
 
JGWR (ISSN: 2321- 4783), Vol.2, Issue1, June 2013 Published by AGGS, India 

91 
 

Numerical Modeling of the Dikhil Basaltic Aquifer, South West 
Djibouti, Horn of Africa 

Moumtaz Razack1, Mohamed Aboubaker1 and Mohamed Jalludin2 

 
1University of Poitiers, Department of Hydrogeology, UMR 7285 

Rue Albert Turpain Bât.B8, 86022 Poitiers Cedex, France. 
Email: moumtaz.razack@univ-poitiers.fr 

 
2Centre d’Etudes et de Recherches de Djibouti 

PoB 486, Djibouti, Republic of Djibouti 
 
Abstract  

Water resources problems are particularly critical in the Republic of Djibouti located in 
the Horn of Africa, under a semi-arid to arid climate, with an average annual rainfall less than 
150 mm. Water resources are provided up to 98% by groundwater in alluvial and volcanic 
aquifers. However these limited renewable underground water resources are over-exploited and 
requires rigorous management. This paper is focused on the Dikhil basaltic aquifer in South West 
Djibouti. The aquifer system is mainly constituted by a fractured basalts series, the Dalha basalts, 
of 3.4 - 9 My age, uncomformably overlied by the stratiform basalts (1.5 - 3.4 My). Alluvial 
deposits are found along dry rivers beds. This basaltic aquifer is vital for the development of this 
region as it represents the unique available water resource. Specifically, this paper presents the 
first results related to the modeling of this basaltic aquifer at the border with Ethiopia. 
 
1. Introduction 

The Republic of Djibouti (23000 km², 520000 inhabitants), characterised by a semi-arid 
to arid climate, is located within the Afar Depression (Horn of Africa, Fig.1) where several 
volcanic units as basalts and rhyolites, and sedimentary rocks were formed since the spreading of 
African, Arabian and Somalian tectonic plates occurred (30 My).  

Volcanic rocks aquifers cover more than 70% of the territory and provide 16 millions 
cubic meters per year which represent 85% of the water resources. Drought periods, deficiency in 
water resources management and intensive exploitation of these aquifers related to the social and 
economical development induced aquifers over exploitation: lowering of piezometric levels and 
increasing of salinity. 

The main concern of the Public authorities of the country is at present to preserve and 
manage properly the groundwater resources, which are crucial for the country. This paper focuses 
on the elaboration of a numerical model for the basaltic aquifer of Dikhil, in South West Djibouti 
and assessment of its hydrogeological properties and resources. This aquifer is vital for the Dikhil 
area as it represents the only available water resource.  Due to over-exploitation, the aquifer is 
deteriorating as well in quality as in quantity. In Mouloud area for instance, over-exploitation of 
the aquifer during 1972–2002 period, resulted in a deterioration of water quality with an increase 
in salinity. In parallel, the groundwater head, decreasing continuously, lost about 30 m in 30 years 
(Jalludin, 1990). 

The aquifer is highly heterogeneous, due to the fracturing and weathering of the basalts 
and intercalation of scorious layers. The model was calibrated using the pilot points method in 
conjunction with the PEST non-linear parameter estimation and regularisation functionality. 
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Fig.1.Geological map of the Republic of Djibouti showing ages of the geological formations (in Jalludin, 

1993) 
 
2. The Study Area: Geological and Hydrogeological Settings   

The study area is located in the southwestern part of Djibouti (Fig.2). It lies between 
199 000 to 240 000E longitude and 1219 000 to 1245 000N latitude with an altitude between 400 
to 800m above sea level. It is bounded on the North by the plain of Grand Bara and the stratiform 
basalts, on the East by the Waddi Ambouctou, on the West by the Waddi Dabadere, and to the 
South by the contact with impermeable rhyolites. 

