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Nineteen (19) gas samples were collected during the geochemical survey 
carried out in October 2015 in the framework of the NDF-ICEIDA 
Geothermal exploration project 

INTRODUCTION 

Weak fumaroles and 
steaming grounds are 
widely distributed 
within the Aluto 
volcano, in association 
with faults and fractures 
  
These fumarolic 
manifestations were 
studied in the past by 
Glover (1976), Craig and 
Lupton (1977) and 
Darling (1998)   



FIELD CHARACTERISTICS 

Apart from the fumaroles of Gebiba (LEFT), all the other manifestations are low-

pressure gas emissions (steaming grounds) 

Odour of rotten eggs is either lacking or scarcely perceptible, indicating nil to low 

contents of hydrogen sulfide (H2S) 

Red soils are present in these manifestations, suggesting the occurrence of 

relatively mild alteration, similar to the weathering processes leading to lateritic 

soils, probably due to absence or scarcity of H2S in Aluto gas discharges 

Gebiba Kore 



SAMPLING 

In most sampling points we obtained 

• total fluid samples in Giggenbach’s 

bottles 

• samples of dry gases and steam 

condensates using a sampling line with 

a glass condenser-separator cooled by 

circulating cold water 



LABORATORY ANALYSES 

N2, O2, H2, He and Ar were analysed in the gas phase collected in Giggenbach’s bottles, using a Shimadzu 

15A GC equipped with a 10 m long 5Å molecular sieve column and a TCD. Ar was separated from O2, at 

0°C by cryogenic liquid CO2 cooling loop Shimadzu CRG-15 

CO was determined in the gas phase collected in Giggenbach’s bottles after conversion to CH4 at 400°C, by 

using the same GC equipped with a FID and employing a MS 5 Å 1/8’ × 50’ column and H2 as carrier gas. 

CO2 was measured on the alkaline solution by titration with a 0.5 N HCl solution using an automatic 

titrator Metrohm Basic Titrino 

H2S was also measured on the alkaline solution through peroxide oxidation of sulfide to sulfate, which was 

then determined by ion-chromatography using a Metrohm IC 761 

H2O was obtained by difference between the amount of sample collected and the amounts of all other 

gas constituents 

All obtained chemical data have analytical uncertainties ≤5% for the main gas components and ≤10% for 

minor and trace gas species 

The steam condensate samples were used to determine the 2H values (±1‰) and 18O 

values (±0.1‰) of H2O by TC-IRMS and DI-IRMS, respectively 

The 13C value of CO2 (±0.1‰) was determined on the dry gas sample using a Delta S 

(Finnigan) mass spectrometer, after standard extraction and purification procedures of 

the dry gas mixtures 



WATER CONCENTRATION 

It was possible to obtain the H2O 
concentration from the analysis of 
Giggenbach’s flasks (H2O-lab) for a few 
samples only 

The H2O concentration (H2O-field) was 
evaluated for all the samples from the 
volume of dry gas pumped through the 
sampling line and the related amount of 
steam condensate 

The two series of data agree at high H2O contents 
(Gebiba, Auto and Hulo, whose outlet temperature 
is close to the boiling point of pure water) whereas 
they deviate considerably for H2O-field < 875-900 
mmol/mol (e.g., Finkilo) 

Hulo 



CO2-N2-O2-Ar RELATIONS 

The triangular plots of CO2-N2-O2 (a) and CO2-N2-Ar (b) show that:  

(i) the fumarolic manifestations of Gebiba and Finkilo discharge CO2-rich gas mixtures 

free of air-saturated water (ASW) 

(ii) all the other fumarolic manifestations release gas mixtures dominated by ASW with 

a subordinate proportion of the CO2-rich component; based on Ar, the fraction of ASW 

is 0.98-0.99 at Adonsha, 0.87-0.91 at Oitu, 0.76-0.98 at Kore, 0.68 at F6/LA-6, 0.58-0.72 

at Bobessa, 0.58 at Hulo, and 0.55 at Auto 



CO2-N2-O2-Ar RELATIONS 

The virtual absence of ASW in the gases of Gebiba and Finkilo indicates that the deep CO2-
rich gases do not interact with a shallow aquifer in these sites 

ASW (not air) is present at Adonsha, Oitu, Kore, F6/LA-6, Bobessa, Hulo, and Auto as shown by the N2/Ar 

ratio 

The N2/O2 ratio is altered by redox reactions consuming O2, in line with the virtual absence of H2S, H2, & CO 

