
PROCEEDINGS, Tv.mty-Sccond Wokthop on Goothcrmrl Rcrcrvou Etlgtne- 
S t d n d  Uaivmity, Stdord. CaLaomir 110urry27-29,1997 
SGF'-TR-l5 5 

GEOCHEMICAL, ASSESSMENT 
OF THE NORTEIERN TENDAHO RIFT, ETHIOPIA 

Franco DAmore', Daniele Giusti2 and Berhanu Giza$ 

International Institute of Geothermal Research, Piazza Solferino n.2, Pisa, 56126, Italy 
2Aquater S.p.A., S. Lorenzo in Campo (PS), 61047, Italy 

Ethiopian Institute of Geological Surveys, Addis Ababa, Ethiopia 

1 

3 

ABSTRACT 

Geochemical data of the hydrothermal manifestation, 
deep wells and cold water points from the Northern 
Tendaho Rift, Ethiopia, have been examined and 
processed in order to have a better understanding of 
the geothermal system with respect to the nature of 
the fluids, their maturity, temperature and upflow 
zone. In the Dubti area, where three deep wells are 
dnlled, the temperature distribution computed from 
gas compositions and steam fraction could be tied to 
flow paths of the deep fluid along a fault starting 
from an upflow zone wtuch is anticipated to be 
around the three main fumaroles having an 
estimated reservoir temperature of about 300°C. A 
set of hydrothermal minerals including calcite, 
anhydrite, pyrite, wairakite, prehnite, Mg-chlorite, 
albite, epidotes and dopside is in thermodymmc 
equilibrium with the geothermal waters of the wells 
in Dubti and with the waters of hot springs in the 
Alalobeda hydrothermal area. The equilibration 
temperatures computed from water and gas 
compositions of the wells in Dubti are consistent 
with the measured values. For the Alalobeda area, a 
temperature of about 205°C seems the most reliable. 
The isotopic composition of carbon and He and the 
He-Ar-N2 relationship confirm an original magmatic 
source for the gas. Based on the isotopic composition 
of waters from the wells and sampled at the 
Alalobeda hot springs, the origin of recharge water 
can be fixed at an elevation of approximately 2500 m 
in the Etluopian plateau (Western Escarpment). 

INTRODUCTION 

Aquater S.p.A. (ENI Group) and the Ethiopian 
Institute of Geological Surveys (E.I.G.S.) jointly 
carried out a piefeasibility study at the Dubti and 
Alalobeda areas, Northern Tendaho Rift in Ethopia 
(Fig 1) in 1979-80. Tlus was followed by a 
feasibility study in the area of mjo r  interest, Dubti, 
between 1990 and 1995 (Aquater, 1996). 
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Fig. 1. Location of Tendaho FWl (Ettluopia). 

In the Dubti plantation, the hydrothermal area 
extends for about 2 km2 and presents isolated mud 
craters a few meters in &meter, minor fumaroles 
and steaming grounds wluch emit fluids formed 
prevalently by steam and minimum quantities of 
gases at the water boiling temperature. These 
manifestations are aligned along an active fault with 
SE-NW direction (Fig. 2). 
The Alalobeda thermal area, 12 km SSW of Dubti, is 
characterized by the presence of hot springs with 
temperatures near the boiling point, fumaroles and 
steaming grounds, aligned on the eastern border of 
the graben which corresponds to a major fault. The 
hot springs extend for approximately 1 km toward 
N-NW, but the steaming grounds and gas emissions 
continue for about 3 km. 
Some hot springs are also present near the 
Bagalodoma Crater Lake, approximately 22 km 
"E of Dubti, with temperatures close to 50°C. 



Geothermal wells 

Fumaroles 
DB - 4  

(235" C) 

Fig. 2. Dubti geothermal area: location of 
geothermal wells and surface 
marufestations. 

During the Tendaho Geothermal Project, 4 deep 
wells were drilled in the Dubti area (from 1993 to 
1995): 
- TD-1 well is characterized by very low flow rate 
and hence has no industrial interest. The measured 
temperature is about 270°C and production levels are 
at 850-900 m and 1190 -1265 m. 
- TD-2 well, which discharges at the average flow 
rate of 13 kg/s from a permeable level at 890 m has a 
measured temperature of about 220°C. 
- TD-3 well, an unproductive well, with the casing 
shoe set at 830 m has a maximum measured 
temperature of 198°C. 
- TD-4 well, a productive well, v h c h  discharges 
brine at about 70 kg/s, having a depth of about 250 
m and a measured temperature of 216°C. 