The geological formations are mainly represented by Dalha basalts series (9 -3.4 Ma), 
and stratiform basalts series (3.4 -1 Ma) of the Afar depression. The stratiform basalts series 
occupy two thirds of the Republic of Djibouti and unconformably overlies the Dalha basalts 
series and the sedimentary formations. The series consists of a regular pile of basalt flows of 
some meters to more than 10 meters in thickness, with intercalations of acid lavas, ignimbrite 
mainly, but also of pumice and rhyolite flows and interflow sedimentary formations, lake levels 
and detrital limestones The basaltic flows are, in their lower part, often altered, and sometimes 
enriched with phenocrists of pyroxene and olivine (Demange and Stieljes, 1975).   

The Dikhil basin is crossed by the waddiCheckeyti  to the north (Fig. 2). The basin is 
filled with Plio-Pleistocene clastic and lacustrine sediments (Gasse et al., 1980, 1986). In fact, 
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there are many dry rivers called waddis (Hambocto, Awrawsa, Dadin, Mouloud,  Batoul, 
Dabadère,  Ab’aytou, Cheykeyti) crossing the study area (Fig. 2).  

The climate is arid to semi-arid characterized by the weakness and the irregularity of the 
precipitations, high temperature and intense evaporation (more than 2000mm/year). Overall, two 
seasons predominates: a cool season from October to April and a hot season from May to 
September. The average temperature is 34°C, and means annual rainfall is 150mm. The 
characteristics of such climate, allows only limited water infiltration through the waddis bed 
during flood period (Jalludin, 1993). Furthermore, the catchments of waddis in the study area, 
covering mainly Dalha basalts formations, are small in size, several tens of square kilometers in 
general. This leads to limited infiltration during periods of waddis flood 

 
 

Fig.2. Geological map of the Dikhil basaltic aquifer showing the main waddis (dry rivers). 
 

The Dalha basalts underwent intense tectonics and are highly fractured (Fig.3). The main 
fracturing trends are EO and N110 - 130 for the area from Doudoub Bololé to Mouloud (zone 3) 
and N100-120 for the area from Dadin to Dikhil (zone 4). These basalts acquired thereby a 
certain fracture permeability (Jalludin and Razack, 1993; 1994). Furthermore, the basaltic 
formations are often displaced by vertical tectonic accidents and are masked by the sedimentary 
deposits. For instance, the catchment in Mouloud area is located between Dalha basalts aquifer 
and the plain of Grand Bara. There, the groundwater in basalts was revealed under the 
sedimentary formations. 

The aquifer formed by the Dalha basalts is unconfined. According to the Mouloud 
catchment data, the aquifer continues under the sedimentary cover of the Grand Bara plain. 
Another local aquifer was recognized in the sedimentary formations filling the waddis valleys, 
which are narrow and elongated. This groundwater underflow is directly related with the surface 
flow of the waddis during floods.  

The main recharge to the basaltic aquifers occurs when the waddis are flowing, in flood 
periods. Thus, the recharge of the basalts is provided by the alluvial aquifer that plays a role of 
transfer. 

(Stratoidbasalts) 

(Sediments) 

(Sediments) 

(Rhyolites) 

(Dalhabasalts) 
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According to pumping tests, the transmissivity of stratiform basalts aquifers are higher 
than those of older Dalha basalts. Indeed, the transmissivity values of stratiform basalts range 
between 0.5 and 1,130 m2/h. The transmissivity of the Dalha basalts are lower than those of 
stratiform basalt aquifers, and range between 0.5 and 36 m2/h. The transmissivity of Quaternary 
sedimentary aquifers vary between 0.4 and 163 m2/h (Jalludin and Razack, 2004). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Fracturing of the Dalha basalts surveyed on Spot images at 1/200000. (inJalludin, 1993) 
 

Water samples were collected in the Dalha aquifer and neighbouring stratiform and 
alluvial aquifers in October 2012. Chemical analyses were performed at the University of Poitiers 
and isotopic analyses (stables isotopes) at the University of Addis Ababa (Ethiopia). The aim of 
these analyses was to assess groundwater dynamics, mainly recharge mechanisms and to 
determine its salinization processes. A detailed interpretation is given inAboubaker 2012 and 
Aboubaker et al., 2013. The salient results are summarized below. Location of the samples is 
shown in Figure 4. 

