundwater flow in the Asal rift, Republic of
Djibouti. Energies, 2021. �hal-03324179�

https://brgm.hal.science/hal-03324179
https://hal.archives-ouvertes.fr


  

Energies 2021, 14, x; doi: FOR PEER REVIEW www.mdpi.com/journal/energies 

Article 1 
New insights into hydrothermal fluid circulation affected by regional groundwater flow 2 
in the Asal rift, Republic of Djibouti  3 
 4 
Abdek Hassan Aden 1*, Jasmin Raymond 1, Bernard Giroux 1 and Bernard Sanjuan 2, 5 

1 INRS-Institut National de la Recherche Scientifique, 490, Rue de la Couronne, Québec, QC G1K 9A9, 6 
Canada ; jasmin.raymond@inrs.ca 7 

2 BRGM, 3, Avenue Claude Guillemin, 45062 Orléans la CEDEX 02, France; b.sanjuan@brgm.fr 8 
* Correspondence: Abdek.Hassan_Aden@ete.inrs.ca 9 
Received: 20 January 2021; Accepted: 17 February 2021; Published: ----- 10 

Abstract: The Asal Rift hosts a lake located in a depression at 150 m below sea level, where recharge 11 
is influenced by regional groundwater flow interacting with the Ghoubbet Sea along the coast of 12 
Djibouti. This regional groundwater flow is believed to influence hydrothermal fluid circulation, 13 
which we aim to better understand in this study, having the objective of developing concepts for 14 
geothermal exploration in the area. To this end, magnetotelluric data acquired in the Asal Rift were 15 
processed and analyzed. 1D inversion models of electrical conductivity were interpolated for 16 
interpretation. These data were then used to build a 2D hydrogeological model, allowing 17 
multiphase flow and heat transfer simulations to be performed, considering the regional 18 
groundwater flow near the surface and the site topography, in order to confirm the preferred path 19 
of fluid flow. Geophysical data analysis indicates the presence of normal faults, notably the H fault, 20 
which may act as a conduit for the circulation of hydrothermal fluids and where the hanging wall 21 
can be a hydrogeological barrier within the hydrothermal system of the Asal Rift. The results from 22 
the 2D numerical flow and heat transfer modelling show the importance of groundwater flow 23 
responsible for thermal springs located at the periphery of Asal Lake. Reservoir temperature 24 
inferred by means of geothermometry ranging from 200 to 270 °C was shown to correspond to 25 
simulated temperature at potential reservoir depth. Moreover, simulated temperature between 600 26 
and 1700 m depth is close to the temperature profile measured in the geothermal well Asal 6 of the 27 
area, with less than 20 °C difference. Simulations indicate that hydrothermal fluid circulation is 28 
likely influenced by the regional groundwater flow controlled by the topography and the major 29 
water bodies, the Ghoubbet Sea and Asal Lake, feeding buoyant fluids interacting with a deep 30 
magmatic source and where tectonic activity created normal faults offering a preferred path for fluid 31 
circulation. 32 

Keywords: hydrothermal system; electrical conductivity; multiphase flow; numerical modeling; 33 
normal fault; heat source; Asal rift 34 

 35 

1. Introduction 36 
Extensive tectonic environments are known to host significant geothermal resources with large-37 

scale fluid flows [1]. The Asal Rift is located in the central part of the Republic of Djibouti in the Afar 38 
depression, a tectonically active region where three major structures, the Great Rift Valley, the Red 39 
Sea, and the Gulf of Aden, are in extension and together form the Afar Triple [2,3], an emerged 40 
oceanic rift like that of Iceland. This region is a geological laboratory, where several scientific studies 41 
have been conducted to understand the processes and mechanisms related to the rifting 42 
phenomenon. The geological, geophysical, and geochemical studies carried out with French–Italian 43 
scientific collaboration between 1975 and 1988 guided the drilling of six deep geothermal exploration 44 
boreholes. A 3D geophysical model was built from passive seismic data [4] and indicated that the dip 45 
of normal faults far from the rift axis is about 50°–60° in the NE–SW direction, whereas normal faults 46 
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close to the rift axis are sub-vertical. The tectonic activity of these faults and the volcanism of the area, 47 
including the last eruption of the Ardoukoba volcano in 1978, are sources of seismic activity and 48 
drivers of hydrothermal fluid circulation. The results of seismic tomography indicate that most of the 49 
seismic events are located in the first 3 km below the surface [4]. Nevertheless, seismicity within the 50 
Asal Rift does not seem to be related to vertical fault planes, but rather to the opening of the fractures 51 
through a pressure gradient caused by hot fluids rising under the rift [5]. This mechanism implies 52 
that the planes of normal faults begin to tilt away from the rift axis [4] and could act as natural 53 
conduits allowing hydrothermal fluid circulation.  54 

Asal Lake, which is 150 m below sea level, is affected by saline groundwater originating from 55 
the Ghoubbet sea located 12 km southeastward [2,3]. The role of normal faults in groundwater 56 
circulation in the Asal Rift appears important, especially for the circulation of groundwater 57 
interacting with Asal Lake, the Ghoubbet Sea, and the deep hydrothermal circulation of hot fluids, 58 
which has not been studied with modern physical models that can reproduce multiphase flow and 59 
heat transfer mechanisms. The present study is based on this hypothesis, for which work was 60 
conducted to better understand the importance of normal faults in the circulation of groundwater 61 
and hydrothermal fluids. This study was conducted in the context of geothermal exploration to 62 
provide fundamental knowledge analyzing the role of faults and considering the impact of 63 
groundwater flow between the Ghoubbet Sea and the Asal Lake. The work aims to define which 64 
faults can act as conduits or barriers to groundwater flow within the Asal Rift. To achieve this goal, 65 
electrical resistivity data were analyzed to build a conceptual model of the rift, followed by 66 
quantitative multiphase and heat transfer modelling of the hydrothermal system in 2D. 67 

2. Geodynamic and hydrogeological context 68 
The westward propagation of the Gulf of Aden at a velocity of 30 mm/year gave rise to the 69 

emergence of the Asal Rift [2]. The opening of the Asal Rift segment dates from the Miocene and its 70 
geology is characterized by the abundance of volcanic rocks formed in an environment of extension 71 
and opening. This emerged rift segment is 15 km long and 14 km wide. The opening velocity is 72 
approximately 16 mm/year [6] in the direction of N°45°E. The structure of this rift is characterized by 73 
a set of fracture networks and normal faults in the N130°E direction between Asal Lake and Ghoubbet 74 
Bay (Figure 1). Having a thin thickness and basaltic lavas at the surface in the form of basalt series, 75 
the land crust of the Asal Rift is considered transitional, i.e., an intermediate between the continental 76 
and nascent oceanic crust [4]. The first effusive event linked to the birth of the rift dates from 853,000 77 
to 315,000 years ago [7]. Effusive magmatic activity continued in the northern part of the Asal Rift for 78 
315,000 years and the southern part has been under seawater for 326,000 years, with the formation of 79 
hyaloclastites [7]. The activity of the central Fiεale Caldera controlled the evolution of the rift between 80 
326,000 and 100,000 years ago. Indeed, it allowed the injection of large volumes of basaltic lava into 81 
the interior floor that masked the previous faults [8]. Over the last 50,000 years, volcanic activity has 82 
decreased and the successive basaltic flow formations that make up Fiεale Caldera have gradually 83 
been shifted by normal faults [7]. The modern rift structure began about 40,000 to 30,000 years ago 84 
with the development of the faults with outer margins H and δ [9]. From this period, the Fiεale 85 
Caldera gradually extinguished and volcanic activity continued along the interior floor with small 86 
volcanic edifices and eruptive fissures [7]. With the most recent magmato-tectonic event dated in 87 
November 1978, two earthquakes of magnitude 5 and 5.3 were recorded in the Asal-Ghoubbet Rift 88 
and, following this event, 0.7 m of vertical subsidence and 2 m of horizontal extension in the direction 89 
N °40 E occurred in the rift [9]. A one-week eruption accompanied by basaltic fissures to the 90 
northwest of the rift gave rise in November 1978 to the axial volcanic chain and then to the eruption 91 
of the Ardoukoba volcano (Figure 1). At present, most of the rift deformation is concentrated in its 92 
northeastern part and around the edifice of the Fiεale Caldera [4–6]. 93 

