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ABSTRACT 

Data on the chem i cal composition of water and gas as well 

as isotopic data from five geothermal areas in Lakes 

Destrict. Ethiopia, were integrated and studied for better 

understanding of the geo t hermal systems. The waters are 

mostly of the sodium bicarbonate type, with near neutral 

pH. Intermediate to acidic vo l canic rocks dominate in all 

the areas studied . Mixing of the hot water with cold waters 
is common in the up f low. Partia l re - equilibration has 

occurred subsequent to mixing and as a result the solute 

geothermometers indicate relatively low temperatures. The 

gas geothermometers tend to indicate higher subsurface 

temperatures than the solute geothermometers. C02 - tempera 

tures exceed 300°C for a l l the fie l ds (no fumaro l e in 

Shalla) and C02/ H2- temperatures tend to exceed 200°C. Due 

to the effects of condensation, C02 - temperatures tend to be 

high, but as a result of reactions in the upflow involving 

H2 C02/H2 temperatures are expected to be low. The Si02-
carbonate mixing model was found to indicate better 

temperature estimates of the hot water components of the 

geothermal areas in the Lakes District compared to the 

others. The empirically derived temperatu r e relations of 

aqueous species concentrations and cation/proton activity 

ratios, based on Icelandic chemical data. fits well for the 

Lakes District fluids except for ratios involving Mg. 

Subsurface temperature in the four geothermal fields may be 

as high as 300-340 oc for the Aluto - Langano complex, 300°C 

for Corbetti. 250-300 oC for Wondo Genet and 300°C for the 

Abaya geothermal area. There may be an i ndependent heat 

source for Shal l a area with a minimum temperature of 200°C. 

The geothermal fluids are calculated to be supersaturated 

with calcite and close to saturation with fluorite. At 

depth, they are highly under saturated with respect to 

anhydrite . 
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1 INTRODUCTION 

1.1 Scope of work 

Ethiopia was the second country in Africa to start geo-

thermal exploration for power development. Scientific and 

technical know-how is essential to explore and utilize 

this energy resource. Training 1n countries with experience 

in geotherrnal exploration, development, and utilization is 
probably the best resolution to build up relevant know - how. 

In line with this approach the author was accepted as a 

United Nations University Fellow in the 1985 UNU Geo 

thermal Tra in ing Programme in Iceland and specialized in 

the chemistry of thermal fluids. 

Introd ucto ry leactures covering the various scientific, 

engineering, and economic aspects in geothermal exploration 
and exploitation were given. In addition, study tours were 

arranged to see both high- and low-temperature geothermal 

fields in Iceland. Greenhouses, factories and farming 

places which are directly inter - related with geothermal 

utilization were also visited. 

The specialized training in the chemistry of thermal fluids 

included water and steam sampling from natural thermal 

manifestations and production wells in high - and low

temperature fields, analyses of water and steam samples. 

computer work for speciation calculations, lectures on 

chemical thermodynamics as basis for geochemical interpre 

tation , interpretation methods for geochemical data based 

on excercises and problems and computer approach to the 

interpretation of chemical data. The specialized training 

was performed mainly under the supervision of Dr.Stefan 

Arnorsson of the University of Iceland, but also Dr.Jon Orn 

Bjarnason of the National Energy Authority and Dr.Einar 

Gunnlaugsson of the Reykjavik Municipal District Heating 

Service. 

This report describes the author's research project which 

was a part of the train i ng programme. The project was 

carried out during the last two months of the training 

period. Data from reports describing previous scientific 

work in Lakes District, Ethiopia were used. Chemical and 
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isotop i c data from water and steam (including chemical data 

of Shalla cold spring) were taken from UN (1973). Glover 
(1976) , and Craig (1977), respectively. 

The chemical data were re-arranged to use the computer 

programmes of Arnorsson et 

carbon a te species were calculated 

dioxid e and HB02 as B. 

'.2 Previous geochemical work 

.1.(1982). Hence total 

and reported as carbon 

Chemic a l data on hydrothermal waters in the Ethiopian Rift 
and probab l e deep wate r temperat u res deduced from silica 

and Na-K geothermometers were reported by UN (1973) . Glover 
(1976) reported gas analyses results and gas - gas equilib

rium t e mperatures (tCH4 , tNH3). Isotopic and chemical data 

includ i ng the suI fa t e - water isotopic temperatures in and 

around the Rift is reported by Craig (1977). Futhermore, 

geochemlcal work of the Langano geothermal area which 

includ e the first four deep exploratory wells were de

scribe d by Melaku Abebe (1983 ) and Negussie Mekuria (1983). 

There are considerable differences in the data from the 

same springs in the reports of UN (1973) and Craig (1977). 

Craig' s statement concerning this is that "the estimates of 

subsurface temperatures cannot be considered useful until 

the question of reality of these compositiona l differences 

and/or the rel i ability of the two sets of data can be 

resolved.1! The discrepancy may be due to poor analytical 

precisio n . The present author considers that the composi 

tional variation affects little the geothermometry results. 

Three a reas have been selected for exploration and deve l op

ment in the Lakes District, Langano in the north, Abaya in 

the south and Corbetti in the middle of the district. In 

all of these f ields subsurface temperatures of more than 

180°C have been estimated (UN, 1973; Glover, 1916; Melaku, 

1983). Drilling started in one of these fields (Aluto 

Langan o ) in 1981. Eight deep exploratory wells were 

completed in 1985. The max i mum temperature encountered in 

a drillhole is 318°C in LA-6. Five holes are productive 

(water dominated). Detailed exploration involving geologi -
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ca1, geophysical and geochemical work is still in progress 

in the remaining two fields. 

1.3 Ob j ectives of the present work 

Previous geochemical studies in the Lakes District have 

been focused mainly on the estimation of subsurface 
temperatures. However. the interpretation did not consider 

the effect of mixing of the hot water in the upflow on the 

result s . Geothermometry results are anomalous for mixed 

waters. Therefore, it is necessary to evaluate if mixing 

has oc c urred . Recently proposed gas and cation geothermo 

meters have been applied to the existing geochemical data 

to asses subsurface temperatures. Gas geothermometers are 

especially useful for an area such as Corbetti where the 

thermal manifestations are restricted to fumaroles and 
steaming ground. 

$0 far limited attention has been paid to the quantitative 

evaluation of the solute - mineral equilibria in the geo

thermal systems. It is the objective of this report to 

integrate the available geochemical data (Tables 1, 2. 3. 

4 . 5 a nd 8). and 

(1) identify and evaluate the mixing processes by chemical 

me a ns and mixing models; 

(2) apply newly calibrated chemical geothermometers to 

pr e dict subsurface temperatures; 

(3) st udy solution-mineral equilibria. 



2 GEOLOGY AND DESCRIPTION OF GEOTHERMAL AREAS IN THE 
LAKES DISTRICT 

2.1 Regional setting and geology 

1 1 

The Ethiopin Rift Valley is part of a major tectonic 

structure that extends for more than 6,000 km from the 

Middle East in 

as the East 
the north to Mozambique in the south, 

African Rift System (Fig. 1). The 

known 
great 

majority of this system, including the Ethiopian Rift, is 

the surface expression of diverging lithospheric plate 
boundaries. A regional heat flow anomaly extends for more 

than 1,000 km within the Ethiopian Rift (UN, 1984) . 

The Lakes District is located south of Addis Ababa in a 

relatively narrow part of the Ethiopian Rift Valley. Its 

elevation extends from 1,230 m at Lake Shamo in the south 

to about 1 ,BOO m at the Awash River watershed in the north. 
Structurally the Lakes District Rift is a broad graben in 
which Tertiary rocks have been down faulted and filled with 

Quaternary sediments (UN, 1973). Lakes Shamo, Abaya, Awasa, 
Shal10, Chittu, Shalla, Abayta, Langano, Zwai, and Geli11a 

are all found in the Lakes District. 

2.2 Description of the studied areas: Abaya, Awasa-Wondo 
Genet, Corbetti, Shalla and Langano 

This report uses the same index numbers for sampling sites 

as was done in the 1973 UN report. The index numbers for 
Lake Abaya (including Graha-Quhe springs east of Awasa) are 

NB-37/6-. For Lake Awasa-Wondo Genet, Corbetti, Lake Shalla 

and Lake Langano areas the index numbers start with 

NB-37/ 2-. Geological map of the areas including thermal 

manifestations is shown in Fig. 1 . 

Lake Abaya area 

Lake Abaya is located at 1386 m elevation in the rift floor 

southof Lake 
55 1 E. Thermal 

Awasa and north of Lake Shamo, 6°15'N; 37° 
manifestations (fumaroles and springs) are 

mainly concentrated on the north and northwest shore of the 
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lake. All of the springs are c l ose to the water level of 

Lake Abaya and the Bilate River. They occur on the western 
marginal rift faults near the center of the graben. Many of 

them are closely related to centers of rhyolitic volcanism 
(UN,1973) . 

The spring discharges rang e from very small to 20 lis with 

temperatures between 37° and 95°C. Spring 6 deposits 
siliceous slnter while most of the others deposit limonite 

very near to their outlet. Due to the low amount of inflow 
1n the recent years Lake Abaya receded from its 1980 level 

and several new boiling springs were exposed along a line 

south of spring 6 which are composltionally similar to it. 

Later, the lake recovered to its original level (UN, 1984). 

Lake Awasa-Wondo Genet are a 

Lake Awasa (1,780 m) occ u pies an unusual tectonic basin 

completely enclosed by faults south of Corbetti volcanic 

cent er (UN, 1973). Wondo Genet is located east of Awasa, 

southeast of Shashemene very near to Lake Shallo. All the 

springs are located east of Lake Awasa. Cold wells for 

which chemical data are available occur in Awasa town near 

the eastern shore of Lake Awasa. Wondo Genet (40) springs 

deposit travertine and springs 38 and 39 (not analyzed) 

deposit limonite close to their vents (UN, 1973). Shallo 

springs (52, 48) are located by the northeast corner of 

Lake Shallo. These are the hottest in the area (96 o c) but 

with low flow rate. The author recently visited the lately 

formed hot springs in this area. The temperature recorded 

at the edge of a pool was 94°C. Higher temperatures are 

expected in the center where surface cooling is negligible. 

These springs are the most vigorously boiling ones in Wondo 

Genet formed after the earthquake in 1984 . 

Corbetti Caldera 

Corbetti Caldera is located about 38°27' E. 7°10' N in the 

Lakes District Rift. The maximum altitude is about 2300 m 

(Chebbi volcano) and the flat plains are at about 1700 m. 

Corbetti caldera, a Quaternary volcano in the rift, has 
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extens i ve hydrothermal manifestations. The area comprises 

sedimentary and volcanic rocks (Elias, 1984). 

Corbetti (meaning obsidian) caldera has three volcanoes, 

namely Chebbi(SE), Urgl(center), and Danshe (N). Fumaroles, 
steaming and hot ground are very common in these 
volcanoes. Steaming ground extends to the north outside the 
caldera . 

Lake Sha!la area 

Lake Shalla, 7°25'N; 38°30'E; is the deepest lake in the 

district (over 250 rn). Except for minor basalts all rocks 

exposed in t he Shalla region are rhyolitic (predominantly 

ignimbrltes and pumice breccias) and lacustrine sediments 

derived from them . The mo s t recent volcanic eruption was 

explosive and produced pumice from centers between Lake 

Shalla and Abayata (UN. 1973). 

Hot springs are distributed along the eastern. southern and 

western shores of the lake . The eastern springs are the 

warmest in t he area and discharge clear water as far as 

100 m from the lake. Sal t deposition is associated with 

springs 90 and 91. Springs 87 and 88 emerge from mud. At 

spring 29. no sinter is deposited, but algae grows in the 

1.25 lis overflow. One km south of spring 29. springs 

collectively numbered 30, emerge from dark mudstone 

overlain by superficial alluvium (UN, 1973) . 

In between Corbetti Caldera and Lake Shall a there is about 

km diameter lake. Chittu which is 1.5 km south of the 

southern shore of Lake Shalla. Two groups of springs have 

been recognized, those emerging at the southeastern part 

and those discharging clear water at the northeastern shore 

of the lake. The discharge is about 6 . 6 lIs at the southern 

part and 3.3 lIs at the northern point with moderate 

temper a tures (51-60 0 C) . 
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Lake Langano area 

Lake Langano (1586 rn) is located a few km east of Lake 

Abayata and Lake Shalla Park . Lake Langano, Aluto Volcanic 

Cent e r , and Zwai (north of Lake Langano) all lie within a 

north - northeast aligned tectonic depression bounded to the 

west by Langano Fault and to the east by a series of faults 

which form the eastern rift escarpment (UN, 1973). 

Hot s prings in this area are mostly confined to the 

northe a stern shores of the lake. Vigorous springs in the 

area a r e found in the Geyser Island (10-13). The tempera 

ture is nea r boiling (96.5°C) in spring 10 with flow of 

11 . 6 l / s . The name Geyser is probably given to this spring. 

Goetz (a German settler s i nce 1902 1n the area) reported 
that a geyser suddenly developed in 1906 at the t i me of the 

Langan o earthquake. He also mentioned that the geyser 
erupted to a height of about 25-30 m about once every 30 

second s . At present it is a boiling hot spring . 

A maximum temperature enco untered through deep exploratory 

drilling in Aluto-Volcanic center is 318°C at about 2000 m 

in the 2203.4 m deep well, LA6. 