 
Fig.4. Location of water samples collected for chemical and isotopic analyses 
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The physical and chemical parameters indicate large spatial variations. The total 
dissolved solids (TDS) for investigated water samples range from 503 mg/l (AbY) to 3410 mg/l 
(DBol2). The electric conductivity (EC) ranging from 820 to 5320 μS·cm−1, can correlate with 
the TDS. Among the major cations, Na+ predominates representing on average 62% of the sum of 
cations. Divalent cations (Ca2+ and Mg2+) represent on average 36% of the total cations. Among 
the major anions, HCO3

- dominates (average 42% of anions) whereas Cl- and SO42- represent on 
average 30% and 21% respectively. To better illustrate different water types in the study area, all 
chemical data were plotted in a Piper diagram (Piper, 1944) (Fig. 5). Based on the major ions, the 
dominant facies is Na-HCO3-SO4 and characterizes the less mineralized waters (AbY and Kont1 
samples) while Na-Mg-Cl-SO4 represent the more mineralized waters (Awr1, M5, DBol1 and 
DBol2 samples). Other hydrochemical facies like Na–Ca–SO4 and Na–HCO3 are secondary. 
These different facies underline the complexity of the hydrogeochemical processes governing 
water salinity 

 
 

Fig.5. Piper plot of the groundwater samples 
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Results from environmental isotope data show that groundwater in the study area exhibits 
isotopic contents varying in space. Thus, 18O values range from -3,55 to +1,15‰ (vs. V-SMOW) 
and the deuterium contents obtained vary between -0,87 and -21,33‰ (vs. V-SMOW). The 18O 
and 2H values of water from wells and boreholes sampled in this study are plotted and compared 
to Local Meteoric Water Line (LMWL: 2H = 7,2O18 + 12) and Global Meteoric Water Line 
(GMWL: 2H = 8O18 + 10) (Fig.6). Samples plotted below in which the Global Meteoric Water 
Line (GMWL) (Craig, 1961) indicates relatively higher evaporation before infiltration.  

The 18O and 2H composition of groundwater samples of study area plotted mostly close 

to the GMWL, indicating that the groundwater is of meteoric origin and not significantly affected 
by open water or unsaturated zone evaporation. The points located above the global meteoric 
water line (Dikhil11, Dadin6 and Batoul wells) but plotted closer the local meteoric water line, 
represent water from Dalha basalt aquifer which is the main aquifer system in the study area. 
These samples are depleted in heavy stable isotopes. Their mean isotopic composition is -2,60 ‰ 
18O and -5,26 ‰ 2H. Thus, isotopic composition of samples plotted closer to LMWL suggests 
fast percolation of rainwater (before evaporation). This means that isotopic fractionation in this 
samples is very low (Furi, 2010; Furi et al, 2012). 
 
3. Modeling of the Dalha Basaltic Aquifer   
3.1. Conceptual Model Gridding and Boundary Conditions 

The goal of steady state modeling of aquifer is to verify the consistency of existing data 
and complete those missing or partially available (hydraulic conductivity, boundary conditions, 
recharge, exploitation of groundwater, water levels).  

The Dalha basaltic aquifer is considered, as a single layer system. Indeed, as accounted 
by the basaltic aquifer recharge mode, the flow in waddis valleys alluvium is closely related to 
groundwater flow in underlying basaltic aquifers through fractures that provide connectivity 
between the two systems. Geophysical data from a few sites (e.g, Dadin site) has not shown the 
existence of impermeable layers between waddis valleys alluvium and Dalha basalts. 
Accordingly, the relation between the waddis alluvium and the basaltic aquifer is modeled as a 
RIVER boundary condition. 

The top of the aquifer is the soil topography, varying from 900 m as corresponding to the 
heights of the reliefs on the Ethiopian border (basalt-rhyolite contacts) to 400m towards the plain 
of GrandBara. The average thickness of the basalts is about 200m, estimated from the wells 

Fig.6. Relationships between 18O and 2H 

Alluvial GW 

Dalhabasalts 

Stratiformbasalts 
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lithologic logs.The aquifer was discretized in a regular grid, with 100m x 100m cells, distributed 
on 150 rows and 250 columns according to East-West and North-South directions. Cells 
including abstraction wells were refined.  