Thermal springs, fumaroles, and the existence of alteration on the surface of the Asal Rift are 94 
indicators of volcanic activity and the presence of potential geothermal resources at depth. Hot 95 
springs are abundant around the Asal Lake, especially in the eastern part, with temperatures ranging 96 
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from 30 to 90 °C (Figure 1). Between the Asal Lake and the Ghoubbet Sea, only fumaroles are observed 97 
at the surface because the hydrostatic level is below the topographic surface.  98 

Chemical analyses of gases and determination of δD and δ18O water stable isotopes of steam 99 
condensate have been performed for some of these fumaroles [10,11]. The results allowed estimating 100 
the source temperature at a depth higher than 230 °C, and even than 300 °C, in the studied Asal Rift. 101 
The isotopic data from the steam condensate suggest the existence of primary steam (likely separated 102 
at high temperature) originating from a deep heavy brine in this area [11]. The existence of this 103 
primary steam is in good agreement with the presence of a dominant vapor zone in the conceptual 104 
geothermal model proposed by BRGM [10–12]. 105 

Owing to the high salinity of Asal Lake and according to geochemical analyses, about 90% of 106 
the recharge of Asal Lake is believed to be due to infiltration and evaporation of Ghoubbet seawater 107 
[3], depleted in sulfate because of CaSO4 precipitation [13]. From a geochemical study of water 108 
sampled from the rift thermal springs, the authors of [3] showed that the chemical and Sr isotope 109 
composition of these waters can be explained by variable seawater interaction with basaltic rocks at 110 
different temperatures and evaporation processes. Among thermal waters, those of the Manda group 111 
(Figure 1) indicate the lowest seawater–basalt interaction and evaporation degree, suggesting that 112 
their source temperature is not high and their circulation rate is relatively significant between the 113 
Ghoubbet Sea and the Asal Lake. The thermal waters of the Eadkorar group, located in the 114 
northeastern part of the lake (Figure 1), constituted by a mixing of seawater, Asal Lake water, and 115 
meteoric water, as suggested by the δD and δ18O water stable isotopes [14,15], indicate the highest 116 
seawater–basalt interaction grade and seem to be the only direct leaks of a deep fluid discharged 117 
from a geothermal reservoir at 200–210 °C, as estimated by chemical geothermometry [3]. The Korilii 118 
and Kalou thermal waters (Figure 1) can result from a mixing between the deep geothermal water at 119 
260–270 °C with seawater and Asal Lake water. The stable isotopes suggest the Korilii water is also 120 
diluted by meteoric waters [14,15]. The Eounda Alifitta waters, located in the north-eastern most part 121 
of the lake (Figure 1), indicate relatively low basalt–seawater interaction degrees and significant 122 
contributions of Asal Lake water. A contribution of meteoric water is also suggested by the water 123 
stable isotopes [15]. 124 

The geothermal wells A1, A3, and A6 are within a radius of 300 m (Figure 1). These wells have 125 
confirmed the existence of an intermediate reservoir located between 300 and 700 m depth, with a 126 
maximum temperature of 185 °C, and another potentially deep reservoir located between 1200 and 127 
2000 m depth, with a maximum temperature of 260–280 °C (Figure 2). However, production tests 128 
proved to be ineffective for a continuous commercial geothermal energy production over time for 129 
two reasons: 130 

• The geothermal fluid produced in the wells drilled south-west of the rift (wells A1, A2, A3, 131 
and A6), which reached the deep reservoir, had a salinity ranging up to 120 g/l, and wells were subject 132 
to scaling and corrosion problems. The solutions considered at that time with chemical inhibitors 133 
were not satisfactory [16]. 134 

• The wells drilled in the center of the rift (wells A4 and A5) intercepted formations with low 135 
permeability, even if a higher temperature (345 and 360 °C, respectively) was measured at their base. 136 

The authors of [3] showed that the deepest geothermal fluid from the wells is constituted by a 137 
mixing of seawater and Asal Lake water, interacting with basalt rocks at 260–270 °C. The water stable 138 
isotopes also suggest a contribution of meteoric water [15], similar to that observed in the Korilii, 139 
Eadkorar, and Eounda Alifitta thermal waters, which could mainly be the meteoric water that transits 140 
from Asal local rift to Sakalol-Harralol depression, located at the north-west of Asal Lake, or/and the 141 
meteoric water coming from the deep circulating regional aquifers [11–14]. The low boron 142 
concentration observed in these deep waters suggests the existence of a steam phase in the 143 
geothermal system [3]. The existence of such a zone with dominant vapor is in agreement with the 144 
conclusions relative to the gas and steam condensate data drawn by [11] and the conceptual 145 
geothermal model proposed by BRGM [10–12]. The equilibrium temperature calculated from all 146 
gaseous reactive species associated with these well waters, except H2S, is very close to that measured 147 
at the bottom of the geothermal wells Asal 3 and Asal 6. This temperature corresponds to that of the 148 
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identified geothermal reservoir and varies between 250 and 270 °C. According to [3], the geothermal 149 
waters located at a depth between 300 and 700 m correspond to a mixing between the deepest 150 
geothermal fluid and seawater. The circulation of hydrothermal fluids in the northern part of the rift 151 
is believed to happen deeper than in its southern part [17]. 152 

Assuming the highly saline water of Asal Lake contributes to the recharge of the geothermal 153 
reservoir, this contribution is relatively recent as the water of Asal Lake was fresh and its salinity was 154 
recently acquired [3–9]. This constrains the fluid circulation time in the deep hydrothermal system 155 
located between 1 and 3 km, having high enthalpy. The water level of Asal Lake 9 to 6 thousand years 156 
ago was 160 m above sea level. Over the past 5 to 6 thousand years, the level has declined by 310 m 157 
and the lake level is currently 150 m below sea level [9]. This level has remained constant for the last 158 
centuries. Therefore, this suggests that, despite the intense evaporation from the arid climate of the 159 
area and the infiltration of water from the lake, this evaporation of lake water is compensated by a 160 
constant recharge mainly supplied by the Ghoubbet Sea. 161 

The Asal 2 and Asal 3 wells are believed to penetrate the potential deep reservoir unit, but Asal 162 
2 well was non-productive, although a temperature of 230 °C was measured at a depth of 923 m, 163 
while the Asal 3 and Asal 6 (located with a distance of about 300 m) were producers with permeable 164 
zones at a depth of 1030 m (Figure 2). The fluid produced was hyper saline and essentially composed 165 
of liquid at 260° C [16]. 166 
 167 
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Figure 1. (a) Topography map of Djibouti with the main geothermal potential sites. Red 204 
rectangle is Djibouti. (b) Structural map of the Asal rift modified from [9]. EAR: East African Rift; MT: 205 
magnetotelluric. 206 
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    207 
Figure 2. Temperatures measured at equilibrium in Asal geothermal wells. 208 