3 SAMPLING AND ANALYTICAL METHODS 

This report 1s based on 

section 1.1). Analytical 
data of previous 

methods adopted are 
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workers {see 

described in 

the respective reports. Very few springs were analyzed 1n 
all of the investigated areas compared to the availability 
of thermal manifestations. More data would have been of 

advantage for the application of mixing models. The 

information given for water sampling 1s insufficient. It is 

very difficult to predict whether the samples were treated 

or no t , especially for silica. Filtering, dilution, 

concen t ration, and/or acidification 

descri bed. 
processes are not 

It is essential t o analyse unstable constituents (C02 . H2S. 

pH) at the sampling site right after collection from 

raw - un t reated sample. Samples 

be filtered and acidified. If 

for Ca, Mg. Na, and K should 

the sulfide content is high 

it is possible that oxidation into S04 occurs. Therefore, 

it is necessary to precipitate sulfide by adding 

zn(CH3 COO)2 solution to a sample intended for S04 

determ i nation. Samples for Si02 should be diluted or 

treated by alka l ine solution prior to analysis to avoid 

silica polymerization which occurs if total dissolved 

silica exceed about 100 ppm. Appendix (1) summarizes sample 

treatment and analytical methods ado pted for major elements 

in geothermal fluids in Iceland. 
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4 CHEMICAL CHARACTERISTICS OF THE GEOTHERMAL AREAS 

The location of all the samples is shown 1n Fig. 1. Tables 

1-5 show the chemical and isotopic data of selected thermal 
and cold waters in the Lakes District used for the present 

study. 

Generally, thermal waters 1n the Lakes District are high 1n 
bicarbonate and fluoride. Sodium is the predominant cation 

followed by potassium. The pH Is slightly above neutral, 

except for few springs in Shall a . The waters are. there

fore. classified as dilute near neutral sodium bicarbonate 

waters. There are also springs which discharge acid sulfate 
waters. They are steam heated surface waters, the low pH 

being due to oxidation of H2S into S04-2. Waters high in 

bicarbonate often form by mixing of high temperature 

waters with surfaCe water. The high fluoride most likely 

resul ts from relatively high fluoride in the associated 

acid volcanics. 

Lake Abaya area 

The Abaya spring waters can be divided into two groups on 

the basis of their composition and distribution. Springs 

which are located nearest to the northwestern shore of the 

lake, 1.e. 6, 8, 15, and 16 fall into one group and those 

which are further north (about 33 km from spring 16) 

constitute the other group. This latter group (19. 20, 22 

and 24) is characterized by high ~ and carbonate and low 

Cl relative to S04 as well as high boron content, at least 

in spring 22, suggesting that they may be steam heated. 

This was recoginized in the UN report (1973). 

The first group of springs is very important in the area. 

Spring 6 which is nearest to the lake and the most vigorous 

one has the highest discharge temperature and the highest 

concentrations of Cl, 5i02 and total carbonate in the Abaya 

area. The oxygen shift in this spring water is significant 

compared to others. Springs 8,15, and 16 have low to 

moderate . temperatures (42-65.5°C), lower 5i02 and Cl 

contents but are higher in bicarbonate, Ca and Mg concen-
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trations. These latter spring waters are assumed to be 

partially steam heated meteoric waters (see sec. 6.1). 

Awasa-Wondo Genet area 

Springs 4, 40, and 52 emerge on a swampy plain and are 
relatively mineralized compared to the springs on the 
eastern escarpment ( 4 4 and 46) . The temperature of the 
spring discharges is between 43°C and 96°c. Lake Awasa and 
cold wells in Awasa are 
In general, these waters 

and fluoride (except 11 

evaporated waters (see chapter 6). 

are low in Cl « 129 ppm), boron 

and 52) but with considerable 
concentrations of Ca and Mg. Spring 40 appears to be unique 

in the group. It has the highest Cl, S04. bicarbonate and 

Cl/F ratio but the lowest NaiL! ratio in the district. 

Lake Shalla area 

Springs in this area emerge at the eastern (29. 30. 31. 35. 
36.). southern (90, 91), and the southwestern shore of 

Lake Shalla (95, 96). 

The springs by the eastern shore have similar cation/proton 

ratiOS, with pH ranging from 8.35 to 9.7. Spring 30 is 

more mineralized and apparently somewhat degassed compared 
wi th other springs in the group. The eastern springs show 

a positive Cl-temperature relationship. By contrast, an 
inverse relation between Si02 and Cl is observed in the 
Shalla springs. The analyzed silica concentrations 

corrospond closely to amorphous silica saturation at 25°C. 

Al though not proved. 
It is possible that 

these 

the 

analyses are suspect to error. 

monomeric silica at 
solved silica in the 

analyzed 
room temperature 

samples. 

silica 

and not 

represents 
total dis -

Springs 90 and 91 have high Cl, low Na/K, low Cl/carbonate 

ratio and moderate temperatures (62 and 70°C). These 
springs are very close to the lake shore (less than 1.5 rn). 
The pH of spring 91 (10.1) is very similar to the pH of 
Lake Shalla (10.15), the most saline lake in the district 
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(3030 ppm). This suggests that 

heated lake water. 
these waters are steam 

South Shalla springs (87. 88) have similar chemistry as 

Chlttu spring waters (60, 65) the former being slightly 

more mineralized. These springs are characterized by high 

3 °4 for their Cl, low sili c a, high 

bIe concentration of Ca and Mg. 

carbonate and apprecia 
This suggests that the 

Chltu springs may contain steam heated shallow meteoric 
water. 

Lake Langano area 

Spring s by the s h ore of th e northern bay of the lake (2, 3 

and 84) have low flow rates and moderate temperatures 

(61-6PC) The pH is near neutral (8.1 - 8.3) and the 

waters are relatively high in Ca, MS, and with high Cl/S04 

ratio . 

The Bole fault springs (5.BA) have high boron, high 
temperature ,(92°C and 94 0 C), and low flow rate, low Cl, 

and low Cl/S04 ratio Inspite of their distance from th e 

source (Aluto volcanic cent er ), they are considered to be 

steam heated. 

Springs in the 

Ca and 

oxygen 

Geyser Island (10.12) 

Mg, high in Cl and 

shift was detected 

are slightly alkaline, 

have low Cl/S04 ratio. 

in spring 11 (Craig. 

low in 

Slight 

1977). These are the least diluted springs in the area, 

Spring 16, the coolest and the least mineralized one in the 

area, has the highest flow, and the highest Ca and Mg 

concentrations in the group. This spring has a high cold 

meteoric water component. 

Zwai springs (20,23) on the other side of the Aluto 

Volcanic Center are characteraized by moderate tempera -

tures (60 oc. and 78 oC). low discharge rates and low Cl (31 

and 95 ppm) . The Cl/Sa4 ratios lie in between those north 

of the bay and the geyser springs. 
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5 GEOTHERMOMETRY 

Tables 6 and 9 show the calculated temperatures from solute 
as well as gas geothermometers for Lakes District waters 

and steam. The equations used for the solute and gas 
geothermometers are listed in Tables 7 and 10, respec 

tively. The relationship between individual solute geo

thermometers and the mean of them all is shown 1n Fig. 2 . 

The relationship between acid molecules concentration and 

cation/proton ratios and quartz/discharge temperature is 

shown 1n Flgs.3 - 5. 

The use of chemical geotherrnometers involves the assumption 
that equil i brium is attained between fluid and a particular 

mineral assemblege in the reservoir and that re - equilibra
tion in the upflow is insignificant. The rock type , 

temperature, kinetics and rate of disolution of various 

chemical constituents from the rock determine which 

geothermal minerals will form, and how closely this open 

chemical system approches equilibrium each time. Different 

reactions may occur in an ascending water at different 

rates. The apparent last temperature of equilibrium may 

thus be different for different chemical geothermometers 

(Arnorsson et a1 .• 1983a; Fournier, 1977). Chemical 

re-equilibration is favoured when water temperatures are 

high initially, when rates of water movement towards the 

surface are slow, when residence times in reservoirs at 

intermediate and shallow depths are relatively long, and 

when the water flows through chemically reactive r ocks 

(Fournier et al .• 1974). 

5.1 Solute geothermometry 

Arnorsson et a1. (1983b) used data on selected drillhole 

fluid compositions (Iceland) to calibrate several activity 

ratios (aNa+/aH+, aK +/aH + , (aCa2+) 1 /2/aH+, (aMg2+) 1 /2/aH+ 

and acid molecule concentrations (H2C03. H2S04, H2S, HF, 

H4Si04) against temperatures. An expansion of such calibra
tion involving 10 solute geothermomete r s is presented by 

Arnorsson and Svavarsson (1985). An attempt has been made 

to apply the cal i brated geothermometers for waters in the 

Lakes District. 
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The equilibrium temperature of various solute geothermo-

meters have been calculated. The reference temperature. 
quartz equilibrium, at which the calculations were 
performed was selected on the basis of having the least 
deviation from the mean temperature (more likely to be the 

equilibrium temperature) . The silica content and alkali 

ratios may change as the water slowly rises owing to 

decreased solubillties at lower temperature and water-rock 

reactions. Silica temperatures often show quicker response 

to coo l ing in upflow zones. The Na/K temperatures are not 

affected by dilution, and evaporation. On the other hand 

dissolution following mixing tends to cause high Na-K 
temperatures. 

When silica precipitation occurs in the upflow and when 

waters have appreciable concentration of Ca, the Na - K-Ca 

geothermometer may give more reliable results than the 5i02 

and Na/K geothermometers. Arnorsson et al. (1983a,b) showed 

that each of the two cat i on ratios which cons t itute the 

Na - K-Ca geothermometer (Na/K and (Ca)1/2/Na) are deter-

mined by water temperature alone . Therefore, for equili 

brated geothermal waters, which have cooled by conduction 

in upflow zones, the Na - K-Ca geothermometer may give a 

better estimation than the Na/K geothermometer as the 

(Ca)1/2/Na appea r s to respond faster to cooling than the 

Na/K ratio. Changes in concentration res ulting both from 

boiling and mixing with cold, dilute water will affect 

the Na-K - Ca geothermometer. Boiling generally will result 

in high Na-K-Ca temperatures because of calcite precipita

tion leads to removal of a queous Ca+2. 

Mixed waters tend to yield low H2S, Mg - K and Na-Li tempera

tures but high Na-K temperatures. The geothermometers 

involving Li, Rb and Mg often yield temperatures differing 

much from the other geothermometers . Arnorsson and Svavars 

son (1985) explained this as being partly due to the low 

levels of these metals (n e ar detection limit by flameless 

A.A) for Iceland i c waters used for calibration . In some 

instances the Na-Li geothermometer resul ts are similar to 

the C02 gas geothermometry values. 
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For the Lakes District waters the temperatures of silica 

(quartz). H25. and H2S04 are lower than the mean whereas 
the CO 2 • Na - K- Ca, Na - Ll and HF temperatures are higher 

(Fig. 2). Na/K and Mg-K temperatures are highly fluctuat

ing . The low temperatures of s11ica, H2$. H2S04. Mg - K and 

higher values of Na/K temperatures are explained by 

precipitation of silica and reactions following mixing. 

Whenhigh temperature hot water, which is rich in C02 mixes 

with cold underground water. the mixture will initially be 

acid, but upon reaction with the rock the pH will increase 

and C02 will be converted to HCO-3 . Leaching of K gives 

high Na/K temperatures. In contrast leaching of Mg results 

1n lower Mg-K temperatures . In most cases, the Mg - K 

temperatures are slightly above the measured surface 

temperatures suggesting intensive leaching/mixing in the 

upflow. 

Almost all the samples plot close to the CaH equilibrium 

curve at Quartz equilibrium temperature (Fig. 5). The 

concentration of the HF ion pair is slightly higher than 

expected from the HF "equilibrium" curve at the 

equilibrium temperature . The reason may be that 

equilibrium curve is derived from data in basaltic 

quart z 

the HF 

terrain 

in Iceland but the Lakes District geothermal systems occur 

in acidic volcanics. Thermal waters associated with such 

rocks tend to equilibrate with fluorite. 

At the measured 

geothermal areas 

discharge temperatures 

have Na+/H+, K+/H+, 

samples from all 

and (Mg+2}1/2/H+ 

ratios both higher and lower than expected at equilibrium 

(Fig. 5). At the quartz equilibrium temperature the same 

ratios always plot above the equilibrium curve. This 

indicates substantial re-equilibration for Mg, Na, K and/or 

H during cooling in the upflow. 

The concentrations of H2S and H2S04 are above the equilib 

rium curve at discharge temperatures but slightly below it 

at Quartz equilibrium temperatures indicating, as for the 

cations, partial 

concentrations of 

re - equilibration 

H2C03 are higher 

in 

than 

the upflow. The 

indi cated by the 

equilibrium curve both at the measured discharge tempera

ture and quartz temperature. 
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The most diluted springs (16 in Abaya, 44 in Wondo Genet, 

16 in Langano and 23 in Zwai) plot far from the equilib-

rium curves. This Is because of precipitation of minerals 

from the waters, leaching from the rock, oxidation and/or 

mixing processes in the upflow zone s . 

The somewhat large differences between the different solute 

geothermometres (Table 6) may have resulted from mixing in 

the upflow . However, if such mixing has occurred it s e ems 

likely that substantial re - equilibration has occurred 

subsequent to mixing . Eva l uation of mixing processes are 

considered in chapter 6. 