The boundary conditions (B.C.) of the model domain are as follows (Figure 7): 
 

- On all cells corresponding to the contact between the rhyolites and the Dalha basalts, a no-
flow B.C. was set. 

- In the southern part of the model domain between the limits represented by the Waddi 
Dabadère and that formed by rhyolites, there is a corridor of groundwater flow from the 
Ethiopian highlands border in the field study there. The cells corresponding to this limit have 
been considered as in flow B.C. 

- General-Head boundary (GHB). General-head boundary is a boundary condition of mixed 
type (Cauchy condition) depending on the variation of hydraulic heads between the aquifer 
and the domain outside of the aquifer. GHB is used to simulate an inflow or an outflow 
along a boundary when there is a regional groundwater flow gradient. This condition was 
used along the boundaries between Dalha basalts and stratiform basalts and between the 
Dalha basalts and the sedimentary formations. The conductance of the GHB B.C., was 
calibrated using the PEST software (Doherty, 2002). 

- The recharge of the aquifer was imposed only from the waddis bed, which were represented 
by a RIVER BC. The conductance of the RIVER B.C. was calibrated using the PEST 
software (Doherty, 2002). No diffuse recharge over the basaltic area was considered. The 
surface of the Dalha basalts outcrop is marked by a significant alteration and sometimes 
argillization. These conditions do not allow a diffuse infiltration from the surface of the 
basalts outcrop. 

- Discharge rates at Dikhil, Mouloud and Dadin well fields were introduced as Flow BC.  
- Evapotranspiration (ET). A specific ET rate of 2.9 10-4 m3/d/m² was used, resulting from 

previous studies, (BGR, 1982). 
 

 

GHB B.C. 

INFLOW B.C. 
RIVER B.C. 

NO FLOW B.C. 

Fig.7. Boundary Conditions of the Dalha basalts aquifer model 
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Fig.8. Pilot points distribution to calibrate the Dalha basalts aquifer model 
 
3.2. The Pilot Point Approach. A Brief Review 

Aquifers are seldom homogeneous but often exhibit heterogeneity, which may reach very 
high degrees. Spatial distribution of hydraulic properties in such heterogeneous domains is 
conventionally done with the use of zones of homogeneous property. The model domain is 
subdivided into zones for example on geological basis. During the calibration process, more and 
more zones are inevitably added to account for the domain heterogeneity. This involves a great 
deal of trial-error runs and may lead to unrealistic results for a number of reasons (large 
uncertainty associated with this process; non-uniqueness of the results ; arbitrary zonation 
patterns ; unmapped heterogeneity, …). The non-linear parameter estimation software PEST 
(Doherty, 2002) may be used in this process for assistance but it does not actually help to 
overcome these issues. Moreover numerical instabilities may arise as often over parameterised  
inverse problems are ill-posed problems.  

High heterogeneity issue in groundwater numerical models can be addressed by the pilot 
points methodology, a novel approach which is still not systematically used by hydrogeologists. 
Pilots points methodology has been applied by some authors in hydrogeology for the calibration 
of groundwater numerical models (Certes et de Marsily, 1991; LaVenue and Pickens, 992; 
LaVenue and de Marsily, 2001). The basis of the pilot points methodology as a method of spatial 
parameterisation of groundwater models is that hydraulic properties (e.g. hydraulic conductivity) 
are assigned to a set of points distributed throughout the aquifer rather than to the cells of the 
numerical model. The property values are then interpolated to the model cells from the pilot poins 
(Doherty, 2002). The property values are assigned to the pilot points as in any normal calibration 
procedure, in order to minimize the discrepancies between observed head values and model 
calculated head values.  

The interpolation method from pilot points to the model cells used in this study is the 
geostatistical kriging procedure which presents several advantages (smooth interpolator, etc) 
(Isaak and Srivastava, 1989). 