   209 

3. Methods  210 
An electrical resistivity model deduced from magnetotelluric surveys was used in this study to 211 

better understand the circulation of seawater through normal rift faults. Using the geoelectrical 212 
model, a 2D hydrogeological model was developed for numerically simulating multiphase flow and 213 
heat transfer, in order to better understand and quantify the flow dynamics and the development of 214 
possible hydrothermal reservoirs. 215 

To better understand the role of seawater and the origin of thermal springs at the periphery of 216 
the Asal Lake, the 2D numerical model of coupled and multiphase flow and heat transfer was 217 
developed with the HYDROTHERM software provided by USGS [18,19]. 218 

3.1. Magnetotelluric data acquisition and processing 219 
Generally, the presence of fluids in porous rocks and their interconnections, the types of 220 

minerals, and the temperature and pressure in the rocks contribute to the variation of electrical 221 
resistivity. Hydrothermal fluids and the existence of a layer of clay that acts as a cap rock present on 222 
the roof of a hydrothermal reservoir are usually identified as highly conductive areas, while, on the 223 
other hand, gas reservoirs and cooled magma are identified as less conductive areas [20]. 224 

Between 2007 and 2008, a survey including 81 magnetotelluric (MT) stations was carried out in 225 
the Asal Rift by the Icelandic company ISOR [16]. The geographical distribution of the MT stations, 226 
which are roughly 1 km apart, covers a large part of the Asal Rift Figure 1). The instrument used to 227 
record the data was a Phoenix MTU-5 system and has the ability to record the temporal variation of 228 
the three components of the magnetic field (Hx, Hy, and Hz) and the two components of the telluric 229 
field (Ex and Ey). A reference station, located 10 km from the study area, was used to correct and 230 
reduce the local noise of the MT signals [21]. The data collection time was 48 h. For each site, time 231 
series were converted from time domain to frequency domain impedance tensor [22]. The frequency 232 
range of the data varies from 12.9*10-6 Hz to 400 Hz and corresponds approximately to a depth of 233 
investigation of the MT signal of more than 12 km inside the earth. 234 
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In this study, a 1D inversion of each station of the MT data was achieved. The apparent 235 
resistivity of the squared sum of the components of the invariant impedance [23] was inverted using 236 
the Occam algorithm [24]. This impedance is expressed as follows: 237 

 238 

            𝑍𝑍ssq =  �
Zxx2 +𝑍𝑍𝑥𝑥𝑥𝑥2 +𝑍𝑍𝑦𝑦𝑦𝑦2 +𝑍𝑍𝑦𝑦𝑦𝑦2

2
                                              (1)     239 

                                                                                                 240 
where Zxx, Zxy, Zyx, and Zyy are the elements of the impedance tensor Z. Generally, the invariant 241 
determinant model is used, but, recently, [25,26] have shown that the determinant model is affected 242 
by galvanic distortion at depth. These authors argue that this model tends to reveal more conductive 243 
geological structures in the presence of distortion. Another invariant type of model named SSQ (sum 244 
of squared elements) is used because it is less affected by the distortion and more appropriate to 245 
obtain a first representative approximation of the regional electrical resistivity [25,26]. 246 

In this study, an uncertainty of 10% apparent resistivity was assigned for several soundings, 247 
except seven soundings with up to 20% uncertainty. The signal in the so-called dead-band, which 248 
corresponds to the 5 to 20 s period interval, was low and the resulting uncertainty higher. Moreover, 249 
the uncertainty assigned for the phase was 2.5°. With this approach, an electrical resistivity model 250 
was developed, where data from all sites were interpolated and interpreted to infer concepts about 251 
underground fluid flow. The inversion results of an electrical conductivity model are presented in 252 
Section 4 below, helping to evaluate the role of the Asal Rift in groundwater circulation interacting 253 
with deep hydrothermal fluids and to delineate the presence of a hydrothermal system located at a 254 
depth between 1.2 and 2 km. 255 

3.2. Conceptual model and numerical simulations 256 
High enthalpy geothermal resources required to generate electricity are generally found in areas 257 

where magma is introduced into the shallow crust (<10 km) and hydrothermal convection takes place 258 
over intrusive hot bodies. For a convective-type geothermal system such as the Asal Rift, the most 259 
appropriate conceptual model consists of the following elements [27]. A deep magmatic intrusion 260 
that is covered by a host rock. The latter hosts permeable reservoir formations that are covered by a 261 
cap rock close to the surface. Based on the structure of this type of geothermal system and the results 262 
of the geothermal wells data (Figure 2), a conceptual model of the Asal Rift was set up, helping to 263 
approximate the thickness of the seawater intrusion towards Asal Lake. The 2D conceptual model 264 
used to define the geometry of the numerical model was based on an interpreted resistivity section 265 
inferred from the 1D electrical resistivity model developed in this study. This 2D section is parallel 266 
to the rift axis (Figure 1) and was chosen because of the presence of productive geothermal wells 267 
(Asal 3 and Asal 6) along this section, and is parallel to the believed direction of regional groundwater 268 
flow. The temperature profile of the Asal 6 well was used to calibrate the numerical model. 269 

3.2.1. Multiphase flow and heat transport 270 
Simulation of multiphasic flow and heat transport is challenging because it is difficult to 271 

consider the critical point to set the appropriate thermodynamic state of the fluid in two phases. The 272 
pressure–enthalpy formulation that defines the thermodynamic state of the fluid in two phases can 273 
be used to avoid this problem, which was done in the HYDROTHERM code [28]. The governing 274 
equations used in the HYDROTHERM code are expressions of mass and energy conservation 275 
formulated in terms of pressure and enthalpy. As no potentiometric-head function exists for density 276 
fields that depend on temperature, pressure is chosen as the dependent variable for fluid flow. All 277 
pressures are expressed as absolute and the water-component flow equation is based on the 278 
conservation of water mass in a volume element, coupled with Darcy’s law for multiphase flow 279 
through a porous medium [19]: 280 

 281 
𝜕𝜕
𝜕𝜕𝜕𝜕

[𝜑𝜑(𝜌𝜌𝑤𝑤𝑆𝑆𝑤𝑤 + 𝜌𝜌𝑠𝑠𝑆𝑆𝑠𝑠)]− ∇. 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝜌𝜌𝑟𝑟𝑟𝑟
𝜇𝜇𝑤𝑤

[∇𝑃𝑃 + 𝜌𝜌𝑤𝑤𝑔𝑔] − ∇. 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝜌𝜌𝑟𝑟𝑟𝑟
𝜇𝜇𝑠𝑠

[∇𝑃𝑃𝑔𝑔 + 𝜌𝜌𝑠𝑠𝑔𝑔] − 𝑞𝑞𝑠𝑠𝑠𝑠 = 0               (2)                     282 
 283 
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where φ is the porosity (dimensionless), ρ is the fluid density (kg m-3), Sw is the saturation of 284 
liquid phase (water) and Sw is the saturation of the gas phase (steam or air; dimensionless), k is the 285 
porous-medium permeability tensor (m2), kr is the relative permeability (dimensionless), μ is the 286 
viscosity of fluid (Pa s), P is the fluid pressure in the liquid phase (Pa), Pg is the fluid pressure in the 287 
gas phase (Pa), g is the gravitational constant (m s-2), qsf is the flow-rate intensity of a fluid-mass source 288 
(positive is into the region) (kg s-1 m-3), t is the time (s), and ∇ is the spatial gradient (m−1). The phase 289 
subscripts w and s refer to water (liquid phase) and steam (gas phase or vapor phase), respectively. 290 
In the single-component (water) zone, pg = p because the capillary pressure is assumed to be zero. As 291 
any point in the mesh, it can be a single component or two component zone and the saturation 292 
constraint is Sw + Sg =1. 293 