5 . 2 Solution-mineral eguilibria 

Solution- mineral equilibrium studies are one of the best 

approaches to interpret fluid chemistry . Application of 

chemical geothermometers is indeed based on the assumption 
that solution/mineral equilibria are attained in geothermal 

systems. 

The conditions for equilibrium in multi phase systems are 

described by the Gibbs phase rule. It can be demonstrated 
that the number of compatible chemical components is equal 

to the number of phases in the system. Thus, the phase rule 

may be written in a simplified form as 

F M + 2 

where F is the number of independent variables needed to 
define the system completly and M the number of mobile 

components. 2 indicates temperature and pressure. Chloride 
is the only major mobil e component in most geothermal 

waters. The effect of pressure on solution - mineral 

equilibria in the r a nge occurring in geothermal systems 

(1-200 bars) ls found to be small (Helgeson et al.. 1978; 

Ellis and McFadden. 1972; Arnorsson et al., 1983a). It 

follows, therefore, that the number of variables required 
to define the major elemen t chemistry of geothermal waters 

at equilibrium are two, chloride and temperature. 
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Physical processes such as boiling and cooling as well as 

the rate of leaching of various components from the 
primary rock constituents and the rate of precipitation of 
alteration minerals tend to shift the geothermal system 

from equilibrium . 

The state of saturation of some geothermal waters with 

respect to ca l cite, anhydrlte, and fluorite was calculated 

wi th a computer programme (Arnorsson et aI, 1982) wi th 

reference to the measured surface temperatures and quartz 

temperatures (Fig. 6 and 7). The results indicate calcite 
saturation at discharge temperatures. Significant 

anhydr l te undersaturation is observed both at discharge and 
quartz equilibrium tempe r atures. Some of the waters 

calculate to be close to fluorite saturation but others are 
under saturated at the quartz equilibrium tempe r atures. No 

correlation can be seen between the degree of saturation 
and temperature. At discharge temperatures both super 

saturation and undersaturation is observed (Fig.7). It has 
been found in many geothermal fields in acid volcanic rocks 

that equilibrium between fluorite and solution is attained 
in the reservoir. Mixing with cold water will upset 

equilibrium and this may be the cause of departure from 
equilibrium for the Lakes District waters. 

It has been demonstrated at a given temperature, independ
ent of salinty, that the r atio (aCa 2+)1/2/aH+ is constant 

for geothermal waters (Ar norsso n et aI, 1978; Palmason et 

al., 1979 ) . It follows then that a fixed P C02 value cor 

responds to calcite saturation at a given temperature. 

Caco3 + 2H+ - Ca+ 2 + H20 + C02 
aCa+ 2 /(aH+)2.P C02 m K, when aH20 -

All the waters cons i dered in 
with calcite at the quartz 
for a few spring waters from 

this study are supersaturated 

reference temperature . Except 
Awasa-Wondo Genet area, they 

are also supersaturated with respect to calcite at the 
surface. An average deviation from the saturation curve in 

terms of log Q is 1 and 0 . 5 at the quartz and the surface 
discharge temperature, respectively. The apparent super 

saturation at discharge temperatu r es may be due to 

degassing, either prior to or subsequent to sampling. 
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Whichever reference temperature is selected (quartz, 

measured, Na/K) Lakes District waters calculate to be 

highly undersaturated with respect to anhydrlte. The 
degree of undersaturation increases with decreasing 

chloride Shalla 90, 91 are exceptional because of contami-
nation by the saline lake water. This relation was also 

seen 1n Iceland i c waters (Arnorsson et aL. 1983a). The 

systematic trend towards increasing anhydrite under-
saturation with falling temperature and decereaslng 

salinity may be related to the control of sulfate activity 

through the reaction 

and the buffering effects of iron minerals on the partial 

pressures of hydrogen and hydrohgen sulfide ( Arnorsson et 

al., 1983a ). 

The waters are quartz and chalcedony supersaturated at the 

discharge temperatures resulting from cooling or mixing of 

the geothermal water in the upflow. The average deviation 

from the equilibrium curve in terms of log Q is 0.6 and 0.3 

for quartz and chalcedony, respectively. 

5.3 Gas geothermometry 

The gas content in geothermal systems is controlled by 

temperature dependent equilibria with alteration minerals 

in the reservoir rock (Giggenbach,1980; Nehring and 

D'Amore, 
et al. , 

equations 
(O'Amore 

1981,1984; D'Amore and Truesdell, 1980; Arnorsson 

1983a; Arnorsson and Gunnlaugsson, 1985). Various 
for gas geothermometers have been proposed 

and Panichi, 1980; Nehring and O'Amore, 1981, 
1984; Arnorsson et al., 1983b; Arnorsson and Gunnlaugsson, 

1985) recently. 

C02, H2S, CH4, H2, N2, and NH3 constitute the most abundant 
gases in geothermal systems. The amount of these gases in 

the steam phase depend on the original gas composi tion of 

the aquifer, the distribution coefficients between steam 

and water phases and the steam fraction. The proposed 
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temperature functions include both gas concentrations and 
gas ratios and when app l ying all the geothermometers 
together a valuable information can be obtained on sub

surface temperature and condensation/steam-separation in 
the up f low as well as reactions. 

The ga s geothermometers which are based on gas ratios will 
gi ve the most reliable results when condensation in the 

upflow significantly affec t s the gas concentrations in the 

steam and reactions with wall rock minerals have relatively 

less effect on the gas ratio/ratios. whereas geothermo 

meters which use gas conc e ntrations 1n fumarale steam are 

advantageous over the gas ratio geothermometers when steam 
condensation or phase separation in the upflow have less 

effect than reactions( Arnorsson and Gunnlaugsson, 1985). 

In active volcanic vents the cooling of gases 

quite rapidly and the gas reactions do not 

pletely to th e lower temperatures resulting 

tak e s place 

adj ust com

in higher 

calculated equilibrium temperatures (from gas analysis of 

the sampled discharge) than the collection tempe rature, 

but somewhat lower than the deep 

1976). 

temperatures (Glover, 

Gas analysis data (Glover, 1976) were used to apply the 

newly calibrated gas geothermometers for Lakes District 

geothermal areas (Table 8 ) . The excess N2 was calculated 

assuming all 02 in the samples is atmospheric . The gas 
analyses results are tabulated in Table 8 and the estimated 

equilibrium temperatures using the gas geothermometers of 

Arnorsson and Gunnlaugsson (1985) are listed in Table 9. 

Lake La ngano area 

Data f o r eight furnaroles in the Langano geothermal field 

are shown in Table 8 . They include Aluto S (NE), Finkilo 

(S), and Sobesa (E) fum a roles, all located inside the 

Aluto Caldera, whereas Auto and Hulo (W), Kure, Gebi ba and 

Featur e 18 (S) are all outside the caldera, (Fig. 1). 
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There is a considerable variation in the estimated tempera 

tures by the different gas geothermomete r s. The C02 

estimates (275-357°C) are higher than the estimated 

temperatures from the other gas geothermometers. However. 

the maximum temperature encountered through deep explora 

tory dr il ling inside the caldera is i n the range given by 

the C02 geotherrnometer (318 o C). As shown in Gebiba fumarole 

(291 - 3 0 0°C), C02 - N2 and H2$ - H2 temperatures compa r e well 

within + /- gOG. The available data are limited so compari

son for the other fumarols is not possible. H2S tempe r a 

tures are at maximum at Aluto B. 239°C with an average of 

220°C. The temperature estimated from H2 and C02 - H2 gas 

geothermorneters are lower than that of C02 but higher than 

the H2S temperatures (Gebiba Fumarole). Condensation 
followed by removal of H2 is the cause of the discrepancy. 

Oxidation of H2S is more pronounced than that of H2 in the 

upflow . The C02-N2 results are inconsistent in most cases 
whether correction has been made for excess N2 or not. 

The C02 - H2S. C02 - NH3. H2 - NH3 ratios and the results from 
gas geothermometry indicate that Finkilo and Aluto Bare 
closer to a maj or upflow zone than the fumaroles at Auto 
and Hulo. Fi nkilo and Aluto B fumaroles are located on 

opposite sides of the caldera (NW and S). so presumably the 
upflow would be within the caldera. This is not in line 

with inte r pretation in Glover's (1976) report, but in line 
with the confirmed result through drilling. The estimated 

temper a tures from T CHtj (180°C) and T NH3 (188°C) are 
s i mi lar to that of the solute geothermometers. However, the 

agreement between the two should not 

indication of subsurface temperatures 

in low estimates by the solute 

be taken as a good 

since mixing results 

geothermometers (see 

chapter 6). The suI fate - water isotopic temperatures show 

more or less similar results, i.e. 31tjoC and 346°C for 

spring 5 and 12 assuming conduct i ve cooling, and 256°C and 

280 0 c assuming cooling by steam loss. respectively (Craig, 
1977). I t should, however, be noted that mixing which leads 

to oxidation of H2S causes suI fate - water isotopic tempera 
ture to be high. 



Lake Abaya area 

The thermal manifestations in Lake Abaya area constitute 
widely scattered hot springs and fumaroles. Abaya F (Abaya 

fumaro le ) and Duguna fumaroles (about 30 km north of the 

Lake) have been used to evaluate subsurface temperatures. 

Abaya F, located very near to spring 6 and the Lake, is the 

most vigorous sampled in the Lakes District and the only 

one at which the "puggy clay" was observed usually associ 

ated with sulfuric acid attack caused by oxidation of H2S 

(Glover ,1976). 

The C02, H2S and C02-H2 geothermometers in this geothermal 
area are the highest in the Lakes District. The average 

values from C02, C02-N2 (without correction for excess N2), 

H2S - H2, H2 and 

263°C, 251°C, 

ences between 

C02-H2 gas geothermometers are 344°C, 283°C, 
244°C and 205°C, respectively. The differ-

individual gas geothermometers can be 

explained by condensation or steam separation at elevated 

pressure and reactions in the upflow. As inferred from the 

gas geothermometers, the hot water body underneath Abaya 

area is expected to have a temperature in the range of 

300-35 0 °C. Abaya F seems t o be closest to the hot water 

source. This area is charactrised by low resistivity 

anomaly (Ketsela, 1984). The sulfate-water isotopic 

temperatures for this area shows 325°C assuming conductive 

cooling (Craig, 1977). 

Corbetti 

The thermal manifestations in the Corbetti Caldera (Fig. 1) 

are hot steaming grounds and fumaroles . Surface alteration 

minerals in the area include kaolin, montmorilonite 

(srnectite) and 

springs do not 

amorphous 

appear at 

silica (Ellas, 1984). Since hot 

the surface (lower water level). 

the fumarole gas chemistry is critical for assessing the 

system. 

The gas analysis results and the calculated temperatures 

from d i fferent gas geothermometers are shown 1n Tables 8 

and 9. respectively. H2S and H2 were not detected 1n the 

furnaroles except in Koka (located north of the caldera at 
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a relatively low elevation) which make comparison between 

geothermometers very difficult. This was because of the 

high percentage of air contamination. 

Koka fumarale is unique among the analyzed fumaroles. Air 

contamination is very small (1.560/0) in Koka. Moreover, 

the gas concentrations including methane are higher than 

in other fumaroles in the area. 

Even though the variation is small, the estimated tempera

tures from C02 is higher than those of the other gas 

geothermometers. All fumaroles indicate a narrow range of 

temperature when C02 equilibrium temperature function is 

used (311-333°C). H2S - H2 temperatures give similar result 

312°C at Koka. H2S-H2 temperatures and "corrected ll C02-N2 

temperatures indicate similar results for Koka fumarole 

(312°C and 286°C). The other geothermometers, i.e. T H2S. T 

C02 - H2 and T H2 show lower values. This is presumably 
mostly due to reactions in the upflow. 

All the above results suggest that Koka ls the nearest to 
the source and that the reservoir is situated north of 
Corbetti Caldera and may have temperatures ln excess of 

300°C. The low resistivty (10 Ohmm) in this locality which 
extends north to the southern shore of Lake Shalla 
provldes additional evidence for the existence of high 

underground 

equil i bri urn 
rather low ( 

temperature (Mohammedberhan, 1984). The 

temperatures estimated by Glover (1976) 

T CH4 • 168°C and T NH3 = 187°C). 

gas 

are 
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6 MIXING PROCESSES 

Hot water ascending in geothermal systems may cool by 
conduction of heat to the surrounding rock, boiling, and 

mixing with cooler water, or by a combination of these 

processes. 

Geothermometers indicate the temperature at the point of 

last re-equilibration underground. Hence their application 

to mixed waters, especially 

attained after mixing, will 

when 

give 

chemical equilibrium is 

the temperatures of the 

mixed water rather than the hot water component. The study 

of mixing processes in the upflow zones Is therefore very 
important. The application of mixing models, rather than 

solute geothermorneters alone is useful in evaluating the 

temperature of the hot water component in the mixture. 

6.1 Evidence for mixing 

In most cases geothermal water is higher in dissolved 

solids than cold water. The mixture lies in between the two 

depending on their proportion in the 

(1979b) and Arnorsson (1985a) discussed 

mixture. Fournier 
the characteristics 

of mixed waters in detail. Some of these are: 

(1) variations in chloride concentration of boiling springs 

is too great to be explained by steam loss; 

(2) variation in concentrations but not in ratios of 

relatively conservative elements that do not precipitate 

from solution during movement of water through rock, such 

as Cl/B; 

(3) variation in oxygen and hydrogen isotopes (especialy 

tritium); 

(4) cool springs with large mass flow rates and much higher 

temperatures indicated by chemical geothermometers (greater 

than 50 0 C); 

( 5 ) systematic variations of spring compositions and 

measured temperatures; 
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(6) low pH relative to the water salinity (often in range 

of 6- 7 for Cl concentrations of less than 100 ppm) and high 

total carbonate, at least if the mixing has prevented 
bOiling, and the temperature of the hot water component 

exceeds some 20QoCi 

(7) the tendency of calcite undersaturation; and 

(8) low calcium/proton activity ratios. 