WATER CHEMISTRY 

In the investigated area waters have been studied 
from the following points: 
1. waters discharged from wells TD-1, TD-2 and 

TD-4 (collected at weirbox); 
2. waters from the hot springs of Alalobeda; 
3. waters from the thermal gradient boreholes; 
4. fresh waters from wells used for domestic 

purposes and springs. 
Table 1 lists selected chemical analyses data for the 
well samples from the weirbox, and the water 
composition for Alalobeda springs. The chemical 
composition of cold springs, wells used for domestic 
purposes and of the thermal gradient boreholes in the 
Dubti area are not reported in the Tables. 
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The degree of mineralization of the water from all 
three wells is similar. After the flash in atmospheric 
conditions, this level was recorded as 2.25 and 2.33 
8/1 for the TD-2 and TD4 productive wells 
respectively. In well TD-1 the water at bottomhole 
has a salinity of 2.10 g/l. 

CLASSIFICATION OF WATERS 

In chemical terms, the waters are similar in all three 
wells in the Dubti area. They are essentially s d u m  
chloride waters with a fatrly bgh sulphate content 
and very low Ca and Mg content. The C1-SO4-HCO3 
and Na-K-Mg diagrams (Giggenbach, 1988) were 
used for the chemical classification. 

The anionic compositions of the waters from wells 
TD-1, TD-2 and TD-4 fall under the C1-SO4-HCO3 
diagram (Fig. 3) near the area that corresponds to 
normal geothermal fluids. Notwithstanding thx, a 

STEAM - HEATED  WATERS^ 
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Fig. 3. Relative C1, SO, and HC03 contents of 
waters on weght (m&) basis. 

considerable quantity of sulphates is evident, such 
that the mineral anhydrite phase can be considered 
always present in equilibrium or in oversaturation in 
all samples at the reservoir temperature. This high 
quantity of sulphates could be generated by the 
circulation of relatively deep recharge waters inside 
the large sedimentary surface sequence. In 
particular, in well TD-4 the production layer is 
located in the sediments and we cannot exclude that 
these sediments could also exist in deep zones of the 
reservoir h c h  recharge the other wells. The hlghest 
sulphate values were found in the Alalobeda hot 
springs. The local shallow waters are located close to 
the bicarbonate corner, as they are hghly &luted Na- 



HC03 waters. The waters of the g r d e n t  boreholes 
have high contents of C1 and SO4 and they are 
located between the two end-members. 
The Na-K-Mg triangular diagram (Fig. 4) is 
essentially based on the temperature dependence of 
equilibria among the minerals K-feldspar, mica, 
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Fig. 4. Evaluation of Na-K-Mg temperatures. 

chlorite and the three cations Na+, K' and M e .  
T h s  diagram can also be used to class@ waters as 
fully equilibrated with rock at gwen temperatures, 
partially equilibrated or immature as shown in the 
dtagram of Fig. 4, which reports the data of wells 
TD-1, TD-2 and TD-4 and of all the other waters. 
From a geothermal point of view all samples 
collected in the wells are mature waters in full 
equilibrium. The temperatures of the wells indtcated 
in the diagram are as follows: 240°C for TD-1 
(sample of 14.06.94); 235" and 230°C for TD-2 
(samples of 09.05.95 and 24.06.94); 252", 270' and 
240°C for TD-4 (samples of 19.05.95, 25.05.95 and 
04.06.95). 

For well TD-1, the temperature obtained from thls 
Qagram is lower than the measured minimum 
temperature by an average of 25". This can be 
attributed to the relatively high quantity of 
magnesium. Moreover the muscovite used in the 
model has not been observed during the petrographc 
study. In well TD-2, the temperatures determined 
with the Na-K-Mg diagram are 10°C higher than the 
measured temperatures. In well TD-4 the 
temperatures in the diagram are much higher than 
those measured. 
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Although the geothermometric results are not 
entirely consistent with those of the saturation index 
method (see next section), and with the measured 
temperatures, the overall results suggest that the 
fluids from the wells and Alalobeda springs are in 
full equilibrium with the host rock (wth a 
temperature of about 215°C for Alalobeda) 
Moreover it appears that strong mixing phenomena 
do not occur in the Dubti reservoir waters. 

The cold waters of shallow wells are of sodturn 
bicarbonate type. The waters af g r d e n t  boreholes 
are mainly of sodium chloride-sulphate type, rich in 
Na and Mg, with a maximum temperature close to 
50°C. In the diagram of Fig. 3, they are intermdate 
between the shallow bicarbonate waters and the 
Alalobeda spring waters. The Same applies for the 
Bagalodoma immature waters. Considering the 
position of the points in the Na+K-Mg dtagram (Fig. 
4), a trend from Qluted Na-HC4 waters to Na-Cl- 
SO, mature waters appears evident, where the SO, 
content is probably a function of the time of 
circulation in the upper sdments .  