The thermal-transport equation is based on the conservation of enthalpy in both the fluid phases 294 
and the solid phase of the porous medium, in a volume element of the region. So, enthalpy is a 295 
derived property containing both internal energy and flow energy. Thus, 296 

 297 
𝜕𝜕
𝜕𝜕𝜕𝜕

[𝜑𝜑(𝜌𝜌𝑤𝑤ℎ𝑤𝑤𝑆𝑆𝑤𝑤 + 𝜌𝜌𝑠𝑠ℎ𝑠𝑠𝑆𝑆𝑠𝑠) + (1 −𝜑𝜑𝜌𝜌𝑟𝑟ℎ𝑟𝑟]− ∇.𝐾𝐾𝑎𝑎𝐼𝐼∇𝑇𝑇 + ∇.𝜑𝜑(𝜌𝜌𝑤𝑤ℎ𝑤𝑤𝑆𝑆𝑤𝑤𝑣𝑣𝑤𝑤 + 𝜌𝜌𝑠𝑠ℎ𝑠𝑠𝑆𝑆𝑠𝑠𝑣𝑣𝑠𝑠)− 𝑞𝑞𝑠𝑠ℎ = 0   (3)  298 
 299 
where h is the specific enthalpy of the fluid phase (J kg-1), hr is the specific enthalpy of the porous-300 

matrix solid phase (J kg-1), ρr is the density of the porous-matrix solid phase (kg m-3), Ka is the effective 301 
thermal conductivity of the bulk porous medium (combined liquid, gas, and solid phases)                        302 
(W m-1 °C-1), I is the identity matrix of rank 3 (dimensionless), T is the temperature (°C), qsh is the flow-303 
rate intensity of an enthalpy source (positive is into the region) (W m-3).  The phase subscripts w and 304 
s refer to water and steam respectively.   305 

The main assumptions underlying Equations (2) and (3) that are solved in HYDROTHERM are 306 
the following: capillary pressure effect is negligible, porous medium and fluid are in local thermal 307 
equilibrium, the fluid is pure water, heat transfer by radiation and dispersion can be neglected, 308 
Darcy’s law is valid with two phase forms, and relative permeability is a nonhysteretic function of 309 
liquid volume saturation. 310 

3.2.2. Spatial and temporal discretization  311 
The 2D conceptual model to simulate extends 14 km horizontally (Figure 1) and 3 km vertically 312 

from the land surface. The model geometry in the HYDROTHERM simulator is discretized with a 313 
regular 100 × 100 grid. The simulation time span to reach a quasi-steady state temperature regime 314 
was 100,000 years and an initial time step of 0.001 year was considered. An automatic time step 315 
algorithm is used in the simulator, where smaller time steps are selected when conditions are 316 
changing rapidly and maximum values for changes in pressure, enthalpy, and liquid saturation are 317 
specified before running the simulation [19]. In our study the maximum changes in pressure, 318 
enthalpy, and saturation are 10%, 5%, and 0.03, respectively. This results in a maximum time step of 319 
1000 years. The independence of the mesh is presented to demonstrate the accuracy of the solution. 320 
In this study, two different grids were considered with two different initial time steps.                                                                                                                         321 

3.2.3. Initial and boundaries conditions  322 
Numerical modeling of continental or subaerial hydrothermal systems often considers the upper 323 

system flow boundary to be the water table of shallow aquifers affected by topography [18,29,30]. 324 
Therefore, initial conditions are an initial temperature of 20 °C with an atmospheric pressure of 1 atm 325 
at the surface of the 2D model, a geothermal gradient of 49 °C/km, and hydrostatic pressure 326 
increasing with depth. A heat flux of 100 mW/m2 was fixed at the base of the model and the surface 327 
boundary has a constant temperature of 20 °C. A pressure of 1 atm was also considered at the surface 328 
boundary. The base of the model is considered impermeable with no flux. Constant temperature and 329 
pressure determined from the initial conditions were imposed on the lateral boundaries of the model 330 
in order to take into account the variation of the geothermal and the pressure gradients at depth. This 331 
allowed to establish the temperature and pressure gradients according to the topography and the 332 
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water table depth inferred from the conceptual model. Five different simulation scenarios are 333 
presented below. For all scenarios, a deep resistive structure named R2 was taken as a magmatic 334 
intrusion or heat source, and a heat flux of 2700 mW/m2 was fixed at the base of this R2 structure. 335 
This is the base case scenario where the boundary conditions presented above are used. 336 

Numerical simulations conducted in magmatic hydrothermal systems [18,31] showed that the 337 
representation of the topography is an important factor to reproduce regional groundwater flow 338 
driven by the topography. This was taken into account to better evaluate the dynamic of groundwater 339 
flow between the Asal Lake and Ghoubbet Sea. In addition, the influence of infiltration from rainfall 340 
in geothermal systems is not negligible, but the impact of rainfall in the hydrothermal activity is 341 
commonly limited in the upper part [32] and may not prevail in the deeper part of the hydrothermal 342 
system, as in the case of Asal Rift. The impact of rainfall was not simulated as the numerical 343 
simulations considered confined flow. 344 

3.2.4. Hydraulic and thermal properties 345 
The geological units considered in the conceptual 2D model were interpreted from the 1D 346 

electrical resistivity model developed in this study. Hydraulic and thermal properties of each unit 347 
were defined according to Table 1, used as the base case scenario and noted as scenario 1. Then, four 348 
other different scenarios were conducted in order to evaluate the sensitivity of the results to changes 349 
in the main hydraulic parameter (permeability) of the geological units. Three permeable vertical 350 
conduits that can be associated with fault zones were added and coexist to evaluate the possible 351 
impact of fault zones. The choice of emplacement and geometry of these faults was based on the 352 
interpretation of the inverted electrical resistivity profile developed in this study. Thus, properties of 353 
faults remain the same of those of unit C1 (Table 1), but with higher isotropic permeability equal to 354 
2.17 × 10−14 m2. In scenario 2, a permeability dependent temperature in the potential deep reservoir 355 
unit was adopted with an isotropic permeability of heat source equal to 10−17 m2. Scenario 3 was 356 
simulated to understand the behaviour of the system in the deeper part without permeability 357 
dependent temperature. To do this, an isotropic permeability was assigned to both the heat source 358 
(10−17 m2) and the potential deep reservoir unit (10−15 m2). This permeability value assigned in the 359 
potential deep reservoir unit is of the same order of the one estimated from the production test of 360 
well Asal 3, which reached the potential deep reservoir, which was equal to 6.3 × 10−15 m2 [33]. The 361 
conditions of scenario 4 are similar, but a permeability dependent temperature inside the heat source 362 
unit was used. Finally, scenario 5 was simulated with permeability anisotropy within the near-surface 363 
aquifer C1, which was assigned to the model to investigate how it can influence the regional 364 
groundwater flow. Horizontal permeability was set one order higher than the one of the base case 365 
scenario. The purpose of this scenario 5 was to simulate the predominance of horizontal fluid 366 
movements over vertical movements within this geological formation and hypothesize the behaviour 367 
of the system in such conditions. The properties of all units remain the same as those of scenario 1, 368 
except for the horizontal permeability in the unit C1, which was equal to 2.17 ⨯ 10−14 m2. 369 