Mixing in geotherrnal systems , if 

ingly demonstrated when data on 

it occurs, can be convinc -
the chemi cal composition 

of scattered thermal and cold waters is available. Linear 

relations between Cl, B, and 0-18 constitute the ma in 

evidence for mixing . Also similar relations between Cl. 

S102 and S04 concentrations may subst a ntiate evidence for 
mixing ( Arnorsson . 1985a) . 

Lake Abaya area 

D/H versus 0 - 18/0-16 variations in selected thermal and 

cold waters from the Lakes District geothermal areas are 

shown i n Fig 8. All the La kes and most shallow wells plot 

very close or on the line describing D and 0-18 for 

evaporative lakes in East Africa according to Craig (1977). 

Abaya spring 6, the hottes t and the most mineralized shows 

considerable oxygen shift. All the other springs plot very 

close to the precipitation 

hot water fraction as 

lines. Spring 6 

indicated from 

has the highest 

mixing models. 

Therefore the oxygen shift should be a result of hot 

water-rock interaction at 

loss may also contribute . 

higher temperatures but steam 

Fig . 9 shows the relation between Cl, B, 0-18, Si02 andS04 

for wa t ers from Lake Abaya. Except for spring 6 all the 

other springs are very low in chloride making it difficult 

to conclude with certainty about mixing in the upflow. 
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Lake Awasa-Wondo Genet area 

Thermal springs 1n Lake Awasa-Wondo Genet area show little 
or no oxygen shift except small shift at Wondo Genet 
spring 41 (Fig. 8). 

The geothermal waters in this area are mixed as indicated 

by near linear to linae r relations of Cl-B, Cl-Q - 18 and 

Cl-SO~ (Fig. 10). The Cl-SI02 relationship indicates much 

si11ca precipitation from sample 40. The sample from spring 

40unlike the others in the area has high concentrations of 

car bona te. 

sulfate. 

chloride, 

Lake Shalla area 

lithium, sodium, potassium and 

Spring 3D, the most vigorous spring in the Shall a area, 

shows significant 0-18 shift. Craig, 1977 explained this 

shift as being due to mixing of 50% Lake Shall a water and 

low chloride grounctwater. On the other hand Craig (1977) 

suggested Shall a 90 (with small oxygen shift but higher in 

Cl due to contamination) as a more likely source. But 

spring 90 is steam heated as disscused in section 4. 

Therefore, the suggestion of spring 90 as a source is 

unlikely. 

Mixing processes are convincingly demonstrated for 

Shalla area by the CI - B relation (Fig. 11). Data on 

are limited to only a few springs, No. 3D, Shalla 

the 
0 - 18 

cold 
spring, and sp r ings which are steam heated or contami 

nated/evaporated. 

The eastern Shalla springs show a positive Cl-temperature 

relation, but the reverse was obtained for Cl - Si02. The 

analyzed silica in the area is almost equivalent to 

amorphous silica saturation at the discharge temperature. 

Cl-S04 in this area shows a negative relation. The redox 
equilibria involving hydrogen. sulfide and pH might be the 

controlling factor for sulphate mobi lity 
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Similar relation was seen in Landmannalaugar waters, 
Iceland (Arnorsson, 1985a) . 

The solute geothermometer s indicate temperature of about 

20QoC . This is expected to be minimium because mixing 

preven t ed the solute geothermometers to give higher values 

underneath Shalla area. This is a supporting evidence for 

the ox ygen shift of the Shall a spring 30 as being a result 
of hot water/rock interaction and steam loss rather than 

mixing of low Cl groundwater with water from Lake Shalla. 

Hence Lake Shalla is a perched water which is not involved 

1n mix i ng processes . It attained its concentration thro u gh 

extens i ve evaporation . 

Lake Langano area 

Springs with relatively high amount of cold water fractio~n 

in the Langano geothermal area lie on the precipitation 

line. In case of spring 11 in Geyser Island, there is an 

oxygen shift, but this is explained by Craig (1977) as 

steam heated perched groundwater. Mixing in the Langano 

area is evidenced by a near linear relation of CI-B and 

Cl -18-0 (Fig.12). relation is not good, 

presumably due to some silica precipitation . The same thing 

applies to the Cl-S04 relationship, most likely due to 

reactions affecting S04 in the upflow. 

6.2 Mi xing models 

As evidence exists that the hot spring waters in all the 

geothermal areas of Lakes District are of mixed origin, an 

attemp t was made to use mixing models to estimate the 

temper a ture of the hot water component . Silica-enthaly and 

silica-carbonate mixing models have been applied (Figs. 13 

and 14 ) . 
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6.2.1 Sillca-enthalpy warm spring mixing model 

This method Is applicable to warm spring waters that have 

not lost heat before mixing except by steam formation . It 

is assumed that no loss of heat, nor steam formation occurs 
after mixing. The initial silica content of the deep hot 

water is assumed to be controlled by the solubility of 

Quartz, and no dissolution nor deposition of silica occurs 

before or after mixing. 

The s111ca-enthalpy warm spring mixing model was applied to 

Lake Abaya, Lake Awasa-Wondo Genet and Langano areas 

assuming no steam loss and was found togive temperatures 

for the hot water component of 266°C. 213°C and 223°C. 

respectively. The chlorlde-enthalpy mixing model gives 
similar results for the Langano area, 220°C (Melaku, 1983). 

These temperatutes are lower than both those of gas 
geothermometry estimates and those encountered in the high 

temperature dr1l1holes. For example this temperature for 
the Lake Langano area is lower than the temperature 

encountered through drilling by 1QOoC. This is most likely 

due to removal of silica from solution in the upflow. 

The most vigorous Geyser Island springs which are far from 
Aluto have the highest hot water component as indicated by 
their salt content. This must be due to variable mixing in 
the upflow and that the Geyser Island springs have a better 

access to deeper. less mixed waters as they are located 

near vertical fractures . 

6.2.2 Silica- carbonate mixing model 

If there are sufficient data on warm waters containing an 

unboiled hot water component. the Si02-carbonate diagram 
may be used to evaluate the temperature of the hot water 

component (Arnorsson.1985a). This model assumes that the 

total carbonate species will appear as C02 which is a 
satisfactory approximation at temperatures higher than 

200°C. In addition to the evaluation of the hot water 

components, this model gives the opportunity to distinguish 

boiled and unboiled waters. 
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The temperature of the hot water components as indicated by 

this model are 297 QC and 284°C for Lake Abaya and Lake 

Awasa-Wondo Genet, respectively (Fig.14). The S102 values 

of the reservior fluids underlying Abaya and Wondo Genet 

areas as inferred from this model correspond to 660 and 6'0 

ppm. The results of this model are in a good agreement 

with the results of the C02 gas geothermometer and, 
sometimes with that of Na-L1 geothermometer and sulfate

water isotopic temperatures. 

Assuming the cold water component to have more or less 

similar Cl and temperature values as the nearby rivers, 

spring 6 has got the highest hot water fraction (27%) in 

the area, while all the others are highly diluted. The hot 

water is estimated to have a chloride concentraion of some 

2000 to 2600 ppm . The chloride values of the other springs 

are lower than would be expected from their temperatures. 

This is best explained by partial steam heating of these 

waters. 

Even though Lake Abaya is enriched in heavy isotopes as a 

result of evaporation. its salinity is very low (41 ppm 

Cl). This may open the possibility of Lake 

involved in the mixing process. 

Abaya to be 

Temperatures estimated by the Si02-carbonate mixing model 

for Awasa-Wondo Genet area is 284°C. The Na/K temperatures 

for spring 4, 40 and 52 are 220°C, 214.5°C and 212°C, 

respectively. The Na-Li geothermometer shows 265°C for 

spring 4, but higher values for the coldest spring, 44 

(which has the 

to spring 40 

characteristics of highly mixed water), and 

highest Li in the District which might not 

be in line with the waters used for calibration). Spring 40 

lies below the mixing line of the silica-carbonate model, 

that is the Si02 value is low for the carbonate. A possible 

cause for this is the precipitation of Si02 in the upflow 

subsequent to mixing. Sulfate- water temperatures for Wondo 

Genet (Belle Tebel) springs as reported by Craig (1971) are 

255°C assuming cooling with steam loss and 318°C assuming 

conductive cooling. All this suggests the existance of an 

independent heat source underneath Wondo Genet with a 

temperature of 250-300 oC. 
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The correlation of silica and carbonate for waters in the 

Langano area for which data are available is poor (not 
shown). Possibly the removal of silica is the main cause. 

Since the S102 values of Shalla springs are unreliable 

(show negative correlation with Cl), use of silica- enthalpy 

and silica-carbonate mixing models are not possible. There 

are no boiling springs except spring 30. The Cl concentra 

tions in the springs are variable. Thus, an attempt has not 
been made to use the Cl - enthalpy mixing model. However. 

NaiL! and Na/K geothermometers. indicate an independent 

heat source underneath Sha!la wi th temperature in excess 

of 200°C (see Table 6). It seems unlikely that the Shalla 

springs are an outflow from Aluto - Langano and Corbetti 

geothermal areas which are 40 and 25 km away respectively. 

This is convincing especialy when the results of shallow 

and/or deep wells between Shalla and the respective fields 

are considered. The close resemblance between Chittu and 

South Shalla springs clearly demonstrates that the former 

springs are an outflow from Shalla. Reliable Si02 determi -

nation of Shall a springs and complete chemical data from 

shallow wells inbetween Shall a and Corbetti will assist in 

confirming this result. 
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7 SUMMARY 

1. The waters in the Lakes District have near neutral pH 

and are primarily of the sodium bicarbonate type. Mixing 

with cold waters occurs invariably in the upflow. The hot 

water components underlying the geothermal areas in this 

district contain dissolved total carbonate in the range of 

3000 - 5000 ppm. 

2. The gas geotherrnometers of Arnorsson and Gunnlaugsson 

(1985) gi ve probably good pi cture of subsurface tempera

tures for Lakes District geothermal systems. Condensation 

is always strong in the upflow . Hence C02 temperatures tend 

to give high estimates of subsurface temperatures. Some 

times the sulfate- water isotope geotherrnometer and Na-Li 

results are similar to the C02 temperature. Because of 

mixing, the solute geothermometers yield low results when 

surface geothermal fluids are used to estimate the sub 

surface temperature. 

3. The silica-carbonate mixing model seems to give the most 

reliable results of all the mixing models in the estimation 

of the reservoir temperatures in Lakes District, where 

there are few boiling springs in each locality and the 

temperature distribution is highly affected by mixing. 

4. A hot water body exists underneath Aluto - Langano Complex 

with temperature in between 320°C and 340°C. It flows 

towards south, southwest, north and east supplying the 

surrounding springs at lower elevation and fumaroles at 

higher elevations. 

5.Shalla probably has its own heat source with a minimum 

temperature of 200°C and subsurface flow towards east, 

south and south west supplying Shal!a and Chi tu springs . 

6. There probably exists a hot water body with temperature 

in excess of 300°C north of Corbetti Caldera. Flow from the 

reservoir is probably towards south, southwest and south

east discharging steam at the surface (fumaroles, hot and 

steaming grounds) in and around the caldera. 
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7.The springs at Wondo Genet and east of Awasa are 
possibly fed by a high temperature water of some 250-30Q o C 
underneath Wondo Genet . 

8 . The deep hot water underlying the Abaya area ls thought 

to have silica of about 66 0 ppm and 2000 - 2600 pprn chloride 
with temperatures in the range of 3 0 0 - 350 oC . The hot water 

probably flows to the north I northwest and northeast and 

mixes with low chloride groundwater. 

9. The waters in Lakes District are supersaturated with 

respect to calC i te, 

highly undersaturated 
near l y saturated with fluorlte and 

with respect to anhydrite at depth. 

The waters are somewhat supersaturated with quartz and 

chalcedony at the surface . 



38 

8 RECOMMENDATIONS 

1. Special attention should be paid to establishing a data 
base of reliable chemical analyses of the geothermal and 

surface waters 1n the Lakes District. Complete chemical 

analyses of waters in Shalla and Wondo Genet areas are 

essential to substantiate or disprove the present interpre

tation. 

2. Both hot springs and fumaroles occur in the geothermal 

fields of the Lakes District except in the Corbetti 
geothermal area where there are only fumaroles. It is 

advantageous to use both fumarolic steam chemistry and hot 
springs chemistry to predict subsurface temperatures. 

3 . Fumaroles and shallow wells which are located around 

Corbetti and inbetween Shalla and Corbetti should be 
sampled and analyzed to understand the Corbetti and Shall a 

geothermal systems and to see their interrelationship. It 

would be advantageous to drill more shallow wells in the 

same area, and in and around the Corbetti caldera to assist 

the gas chemistry interpretation. 

~ . Both geochemical and geophysical results indicate the 

heat source for the Abaya area to be close to the lake. 

Therefore, chemical sampling and temperature measurement at 

the bottom of the lake are important to identify any water 

flow underneath the lake itself. 