WATER GEOTHERMOMETRY 

Several empirical cation geothermometers and those 
based upon silica concentrations have been applied 
to the waters of wells TD-1, TD-2, TD-4 and of the 
Alalobeda springs. The results are listed in Table 2. 
The geothermometers based on Li content have been 
disregarded, because they provide unrealistically low 
temperature values for all the waters. 
The application of geothermometry based on silica 
concentration led to the following considerations: 
-TD-l well, whose fluid flow from bottomhole to 
wellhead is very limited but is continuous and 
relatively fast, shows a computed temperature 
ranging from 270' to 280°C which is consistent with 
the temperature measured in the aquifer. 
-The temperature computed for TD-2 well falls 
between 220" and 225"C, as that of the measured 
one in the aquifer. 
-In well TD-4 the temperature computed using silica 
is 225"C, approximately 8°C hgher than that 
measured in the production layer at 250 m. 

As regards the cation geothermometers, the 
following observations can be made: 
-For TD-1 well, no cation geothermometer provtdes 
a temperature reasonably close to that computed 
using silica and to the measured temperature; the 
computed temperatures are always very low. 
-In well TD-2, the application of geothermometers 
generally provided temperatures close to the 
measured value, i.e. approximately 220°C. 
-In well TD-4, for the analysis performed on 
25.05 95, the cation geothermometer provided a 



temperature much higher than the measured 
temperature. For the other two analyses the 
computed temperatures are close to the value 
produced from the silica content (Table 2). The 
mean temperature obtained by applying all the cation 
geothermometers to the waters of well TD-4 is in the 
range of 234OC318O. Such value, showing a hgh  
standard deviation, is considerably higher than the 
temperature measured in the local reservoir at 250 
m, that is 216"C=t2". This could mean that the fluid 
carries imprints of a reservoir zone hotter than that 
observed at shallow productive layers. 

Taking into consideration all the geothermometers, 
the maximum temperature computed at Alalobeda 
with the 1990 compositions is 212°C for the AL-1 
spring using the Na-K geothermometer 
(Giggenbach, 1988), and 229°C using the quartz 
geothermometer, nesteam loss (Foumier, 1983). 

SATURATION INDEXES 
For a better understanding of water compositions for 
the main species, the method based on the saturation 
indexes of selected mineral phases was applied. The 
WATCH computer code (Amorsson, 1982) at 
selected reservoir temperatures defines the 
composition and speciation of the reservoir water 
and the activity of the various species. The code also 
enables calculation of the activity products for 
several minerals. The saturation index SI for each 
mineral is the logarithm value of the ratio between 
the activity product and the equilibrium constant. 

When examining the equilibria of hydrolysis 
reactions of alumo-silicates, the concentration of 
monomeric aluminium species must be known. In 
our case the monomeric aluminium content was not 
available. In order to make up for the lack of this 
parameter we assumed the existence of a mineral in 
equilibrium with the other alumosilicates. The use of 
this equilibrium between the selected phase and an 
alumosilicate is to stechiometrically balance for 
aluminium in a hydrolysis reaction. In our case we 
chose the microcline phase. 

Table 3 shows the hydrolysis reactions considered in 
this paper. The following mineral phases reached 
saturation conditions at reasonable temperatures and 
thus they were used to calculate the equilibrium 
temperature: calcite, anhydrite, quartz, wairalute, 
prehmte, Mg-chlorite, albite, epidote, zoisite and 
&opside. As an example, Figure 5 shows the SI 
values calculated towards selected temperatures 
(between 160 to 260°C) for the sample collected on 
19.05.95 in well TD-4. We must consider that the SI 
values have a theoretical limit whch is essentially 
due to some uncertainties both in the analytical 

composition and in the mineral hydrolysis constants 
values. Therefore, the equilibrium temperature can 
be considered achieved for values of SI = 0 * 0.25. 
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Fig. 5. Saturation index vs temperature for sample 
collected on May 19, 1995 in well TD-4. 

The results of the saturation index method applied to 
the waters from the Dubti wells may be summarized 
as follows: 
-In well TD-1, the method was applied to the 
14.06.94 sample, considered as the most 
representative because of sampling condtions. It 
corresponds to fluid discharged from the well after 
approximately 30 days of production at a flow-rate of 
a few litres per minute, thus avoidmg flaslung. The 
deep water composition was reoonstructed by taking 
into consideration degassing effects and provided a 
temperature of 269"(314", consistent with that 
measured in the well's production level. 
-In well TD-2 the average temperature calculated 
using the same minerals is 227"-9" for the 1995 
sample and 228OCrt8" for the 1994 sample. 
-In well TD-4, if all calculated equilibration 
temperatures are used for the three available 
analyses, an average value of 237"C*llo is obtained. 