In the crust, thermal conductivity decreases with increasing temperature [34]. The formulation 370 
developed by [34] for crystalline rocks with a temperature range between 20 and 500 °C was taken 371 
into account, where the thermal conductivity value at 20 °C is 2.5 W m-1 °C-1. To consider the effect of 372 
latent heat of crystallization, a linear temperature-dependent rock heat capacity relation was adopted, 373 
which doubles from 900 at temperatures below 100 °C to 1800 J kg-1 at temperatures greater than  500 374 
°C. This linear relationship was based This linear relationship was based on the approach initially 375 
developed by [34] and then used by [35] for similar modeling work. 376 

Temperature-dependent rock permeability was formulated for both the potential deep reservoir 377 
and heat source (Table 1). This formulation is the same as that developed by [29] for magmatic 378 
hydrothermal systems, where permeability increases with the decreasing temperature. Thus, the 379 
permeability of the heat source with a temperature range of 400–500 °C is one order of magnitude 380 
less than the one of the deep reservoir with a temperature range of 200–400 °C. 381 

In such systems, fluid flow is mainly controlled by processes such as thermal pressurization, 382 
buoyancy, and magmatic exsolved fluid. Our hypothesis is based upon the existence of deep 383 
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hydrothermal circulation in the Asal Rift and the absence of a magma chamber at a depth less than 5 384 
km [4]. Thus, the fluid pressure originating from the heat source unit may have allowed rocks to fail 385 
and created permeability within the potential deep reservoir unit. 386 

 387 
 388 
Table 1. Hydraulic and thermal properties for simulation of the base case scenario. 389 
 390 

  
Formations unit 

 

Unsaturated  
formation: R1 

Aquifer: C1 Cap rock: C2 Potential deep 
reservoir 

Heat source : 
R2  

Porosity (-) 0.12 0.12 0.12 0.27 0.12 

Horizontal 
permeability (m2) 

2.17 x 10-16 2.17 x 10-15 2.17 x 10-18 Temperature 
dependent 

Temperature 
dependent 

Vertical 
permeability (m2) 

2.17 x 10-16 2.17 x 10-16 2.17 x 10-18 Temperature 
dependent 

Temperature 
dependent 

Thermal 
Conductivity 

(W m-1 k-1) 

Temperature 
dependent 

Temperature 
dependent 

Temperature 
dependent 

Temperature 
dependent 

Temperature 
dependent 

Density (kg m-3) 2700 2700 2700 2800 2900 

 
Specific heat 

(J kg-1) 

 
1000 

 
1000 

 
1000 

 
Temperature 

dependent 

 
Temperature 
dependent 

Compressibility             
(Pa-1) 

10-20 10-20 10-20 10-20 10-20 

 391 

4. Results 392 
The results of 1D electrical conductivity model are initially presented and followed by the results 393 

of fluid flow simulations. 394 

4.1. 1D electrical resistivity model 395 
Observed and simulated electrical resistivity fits with an average root mean square (RMS) misfit 396 

of about 0.1. The match of electrical resistivity and phase at each MT station appears reasonable, as 397 
can be seen for resistivity, and phase curves of all MT sites along the 2D MT profile (Figure 1) are 398 
presented in Figure 3. 399 

The H fault (Figure 1, Figure 4) delineates two distinct zones of electrical resistivity. The north-400 
east part of this fault is defined as a conductive zone, while the south part is less conductive (more 401 
than 20 Ω.m). The geometry of the Fiεale Caldera corresponds to a well-defined zone of electrical 402 
resistivity of the order 20–30 Ω.m (Figure 1, Figure 4). The different electrical iso-resistivity maps in 403 
Figure 4 show a gradient of electrical conductivity that increases in the direction from the south-west 404 
to the north-east. This change of the conductivity gradient is clearly visible and evident at depths of 405 
1640 and 1840 m (Figure 4). 406 
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  413 
Figure 3. Comparison of observed and simulated electrical resistivity at MT sites along 2D MT 414 

profile in Figure 1. 415 
 416 

4.2. 2D conceptual model  417 
The conceptual model of Figure 5 was defined using the available electrical resistivity data 418 

interpreted along a cross section more or less parallel to the Asal rift axis (Figure 1). A top layer of 419 
high resistivity (R1) is associated with unsaturated formation near the surface. The underlying layer 420 
with a low resistivity C1 is considered as an aquifer, which can host shallow or intermediate 421 
reservoirs, as evidenced by temperature profiles of wells Asal 6 and Asal 3 (Figure 2). These 422 
temperature profiles show convection cells with a change in geothermal gradient at a depth between 423 
300 and 600 m that can only occur in permeable layers with fractures. 424 

Layer C2 can be a cap rock covering the formations hosting deep hydrothermal reservoirs, which 425 
is referred to here as the potential deep reservoir unit in the numerical model. The highly resistive R2 426 
structures can mostly likely be associated with intrusive bodies. 427 

 428 
 429 
 430 
 431 
 432 
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 436 
 437 
Figure 4. Interpolation at selected depth of inverted electrical resistivity. 438 
 439 

. 440 
 441 
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 442 
 443 
Figure 5. 2D conceptual model interpreted from along 2D MT profile in Figure 1. 444 

 445 

4.3. Numerical simulations 446 
Mesh and time step independence were investigated to make sure numerical simulations are 447 

reliable. A comparison between different grids for scenario 1 at the location of Asal 6 well at a depth 448 
of 1500 m is presented in Appendix A. The results with a 100 × 100 grid and initial time step of 0.001 449 
year are presented in Figure 6 and 7. Furthermore, a mesh with a 40 × 100 grid with an initial time 450 
step of 0.01 year was considered (Figure 6) and the patterns of flow and heat transport observed were 451 
similar to those of mesh with a 100 × 100 grid (Figure 7). We can deduce and argue that our solution 452 
is independent of the choice of the grid and the choice of the initial time step. One should keep in 453 
mind that the HYDROTHERM software uses an algorithm allowing an automatic time step [19] in 454 
which only the initial time step is set by the user. 455 

The simulation results of scenario 1 and scenario 2 (Figure 6 and 7) show the upwelling of a 456 
warm fluid or an upflow zone that propagates from the heat source at the model center toward Asal 457 
Lake and toward the sea, but to a lesser intensity. The development of convection movements is 458 
visible inside the deep potential reservoir unit that can likely host localized hydrothermal reservoirs. 459 
Scenarios 3 and 4 present similar flow and temperature patterns with the presence of three flow zones 460 
at a distinct depth. Groundwater circulation toward Asal Lake inside the aquifer C1 can be identified 461 
and the widening of the deep upflow zone of hydrothermal reservoir from the center to the sea can 462 
be observed. High velocity flow vectors also appear in the center of the rift at a depth between 900 463 
and 1800 m, particularly inside the faults zones, where hot ascent fluid in the fault close to the sea 464 
and cold descendant fluid in the fault close to Asal Lake can be observed. This can be associated with 465 
a mixture of descending cold groundwater with the ascending deep hydrothermal circulation over a 466 
depth of about 500 m and driven by the temperature gradient (Figure 7). Scenario 5 captures the same 467 
temperature patterns as the results of scenarios 1 and 2, but with strong flow vectors inside the unit 468 
called C1, noted here as a shallow aquifer. Obviously, the system behaviour remains the same in the 469 
deeper part even with the presence of significant lateral flow in the upper part of the system   470 
(Figure 7). 471 