5 . Special approaches are required for sampling and 

analyzing geothermal fluids. Therefore, it is advantageous 

for the Geothermal Division to have its own geochemical 

laboratory. 

6. The following equipment are recommended for the geo

thermal geochemical laboratory for improving precision and 

the speed of analysis. 

(a) Atomic Absorption spectrophotometer 

(b) Automatic dilutor: This instrument increases sample 

preparation for atomic absorption analysis times 

compared to conventional dilution methods . 
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(c) Coulombimetric chloride titrator. This instrument will 
improve both the speed and the precision of the analysis as 

compared with the Mohr titration. 

(d) Glass gas sampling bulbs with septum and pressure check 

valves. 

(e) Automatic pipettes with tip ejectors. and fixed volume 

micropipette. 

(r) Silicone tubing suitable for high temperature fluid 

sampling as they have good heat and solvent resistances. 

(g) Digital balance . This is specially useful for gas 

analysis In terms of accuracy and speed. 

(h) An effective cooling system for collection of samples 

from wells. A system using a motor vehicle radiator has 
been fabricated in Iceland. 



40 

ACKNOWLEDGEMENTS 

I would like to thank the United Nations University for 

awarding me the UNU Fellowship. Dr. Ingvar 81rgir Frid

lelfsson, United Nations University co-ordinator for his 

valuable encouragment and critical reading of the manu 

script. The gratfulness is extended to my employers, the 

Ethiopian Geothermal Exploration Project, for their 

recommendations and granting leave of absence during the 

training period. 

I want to thank especially my principal supervisors, 
Dr. SteraD Arnorsson of the University of Iceland. 

Dr. Einar Gunnlaugsson of the Rekjavlk Municipal District 

Heating Service, and Dr. Jon Orn Bjarnason of the National 
Energy Authority for their contribution to my training, 

their innumerable advice, suggestion and discussion 
throughout the course of my work. 

I am very grateful to Mr. Sigurjon Asbjornsson and all the 

staff of the National Energy Authority for their sincere 

collaboration during the whole training period. I am glad 

to express my appreciation, to Audur Agustsdottir for the 

patience and skill in drafting all the figures. 



41 

REFERENCES 

Arnorsson S. (1978): Precipitation of calcite from flashed 

geotherma! waters 1n Iceland. Contrlb. Mineral. Pet
rol.,66, 21-28. 

Arnorsson S. (1981): Mineral deposition from Icelandic 

geotherrnal waters. Enviromental and utilization problems. 

J. Petrol. Tech . • 33. 181-187. 

Armannsson Ho, Gislason G. and Hauksson T. (1982): Magmatic 

gases in well fluids aid the mapping of the flow pattern in 

a geothermal system. Geochim. Cosmochlm. Acta,46, 167 - 177. 

Aroarsson S .• Gunnlaugsson E. and Svavarsson H. (1982): The 
chemistry of geothermal waters 

of aqueous speciatlon from 
cosmochim. Acta,46, 1513 - 32. 

in Iceland I. Calculation 

coe to 370 o C. Geochim. 

Arnorsson S. (1983): Chemical equilibrla in Icelandic 

geothermal systems - implications for chemical geothermo
metery investigations. Geothermics,12, 119-128. 

Arnorsson S. (1983): The nature of carbon dioxide waters in 

Snaefellsnes, Western Iceland. Geothermics, 12, 171-176. 

Arnorsson S., Gunnlaugsson E. and Svavarsson H. (1983a): 

The chemistry of geothermal waters in Iceland 11. Mineral 
equilibria and independent variables controlling water 

compositions. Geochim. Cosmochim. Acta,~7, 547-566. 

Arnorsson S. Gunnlaugesson E. and Svavarsson H. (1983b): 

The Chemistry of geothe r mal waters in Iceland Ill. 

Chemical geothermometry in geothermal 

Geochim. Cosmochim. Acta,47, 567 - 577. 

investigations. 

Arnorsson S. (1985a): The use of mixing models and chemical 

geothermometers for estimating underground temperatures in 

geothermal systems. J. Volc. Geotherm. Res. ,23, 299-335. 

Arnorsson S. (1985b): Gas pressures in geothermal systems. 

Chem. Geol. .49. 319-328. 



42 

Arnorsson S. and Gunnlau gesson E. (1985): New gas geo

thermometers for geothermal exploration - calibration and 

application . Geochim . Cosrnachirn . Acta.49. 1307-24. 

Arnorsson S . and Svavars s on H. (1985): Application of 
chemical geothermometry to geothermal exploration and 
development . 

1. 293 - 298. 
Geothermal Resources Council. Trans •• 9. part 

Craig H. (1977) Isotopic geochemistry of and hydrology of 

geothermal waters in the Ethiopian Rift Valley. Isot opic 

laboratory. Scripps inst! tution 

77-14. 
of Oceanography. Rer. no. 

Elias A. (1984) Geology and surface alteration of the 

Corbetti area, Ethiopia . New Zealand geothermal training, 

Report no . 84.08, 4-38. 

EIlls A. J. and Mahon W.A . J. (1977): Chemistry and geo

thermal systems . Academic Press, New York . 

Fournier R. O. (1977): Chemical geothermometers and mixing 

models for geothermal syst ems. Geothermics,5 , 41-50. 

Fournier R. O. (1979): Geochemical and hydrologic considera

tion and the use of enthalpy-chlor i de diagrams in the 

prediction of underground conditions 

systems . J . Volc. Geotherm. Res. ,5, 1-16. 

in hot - spring 

Fournier R.O. (1981): Application of water chemistry to 
geothermal exploration and reservoir engineering, in 

L.Rybach and L. J.P.Muffler(ed). Geothermal systems: 

Principles and case histories. Wiley, New York, 109 - 143 . 

Giggenbach W.F. (1980): Geothermal gas equilibria. Geochim. 

Cosmochim. Acta,44, 2021-32. 

Glover R. 

District 

B. 

and 

(1976) Geochemical investigation in the Lakes 

Afar of Ethiopia. Chemistry Division, 

D.S.I.R., Wairakei, New Ze a land, 3-35. 



43 

Gunnlaugsso n E. and Arnorsson S. (1980) Manual for t h e 

course in chemistry of thermal fluids. UNU geothermal 
training programme, Iceland, a - o . 

Helgeson H. C. (1969), Thermodynamics of hydrothermal 

systems at elevated temperatures and pressures. Am.J . Se!., 

267. 729 - 804. 

Helgeson H.C., Delany J . M., Nesbitt. H.W. and Bird D.K. 

(1978), Summary 
properties 
1- 229. 

of 
and critique of the thermodynamic 

rock-forming minerals . Am . J . Sei.. 278A, 

Keenan J.H .• Keyes F.G., Hill P.G. and Maore J.G. (1969) : 

Steam tables - thermodynamic properties of water including 

vapor, liquid and solid phases (SI Units). John Willey and 

Sons, Inc, Canada. 

Ketsela T. (1984): Two-dimensional interpretation of 

schlumberger soundings in saline sedirnents. UNU geo 

thermal training programme, Iceland. Report 1984-10, 28 - 33. 

Mahon W.A.J. (1980): Carbon Dioxide: It's Role in geo 

thermal systems . N.Z.J.5ci .• 23. 133-148 . 

Melaku A. (1983): Geochemistry of the Deep wells drilled at 

the Langano - Aluto geothermal field. Ethiopian geothermal 

exploration project report C/83/1 

Mohammedberhan A. (1984): Interpretation of schlumberger 

soundings and head - on pr ofiling. UNU geothermal training 

programme, Iceland. Report 1984 - 11. 20 - 23. 

Presser T.5. and Barnes I. Special techniques for determin 

ing chemical prope r ties of geothe r ma! water. U.S . Geological 

Survey. Water resources investigations, 22-74. 

Truesdell A.H. and Fournier R.O. (1977): Procedure for 

estimating the temperature of a hot - water component in 

mixed water by using a plot of dissolved silica versus 

entha!py. J.Res.U.5. Geol. Survey.5. 49 - 52. 



Truesdell A.H. and Fournier R.D. (1975): Calculation of 

deep temperatures in geothermal systems from the chemistry 

of boiling spring waters of mixed origin. Proc. 2nd. U.N. 

Symposium on the Development and Use of Geothermal 

Resources,1, 837-844. 

UN. (1973) Investigation of geothermal resources for power 

development: geology, geochemistry, and hydrology of hot 

springs of the East African Rift System within Ethiopia. 

DP/SF/UN/116-Technlcal report, United Nations, 

9-15. 50 - 100. 

New York. 

UN. (1984) Mission report Proj. Eth . /78/007-Development 

of geothermal resources, 4- 69. 



~ JHD-HSb- 9000 -SG 
L...tJ 85.09. ! 165 AA 

hI •• 00""" 

I 

I 

I 

, , 
• 

---, \ ...... ~ 

45 

GEOL OGI C MAP OF THE LAKES OISTRICT 

LEGEND 

k.:.':.:.j AllLolle 'roc.l>yl. 10 ..... oJ\d Oomu 

t-,":,:;l T"IC~,I •• """IiT.Ia""" _u ...... py'oclasUCI 

c:J 8010n tOoOt 

E:::J t..OC""I,I~. udimenh 

Ilfi£IIJ 801011 01 rhl , . 01' st.lu 

c::::::J 19nimbfOtn 

F""II --o Cralt . ........ 
Ho t '1'.11'4 0 

fym'lrolt I~ ?l; 

Sompl, --. ~ 
• ,~. " 

All "laTht . rood 

Dry "ooon .00d 

TO" " Or 0111"9' 

LOh AUilllo. in m 

Cold llO 'in 

La ........ "" .~~ no 

Geoloqlcal mat> by (UN 19731 

Fi g. 1. Ge ol ogi cal ma p of th e La kes Dis t rict. 



46 

0_ .-

. -.-
g 
ON 

I: .' ,-
,0 
~".; ,. 

· · • 

• 
"it,. 

" • • 

" ' . .,. .... ~ 
-. ". 

'. '. ..... ,. -. ". 

o 

o 

o • 

g 
• 

u 
g'", 
N. 

i 
• 

u 
0" 0' -, 
• • 

g 
N 

o 
o • 

.~" 

• '. 

• • 

• 
• • 

o 

o 

g 
• 

u 

S", 
N' 

i 
• 

u 

8:' Ni 
• 

· f 
~ , 

· · · • • 
, 
• 
j 
j 
• 
~ • -• • ~ ~ 

, 0 
~ 
o ~ · ~ • ~ · ~ , 0 
~ 

• 
> " - , 
~ ~ 
c • 

" • ~ ~ 

o • 
• · ~ ~ 

~ c , . 
• • 
• e " • · ~ ~ ~ 
~ 

~ 
c c 
• • • , . 
~ " • • ~ ~ 

• c • 
o 0 

• • - " " . · ~ ~ ~ 

• 0 o • 
<.> ~ 



r;r::!JHO'HSI>-9000 8(; 
t..:t:..J 8~ 09 1I~9 T 

8.000 r------,.------,------,--------, 

~ 
o 

" . 000 

2 . 000 

0.000 

~ -2.000 
x 

--;; -" . 000 
o 
~ 

-6 , 000 

-8.000 

-10.000 

~ 

JIIi AbGyo 

6 A.alg and WoncIQ G.net 

o ShclIlo 

OLoncpno. 

~_Ii .",- Ill. 

-

-12. 0 00 LI __________ -L __________ -' __________ ~L-________ ~ 

1.000 

-3.000 

-7.000 

~ x 
01-11.000 o 
~ 

-U5.000 

-19,000 

, ~o 100 150 20' 
Quartz Temperature : c 

~ 
*.111 ... 

-23.000 LI __________ -' __________ ~ ____________ '_ ________ __' , ':)0 100 ISO 200 
Quartz TSlllpereture.-c 

6.000 

".000 

2 . 000 

...-- 0 . 000 
~ 
o 
~ -2.000 
x 
~ -".000 
o 
~ 

- 8 . 000 

-8.000 

-10.000 

.. ~ .. 
• to ~ 

- 12.000 L' __________ "-________ ~ __________ _L ________ __" 

1.000 

-3 . 000 

o 50 100 150 200 
Meas. Discharge TeIlPer-Bturs : c 

I 

-7.000 )I{,... '~':...--------------1 15. •• 11 A1l 6 
x 
go - B . OOD 
~ 

-15.000 

-19.000 

-23,000 !L-__________ '-__________ "-__________ ~ __________ ~ , 50 100 150 
Meas. Discharge TeMperature ,"c 

200 

Fig. 3. Relation between carbon dioxide and fluoride concentrations and quartz equilibrium 

temperature /d i scharge temperature in the Lakes District geothermal waters. 

t 
~ 



~JHO- H5 . _9000 8 1> 
~e~ O!I 1160 1 

-13 . 000 

-15.000 

-17 . 000 

• o 
~ 
N 

...=.. -19.000 
~ 
o 
~ 

-21 .000 

-23.000 

)11; Aboyo 

4!> Awooo on" WondO G, net 

(!J Shollo 

<:> Lonqcno 

I!I" 

~ 
@ 

.. " 
.,....-- 11( ...... 