The presence of ASW at Adonsha, Oitu, Kore, F6/LA-6, Bobessa, Hulo, and Auto suggests that the deep 
CO2-rich gases interact with a shallow aquifer which is in contact with the atmosphere 



N2-Ar-He RELATIONS 

Only the samples of Gebiba and 
Finkilo are shown in the N2-Ar-He 
triangular plot since He is 
undetectable in all the other gas 
mixtures 

Data from previous studies are not 
shown since He was not measured 

The low He/Ar and He/N2 ratios of 
Gebiba and Finkilo gases are probably 
due to limited addition of helium to 
the gases supplied from the 
atmospheric (meteoric) source 

Helium is probably contributed by the mantle rather than the crust because Aluto is 
positioned within the area affected by the so-called Ethiopian mantle plume (Craig and 
Lupton, 1977). 



THE H2-BASED GEOTHERMOMETERS 

The fumarolic gases of 
Gebiba indicate separation 
temperatures TS close to 
100°C from boiling liquids 
of initial (reservoir) 
temperature TO in the 220-
240°C range based on the 
H2/H2O ratio, 190-220°C 
range based on the H2/N2, 
and 200-225°C based on 
the H2/Ar ratio 

Among the fumarolic gases of Finkilo, samples FF1 and FF4 are affected by addition of atmospheric air, 
whereas samples FF2 and FF3 are probably not influenced by air addition, although the occurrence of 
steam condensation cannot be totally excluded. 
Samples FF2 and FF3 are either high-temperature equilibrium vapors or vapors separated from boiling 
liquids at high TS close to the initial (reservoir) temperature TO of 295-300°C (based on the H2/Ar ratio) 
or 325-330°C (based on the H2/N2 ratio) assuming that samples are unaffected by steam condensation 
 



The diagram of log(CH4/CO2) vs. log(H2/H2O) 

In the diagram of log(CH4/CO2) vs. 
log(H2/H2O): 

(i) The most representative samples of 
Finkilo, FF2 and FF3, are close to the 
vapor line at high reservoir 
temperatures (TO of 300-305°C), similar 
to what observed in the previous plots 

(ii) The gas mixtures of Gebiba exhibit a 
marked disequilibrium between the H2-
H2O subsystem and the CH4-CO2 
subsystem, which might be due to the 
slow kinetics of CH4-CO2 re-equilibration 
upon cooling, especially at relatively low 
temperatures (Giggenbach, 1997). 
Accepting this explanation, the high TO 
values indicated by the CH4/CO2 ratio ( 
340°C) might be present at a large 
distance from the Gebiba gas 
manifestation or might be inexistent 



The diagram of log(CO/CO2) vs. log(H2/H2O) 

In the diagram of log(CO/CO2) vs. 
log(H2/H2O): 

(i) The gas samples of Gebiba indicate 
occurrence of vapor separation at low 
temperatures (close to 100°C) from boiling 
liquids of initial (reservoir) temperature TO 
in the 175-180°C range 

(ii) The most representative samples of 
Finkilo, FF2 and FF3, are found close to the 
vapor line also in this plot, but indicate low 
reservoir temperatures (TO of 100-120°C), 
in striking contrast with all other gas 
constituents of geothermometric interest 

The low reservoir temperatures indicated by the CO-CO2 geothermometer 
probably reflect underestimation of the CO content of gas samples due to 
partial conversion of CO to sodium formate through reaction with excess NaOH 
present in the Giggenbach’s bottles (Giggenbach and Matsuo, 1991). Hence, it is 
advisable to neglect the apparent equilibrium temperatures indicated by the 
CO-CO2 geothermometer 



SYNTHESIS OF GAS GEOTHERMOMETRIC RESULTS  

Geothermometer H2/N2 H2/Ar H2/H2O CH4/CO2 

To (°C) Gebiba 190-220 200-225 220-240  340 

Finkilo - Either high-temperature equilibrium vapors or vapors separated from 
boiling liquids at high temperatures, TS, close to the reservoir temperature, TO, 
assuming that samples are unaffected by steam condensation. 

Geothermometer H2/N2 H2/Ar H2/H2O CH4/CO2 

To (°C) Finkilo 325-330 295-300 Undefined 300-305 

Gebiba - Vapors separated from boiling liquids at low temperatures, TS 100°C.  