The Asal 3 and Asal 6 wells are believed to be penetrating the deep potential reservoir unit. The 472 
full comparison between simulated and observed temperature in well Asal 6 for each scenario is 473 
shown in Figure 8. The simulated temperature is about 255 °C in scenario 1 at a depth of 1600 m, 474 
which approximately corresponds to the measured temperature at the bottom of Asal 6 well (265 °C 475 
at a depth of 1700 m). In fact, the measured temperature matches with the simulated temperature of 476 
scenarios 1, 2, and 5, except in the upper part above 600 m depth (Figure 8). The comparison between 477 
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the measured and simulated temperature for scenario 3 is not presented as it is the same as   scenario 478 
4 (Figure 8). 479 
 480 

 481 

 482 
 483 
Figure 6. Simulated temperature and flow vectors at time equals to 100,000 years in scenario 1. 484 

The direction of flow is from the point to the end of the straight lines. The length of each line indicates 485 
the water flow vector magnitude, where 1.2 km = 1 x 10-5 g (s-1 cm-2). (a) Results with a grid of 100 x 486 
100 and initial time step of 0.001 year. (b) Results with a grid of 40 x 100 and initial time step of              487 
0.01 year. 488 

 489 
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 490 
Figure 7. Simulated temperature and flow vectors at time equals to 100,000 years. The direction 491 

of flow is from the point to the end of the straight lines. The length of each line indicates the water 492 
vector magnitude, where 1.2 km = 1 x 10-5 g (s-1 cm-2). 493 
 494 
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495 

 496 
 497 
Figure 8. Comparison between the observed and simulated temperatures at well Asal 6. 498 

 499 

5. Discussion 500 
The directions of faults and fractures are parallel to the direction of believed groundwater flow 501 

(Figure 1 and 4). Unfortunately, the available MT data do not cover the entire area of the emerged 502 
Asal Rift. A lack of data in the area of the normal faults ε and δ to the north-east of the rift limits the 503 
interpretation (Figure 1). However, previous geochemical analyses conducted by [36] in littoral 504 
thermal springs could help to place our interpretations in a logical context and may explain the origin 505 
and the evolution of thermal waters that are not far at the eastern flank of the normal faults ε and δ 506 
located at the north-east of the rift. These authors conclude that a mixture of hot seawater with cold 507 
seawater emerges through the fractures. Moreover, the presence of deep hot seawater-derived 508 
geothermal fluid with a temperature of 210 °C was confirmed [37]. Despite the lack of data in this 509 
zone, our interpretation of pronounced fluid circulation at the north-east of the rift can be justifiable. 510 
The comparison between the 87Sr/86Sr ratio and strontium concentration of the brine waters from 511 
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the Red Sea bottom and Asal Lake have indicated that Asal Lake is a better location to study how 512 
hydrothermal fluids of seawater origin may evolve in the Red Sea rift [38]. 513 

The descriptive lithology of the wells drilled in the Asal Rift consists mainly of a succession of 514 
basaltic series, which were deposited over geological time and have different ages [39]. Even if the 515 
abundance of shale and/or graphite is known to cause a decrease in electrical resistivity [21], no 516 
significant quantity of the latter is found in the wells drilled, and more precisely between 1 and 2 km 517 
depth [39]. Within the Earth's crust, the dominant electrical conduction mechanism is electrolytic [21]. 518 
Therefore, low electrical resistivity in the context of the Asal Rift is generally interpreted as an 519 
indicator of the presence of a fluid. At depths of 1200 and 1400 m (Figure 4), groundwater seems to 520 
be present mainly between the H fault and the δ fault according to the following evidence. In this 521 
zone, observed fractures were caused by the tectonic and volcanic activity associated with the 522 
eruption of the Ardoukoba volcano that occurred in 1978 (Figure 1). The low electrical resistivity 523 
suggests the presence of water and hence more important flow to the southeast between the H and F 524 
faults, and to the north-east of Fiεale Caldera. The existence of dykes at a depth near the rift axis 525 
(between the F and β faults) has been hypothesized based on the deformations observed at the surface 526 
[9]. In this case, rift extension and subsidence are controlled by dyke injection. Moreover, the 527 
stretching model of Asal Rift is likely accommodated by the magma activity [40]. This extension can 528 
result in open cracks where groundwater flows easily. The proximity of the sea and the coexistence 529 
of recent open faults and fractures is a fair evidence for such flow illustrated with the simulations. 530 
The electrical resistivity model, especially images obtained at a depth between 1.2 and 2 km           531 
(Figure 4), indicates a possible hydrothermal system in the north-east part of the Asal Rift and with 532 
more pronounced regional groundwater flow in this area rather than in the south-west zone          533 
(Figure 4). Considering the contrast in electrical resistivity between the north-east and south-west 534 
parts of the Asal Rift, it seems likely that the hanging wall of the H fault acts as a hydrogeological 535 
barrier separating the Asal Rift between two zones. A first conductive zone, whose high electrical 536 
conductivity is due to the presence of groundwater, as well as a second less conductive zone with an 537 
increase of the electrical resistivity gradient towards the south of the rift, imply lower porosity and/or 538 
less groundwater in pore space and fractures. Only the major J fault and the minor fault passing 539 
through well Asal 4 exist in the south zone of the Asal Rift. In addition, according to the bathymetry 540 
map of the region, the J fault is not connected to the Ghoubbet sea. The absence of the open cracks or 541 
fractures observed with the November 1978 eruption in the southern zone of the Asal Rift is another 542 
argument that limits the possibility of possible fluid flow or water infiltration in this sector, while the 543 
presence of activated faults in 1978 in the northern part is dominant (Figure 1). 544 

Wells A5, F1, and F2 were drilled in the north-east zone of the H fault, but only the temperature 545 
profile of well A5 was available for this study (Figure 2). This temperature profile shows a first 546 
convection cell from 300 to 500 m and a second convection cell from 500 to 1200 m, and then a constant 547 
geothermal gradient that can be related to heat conduction between 1.2 and 1.8 km. This information, 548 
therefore, correlates with the conductive zone to the north-east of fault H. Furthermore, the 549 
geothermal gradient estimated between 1.2 and 1.8 km in well Asal 5 is 18.7 °C/100 m. In addition, 550 
well Asal 5 is located in a relatively conductive zone with an electrical resistivity greater than        551 
20 Ω m, which can corroborate the absence of groundwater that can have a high salinity associated 552 
with electrical resistivity less than or equal to a value of 10 Ω m [21]. This Asal 5 well can be close to 553 
a heat source where heat is transferred by deep conduction, resulting in a strong conductive 554 
geothermal gradient at a depth between 1.2 and 1.8 km. The absence of groundwater circulation 555 
between 1.2 and 2 km in this well is corroborated by both its temperature profile and the electrical 556 
resistivity model presented in this study. The latter also shows the Fiεale Caldera in close proximity 557 
to well Asal 5 has a particular electrical resistivity range of 20–30 Ω m. It is highly probable that this 558 
resistivity is characteristic of the nature of the rock in this Caldera zone, which can be hot, but less 559 
permeable, limiting the circulation of fluid. Another important fact is that hydrothermal mineral 560 
assemblage is in good agreement with the measured temperatures in all geothermal wells of Asal 561 
Rift, except for well Asal 5 [39], where a chlorite-epidote mineral assemblage zone that normally 562 
should exist at a high temperature was observed at a depth between 500 and 1200 m, where an 563 
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important temperature inversion was measured (Figure 2). This information is helpful allows to 564 
assume that a pre-existing high temperature reservoir can have existed before the infiltration of cold 565 
sea water, and the temperature inversion may likely be related to a recent infiltration of seawater. 566 