00 I!I 

-2~5. 000 I / 

-~ 
N 

" -~ o 
~ 

2.000 

0.000 

-2 .000 

-".000 

-6 .000 

-8 .000 

-10 . 000 

o M 100 150 200 
Quartz T •• per8ture ~c 

I!I too 
o 
o 

-12.000 .V:-____ .L _____ '-____ ---'-_ ___ _ 

o 50 100 150 200 
Quartz TeMperature ~c 

-13.000 r-----~-----_r-----r_----_, 

- 15 . 000 

_ -17.000 

• o 
~ 
N 

" -~ o 
~ 

-19.000 

-21.000 

-23 .000 

... 
• '" • •• f· 

'!! 

I!I" 

-25.000 I / 

2.000 

0 . 000 

-2.000 

~ 
N ..=.. -<t , 000 
~ 
o 
..J -8.000 

-8.000 

-10.000 

o 50 100 150 200 
Neas.O'scharge Te.perature~c 

• 
.. 
~. 

• • 

-12 .000 t:L-____ ---'-_____ .L _____ '-____ -" 

o 50 100 150 200 
Neas,Discharge Te~p.r.ture ~c 

Fig . ~. Relation between sulfate and sulfide concentrations with Quartz equilIbrium 

temperature/discharge temperature In the Lakes Dist ri ct geothermal waters. 

t 

'" 



49 

ffi ~':'';;',~.~ ~ 
10.00 10.00 

.. ~ 
~ 

.. ~ 
~ • 

• c c 

~ .' ~ .. ~ • • • .1 .. ~ • • • • i , • 
: .. ~ • • .. ~ 
" " 

.. " .. ~ 
0 . 00 .. " • H ... • H , .. • .. . ~ ... 

OII.rotz T''''' .... tu ... . Me ... DIICIII .. gI T .. .,.r.t..,.. •. C 

10.000 111 . 000 . ~" 
... .......... _G .... 

'.000 0_ .. -
c' .. -

" { .. -
~ • { .-~. • -"- ". -h ... -"- • • 5 . ' ",' ". . • .. - , .- • .. • 

.. - 2 .000 

.. - .. -• H .~ ... .. • .. .~ .H 
OII.rh T''''''lturt .''t .... DII''''I''OI tt""t"lt", .. t !c 

10 .000 10 . 000 

.. - .. -
· ~ • c 
;; .. - • • ;; ' . 000 • •• • • \; .... • • • • " " • 
~ • .. - .!. ~.OOO -.. · • , 
" ,.- .. -

.. - .. -• .. ... 'H ... • .. ... ... 
l)uortl T'IIP,rltu .. , .·c ~"~!!!..I!lli' T. !!!.rl.t~r. 

10.000 to._ 

.. - '.000 

~ • • • 
~ .. - · .. - • • i l • 
'<' l; • • 4.000 -'- .. -• • • • " " .. - .. -

.. - .. -• .. . ~ • H • .. ." ... .. 
Qu,rlt """,rlturo .'c .... OI,ch.,.O' ' ''''''l''lturt.'C 

F 18. 5. Relation between cation/proton ratlo$ and quartz/-

discharge telllperature ln 'h. Lakes District geotherlllal 

water:!. 



I"jT'=I~HD-HS"'~OOO 8G 
L.:1:.J 8:1 .09. 1154 T 

-8.000 

!! -8.000 ",91 

If,. AwolCl 
.~. 

-u -• u 

r-----____ CD'+,~. S. 

~'\o"",,,.;._ 

••• •• ~ I!I .~ ... 

'" D 
o 
...J -10.000 

- ,-- c-,,_.,. 

.. A..,. 
6 A_so gnd Wondo 6 .... ' 

o ""'. 
OL ...... 

.tloE •• I!l 

-12.000 ~I __________ "-________ ~ __________ -L ________ --" 

• ~ -" ~ 
~ 
c 
c 
~ 

'" D 
0 
~ 

• 

-8.000 

-8 . 000 

so toO ISO 
Quartz TeMperature :c 

4 •• 
:O-V ..... ., 

••• .. . '" 
"," 
-"" 

$0',.. .. ,0',..,0,., 

........... 

• 
: 

•• 
• 
••• $ 

." 
-10.000 I [!)90 

• •• 100 150 
QUOltl le,_perature "c 

2 •• 

2 •• 

-8.000 ,-----.~---.. ----__,----_, 

!! -8.000 -u -• u 

'" D 
o 
...J -10.000 

• I!l 
r-----~,,: 

• 
•• 

CQ"",;, 

.. se>/. 

""'<>~o... 
. r" ....... 

-12.000 ;' ________ ~~----------II-----------L----------J 
• 50 100 150 

Mea.Discharge Temperature :c 
2 •• 

-5.000 oc::::::::::: 

• ~ -7.000 .. " ~ • 
~ 
c • c t!l# • ~ • 
'" D ..3 -11.000 J§!> 

I!l 

-11 .000 LI ____ -" _____ L-____ ..L ____ -' 

o 50 tOO 150 200 
Mea .Discharge T8mperature ~c 

Fig. 6. State of calcite and anhydrite saturation at Quartz/discharge temperatures 

1n the Lakes District geothermal waters. 

'" o 



~JHO.HSP-9000 8G 
L.:.t:.Je :5.09 . 11 6 3 T 

-9.000 I-

., .., -t-
o 
:J 
~ 

1L 

Cl 
",-11.000 
o 
-' 

-13.000 
o 

lI< 

"'-
0 

() 

T 

Aboyo 

Awoso 0" Wondo Genel 

Shollo 

Lon gono 

. saturation curve 
FluO"re 

, 
50 

51 

I , 

Awoso 
... a.M.Molel 

.>M. 

-.o. 
~ I!J 

• ~.o. lIE~ 

I!J lIE I!J 
~ ~ 

.0.'0 

, 
100 150 

Qua r t z Temperature ~c 

I I I 

-9 . 000 I-

., 
I!J .., -t- ~~ 0 

:J 
~ 

LL 
F/uor;/~ SO/lIration CIJ'V~ 

Cl 

~. 
-'" 

-11 . 000 

'" 81 0 
-' ~ 

~ 

• 

-

-

200 

-

-13.000 '-------'-, _____ L-, ____ -'-, -----' 

o 50 100 150 
Meas . 0·1 scharge Temperature .oc 

Fig. 7. State of fluorlte saturation at quartz/discharge 

temperatures in the Lakes District geothermal waters . 

200 



52 

rn JHD- HS~ ~9000 8G 
85.09. 1173 A'A 

80 

· SO 

40 

0 

'" • ~ • 20 

ABAYA AREA 

- 3 

~ • ,,0 
~ 

eo ., 
" eo'" 

I ~ IB 5 
% 0 0 0 

SHALLA AREA 

9 

BOr--------------------r.r--. 

o 

'" • ~ • 

SO 

40 

20 

o 

• Sholla SW springs 
o 
Chitu hot sprinQS 
(SO,S51 

90~._ShOIl.O cold spring 
Shoshomene cold well 

-3 I 5 
%08 18

0 

Chit~ 

9 

80 

SO 

40 

0 

'" • 
~ 
• 20 

o 

AWASA - WONDO GENET AREA 

-3 

3 

Lake 
Awoso • 

~kO'WOh 
(Shollo) 

B.M Well 
AWQSQ 

o • 

• %0 Id sprinqs{, Kenterll 
-Kike hot sprmgs( E .Shollo) 
Wondo Gene! {411 

I ~ I. 5 
%00 0 

9 

LANGANO AREA 
BO ,-------------------~~~ 

o 

'" • 

60 

40 

" 20 

o 

- 4 

L . Langono 

o 4 
%08 180 

8 

Fig. 8. DJH and 0 - 18/0-16 variations in the r mal and co ld 

waters from the Lake s District. 



E 
~ 
~ .. 

E 
~ 
~ 

N 
0 

~JHD-HSI='-9000 BG 
~eS.09 .1 170 At.. 

4 

3 

5 3 

10,----------------------, 

8 • Abaya lake 

4 ... 
2 

,s 
•• • . '. - ,Lake Aboya 

0 
, , 

200 400 600 800 
Cl · "m 

2~0~----------------------~ 

200 

150 • '15 .'. 

• • 

eo 
• 
~ • 0 • • 

15 16 -. • -4 

-8 
200 40 0 600 800 

Cl· ppm 

200.-----------------------~ 

160 

" o 

-

• • 
in 100 ~ 80 

SO 

.Aboyo lake 

Ri ve r 40 
.Abayo lake 

- 8 e l6 
1..'15 
I-River 

O~~--.__.--.__.--.__.__i 

200 400 
Cl · ppm 

600 800 200 400 
Cl. ppm 

600 

Fig. 9. Relationship between chloride concentrations, boron, 

0-18. 51°2 and 504 in cold and thermal waters from the 

Abaya area. 

800 



E 
~ 
~ 

'" 

E 
~ 
~ 

'N 

0 

'" 

54 

2.0,-------------, 10,------------------------, 

1.5 

1.0-

0 .5 

0 

200 

150 

100 

50 

0 
0 

4. 

.. •• ." 44 

50 

4 

•• " • • • 
'.6 

• River 

50 

100 

40 • 

C 1. ppm 

"0 

100 
Cl. ppm 

150 

150 

2 
o 

'" • 
". 

8 

4 

• Lake Awasa 

• Lake Snallo (Tukor Wano) 

~ • 
~ .8= .- . Ea; ~ ~ 

cold well 
• a.M 

IU~ CI't:I o -; ):0: 
,g~ ~< U • Shone hot springs (52) 
l,I}u. 4 
• cold spring (kenteri) 

.-Kike hot spring 
• ...... hot spring t ke nter i) 

-4+-~r-_r--r-_.--.__.--_r~ 
50 100 

Cl. ppm 

150 

200 

.40 

150 

E 
~ IOO 

" .' 0" • 
'" 

50 -

•• 46 . -
0 

River 

0 50 100 150 
CI.ppm 

Fig. 10. Relationship between chloride concentrations. boron, 

O~18. S102 and S04 in cold and thermal waters from the 

Awasa-Wondo Genet area. 



E 
~ 
~ 

'" 

E 
~ 
~ 

N 
0 

'" 

~JHD-HS~ -9000 BG 
~85. 09 . 1169 AfI. 

55 

10 10,-------------------------, 

• 8 8 Lake Shollo 

.'0 
6 4 

South West Shollo ,prings 

!!! Loke Chitu -30 
ro , Chitu hot springs 

• 
4 '" • 0 

• ShOllo cold springs 
I 

"}" Jidozilker "0 
." 

2 .5 -4 

31 .-SO 

0 -8 
800 1600 2400 800 1600 2400 . 

Cl. "m Cl. ppm 

250 250 ,--------------------------. 

200 

150 

100 

50 -

0 

• '0 200 

" 
." 

• ." 
." ." '"A 

Lake Shol1o 
• 

Lake Shalla .'. • E 
~ '0 ~IOO • a 
'" 

Shailo cold sprinq 
50 

37- .36 '0 .'0 
• .• 91 

0 
800 1600 2400 800 1600 2400 

Cl. ppm Cl. ppm 

Fig. 11. Relationship between chloride concentrations, boron, 

0-18, 5102 and 504 in cold and t~ermal waters from 

the Shall a area. 



E 
~ 
~ 

'" 

E 
~ 
~ 

N 
o 

56 

~ JHO·HS~~9000 8G 
~ 85.09. IIS8 A~ 

8 

6 

4 
12 ,,'0 , 

2 
., 

.23 ·8. ,'0 
I. • Lake LanliJonc 

0 
200 400 

Cl. ppm 
600 

600,-------------------------, 

400 

300 

4 -Lake LonQcno 

• Ziwoy cold well 

-Adomi Tulu cold we11 
~ 

8.M Langano well 
• 12 

!!! -I • 
GO ., 
• ,. 
• .,. 

-5 

-. 
200 400 600 

Cl. ppm 

600~--------------------~ 

400 

300 
E 
~ 
~ 

~ 
Vi 200 .23 .' U) 200 

100 

.'0 .8. ,'0 
12 

., 
• Loke Langono 

200 400 
Cl.ppm 

100 

600 200 400 600 
Cl. ppm 

Fig. 12. Re l ationship between chloride concentrations. boron, 

0-18, 5102 and 804 in cold and thermal waters from the 

Langano area. 



~ JIID-MSP-900C III 
L:...tJ 15.0'.1161 ,ll. 

"0 

300 

"0 • ~ 
~ 200 · • · • :; '"0 

! • 
'00 

'0 

• :400 

a 
0; 

• JOO • 
~ .. 
~ZOO 
• 

'00 

LAKE AWASA-WONOO GENU AREA 

• ~ 
f 
~ • 

.Q 
~ 

2 00 '00 

LAKE LANGANO AREA 

200 600 

1000 

, 

000 
Di~I'IGtQ' enlho tpJ J/q"' _ 

.00 

'00 

~ • 
~400 
0 • • 
:: 300 
~ .. 
~200 

'00 

57 

LAKE ABAYA AREA 

t' • u, ·c 

200 

Fig. 13 

Sl!lca-entha!P1 mixing model. Quartz 

saturation cur-ves (1 and. 2) aroe based 

on Fournie!" and PQt~er (1982a). 

Chalcedony and amor?hous silica satura

tion curves are based on Fourn1er (1981). 

The broken line represents the 5111ca

enthalpy relationship or the geothermal 

waters. 



5 8 

~JHD-HS!)· 9000 BG 
L.:..C.J 85 .09. 1166 Aj), · 

LAKE ABAYA AREA 

E 
0. 
0. 

800 

600 

8400 
V> 

200 

80C 2400 4000 
Total carbona te ppm . 