T h s  value is very close to that obtained from the 
application of cation geothermometers. 
On applying t h s  method to well TD4, the computed 
reservoir temperature is about 20°C higher than 
those measured at 250 m in the production zone. We 
can assume that the fluid orignates from a deeper 
reservoir and that, through a local fracture, it could 
penetrate in the TD4 productive level, having a 
temperature of about 220°C. The 250 m production 
level, whch is hydraulically connected with the 
swface, is characterized by a temperature 
correspondng to the boiling-point-per-depth curve. 
Therefore it is possible to conclude that the fluid 
temperature decreases during its passage from the 
reservoir to the feed zone *le the water 
composition still carries imprints of higher enthalpy 
conditions, as shown in the SI computation. The only 
exception to this is silica whose kinetic reaction 
allows rapid equilibration (225°C). 

The method of saturation indexes was applied to 
samples from the Alalobeda springs AL-1 and AL-2 
of the 1995 samples. The computed equilibration 
temperatures for AL- 1 and AL-2 are 2 17"- 17' and 
204"~17 ' ,  respectively. 

WATER ISOTOPIC COMPOSITION 

Tab. 1 reports the analytical data for 6180%o, Zi2H%o 
(vs SMOW) for the waters from the wells, after 
correction for steam separation at the atmospheric 
separator, and of the Alalobeda springs. No tritium 
was detected in the study area. The isotopic 
composition of all water samples is reported in the 
a2H%o vs. 6'80%o plot (Fig. 6). We note very similar 
compositions between springs AL-1 and AL-2 and 

The graphic representation for Alalobeda waters 
shows a clear shift of '*O as in the deep wells in 
Dubti, linked to water-rock interaction processes in a 
hydrothermal environment. In the waters of minor 
springs (AL-8, AL-5 and AL-4). the 'H and "0 
contents indicate possible evaporation. With an 
isotopic composition similar to that of wells TD-2 
and TD-4, the Alalobeda geothermal waters are very 
llkely connected to a reservoir linked to hydrologml 
circuits similar to those present at Dubti. 

wells TD-2 and TD- 1 

In order to determine the isotopic composition of 
surface waters and fresh groundwaters (rivers, 
springs and wells), in 1994 Aquater and the E.1.G.S 
carried out a water sampling program over an area 
extending from Aysa'ita to the western plateau 
between Senbete and Maychew (Fig. 6). One of the 
objectives of the survey was to identlfy a possible 
area of recharge for geothermal waters of the 
Northern Tendaho Rift. The following relationship 
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Fig. 6. Stable isotope water composition. 

2 

0 Water wells 0 Geothermal wells 

Alalobedahotsprings + Rivers 

has been obtained for 6'*0%0 vs. altitude (h) in 
meters above sea level: 

with 2=0.68. The average 6l80 value, when inserXed 
in the equation, produces an elevation of the 
recharge in the order of 2000-2500 m on the plateau. 
Ths information and the lack of tritium suggest that 
residence times could be in the order of several 
hundreds of years. The I4C of carbonates determined 
in the TD-2 well waters, indicated that the water IS 
younger than 7000 years (I4C = 43 AMs for the 
Qssolved carbonate). 

h = 680 - 503 6'*0%0 

GAS CHEMISTRY 

The content of non-condensable gases in the wells is 
in the order of 16 mmoledl00 moles. Selected gas 
compositions of the wells and those of the Dubti and 
Alalobeda manifestations are listed in Table 4. 

The gas compositions vary considerably in time and 
in space. This variability is pointed out in the 
triangular hagram of Fig. 7, which includes the 
following components: C&, C 4 6 0  and the most 
reactive species (H2S+H2 +CO* 104/2). An alignment 
of the samples from the comer of the reactive species 
towards a high C& content can be seen (Fig. 7). In 
the Dubti area, the mamfestations DB-1, DB-2 and 
DB-3 present the highest content of the reactive 
gases, particularly H2S. In the alignment of active 
mamfestations, these are the must southeastern ones, 
as shown in Fig. 2. DB-4 and DB-6 marufestations 
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Fig. 7. CWCQJ(HZS+H,+CO) diagram. 

are the most northwestern ones along the alignment 
and show a composition similar to that of well TD-4. 
Well TD-2 presents a composition similar to that of 
Alalobeda. 

Alalobeda gases M e r  from those of Dubti because of 
their lower H2 and CO content. They appear as 
residual gases after steam losses. Alalobeda samples 
present the lowest reactive gases concentration in the 
area. AL-6 and AL-7 samples are the closest to the 
CH, end member together with well TD-2 (Fig. 7). 