Geodetic measurements indicate that the opening of the Asal–Ghoubbet Rift has a velocity of        567 
16 mm/year and an opening direction perpendicular to the rift axis, highlighting the asymmetrical 568 
behavior of the Asal Rift [6]. These authors studied the horizontal and vertical deformation of the rift 569 
in directions parallel and perpendicular to the rift axis. They consider that the north-eastern part of 570 
the Asal Rift is the site of significant continuous deformation, whereas for its south-western part, the 571 
deformation is weak and practically non-existent. These results corroborate the presence of active 572 
normal faults in the north-eastern part of the rift and the existing seismic activity [4]. The rate of 573 
deformation along the axis perpendicular to the rift axis increases towards the northeast of the rift 574 
[6]. This is a surprising correlation between the increase in this deformation rate and the increase in 575 
electrical conductivity highlighted by the model developed in this work pointing in the same 576 
direction (Figure 4). 577 

The regional groundwater flow affected by sea water was believed to be the main source of 578 
recharge to Asal Lake [3], but our simulation results show the groundwater flow is directed toward 579 
both the Asal Lake and the Ghoubbet Sea, with a maximum point on the SE side diving flow in the 580 
two directions and a pronounced flow to Asal Lake. This can limit the pontifical depth of penetration 581 
of sea water intrusions near the surface. In this case, recharge of Asal Lake can occur through aquifer 582 
(C1), potentially containing fossil seawater that is likely fed by a deep hydrothermal circulation. In 583 
all the different simulation scenarios, it is important to highlight the evidence of groundwater flow 584 
into Asal Lake and hydrothermal circulation beneath Asal Lake and the Ghoubbet sea. 585 

The superposition of three permeable zones with the predominance of flow towards Asal Lake 586 
and the Ghoubbet sea are important elements to advance the hypothesis of the existence of a large 587 
hydrothermal system under the rift that would be compartmentalized into these three permeable 588 
zones, which can be individualized under the tectonic activity and the injection of a deep heat source 589 
since the formation of the rift over the geological time. The subsurface flow at a depth between 300 590 
and 700 m (Figure 7) can be influenced by the Ghoubbet sea and the local rift topography, while the 591 
intermediate flow at a depth between 1200 and 2000 m (Figure 7) is interpreted as the result of the 592 
development of a hydrothermal system, and the deep flow can be linked to a deep hydrothermal 593 
circulation feed by a heat source originating from a deep magmatic system (Figure 7). The presence 594 
of the cap rock layer limits possible communications between the second permeable layer, identified 595 
here as a potential deep reservoir, and the shallow aquifer C1 (Figure 5 and 7), and facilitates the 596 
development of a hydrothermal reservoir in the formation, where this cap rock layer covers and helps 597 
to contain thermal energy in the potential deep reservoir. 598 

Similar simulation results obtained with scenario 5 (Figure 7) support the idea that regional flow 599 
variation is not strongly influenced by the permeability anisotropy in layer C1 of the conceptual 600 
model (Figure 5). In other words, the regional flow is mainly controlled by tectonics that affect deep 601 
structures and allow the deep heat source to be directed to shallower geological strata and formations. 602 
Simulations with an isotropic permeability of 10−15 m2 inside the deep reservoir and equal to 10−17 m2 603 
inside the heat source were conducted for scenario 3 to indirectly evaluate the vertical dependence 604 
of permeability, which can decrease with depth. The development of hot convection cells within this 605 
unit was less pronounced than in scenarios 1 and 2 (Figure 6 and 7). Scenarios with permeability 606 
dependent temperature (scenarios 1, 2, and 5) seem to be more realistic than scenario 3 with isotropic 607 
permeability. However, the results from scenario 3 are not representative of conceptual hydrothermal 608 
models proposed in previous studies [41,42], where hydrothermal activity is concentrated in areas 609 
with elevated topography. Hydrothermal activity in permeability dependent temperature scenarios 610 
better correlates with the central zone of high topography (Figure 6 and 7). In scenarios 1, 2, and 5, 611 
the lateral extension of the hydrothermal reservoir with the isotherm 210 °C becomes important 612 
compared with the results of scenarios 3 and 4 (Figure 6 and 7). This pattern is in good agreement 613 
with a previous study conducted in a tectonically active rift-ridge zone in Iceland [43]. The authors 614 
of this study confirm that emplacement and geometry of the upflow zones are mainly controlled by 615 
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the location and the permeability values of fault zones. The geometry, location, and permeability 616 
values of fault zones remain the same in all the different scenarios for this study, but we deduce from 617 
our results that the permeability dependent temperature rock formulated in both heat source and 618 
potential deep reservoir can play a major role to reproduce a representative dynamic heat transfer in 619 
hydrothermal systems. Permeability dependent temperature formulated solely for the heat source 620 
unit may not produce significant variation when the potential deep reservoir is set with a constant 621 
permeability like the simulated conditions of scenario 4. In addition, the results are approximately 622 
the same as the results of scenario 3, where isotropic permeability was set for both the heat source 623 
and potential deep reservoir units. In such cases, we hypothesize that permeability dependent 624 
temperature would be an appropriate formulation in a hydrothermal system as in the Asal Rift, when 625 
it is adopted for both the heat source and potential deep reservoir or, uniquely, for the potential deep 626 
reservoir like in scenario 2. 627 

The comparison between the temperature profile measured in the Asal 6 well and the 628 
temperature simulated appears more realistic with scenarios 1, 2, and 5 compared with other 629 
scenarios (Figure 8). This indicates that the conditions used are representative of the rift and the 630 
associated thermal anomaly can be related to the injection of a magma forming a heat source and the 631 
development of vertical conduits qualified as active faults to convey this internal thermal energy. In 632 
scenario 4 (Figure 8), the system at the end of the simulation began to cooled down, as the 633 
temperature at 100,000 years is less than the temperature measured in well Asal 6. It can be reasonable 634 
to interpret this as a consequence of an extinguished deep hydrothermal fluid circulation inside the 635 
heat source layer, where permeability could be higher than that assigned in scenario 4. However, the 636 
shape of the simulated temperature profile at the location of well Asal 6 is maintained and has the 637 
same appearance as the measured temperature in well Asal 6. Furthermore, the same reservoir was 638 
recognized at a depth between 1050 and 1300 m in three wells, Asal 1, 3, and 6, and the geologic 639 
formation hosting this reservoir is called Dalha basal, which has an average age of 4 to 9 My, where 640 
temperatures measured in this reservoir range from 260 to 280 °C [33] and are close to the simulated 641 
temperatures in this study. In addition, permeability anisotropy considered in scenario 5 inside the 642 
C1 layer does not lead to cooling of the system and the simulated thermal state at well Asal 6 is close 643 
to the measured one (Figure 8). It can be assumed that the thermal anomaly caused by this near-644 
surface groundwater flow has less effect at the global scale of the system. Nevertheless, the 645 
assumption of pronounced horizontal flow near Asal Lake in scenario 5 is corroborated by our 646 
interpreted conceptual model based on electrical resistivity inversion (Figure 5), where the thickness 647 
of the shallow aquifer called C1 increases toward Asal Lake. As results of MT inversion and 648 
numerical simulations showed, this study is focused for the potential deep reservoir between 1 and 649 
3 km. The developed 2D model simulate a regional groundwater flow that gives a capture of fluid 650 
circulation in a regional scale. Then, the lack of a better correlation between measured and simulated 651 
temperature at Asal 6 well for the shallow part of the system above 600 m of depth (Figure 8) may be 652 
related to a localized fractures or convections cells. Another possible interpretation would be resulted 653 
by the difference of density fluid between the upper part of the system and the lower part. May be if 654 
a higher density fluid (as saline fluid) was considered in the shallow part than the deeper part, the 655 
shallow part of temperature profile measured at Asal 6 well could be well represented. 656 