LAKE AWASA-WONDO GENET AREA 

800 

E 600 
0. 
0. 

c 
u 

V> 400 

200 
4452 4 

Y. Lake Awosa 

400 1200 2000 
Totol carbonate ppm. 

5600 

2800 3600 

Fig. lij. Silica-carbonate m1xing model. Tne temperature dependence of ~111ca wa3 

assumed to be controlled by quartz so lubility according to the data of 

Fournler and Potter (1982). 



TABLE 1 Chemical composition of waters 1n the Abara Area ( ppm) 

Location 

NB 371616 
8 
15 
16 

19 
20 

Lake Abaya 
River Abaya turnorf 

Total 
T Flow pH HZS Carbonate NH4 Ll 

(OC) (lIs) (COz) 

95 
65.5 
60 
42 
68 
39.5 

11 . 6 
11 .5 
ZO.O 
9.0 
1.6 

83.3 

9.6 7 
7.Z 2 

na nd 
7.2 nd 
7 . 11 2 
7.0 nd 
8.0 na 
8.3 na 

995.33 
1059.72 
950.70 
671. 53 
1156 . 47 
1137.18 
441 . 99 

63 

1.00 1.80 
0.19 0 . 58 
0 . 32 0.62 
na 0.65 
na 0 . 07 
na <0.05 
na 0.05 
na <0 . 05 

K 

240 
50 
50 
39 
22 
27 
20 

8 

N. 

1290 
500 
530 
230 
280 

," 
226 

17 

Ca Mg 

<3 
20 
18 
52 

8 
16 

18 
8 

<2 

" 9 
48 

7 
5 
5 
2 

TABLE 2 Chemical composition of waters in Lake Awasa-Wondo Genet Area (ppm) 

NB 371614 
NB 3712140 

52 .. 
'6 

Lake Awasa (47) 
Awasa Chem. Corp. 
B.M. Hotel well 
Oasis Hotel well 
Afewort Hotel well 
Hotel Bellevue 
River East of Awasa 

87 
68 
96 
69 
43 
26 

1.0 
2.1 

small 
6.3 

10.0 

8.4 3 
8 . 11 0.9 
8.5 3 
8.15 
7.35 0.2 
8.4 nd 
7.3 na 
8.6 na 
8 . 3 na 
8.4 na 
8.5 na 
7.6 na 

na • not analysed, nd· not detected 

627 
11 311 

594.60 
421.90 
119.9.11 
307 . 511 
519 . 75 

1019.92 
1169.19 
632.96 
598.112 
186.40 

oa 
n. 
n. 
n. 
n. 
n. 
n. 
n. 
na 
na 
n. 
na 

0 . 112 
2.20 
0 . 88 
0.09 

<0.05 
0.13 
0 . 53 
0.55 
0 . 16 
O. 1 7 

0.16 
0.08 

'3 
67 

'" 51 
17 

'3 

" 60 
23 
34 
28 
16 

397 
655 
430 
170 

50 
170 
124 

416 
220 

330 
300 

77 

11 

23 
<3 
11 

4 
7 

35 
89 
30 
22 

22 
10 

5 
7 

<2 

5 

• 
7 

33 
55 
15 
10 

15 

3 

f Br 

43 na 
13 na 
1 4 na 

2 nd 

18 nd 
12 0.11 

7 0 . 7 
0.5 0.2 

13 1. 1 
2 0 . 6 

40 nd 
2 0.2 
2 0.3 
6 nd 

6 0.7 
9 0.7 
5 O . 1 

7 0.8 
7 0 . 7 
3 na 

I 

0 . 05 
0 . 01 
0 . 01 
0.02 
0.01 
0.01 

n. 
n. 

0 . 01 
0.02 
0.01 
0 . 01 
0.01 
0.01 
0.02 
0.04 

0.1 

o . 01 
0 . 01 
n. 

Cl S04 

711 1011 
118 12 
118 12 
81 18 
115 1 1 

'8 1 1 
41 27 

<10 <10 

57 86 
128 166 

38 83 
21 < 1 0 

<10 <10 
26 <10 
12 87 
90 12 
25 24 
41 22 
iI 0 21 
11 < 1 0 

B 

3.73 
0.70 
0.73 
0.40 
0.27 
0.12 
O. 31 
0 . 18 

Si02 

204 

"6 
141 
116 

126 

112 

73 

" 

1.0 1113 
1.5 1 19 
0.09137 
0.19135 
0.19 99 
0.19 95 
0.52 93 
0.311 59 
1.30 85 
0.3 71 
0.76 73 

na 113 

'" '" 
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TABLE 5 Isotop1c composition of waters In the Lake Abaya, Lake Awasa·Wondo Genet , 
Lake Shalla and Lake Langano areas 

Abaya 

Location 

NB 37161- 6 
8 

15 

" Lake Abaya 
Hum asa River 

Awasa-Wondo Genet 

Location 

NB 37121-
Wondo Genet (111) 
Kike Hot Springs (115) 
Shallo Hot Springs (52) 
Graha Quhe (11) 
Kenter l Cold Springs 
Kenteri Hot S pr ings (115) 
Lake Awasa 
Lake Shallo 
Awasa Bank Well 
Awasa S.M. Well 
Shashemene Well 

0/00 60 0/00 6180 

·5.7 
-8.7 
-9.11 
-7.1 

11 9 .6 
'.2 

- 0 .6 6 
-2.88 
-2.9 8 
-2.7 0 

7.25 
-0.0 7 

0100 60 0/00 6180 

- 8.0 
- 6 . 2 
- 5 . 7 

5 · 3 
- 3. 3 
· 7.6 
511 . 5 

" 2.8 
34.4 
- 1 . lj 

- 2.38 
- 2.117 

-0 . 117 
-0.69 
-2.06 
-3.00 

8.25 
6.77 

-, .1 5 

4.67 
-2.0 5 

Langano 

Location 0/00 60 0/00 6180 

NB 37121-
Lake Langano (SW) 45 
B. M. Langano well 10 
Lake Zwal (Bulbula River) 39 
Swai we l l 
Adaml Tulu well 

1 

5 
11 
12 

Shalla 

32.6 

-0.3 
-2.2 

3.' 
2 . 5 

6 . 73 
0 .39 
5.29 

11.28 
-, .33 
-0.87 

0 . 39 
-0 . 114 

Location 0/00 60 0/00 6180 

NB 37121-
Lake Shalla , su rf ace 
Lake Chittu 
Shalla cold spring 
Lake Abayata 
Shashemene well 

30 
90 

Shalla S-W spring 
Chittu h ot springs 
Jldo R1ver 

54.5 
60.3 
2.9 

64.2 
- 1 • 11 
2. , 

1.9 
17.9 

15 .9 
2.1 

8.49 
10.48 
- 1 .62 
10.00 
- 2.05 
2. 5 

- T .97 
12.7 8 

1 .47 
-1.89 

'" 



peratures I-C) t ro lll solute geotherlllollleters tor g __ •..•. __ • __ ••. _ •.. __ n ___ ._ •• "." 

a-
N 

Sample no. T1 ", T)' T' T" TO T7 T8 '" T10 Tll • T12- T' , H 

Abaya: 
HB 37161- 6 171 . 11 150.0 286.7 15' 2011.5 110 '99 30' , ,. 2211.5 15' '" .. 

• 151. 6 129.2 215 . 1 20' 128 . 5 218.5 '" '12 21' ," 100 '01 139 . 5 '" ,0 
15 150.2 127 .8 202 . 8 200 121 22' 199.5 269.5 175 107 . 5 1119 . 5 18, 28 

" 138.2 115.2 266.5 '08 ," 20, '" (J82l 1311.5 66 '" 'll '51 " " IH.II 12\ .6 177. 3 '55 120 . 5 '" 1611.5 115 13' 12' 75 . 5 136.5 " '" " 20 136.7 113.6 '" 
,,, 112 . 5 200 2111 .5 156.6 92.5 231 13' 'SO J8 

22 118 . 2 9~.2 ~01 .5 93.5 '" '50 '" 52 1115.5 12l 13' 15 
25 115.2 91.1 96 . 7 90 . 5 167 . 5 119.5 98.5 18, 139.5 70.5 201.5 118 . 5 '" 22 

Awa~a and Wondo - Genet: 
NB 37121 - ~ 1118.8 126.3 222.6 20' 125.5 190 . 5 15' 220 '65 1110.5 '" 20, 1 ~ ~ . 5 112 " " 138.2 115.1 217.3 20' '" 201.5 'll 214.5 (~25.5J I35 .5 13~. 5 ,.. ", ". l5 .. 1411.9 122.2 (332.2) 25' '21 178.5 ' 32 31' '" 130 . 5 119 . 5 ", 123.5 '" 86 

52 1116.2 123.5 '15 122.5 188.5 150.5 '12 {)1I2.5)158.5 I ~o. 5 '" '" 25 

Shalla: 
NB 37121-29 155.8 133.6 177 . 5 13' 187 . 5 '23.5 "' 150 132 . 5 208.5 123.5 '52 " 30 126.3 102.7 102 . 7 101.5 21' '1' ,GO 135.5 177 151 12' 152 " , , 150. I 127.7 222.2 121 115 13 1 . 5 219.5 '" 1 116 . 5 '30 1811.5 ," '" l5 

II 156.3 1311.1 193 . 8 133 .5 '" 13' 190.5 78.5 165.5 168.5 ," ," 21 
l5 152.3 129.9 158.3 '" 21' 139.5 151 192.5 119.5 130.5 13' ," " " 139.5 116.6 186.5 115.5 212.5 '" 183.5 '55 118.5 ," 136.5 '" " " 169.1 147.6 11 5.7 'SO 1118.5 '52 '" 112.5213 151.5 15' '83 01 

" 156.8 13~. 6 1~0.8 '55 , ,. 21' '" '" 168.5 205 . 5 12' '" II 
87 122.6 98 . 8 1119.3 210 " 198.5 I ~8. 5 "' '" ,go 1211.5 '" " 88 124 . 6 100.9 15 ~. 6 '08 100 196.5 153 . 5 164 . 5 111 190 . 5 123.5 '" 30 
60 1 08.7 811.1 185.1 83.5 195.5 , '0 182 . 5 154.5 '" "' 120.5 151 " 65 125.8 102.2 196 . 9 '09 '" 202 . 5 12' 193.5 "0 12' 199.5 132.5 151 " 

(,angano 
NB 37121- 2 1110.11 117.5 212.11 21' 116.5 205.5 '30 '09 221.5 H9.5 11\8 . 5 231 '" '" " , 16 3 .11 1_1. 6 199.3 200 '" 200.5 'll 19' 111 15' '" '" 'TO " 54 !I'8 . 5 125 . 9 152.1 19' '" '10 '" 151 .5 18. 175 .5 187.5 13_.5 " , 30 

12 '50 131.1 177.1 '" '" ,,' In.5 '" 16 1.5 157.5 220 158.5 '60 23 
10 157 . 8 135.6 111 135 . 5 190.5 125.5 1711 . 5 '" ," 1 59.5 223.5 160.5 ," 20 , 159.1 137.1 16 ~. 5 131 187 . 5 131 . 5 '" '21 ," 1118.5 21' '" ," 16 

•• 156.4 1311.2 1117 . 8 133.5 186 . 5 130.5 1 117 . 5 301.5 166.5 13' 20' 163.5 15' 11 
16 130.9 107 . 5 '83 '12 106 . 5 16' '10 293.5 120 15 139.5 126 . 5 16' " 20 155.9 133 .1 219.9 '" 13' '" 13' '" 230.5 1110 82.5 193.5 13' ," " 23 161. 5 139.6 277.2 20, 139.5 19' III 5.5 285.5 370.5 11\6 112 . 5 118 . 5 '" 18, .. 

excluded In the calculation ot lIIea n and standard deviatIon tor geotherlllal waters In Abaya, 
Aw.s.-Wando Genet and Langano Areas. 
and Tl excluded In the calculatIon ot .ean and standard deviation tor geotherlllal waters tn Shalla Area. 



