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 This study focuses on fluid inclusions from the Hes-Daba area. Microthermometric 
measurements were conducted on quartz collected from surface veins that hosted inclusions 
in two phases: liquid and vapor. The mean homogenization temperature ranged from 150 °C 
to 367 °C and the melting point of ice ranged from −0.05 °C to −1.14 °C, indicating that the 
inclusion solutions consisted of 0.1 to 1.9 eq. wt% NaCl. The thermal history and thermal 
structure were evaluated to estimate the formation temperature. Selected samples were 
analyzed via x-ray diffraction to provide direct data on geothermal reservoirs; this was 
necessary because geothermal fluids, through their interactions, can alter the composition and 
properties of rocks. The main alteration minerals were quartz, calcite, alunite, epidote, 
hematite, illite, smectite, and chlorite. Therefore, the clay constituted a transition to a high-
temperature environment, as evidenced by high temperature hydrothermal alteration 
minerals such as quartz (>180 °C) and epidote (~250 °C). 
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1. Introduction  
 
The Republic of Djibouti is situated in the Afar 

depression, which is at the junction of three rifts (the Red 
Sea, Gulf of Aden, and East African rifts) [1]. The Italian 
National Research Council and the French National 
Center for Scientific Research conducted detailed studies 
of the area in the 1970s and confirmed the existence of 
spreading axes, similar to oceanic rifts, in Afar [2]. The 
landmass of Djibouti consists mainly of volcanic rocks, 
given the volcanism and extensive tectonism that has 
occurred there since 25 Ma [3]. Volcanic rocks in the 
region are represented by the rift-related bimodal basalt 
and rhyolite or trachyte suites. The series of volcanic 
rocks that were formed during different phases of 
volcanic eruption and expansion are the Adolei basalts 
(25 Ma), Mabla rhyolites (15 Ma), Dalha basalts (9 Ma), 
Ribta rhyolites (4.25 Ma), Stratoid basalts and trachytes 
(3.3 Ma), Gulf of Tadjoura basalts (3.1 Ma), and recent 
rifts basalts (Holocene to present) [4]. Phases of 

extensional tectonism and related volcanism have also 
created numerous geothermal systems in Djibouti, 
characterized by medium enthalpy (>90 C) fields with a 
shallow heat source provided by young rift-related 
volcanic rocks [5]. The most tectonically active structure 
in Djibouti is the Assal rift. The first geothermal 
exploration in Djibouti was conducted by the French 
Geological Survey in the 1970s [3]. The study area, Hes-
Daba, is in the Gagade region of the Great East African 
Rift, which is currently active and opening up at a rate of 
10 to 15 mm/year [6, 7].  

It is important to determine the affecting criteria of 
the renewable energy sources for the investors as a guide 
[8]. Therefore, the main aims of this work were to 
estimate the formation temperature of Hes-Daba and 
evaluate its history of thermal activity and thermal 
structure, evaluate local geothermal systems, and 
understand local geothermal reservoir zones.  
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2. Geological Setting  
 

Most of Djibouti is composed of Cenozoic 
sedimentary and volcanic rocks [9], as shown in Figure 1. 

It is located at the junction of three major rifts: the 
continental Great East African rift, Gulf of Aden, and Red 

 
Figure 1.  Geological map of republic of Djibouti (Study: Hes- Daba Geothermal Area, Others: Other Geothermal 

Areas in Djibouti) [8]. 
 
Sea rifts. The junction of these three rifts is located in 

the Afar region of Djibouti and Ethiopia [10]. This area 
represents a region of stretching, oceanic crust exposure, 
and extrusive flood basalts that proceeded- rifting [11]. 
The Hes-Daba area is located between the Gagade and 
Asal faulted depressions, in one of the felsic extrusions 
interstratified in the intermediate member of the 3.3–1 
Ma Stratoid basalt series [12]. Several parallel NW-SE 
trending, steeply NE-dipping normal faults transect the 
subhorizontal SW-dipping basaltic rocks.  

Most mineralization is in a net- work of 2-km-long 
rift-parallel veins that cut through dominantly trachytic 
lava depositions [13]. 

Figure 2 shows the location of the sampling sites (H1 
to H18) in the study area. Most samples were collected 
from quartz veins. The orientation and physical 
properties of the outcrop were measured in the field. 
These veins are texturally massive, and have thickness 
ranging from mm to a few cm in size and white to grey in 
color. Their host rocks are porphyritic trachytic rocks 
with feldspar (e.g. plagioclase and sanidine) and biotite 
phenocrysts.  

  

 

 
Figure 2.  Location map of the samples (H5, H12, H13, H14, H16 and H17: trachytic host-rock samples, and H1, H2, 

H3, H4, H6, H7, H8, H9, H10, H11, H15 and H18: vein samples).  

Study 
area 

Others 
area    
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3. Method  
 
In this study, quartz-rich vein samples hosted by 

trachytic rocks from the Hes-Daba geothermal area were 
investigated for geochemical analysis. Six trachytic host-
rock samples (H5, H12, H13, H14, H16 and H17) analyzed 
by XRPD and two polished samples from veins (H7 and 
H9) were analyzed in the geological laboratory of Kyushu 
University.  