Pilot points methodology is used in conjunction with "Regularisation". In the litterature, 
"Regularisation" covers a whole of mathematical techniques that are applied to bring numerical 
stability to over parameterised inverse problems through the introduction of appropriate 
constraints on property values (Doherty, 2002; Tikhonov, 1963 ; Cristina et al., 1994). 
Regularisation functionality has been implemented in the well-known parameter estimation 
software PEST (Doherty, 2002).  
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3.3. Calibration 
The calibration of the model was conducted using the pilot points and PEST-

Regularisation methodology implemented in the software GW Vistas™ V5 (Rumbaugh, 2007). 
No zonations were applied as only basalts outcrop over the domain. A remarkable advantage of 
the pilot points and regularisation methodology is that the pilot points can be placed liberally 
throughout the aquifer without any number constraint (Doherty, 2003). In this work 167 pilot 
points were used. There are distributed on a regular grid (Figure 8). 

The calibrated hydraulic conductivity (K, m/d) field is shown in Figure 9. This figure 
reflects well the heterogeneity of the basaltic aquifer. The hydraulic conductivity values range 
from 1.10-3 m/d to 7 10+2 m/d, over five orders of magnitude. Further researches would be 
necessary to associate geological significance to this distribution. 

 

 

 
Fig.9. Calibrated hydraulic conductivity field of the Dalha basalts aquifer model using the pilot points 

methodology 
 

The calibration diagram is shown in Figure 10. The model simulates very accurately the 
observed head values (R² # 1). The diagram shows that the methodology used in this work have 
led to a satisfactory calibration of the model. 

The simulated piezometry is reported in Figure 11. It shows the characteristics of the 
groundwater flow in the Dalha basalts aquifer. 
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Fig.10.Calibration diagram of the Dalha basalts aquifer model 

 

 

 
  

 
3.4. Water Balance of the Aquifer 

The water balance estimated by the model is reported in Table 1. This water balance 
shows that the aquifer is recharged primarily by waddis (77%), although the inflow from the 
Ethiopian highlands is not negligible (22%). The basaltic groundwater flows mainly to the North 

Fig.11. Simulated piezometry of the Dalha aquifer 
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and to the West (81%). It is found that the well fields abstractions represent almost 16% of the 
total flow. Evaporation losses are negligible (3%). 

The figures in this report, however, must be considered with caution, because the model 
was developed with limited data (see section 'Limitations of the model' below). 
 
Table 1.Simulated annual water balance (m3/year) of the Dalha aquifer 

IN % OUT % 

Waddis 1.0E+07 77 Wellfields 
abstraction 2.1E+06 16 

SE border 2.9E+06 22 North and 
West borders 1.0E+07 81 

NW 
borders 9.5E+04 1 ET 4.3E+05 3 

Total 1.3E+07 100 Total 1.3E+07 100 
 
4. Limitations of the Model and Concluding Remarks   

The numerical model of the Dalha basalts aquifer was developed with the limited data. 
Missing data, primarily concern the hydraulic head in the aquifer. One can indeed notice that the 
piezometric data available are few and almost all grouped in the downstream of the aquifer (well 
fields of Dikhil, of Dadin). There are large areas of the aquifer, including upstream,where the 
hydraulic head is not known. Actual conditions of groundwater flow are not known. Secondly, 
the boundary conditions were established based on assumptions. The inflows and outflows 
remain at this stage of the study, still hypothetical. 

To increase the representativeness of the model, it will be necessarily to undertake works 
to provide a sufficient and meaningful data base (drilling of boreholes in areas where these 
structures do not exist, spatial and temporal hydraulic head data, pumping tests and collection of 
hydrodynamic parameters, etc.). 

The model in its current state is a preliminary  tool, which should be gradually improved 
as new knowledge are acquired. This modeling work have nevertheless showed that the Dalha 
basalts aquifer is very heterogeneous. The methodology of the pilot points proved quite efficient 
to take account of this heterogeneity. The model, despite its limitations, clearly showed that the 
resources of the Dalha basalts aquifer are limited. Its exploitation must be conducted with a clear 
strategy in the context of improved resource management. 
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