Temperatures measured in the thermal springs emerging on the periphery of Asal Lake range 657 
from 30 to 90 °C [3], and the results of the different scenarios show approximate emergence 658 
temperatures that corroborate with those measured in the thermal springs (Figure 7). Based on the 659 
chemical and isotopic characteristic of water in the Asal region, three main types of water may co-660 
exist in the subsurface: seawater intrusion from Ghoubbet sea, Asal Lake water, and meteoric 661 
infiltration probably originating from the meteoric water that transits from Asal Rift to Sakalol-662 
Harralol depression or/and the meteoric water coming from the deep circulating regional aquifer 663 
[14]. The low temperature emergence observed in the hot springs of group Manda [3], their chemical 664 
composition of which is close to that of seawater, and the high rate of flow show that seawater 665 
circulation through the faults and fractures is the main source of their recharge [15]. This information 666 
can be related to the emplacement of the hot springs group Manda that are close to the H fault and 667 
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are aligned more or less to this H fault and with two other major faults located south of the H fault 668 
(Figure 1). Moreover, in this case, the information corroborates our hypothesis that seawater intrusion 669 
occurs where faults/fractures exist (Figure 1 and 4).  670 

Dissolved salts in water can change the phase conditions of liquid–vapor system and the phase 671 
relation of saline water approximated by the H2O-NaCl system is not the same as those of pure water 672 
considered in this study. In conditions of an H2O-NaCl system such as that of the Asal Rift, the 673 
temperature and pressure of liquid–vapor co-existence are above the critical values of pure water 674 
[44]. Despite that the fluid simulated from HYDROTHERM code is pure water [19], for saline 675 
geothermal fluid, the emplacement depth of intrusion controls significantly whether phase 676 
separation is dominantly carried out by boiling or by condensation [35]. Obviously, in this case, 677 
numerical simulations considering a saline geothermal fluid are expected to reveal the presence of a 678 
vapor phase, as proposed by the BRGM conceptual model [17]. This model is in good agreement with 679 
the gas chemical results of the Asal fumaroles and the water stable isotope data of their steam 680 
condensates [11], as well as the decrease of boron concentrations in the well geothermal fluids 681 
evidenced by geochemical analyses [3]. 682 

The total flow rate of geothermal fluid produced in well Asal 3 showed a considerable decrease 683 
of production rate and a decrease of bottom hole pressure, which were related to sulphide and silica 684 
deposits in the well with a total dissolved solids (TDS) of 116,000 ppm [33], suggesting a high 685 
potential of permeability reduction. 686 

The δD and δ18O water stable isotope data for the geothermal fluids of the Asal wells and for 687 
some hot springs (Korilii, Eadkorar, and Eounda Alifitta groups; Figure 1) indicated contributions of 688 
meteoric water [3]. This meteoric contribution probably originates from the meteoric water that 689 
transits from Asal Rift to Sakalol-Harralol depression or/and the meteoric water coming from the 690 
deep circulating regional aquifer [14]. These authors showed, in the area of Sakalol-Harralol, the 691 
presence of hot springs, with high TDS Na-Cl waters, aligned in NW-SE along the main faults like in 692 
the Asal Rift. The high altitude zones of rift margins at the north and south do not seem to be potential 693 
recharge sources. However, a more representative numerical model can incorporate these zones and 694 
be tested to confirm or invalidate these hypotheses. As suggested by [14], the existence of a deep 695 
regional aquifer that may have a wide extension in Djibouti and where the Asal geothermal water 696 
has apparently common features in terms of chemical and water isotope compositions is a good 697 
argument to highlight the need for a numerical multiphase model developed at a large regional scale. 698 
Coastal aquifers in Djibouti hosted geothermal water that could be more evolved in terms of water–699 
rock interaction between deep fossil water and sea water intrusions [38]. 700 

5. Conclusions 701 
This study emphasizes the importance of fault activity and its role in hydrothermal circulation. 702 

More specifically, the hypothesis of groundwater infiltration into Asal Lake is supported by 703 
numerical flow and heat transfer simulations performed after considering an electrical resistivity 704 
model of the area. The electrical conductivity model obtained after inversion of MT data indicates 705 
that faults can act as conduits for the circulation of water, notably the H fault, where the hanging wall 706 
of the fault behaves as a hydrogeological barrier. The variation of the electrical conductivity gradient 707 
and its increase from the south-west to the north-east of the rift are in agreement with previous work 708 
that brings to light the presence of horizontal and vertical deformation in the south-west to north-709 
east direction. The 2D numerical model of flow and heat transfer developed in this study was used 710 
to better understand the groundwater flow and hydrothermal circulation. Furthermore, this model 711 
confirmed that flow is generally controlled by the presence of faults acting as conduits and driven by 712 
deep heat sources. Three flow zones were defined based on the interpretation of electrical resistivity 713 
and temperature profiles. The temperature simulated with our model having these three zones is 714 
correlated with the temperature measured in well Asal 6, and is thus considered representative of the 715 
heat transfer dynamics of the system. These three flow zones are shallow groundwater flow affected 716 
by seawater and topography, an intermediate flow with a hydrothermal circulation, and a deep flow 717 
related to the hot hydrothermal circulation originating from the magmatic heat source.  718 
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In the context of geothermal energy research, future exploration drilling can be located either 719 
along this major H fault or in the northeastern part of the rift to capture a significant flow of 720 
geothermal fluid that mainly comes from the underground circulation heated by the strong 721 
geothermal gradient existing under the Asal Rift. The target drilling zone could be the deep potential 722 
reservoir unit down to a depth of 3 km to better intercept permeable zones containing supercritical 723 
water or inside the potential deep reservoir at an intermediate depth between 1 and 2 km. The Fiεale 724 
Caldera and its surrounding zones should be avoided as the presence of hot rocks is thought to 725 
produce low permeability in this area.  726 

It could be interesting to complete the present study with a second electrical resistivity model 727 
including more MT sites covering the entire surface area of the Asal–Ghoubbet Rift and extending to 728 
the north-east of the rift, notably the north Ghoubbet zone, in order to better understand the limits of 729 
the hydrothermal system identified in our study and to establish a correlation on a larger scale 730 
between the electrical resistivity gradient and the deformation velocity gradient estimated by 731 
geodetic measurements [6]. In other words, such a complementary study will help estimate which 732 
are the underground circulation paths and proportions of seawater and meteoric water recharged 733 
through the faults in the hydrothermal systems identified in this study. According to the water stable 734 
isotopes data [14], infiltration of meteoric water can possibly occur from the meteoric water that 735 
transits from Asal Rift to Sakalol-Harralol depression or/and the meteoric water coming from the 736 
deep circulating regional aquifer. Similarly, the development of a 2D numerical model of flow and 737 
heat transfer down to a depth of 10 km can help to elucidate the role of magmatic intrusion in the 738 
deep hydrothermal circulation. 739 
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Appendix A 755 

Table A1. Verification of mesh independence for simulation of scenario 1. 756 

 757 
Number of 
elements 

Temperature at 1600 m depth in Asal 6 well 
T (°C) 

Absolute value of relative 
difference (%) 

1200 238.931 --- 

2400 248.257 0.039 

4000 254.387 0.024 

4800 256.327 0.007 

10,000 255.095 0.004 

 758 
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