In Fig. 8 the relative compositions of N2, Ar and He 
are plotted on a triangular diagram (Giggenbach, 
1988). All mamfestations in the Dubti area are 
contaminated by air. The origtn of this air could be 
due to the fact that the collected gas is enriched in 
air dissolved in the condensate which is locally 
present in the sampled pools. If all the data are taken 
into consideration we observe a trend which has air 
or air-saturated water as one end member and a 
mixture of N2 and He on the other end. In the 
graphc alignment, the wells are generally located 
closer to the He end member. This end member can 
be identified as the He of magmatic origin, 
partlcularly that of the mantle. This is confirmed by 
the 3He?He ratios of wells TD-2 and TD-4 and of 
manifestations DB-3 and DB-6. The average value 
corrected for air contamination is R& = 13. T h s  
value is slightly hgher than that of typical ocean 
basalts coming from Mid Ocean Ridges, and 
therefore suggest the development of a plume 
orignating from the lower mantle (hot spot type, like 
in Hawaii). These results are consistent with data 
obtained in the Djibouti lavas wfuch show isotopic 
He ratios between 8 Ra and 15 Ra (comm. B. Marty, 
1995 - Centre National de la Recherche Scientfique, 
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Fig. 8. Relative N2. He and Ar contents in 
geothermal gas discharges on molal 
(volume) basis. 

Vandouevre de Nancy, France). The absolute values 
of 613C of C@ for wells TD-1 and TD-2 and of the 
Dubti and Alalobeda mamfestations range from -3 to 
-6 per mil vs PDB (Table 4). These values are 
consistent with a prevailing component of deep 
magmatic origin. T h s  component is even more 
abundant in the gases associated with waters 
produced by well TD-1 (-6 to -7) and confirm a 
minor sedmentary contribution from metamorphc 
reactions (613C close to 0 per mil). The values of 
613C of Alalobeda are between -4.5 and -6 5 

GAS EOUILIBRIA 

Carbon monoxide is considered to be in chemical 
equilibrium with other "carbon" species such as C q  
and C& (e.g. Beratrami et al., 1985; D'Amore et al., 
1987; Giggenbach, 1987; Chiodini and Cioni, 1989; 
D'Amore, 1991). 

One way to calculate the temperature, and at the 
Same time check the equilibrium condtions in a 
vapour or liquid phase, is to we  the loganthrmc 
diagram by Giggenbach (1987), reporting on the 
axes log(CHdC4) vs log(CO/CQ), as in Fig. 9 
(method A). The positions correspondng to the 
gaseous compositions are the following: 
-Wells TD-2 and TD-4 are in a temperature range 
between 200 and 24OOC in a liquid phase. 
-Well TD-1 shows a temperature of about 260°C in a 
liquid phase; 
-The Dubti manifestations lie between 250" and 
300°C with a hghly variable staam content. Taking 
into consideration the results from the Dubti 
fumaroles referring to 1990 and 1995, we note that 
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Fig. 9. Calculation of equilibrium temperatures 
using method A. 

mamfestations DB-1 and DB-2 show temperatures 
close to 300°C. while madestations DB-4 and DB-6 
show temperatures in the range of 250"-260"C. In 
1990 manifestations DB- 1, DB-2 and DB-3 showed a 
hgh quantity of vapour in the examined equilibrium. 
-Malobe& points are consistent with a temperature 
betwen 200" and 25OOC. 

When relatively high contents of H2S are measured 
in fumaroles and wells in the dry gas, as in our case, 
it is then possible to use the method described by 
DAmore et al. (1987) and by Saracco and DAmore 
(1989) to compute the following parameters of the 
geothermal reservoir: temperature, in-place steam 
fraction "y" and P (c4 )  (method B). Hence the three 
chemical reactions used are: 

C& + 2H20 = CQ + 4H2 
C& + 3CQ= 4CO + 2H2 0 

H2 + 3/2FeS2 + 2H20 = 3H2S + 1/2F304 

The following simplified expressions link the gas 
concentrations to the reservoir parameters 
temperature (T'K), steam fraction e). partial 
pressure of CQ:  

B; indicates the vapourfliquid dstribution coefficient, 
known function of temperature for each species 
considered in the chemical reactions @'Amore and 
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Truesdell, 1988). The HC, SHC and COC are the 
known terms of the equations. The non-linear 
equation system is solved using a numerical 
approach. 

The application of thts method produced the results 
shown in Tab. 5 .  The hottest well is TD-1, with a 
temperature of 262°C. and the coldest well is TD-2, 
with a temperature of 218°C. Well TD-4 is in an 
intermediate position with a temperature of 240OC. 
This is much htgher than the temperature measured 
at the production level. In well TD-4, therefore, both 
gases and waters carry imprints of major enthalpy 
conditions, regardless of the Qscharge temperatures. 
On the contrary, in wells TD-1 and TD-2, the 
temperatures calculated from gases and waters 
confirm those measured in the l d  reservoir. 