Finkilo (FF3) 



The 2H and 18O values of fumarolic steam condensates 

This plot shows the 2H and 18O values of (a) the fumarolic steam condensates sampled during this work and in 
previous studies (Craig and Lupton, 1977 and Darling and Talbot, 1991), (b) the reservoir liquids of geothermal wells LA-
3, LA-4, LA-6, and LA-8 (Darling et al., 1996; Teklemariam and Beyene, 2002) 
 

The average isotope values of the reservoir liquids of wells LA-3 and LA-8 (2H = -9.55 ‰; 18O = -2.42 ‰) and of the 

reservoir liquids of wells LA-6 and LA-4 (2H = -10.17 ‰; 18O = -1.41 ‰) are also shown 

These average 2H and 
18O values were used to 
compute the effects of 
both (i) single-step steam 
separation (boiling), 
adopting the approach of 
Giggenbach and Stewart 
(1982) and (ii) Rayleigh 
condensation at 95°C 
(e.g., Faure, 1986).  

Liquid-vapor fractionation factors of O and H isotopes were computed using the relations of Horita 
and Wesolowski (1994) for pure water 



The 2H and 18O values of fumarolic steam condensates 

The condensation line at 95°C of samples G1 and G2 from Gebiba intersects the “line of 
vapors from LA-8” for a separation temperature TS of 95°C. This low TS is in excellent 
agreement with the TS close to 100°C which is suggested by gas geothermometry 

The condensation 
line of samples FF2 
and FF3 from Finkilo 
intersects the “line 
of vapors from LA-8” 
at a TS of 155°C. This 
is lower than the 
high TS values 
suggested by gas 
geothermometry, 
but the latter ones 
probably 
overestimate the 
true TS due to steam 
condensation 

The intersection of condensation lines of the other fumarolic samples and the 
“line of vapors from LA-8”, which is taken as reference, allows one to estimate 
the vapor/liquid separation temperatures for all the fumaroles 



The 2H and 18O values of fumarolic steam condensates 

Vapor/liquid separation 
temperatures indicated 
by 2H and 18O values 
of steam condensates 
are shown on this map 

The highest values are 
found: 

(a) along the NNE-
trending Jawe Fault, 
passing through Finkilo 
and possibly Oitu, and  

(b) along the NNE-
trending tectonic 
structure passing 
through Kore and 
possibly Bobessa (where 
separation temperatures 
are highly variable) 

In contrast, the peripheral fumarolic manifestations of Gebiba, Auto and Hulo 
have low vapor/liquid separation temperatures, indicating that they may 
represent lateral discharge zones of the Aluto geothermal system 



The 2H and 18O values of fumarolic steam condensates 

A few words of caution are needed concerning the the vapor/liquid separation temperatures, 
in that several assumptions are involved in the calculation of the theoretical effects of boiling 
and condensation processes on isotope compositions. In particular, it must be noted that:  
(1) the reservoir liquids met by the deep wells show significant variations of the 2H and 18O 
values and 
(2) cooling paths of reservoir liquids through conductive heat loss and mixing (before boiling) 
might lead to isotope values and initial boiling temperatures different from those considered 
above and consequently to distinct “lines of vapors”. 

Nevertheless, from the correlation 
diagram of 2H vs. 18O values, there 
is no doubt that the condensation 
lines of Kore, Oitu, Finkilo and 
sample B1 from Bobessa are above 
the condensation lines of Gebiba, 
Auto, Hulo, and samples B3 and B4 
from Bobessa, leading to 
vapor/liquid separation 
temperatures higher for the first 
group than for the second group.  



CONCLUSIONS 

The highest vapor/liquid separation temperatures indicated by the 2H and 18O values of 
steam condensates are found:  

(a) along the NNE-trending Jawe Fault, passing through Finkilo and possibly Oitu, and  

(b) along the NNE-trending tectonic structure passing through Kore and possibly Bobessa 

Consequently, these tectonic structures locally act as MAIN UPFLOW ZONES of the Aluto-
Langano geothermal system.  

In contrast, the peripheral fumarolic manifestations of Gebiba, Auto and Hulo have low 
vapor/liquid separation temperatures, indicating that they may represent LATERAL 
DISCHARGE ZONES of the geothermal system 

These findings agree with those provided by gas geothermometers for Gebiba and solve the 
ambiguity on the gas separation temperatures given by gas geothermometers at Finkilo 
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