TASLE 1 Telllparatu .. a runctlons t or soluta ,aotha r lllollle ters 

, .. Oectharlllclllatar Te lll per. tur, func t ions RlI",a ('C) 

QUll .. t z t OC • 
11 6~ 

_.90 - 101 Si02 - 273. 15 180-250 

11 01 , Ch.l,adon), tOC .. 0. 11 _ 101 S102 - 273 .15 25-180 

, ,., tOC .. '" 10 , H,/K + 0.99] 273.15 25 - 250 

IU7 
HlI-It-C . t OC • 

101 N./K 0 alo,/CalHa • 2.2~ 
- 273. 15 ~-)~O 

5 51°2 10111111,510, .. - 0.588 - 0.00" 11 - 1515 .21/10 1.3_7 0 ' 1081 

• co, 10,1II1I2 CO ] .. - 1 .79' - 0.005101 - "69 .6311 0 '. 1""1011 

7 " , 1011ll1l2S • - 1.678 - 0 . 00)55T - 5 07 1 . 0511 + 3 . 8889 ' 1011 

s ,., 10,a Na +I'Ko .. _ 1 . 782 - 2775.5/T + 558780112 - 0 . 009691 0 ' .1 0 ~ ' 1 0, T 

, MlI/LI 101·H.o/aLlo .. 0 . 161 • 120111 

10 C.H l o, l,c ' +2/a ll o • - 1.7)) + 0.0 1117T 0 )890.51/1 - ) . 9977 ' 1011 

11 HS' 10,1.1I1· 2/alt o • - 0 .003961 + 978.))11 

" "' 1011ll llr - 5.262 - 0.03511T - 7961.II /T • 12.I022·10IT 

I, "250 , 10,111112 50 , .. - 6.1)6 - 0.0)906T - 13))5.68/T + 1_ .7958· 10,T 

Source 

'rnor'lIon It lIl. (1983a) 1 

5102 In 1I,/ k, 

'r"or •• on et al. (198)a)1 

51°2 In .l/k, 

'rnoraaon at lIl . (1983a) , 

Ha , I( In .,/ka 

Four n! e r and Tru e.de ll (197); 
... 1/ 3 tcr le./Na < I Ind TI" 
>IOO·C. N., 1(, Ca In lIIo l eel 

' .. ncr •• on et al . (198)b) 

'rnor •• o n at al. (I98)b) 

'rnora.on et al. ( 1983b) 

'rnorsson .nd 5yayaraeon (1985) 

'rnorsson .nd Sv.vs .. ,son ( 1985) 

'rnoraaon at al. ( I98)b) 

Arnoraaon lInd Syay.rason (198 5 ) 

'rnor •• o" et al. (I98s) 

Arnora.o" et al. ( I98)b) 

~ 

W 



TABLE 8 Gas analyses results from Lake Langano , Corbetti and Lade Abaya areas (mM/kg) '" c 

Locatio n Sample Discharge CO2 H2 S NH3 H2 °2 N2 CH, Excess Corrected 
no. T ( ·C) '2 '2 

Langano NB 37121 -

Bobesa 28 91 . 5 683 . 25 o . 1 2 0.06 nd 1196.11 1857.74 0.79 8 . 81 18118.93 
'Ceblba 2' 95 3114 .9 8 0 . 30 0.26 0.16 0.09 2.17 0.90 1 .82 0.35 
·Ceblba 2' 95 305.56 0.19 0 . 24 0.09 0.01 1 . 76 0.67 1.7 2 0.04 

Flnkllo 19 92 . 5 IStl7.17 0 .13 0.09 trace 8 . 65 32 . tI 6 8 . 21 0.22 32 . 2 11 
Kure '9 219 .4 4 0.18 0.23 trace 1197 . 37 1870.45 nd 16. 30 18511 . 1 5 
Aluto B 85 2499.97 0.67 0 . 02 nd 4086 . 74 15780 . 92 1 2.98 5116.10 152311 . 82 
Auto 27 95 5611.57 0 . 28 0.77 trace 44 . 82 183.5 4 . 95 16 . 62 166 . 88 

'Hulo 26 93 146.67 0.56 2.28 nd 1198.114 1880.23 o • 63 22 .25 1857.98 
·Hulo 26 93 .5 211.08 0 . 38 2. 11 na na na na na 

Corbettl NB 37121 -

Koka 56 95 1152.78 0 . 08 0.67 0.13 2.69 28.69 10.28 18.65 10.011 
Doredimtu 54 92.5 670.05 nd 0 . 67 nd 1222.73 4693 . 04 nd 253 . 53 4439 . 51 
Cheblcha 70 90.5 749.97 nd na nd 1567.36 6109 . 33 nd 264 . 60 5844 . 73 
Danshe 70 85.5 555.54 nd na nd 2002.10 7728 .18 1. 95 266.115 71161 .73 
Borama 76 95 519.118 nd 0 . 39 nd 51 .75 216 . 71 0 . 55 23 . 67 193.04 
Borama 76 95 561.20 nd 0.44 nd 112.99 433.111 nd 11 .96 112 1. 18 
Derao Argo 79 95 605 . 58 nd 0.22 nd 1380.42 5310.11 nd 165.62 511111.49 

Abaya NB 37161-

Abaya F 7. 95 . 5 3572 .06 2.38 0.72 0.11 6.42 15.58 10.48 
Digima 22 96.5 738.92 nd 0.09 0.007 0.17 15.113 1.81 '4.02 0.61 

and • the same fumarole at different time. 



TABLE 9 Estimated temEeratures from ~as geothermometers for the Lake Lan~ano. Corbetti 
and Lake Abaya areas (OC) 

Location Sample Discharge Te02 TH2S TC02/N2 TCO/H2 TH2S/H2 TH2 T1C02/N2 
no. T ( °c ) 

Langano NB 37121-

Bobessa 28 91 .5 318 205 1 24 1 24 
Gebiba 24 95 300 223 295 246 293 260 337 
Gebiba 24 95 296 21 4 297 241 241 255 361 
Finkllo 1 9 92.5 341 207 260 261 
Kure 49 287 213 105 105 
Aluto B 85 357 239 109 110 
Auto 27 95 313 222 178 180 
Hula 26 93 275 235 100 100 
Hula 26 93.5 286 228 

Corbetti NB 37121-

Koka 56 95 333 333 255 229 312 259 286 
Doredimtu 54 92.5 318 318 107 108 
Chebicha 74 90.5 321 321 105 106 
Danshe 70 85.5 313 313 99 
Borama 76 95 311 311 1 71 
Barama 76 95 313 313 1 54 
Demo Argo 79 95 315 31 5 104 

Abara NB 37161-

Abaya F 7a 95.5 369 369 305 21 3 251 257 
Duguna 22 96.5 320 261 198 232 

'" -T' C02/N2: Corrected for excess N2 '" -. and * The same fumarole at different time 



TABLE 10 Temperature function for gas geothermometers 

Geothermometer 

C02 

H2 S 

H2 

C02/H2 

H2 S/H 2 

Tempe ratur e f un c tio n 

- 44.1 + 269 . 25Q - 76.88Q2 
+ 9.52Q3 

+ 246.7 + 44.81Q 
+ 277 . 2 + 20.99Q 
+ 341.7 - 28.57Q 
+ 304.1 - 39.48Q 

Source: Arno r sson and Gunnlaugsson, 1985 

Restriction 

Al l waters 

All waters 

above 30QoC 

a nd waters In 
the range 20Q-300 oC 

i f chloride >500 ppm 

~ 

~ 
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Appendix I Sampling and analytical methods adopted for geothermal fluids 

Component 

pH 

co, 

H,S 

Cl 

F 

51°2 

B 

so, 

Na and K 

01S301ved 

solids 

Cases 

Isotope 

Sample treatment 

Raw, untreated, cooled 

Raw, untreated, cooled 

Raw, untreated, cooled 

Filtered, untreated 

Filtered, untreated 

Raw, untreated, 

Filtered, untreated 

Raw, untreated 
should be precipiteted 

Filtered, acidIfied 

Raw, untreated 

Raw, untreated 
(alkaline condensation 
and/or without condensation) 

Raw, untreated 

Method 

Instrumental (pH-meter) 

Titration with Hel (using 
pH-meter to mark end point) 

Titration with Hercuric Acetate 
(using dlthlzone as indicator) 

Chloride meter 

Selective electrode 

Diluted UV/VIS speotrophotometery 
(SIlico-molybdate complex) 

UV/VIS Spectrophotometry 
(Methylene blue complex) 

(Sulfide titration with Barium 
perchlorate by zinc acetate) 

A.A. Spectrophotometery 
(with lanthanum a~ inhibitor 
to interference) 

Evaporated res i due 

Gas chromotography, titration 

Mass Spectrophotometer 
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APPENDIX II Equations describing the tempera t ure dependence 

of mineral solubil 1 tles. 

MINERAL 

401 NJJI.AP.UIC 

ItEACTION 

IW.Sl,O, .. !!HIO - .,;' .. AI. [all ~ .. 311.510; 

NaAlSl)Oa ... 8I{10 - tfe, ... Allct.,; .. lH.SIO; 

NaAlSlP,'l/zO" 5H10 - N&' .. A.1(Ql); .. lH.SIO; 

ca9J _ ca'! .. 00. 2 

• • 
Co:ICX>, _ c.2 .. CO;2 

TEMPERATURE FUNCTIotf (+It) 

+)8.IS -o.04S81' -17160" +I0t2122"r 

+]6.83 -0.0-1)91' -IU"tr +loo463I/Tl 

+J4.08 -<:I.Deon - icS77/,!, .'71l9BIn2 
->6.20 -(I.0229T -unIT 

+10.12 -o.1I149T -24761"t 

406 OIN..CIIXNt' 51°2 " 2112° - H.SiO; +0.11 -lIOltr 

407 ~ MqS1UZSI10,oIOHI." 101120 - ~'2 .. AllafJ; .. JH.SlO; .. eaf -1022.)2 -<l.386IT +9J63tr .-.ll.461oqT 

"" ruautt' 

40' oo£nU'n:~ 

410 u.l.IOlTIT£ 

411 MlCR::a.INE 

. 4\2 ..w::m:rm 

41) c"..romt:IR: 

o.F
2 

_c.-z .. 2r-

r.x:tt .. H20" 00' - Fetall; ., -
C&U1S1.0 12 '41110 " SHzO - ca .. w can ... 411.510; 

1W.S1,O ... 8Hp - 1(' .. AlIOH); .. lH.51O; 

FeIO, .. 41110 - If'eIOl.,; .. Fe'Z 

~O.l'7All.ll5t).nOIO rCfll~ .. 601110" po" 
- c.:a' .. Iru(OOl~ .. 22H.SI0; 

414 K-tOm<lf!: Jl(o.1lAJ.J .lJSI l.6101010U l" 3ON10" 601-

- K' .. lAJ.ICJ:II: + 111I.S1O: 

"~ltf-rom~~ ~O.I6.,.uJ.JlSI).6101 0{CJ:I1 J + 6OHfl" 120.-
- ~' + l'-'U(CJ:II; + 11"cS10. 

416 N.I-~ lNIIO.1t"2.US11 ,,°10 1011 2 + lOHp" 601-

- Ne,' + 7k1(CJ:II; .. UII.SI0: 

H7 HJSCOIft1'E ((AJ.,Sl,0IO(CJ:I1 1 + IOH 20" 2CII- - K' lAl.IOIl;" lH.SIO: 

4 1 e PRDtU"f; 

4U P'l'1WlOTM'E 8reS + SO;2 + 1211,0" 601- - 8re(all; + 9H,! 

420 PY1UT!: 8reS2 .. 2611 2°" tOof - 8Felall; + ro;2 + 1~,S 

421 (A,ll'.Rnh SI0
1 

+ 211
2
° _ ".S1O: 

+66.54 -Uletr -2~.nloq1' 

-SO.14 +O.O9'/!' <lOl9O/T -2179296rr 

ffiS.9S -o.082ST -28)5!/T +UI6098rr 

"44.55 -a.OHST -igeellT +12t4019tr 

-lSS.se +O.165ST "J5198/T _U5UUtrJ 

+15075.11 +1.7)46" -961127/T ffit'J8S927n2 -5294.7210q't' 

+lOS I4.87 +l.5188T -195)8U/T +USS)88JOIT' -I072J . lIloqf 

+ 1 ~27J.90 +1."2)!, -97B7UIT +f;280S0l6tr -5)66.Ul~ 

+6113.68 +O.6914T -3947551T "2522632llT' - 2144.771oqT 

+)014.68 +1.1522T -10)45Otr -11U.86LoqT 

+4523.89 +1.6002T - 180405/T - 1860.JJl.og'T 

422 WI\.UWUn: c.aMzSl,012·2IIlO + l ot/le - ~'2 + :w. (CJ:I) ; + 4",SIO: +f;1.00 -O.OiM'lT -25OU/T +laol9l1tr 

4U NJI.U51'CHM'E casl0) + 211' .. "20 - ca' 2 + ",SI0: - 222.85 -a.on'lT <IU5!/T -671106tr +80.68loqT 

424 ZOISItt Ca2AJ.1SI,0 I1fCJ:II + 12111° - 2C,a., + lAl.fCJ:II; + lH,SIO: .. CII- +106 .61 -a.IU7T -40448/T +)o28917tr 

C.i'.-J.lSI10UICfU + 12"20 - 2C,a'2 .. Fetall; 

+ :w. tall: + JH.Sl0: .. Cff 

426 M1\ICMtTEl eres2 + 2611,0'" Icm- - 8Fe!CII); + SO;2 ISHzS 

- 273i9.64 -1 .8749T +1542767/T -92778364,,-2 +9B~O.18loc1l' 

+U67 ,61 +1.S879T -169944/T -Ule."loqT 

'If .... ~ Ot"" ... l., ."..,lfl'" d,U ter . In ... I. ,..., 'qu'O'" .~"h. ere ho- Rr.I,.Gr._ at al. (1978) .nd IIr.LGZSCI< 1196' ., I>o,u on 
.ltOll14~"" r.~OM'i u. tr ... ~rQsSOtl et aI, 11!181a' a"" corINVlUCSSOll.II"" ""..o.s_ 11982) ... , • .,U"e l y, cThe'_vftaa1e ~'ta on 
.~" I .. U au tro. MILCUOM 11,.,., "Dau on the eftth<llpv a"" efttr"p,. "f celel_ 1 .... at 2"0: er .. h o. _n et .1. 11918). 
e~l\ItOg_ et el. ( l9a2to., Their _Irlul O'O lutlillt, tu""Uon 10 .... r' .lall .. to the e'p"'d_"td M> 1"toltHy d,U "f nlUIt/flPl 
(19711, 1_ .AGi."d JCNII1l ( 19711, 'U4tGKIIR .1"1,. ~'et.t. 0"21 • .a:..-n, ~l'JSO'. 11I.tIt,KlV et .1. 0"11. 
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