The values of "y" computed for the three wells 
in&cate that a pure liquid phase occurs in the 
reservoir with no excess vapour. Therefore, the Dubti 
geothermal system is characterized by a typical 
water-dominated system at starting production 
conditions. The Alalobeda springs present negative 
values of steam fraction "y" and indxate that the 
produced fluid was degassed before reachmg the 
surface. 

The CQ pressures vary substantially in the present 
system, and were estimated in: 1.3 MPa in TD-1; 
0.22 and 0.48 Mpa in TD-2 respectively for samples 
collected in 1994 and 1995; 0.4*0.1 MPa (average 
value) in TD-4; 0.8-0.1 MPa in Alalobeda. 

Dubti gas manifestations present an areal 
temperature gradient. DB-1, DB-2 and DB-3, in the 
south-east zone of the fault, present maximum 
temperatures (275"-300"C). DB-5 shows a value 
close to 270°C. DB-4 and DB-6, in the north-west 
portion and close to wells TD-2 and TD-4, present a 
value of235"C. 

GAS ISOTOPIC GEOTHEFWOMETRY 

The available gas isotopic compositions for the wells, 
the Dubti gas manifestations and the Alalobeda 
springs are reported in Table 4. The isotopic 
compositions that enable the calculation of 
temperatures from the a2H of the pair C&-H2 are 
available only for wells TD-1 and TD-2. For 6 
samples the data needed to calculate temperature by 
the 613C of the pair CQ-C& are available. The 
temperature evaluation was limited only to the Dubti 
area. Using the pair CQ-C&, the computed 
temperatures are 700°C for TD-1, 410°C for TD-2 
and 460°C for TD-4. For the Dubti madestations, 
an average temperature in the range of 472OC*13" 
was b n e d .  These values are consistent with a 



strong magmattc component for CQ. Unfoxtunately, 
for the CH4-H2 isotopic pair the isotopic composition 
of H2 did not enable precise calculations due to the 
scarce amount of H2 and low pressure in the samples. 
In well TD-2, talung into consideration only the 
results given by the major signal at the mass 
spectrometer, a temperature close to 250°C was 
calculated. T h s  value is higher than the measured 
temperature and the value computed using gas- 
geothemometry (about 22OOC). For well TD-1, the 
computed temperature value is 32OoC, whxh is 
higher than the value measured at well bottom 
(270°C). 

CONCLUSIONS 

The geochemical study of fluids produced by the 
wells at Dubti and by the hydrothermal 
mamfestations in the main geothermal areas of the 
Northern Tendaho Rift provides fundamental 
information on the fluid characteristics and 
thermodynanuc conditions of the local deep 
reservoir. 
-The water discharged from the wells in Dubti is of 
sodium chloride type. It is mature and has not been 
mixed with surface waters. The remarkable presence 
of sulphate could be attributed to circulation in 
sedimentary levels where the productive zone of TD- 
4 is situated. The waters of the Alalobeda hot springs 
have a similar chemical composition to that of the 
Dubti area, with hgher sulphate content due to its 
increasing solubility as the reservoir temperature 
decreases to about 205°C. 
-The content of total dissolved solids whch lies 
between 2.1 and 2.3 g/kg is low. The gas fraction 
compared to total fluid is also very low. In particular, 
for well TD-4, the value of non condensable gases 
compared to total water is in the order of 16 
mmoled100 moles. These results are of some interest 
for industrial exploitation and suggest low 
environment impact. 
-Reservoir equilibrium temperatures and the CQ 
F a l  pressure values computed for the Dubti wells 
from gas and water chemistry are: 26Oo-270"C and 
1.3 MPa for TD-1; 220"-225°C and 0.35 MPa for 
TD-2; 235"-240"C and 0.4i0.1 Mpa for TD-4. FOT 
wells TD-1 and TD-2 the computed equilibrium 
temperatures are close to those of the measured 
values. In well TD-4, however, they are about 20" 
above the measured value at the 250 m production 
level. Consequently it is assumed that the fluid 
originated from a deeper reservoir and ascends along 
the Dubti fault and recharges the productive level of 
the well. It should be underlined that at 450 m, the 
temperatures measured are similar to those 
calculated. These levels have a negligible 
permeability in the area of wells TD-2 and TD-1, but 