 
3.1. Fluids Inclusions 

 
Fluid inclusions are small volumes of paleofluids 

(liquid, gases, or solids) trapped in minerals [14].  There 
are two types of fluid inclusions, primary and secondary; 
primary inclusions occur when fluids are trapped along 
growth zones and crystal faces that are typically solitary 
or isolated [15]. These are good indicators of the 
crystallization conditions of host minerals [16].  
Secondary fluid inclusions, however, occur when the 
fluids are trapped in fractures that develop after the 

formation of the host mineral and thus could not escape 
as the former sealed [17]. The study of fluid inclusions 
provides key data such as the temperature, pressure, 
salinity, density, and chemical composition of the fluids 
[18]. 

Preparing the samples for fluid inclusion analysis 
needed a lot of care and time. The rock samples were 
polished several times with different materials (powders 
and discs) of different sizes. The first step was to cut the 
samples with an isometric cutter and then polish them 
until a flat surface was obtained. The samples were then 
glued on to a glass plate and left for 7 h to solidify. The 
other side of the samples are then cut and re-polished to 
the size of the normal thin section—which is ~3 × 5 cm 
in size and typically has an ideal thickness of between 90 
and 120 μm, depending on the transparency of the host 
crystal and the size and abundance of the inclusion—
with discs and powders [19]. The size of the section is a 
very important factor [20]. The steps described above 
are shown in Figure 3. 

 

Figure 3.  Fluids inclusions and instrumentation (a) rock sample, (b) polish the sample, (c) cut the sample with the cutter 
(d) stick the sample on the glass plate, (e) cut the sample with the isometric cutter, (f) polish the other side of the sample, 
(g) polish with the powder 4000, (h) diamond polish, (i) measurement of fluid inclusions microthermometry. 
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3.2. XRPD Analysis  
 
X-Ray Powder Diffraction (XRPD) analysis can 

identify alteration minerals formed by geothermal 
activity [21]. The creation of alteration minerals depends 
on the fluid temperature, water chemistry, and 
composition of the host rock [22]. 

Two types of powdered samples bulk and oriented 
were prepared in a laboratory for the XRPD analysis. The 
objective of the bulk sample analysis was to quickly 
identify the constituents of the sample. To prepare the 
bulk sample, the rock samples were crushed into small 
pieces and dried in an oven at 45 °C for 1 d to remove 
moisture from them. The sample was then crushed into a 
powder. Finally, the powdered samples were 
compressed into a thin film on a metal plate to allow the 
use of XRD to properly analyze the altered minerals [23]. 

The oriented sample was prepared for use in 
identifying the clay minerals in the rock sample. Owing to 
the fragility of clay minerals at high temperatures, the 
sample was not dried in an oven. The crushed sample 
was then immersed in a beaker of de-ionized water and 
placed in an ultrasonic shaker for 30 min, after which the 
clay minerals were suspended in the solution. The 
solutes subsequently began to precipitate based on their 

specific densities. After ~3 h, the clay minerals that 
appeared in the upper part of the solution were collected 
and centrifuged to allow collection of the concentrated 
clay minerals at the bottom of the tube. These clay 
minerals were then placed on a glass slide and air-dried 
for 24 h before the XRD analysis. 

 
4. Results and Discussion 

 
4.1. Fluids Inclusion Petrography 

 
Figures 4A, B, C, D, and E are photographs of the fluid 

inclusions that were found in the sample H7, and Figure 
4F shows the same for sample H9. These two samples are 
promising for fluid inclusion studies because there are 
more abundant fluid inclusions than the other samples.   

The size of the inclusions varied from 10–20 μm, and 
most inclusions were rectangular or rectilinear; a small 
subset was round, appearing circular in cross-section. 
Two types of fluid inclusions were identified in quartz: 
liquid-vapor (L- V), rich in liquid and with a variable 
degree of filling, and vapor-liquid (V-L) rich in vapor. The 
most common types of inclusions were L-V and rich in 
liquid, with homogenization temperatures ranging from 
150 °C to 367 °C. 

  
 

 
Figures 4. Photomicrographs of fluids inclusions types quartz veins from the Hes-Daba prospect, L=Liquid and V=Vapor, 
primary fluid inclusion (A, B, C, D, F) and secondary fluid inclusion (E). 

 
Figure 5 shows the frequency histograms for the 

homogenization temperatures of samples H7 and H9. In 
sample H7, there were 37 fluids inclusions; in sample H9, 
there were only 2. When a liquid-rich inclusion is heated, 
the volume of the vapor bubble decreases continuously 

and smoothly with the increasing temperature until 
homogenization occurs. The homogenization 
temperature with the highest frequency in sample H7 
was 225 °C.  
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Figure 5. Frequency histograms of homogenization 

temperatures for fluid inclusions in quartz veins of 
samples, A for H7, B for H9.   