the presence of a nearby reservoir having a 
temperature of 235"-24OoC cannot be ruled out. 
-In the Dubti area, natural gaseous mamfestations 
are aligned along an active fault for approximately 2 
km in a SE-NW Qrection. If the computed 
temperature values from gas compositions are plotted 
on the major sampled madestations (Fig. 2) and 
also considering the temperature values computed 
from gas and water chemistry for the three wells, we 
observe a trend with maximum values between 275' 
and 300°C. The maximum temperature corresponds 
to the group DB-1, DB-2 and DB-3 in the SE, and 
declines towards the NW. In wells TD-2 and TD-4 
the calculated and measured temperatures are the 
same as that computed in DB-4, the last fumarole at 
NW with a temperature estimated in 235°C. This 
temperature distribution is probably in relation to the 
relative positions of the wells and mamfestations 
with respect to a local upflow zone in the SE portion 
of the Dubti geothermal area. A heat source is 
assumed near the feed reservoir of madestations 
DB-1, DB-2 and DB-3, that produces a single liquid 
phase fluid moving in a vertical direction along fault 
planes with initial temperatures in the order of 280' 
and 300°C. Once horizontal permeable formations 
are reached the fluid expands, producing isotherms 
that take on a volumetric mushroom shape. With 
respect to t h s  upflow zone, two possible flow paths 
can be assumed along the manifestation fault 
(independent of well TD-1). In the first path, the 
fluid is assumed to rise towards the surface and 
simultaneously moves through a formation 
characterized by good permeability, gradually 
reaching at shallower levels and with decreasing 
temperatures, the area of TD-4 and of mamfestation 
DB-4. The second flow path may be assumed at 
greater depths, in a reservoir zone with low 
permeability. Moving very slowly, the fluid would 
cool to a greater extent compared to the fluid closer 
to the surface which has a greater chance of mobility. 
Such fluid could feed the deeper levels of well TD-2. 
-In the Dubti wells the values of the calculated in- 
place mass vapor fraction ("y") are close to zero. 
This, according to reservoir engneering information, 
confirms the existence of a liquid-dominated 
geothermal system. On the other hand, the 
madestations present positive and sigruficantly 
higher "y" values, generally between 2 and 10%. At 
point DB-6, the only sample taken during the last 
survey (1995), a y value approachmg 1 was 
calculated. It is unlikely that these values refer to the 
fluid in the original reservoir, but rather to a local re- 
equilibration of gases in a -phase system formed 
during its slow ascent towards the matufestations. In 
order to confirm t h s  assumption it will be necessary 
to carry out periodic monitoring of the fluids, at least 
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for the more important W e s t a t i o n s  including 
detection of CO. 
-For Alalobeda, gas geothermometry provides 
temperatures in the order of 240"C, hgher than 
those calculated for the waters whch were between 
200" and 22OoC, and much hgher P(CQ) values 
than those calculated from the composition of 
waters. This could indicate that the real temperature 
of the orignal water is approximately 240°C. It then 
mixes with cold shallow old water and reaches 
temperatures of 200"-220°C. These shallow waters 
do not have a local origm, considering the observed 
isotopic compositions. Thus, the waters sampled at 
the Alalobeda springs could be of mixed origin. 
-The isotopic composition indicates, however, that 
the cold mixing waters are characterized by an 
analogous circulation period, but with lower 
temperature. The isotopic composition of the 
reservoir water dlscharged by wells TD-1, TD-2 and 
TD-4 in the Dubti area and by the hot springs in 
Alalobeda, show a marked water rock interaction 
effect caused by temperature. This effect is much 
greater in well TD-1. The S180%o values also show 
that recharge corresponds to feed elevations above 
2000 m. T h s  value is approximate given the scarcity 
of data to correlate meteoric precipitation and exact 
elevation. Nevertheless, it indicates that recharge of 
the Tendaho geothermal reservoirs originates in the 
upper part of the Ethiopian escarpment and/or in the 
plateau, and excludes local recharge. The absence of 
Tritium confirms a long residence time. However, 
the residence time of the water from the recharge 
area to the Tendaho geothermal field does not exceed 
7000 years. 
-The gases associated with the geothermal fluids of 
the Tendaho area indtcate that CQ, whtch is the 
prevailing species, has a strong component of 
magmatic orign. The supply of magmatic gases is 
confirmed by the relatively high He content (linked 
to a basaltic type) and by the 'HdHe ratio. 

ACKNOWLEDGEMENTS 

The authors wish to thank the Ethiopian Institute of 
Geological Surveys and the General Directorate of 
Cooperation and Development of the Italian Ministry 
of Foreign m r s  for authorizing publication of the 
foregoing data. 

REFERENCES 

Aquater (1996), "Tendaho Geothermal Project", 
Unpublished Final Report, San Lorenu, in Campo, 
Italy. 

Arnorsson, S., Sigurdsson, S. and Svavarsson, H. 
(1982), "The chemistry of geothermal waters in 
Iceland. I. Calculation of aqueous speciation from 0" 

443 

to 370°C". Geochim. Cosmochim. Acta, 46, 1513- 
1532. 

Arnorsson, S. (1983), "Chemical equilibria in 
Iceland geothermal system. Implications for 
chemical geothermometry investigations", 
Geothermics, 12, 119-128. 

Bertrami, R., Cioni R., Corazza, R., DAmore, F. 
and Marini, L. (1985), "Carbon monoxide in 
geothermal gases; reservoir temperature calculations 
at Larderello (Italy)", G.R.C. Symp. on Geothermal 
Energy, Kona, Hawaii, Transactions, 9, part 1, 299- 
302. 

Chiodini, G. and Cioni, R., (1989), "Gas 
geobarometry for hydrothermal systems and its 
application to various Italian geothermal areas", 
Appl. Geochem., 4,455-464. 

D'Amore, F., Fancelli, R., Saracco, L. and Truesdell, 
A.H. (1987), "Gas geothermometry based on CO 
content. Application in Italian geothermal fields", 
Roc. Stanford 12th Res. Eng. Workshop, 12, 247- 
2s1. 

D'Amorep. and Truesdell, A.H., (1988), "A review 
of solubilities and equilibrium constants for gaseous 
species of geothermal interest", Sci. Geol. Bull., 41, 
314. 309-332. 

DAmore, F., (1991), "Gas geochemistry as a link 
between geothermal exploration and exploitation", 
WAR-UNDP, Geochemistry, Technical guide, 
93-116. 

Fournier, R.O. and Truesdell, A.H., (1973), "An 
empirical Na-K-Ca geothermometer for natural 
waters", Geochim. Cosmoctum. Acta, 37,515-525. 

Fournier, R.O., (1983), "A method of calculating 
quartz solubilities in aqueous s d u m  chloride 
solutions", Geochm. Cosmochim. Acta, 47, 579- 
586. 

Giggenbach, W.F., Gonfiantini, R., Jang, B.L. and 
Truesdell, A.H., (1983), "Isotopic and chemical 
composition of parbati Valley geothermal 
discharges, Northwest I-bmalaya, India", 
Geothennics, 12, 199-222. 

Giggenbach, W.F., (1987), "Redox processes 
governing the chemistry of fumarolic gas discharges 
from W t e  Island", New Zealand. Appl Geochem , 
2, 143-161. 



Giggenbach, W.F., (1988), "Geothermal solute 
equilibria. Derivation of Na-K-Mg-Ca gee 
indxators", Geochlm. Cosmochim. Acta, 52, 2749- 
2765. 

Nieva, D. and Nieva, R, (1987), "Development in 
geothermal energy in Mexico, part 12 - A cationic 
composition geothermometer for prospection of 
geothermal resources", Heat Recovery Systems and 
CHP, 7,243-258. 

and Geosciences, 15, 1053-106s 

T o w ,  F., (1980), "Some remarks on the 
application of geochemical techniques in geothermal 
exploration", Roc. A&. Eur. Geoth. Res. Second 
Symp., Strasbourg, 2,428 443. 

Truesdell, AH., (1976), Summary of section III- 
"Geochemical techniques in exploration", Roc. 
Secund United Nations Symp. on the Development 
and Use of Geothermal Resources, San Francisco, 
1975, 1, U.S Government Printing Office, 
Washington D.C., 53-89. 

Saracco, L. and DAmore, F., (1989), "C02B: a 
computer program for applying a gas 
geothermometer to geothermal systems", Computers 

Tab. 1 - Chemical cornposition of brines from Dubti wells at weirbox and from Ahlobeda hot springs. 

Tab. 2 - Temperature values computed through the 
application of water geothermometers. 

I Well I NaX I NaX I NaXl NaX I NaXl  NaX I NaXl  NaXCa I K-Mn I Si02 1 Si02 I Si021 

(1) Truesdell, 1976 (7) Giggenbach, 1983 
(2) Tonani, 1980 (8) Fournier and Truesdell, 1973 
(3) Arnorsson, 1983 (25'-250'C) (9) Giggenbach, 1988 
(4) Arnorsson, 1982 (250'-350"C) (10) Arnorsson, 1982 
(5) Fournier, 1983 (1 1) Fournier, 1983 (mamum steam loss) 
(6) Nieva and Nieva, 1987 (12) Fournier, 1983 (no steam loss) 
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Tab. 3 - Equilibrium chemical reactions used to 
calculate the values of saturation indexes. 

Tab. 4 - Dry gas composHion8 in moles % and gas isotope compositions 
of geothermal fluids In the northern Tendaho basin. 

Tab. 5 - Values of the reservoir parameters 
computed using method B. 

Well t P(C02) y 
or "C MPa 
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