 
The salinity of the inclusion was calculated with the 

freezing point depression temperature using the 
equation proposed by [24]: 

Salinity = 0.00 + 1.78Ø - 0.0442Ø² + 0.000557Ø³ 
where Ø is the depression of the freezing point in 

degrees Celsius. 
Figure 6 shows relationship between the salinity and 

homogenization temperature for samples H2, H7, and 
H9. These salinities are relatively uniform and range 
from 0.1 wt % to 1.9 wt.% NaCl equivalent. 

Primary fluid inclusions in the crystal in the quartz 
veins at Hes-Daba have a low melting temperature, which 
corresponds to low salinity of brine at temperatures 
ranging from 150 °C to 367 °C. The homogenization 
temperature of inclusions ranging from 150 °C to 367 °C 
require either the circulation of originally hot surface 
water deep underground; this might be expected if the 
circulation involved major faults in the underlying 
crystalline basement. The surface quartz vein is generally 
considered to have been created in the subsurface during 
the past [24]. However, the subsurface formation has 
been exposed to the surface due to the erosion that 
probably occurred with uplift. This is why the 
homogenization temperature of the fluid inclusion in the 
quartz vein sampled at the surface shows the 
temperature of the fluid trapped in the quartz in the 
subsurface [13]. When the spatial distribution of the 
homogenization temperature of the fluid inclusion at the 
surface is obtained, the temperature distribution and 
center of geothermal activity can be estimated for the 
past [25]. The low salinity of the solutions and the 
absence of CO2 and minerals (e.g., halite) suggest that the 
main component of the fluid inclusion is meteoric water 
[26]. These results and those of a previous study [7]. 
  suggest that two types of hydrothermal fluids 
contributed to inclusions this area: meteoric water and 
magmatic water diluted by meteoric water [27, 28]. 

 

 
 

Figure 6. Salinities for fluid inclusions in quartz veins 
from Hes-Daba (H) and homogenization temperature for 
Sample H2(yellow), H7(red), and H9(blue).  

 
4.2. XRD Results 

 
Figure 7 shows the results of the XRD analysis of 

samples H5 and H12 from the trachytic host-rocks. The 
results are summarized in Table 1 and show that the 
alteration minerals in this area are mainly quartz; calcite; 
alunite; epidote; and the clay minerals chlorite, smectite, 
and illite. Quartz occurs either as an alteration product of 
opal or chalcedony or as a vesicle or vein filling mineral 
[7]. These are common and abundant minerals formed in 
geothermal systems and their presence in significant 
quantities may indicate specific temperature interval 
[29, 30, 31, 32, 33].    

 

 
 

 
 

Figure 7. XRD pattern of bulk sample and oriented 
sample (Air-dry) a) H5 and b) H12. 
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These results show that the presence of clay minerals 

such as smectite and illite indicate that the hydrothermal 
alteration in this region is acidic to neutral. However, the 
samples containing the clay minerals (e.g. chlorite and 
illite) and carbonate minerals such as calcite indicate that 
they are neutral to alkaline. The presence of chlorite, 
alunite, and epidote show formation temperatures 
higher than 230 °C [34, 35, 36]. This temperature is 
inferred from Figure 8, showing the mineral stability 
diagram. 

 
 
 
 
 
 
 
 
 

 
Table 1. Minerals identified in samples from Hes Daba. 

 
Sample Pl Calcite Quartz Alunite Chlorite Vermi-

culite 
Illite Smec-

tite 
Hematite Epidote 

H5 xx  xx  x  x    

H12 xx x xx x   x  x  
H13 xx   x    x x x 

H14 xx  xx   x  x   

H16 xx x xx    x  x  

H17 xx x   x   x x x 

 
 

Figure 8. Variation in mineral stability with 
temperature at quartz solubility (dashed line for stability 
at amorphous silica solubility). Modified from [34]. 

 
5. Conclusion  
 

In this study, quartz-rich vein samples hosted by 
trachytic rocks from the Hes-Daba geothermal area were 
investigated to determine temperature, salinity, and 
chemical composition of the hydrothermal fluids. 

The primary fluid inclusions in the crystal in quartz 
veins from the Hes-Daba have a low melting temperature 
that corresponds to the low salinity of brine at 
temperatures ranging from 150 °C to 367 °C. The high 
level of salinity causes the deposition of minerals in 
surface areas; however, the low level of salinity in Hes-
Daba means that there will be no negative effect on 
geothermal exploration in the area. XRPD analysis shows 
that the alteration minerals in this area are mainly 
quartz; calcite; alunite; epidote; hematite; and the clay 
minerals smectite, chlorite, and illite. The clay constitutes 

a transition to a high-temperature environment, as 
evidenced by the presence of high-temperature 
hydrothermal alteration minerals such as quartz (>180 
°C) and epidote (~250 °C). Therefore, the results XRPD 
analyses of fluid inclusions provide a good indication of 
the evolution of the geothermal system in the Hes-Daba 
area. 
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