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ABSTRACT

Detailed geological work has been concentratedhoget main geothermal areas of south western Ugtnadas
Katwe-Kikorongo, Burangand Kibiro Hot springs. This included geochemicapleration, isotope hydrolog!
geological mapping and geophysics. Resistivity tedan anomaly in Katwe and Kibiro thought to tgeatherma
reservoir. However, drilling to the depth gave ngnsof geothermal activity hence a need to expand on
previously drilling targeted areas and probing deefnder this project, study has been made teetade differen
geothermal hot springs with the aim of groupingithiato geothermal fields. The charaistics of the geothermal
fluids were studied using CI-S@HCOs;, Na-K-Mg , CI-Li-B ternary diagrams, Speciation using WATCH
version, isotopes, ratio of conservative elememd amixing models. -SO,-HCO; ternary diagram classifies
Amoropii, Okumu, andcKibiro as chloride waters, Kitagata and Kanangorak,steam heated waters, Kiber
Kabuga and Rwagimba as Volcanic waters, Amuru aarbonate waters while Amuru (Pakele) and Avuki
peripheral waters. The geothermal fluids come fadcbase rock rher than underlying sediments and are
partially or fully equilibrated. Th&’H versusd'®0 plots, CI/B, Cl/Li, Na/K, Na/Cl ratios and ploghow thal
Kibenge, Rwagimba and Kabuga are correlated toriaravith fluids of similar origin while Kibirond Panyamur
appear to be linked, with Avuka at the periphefaKibiro-Panyamur geothermal area. ,-CO, mixing model
show that there was no boiling in the studied Ipoings but with some evidences of mixing. The lote@perature
plots of minerals shes Kanangorok, Kabuga, Kibenge, Rwagimba, and Okarawsaturated with calcite and cc
be prone to scaling if utilised.

INTRODUCTION

Uganda is one of the east African counties crossedhe Eas African rift valley. Several geological surve)
including shallow drilling have been carried out thmee geothermal areas of Uganda which includewk-

Kikorongo, Buranga and Kibiro. Preliminary work halso been carried out in other geothermal arf Uganda,
aimed at the development of geothermal energyuial development. Biomass represents 93% of theggnesec
in the country, thermal power installed capacitf @MW, and installed hydro electric power is 380N, that has
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Fig. 1: Map of Uganda showing the hot springs studied
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diminished to150MWin the past few years due to climatic changess Tlas made and unaffordable in addition to
electricity expensive being scarce

Since all the oil products are imported. This haadenthe government consider the development ofwale
energy among which is geothermal energy with ames¢d capacity of 450MWMcNitt 1982)

Study Areas

This study is of the main three geothermal ardes, is Katwe-Kikorongo (Katwe), Buranga and Kibilmt also
Kibenge, Kabuga, Rwagimba and northern Uganda prinigs i.e. Amuru, Avuka Amuru( Pakele), Amorond
Kanangorok. These are all located in the Westeft \Rilley in the Albertine graben that runs alongddda-
Democratic Republic of Congo border (Fig. 1)

Aim / Scope of the Study

During geological, geophysical, and geochemicalagpion anomalies for drilling have been locatedhe Katwe-

Kikorongo, Buranga and Kibiro geothermal fields. vitwer, drilling to a depth indicated by the geopbais

methods in Katwe-Kikorongo and Kibiro gave a muotvér geothermal gradient than expected and thesenea
sign of geothermal activity in the drill coreswas however thought that the low resistivity colkddue to an ore
mineral body in the case of Kibiro and salt demositthe case of Katwe-Kikorongo. It was therefooacluded that
the source of heat is likely to be deep or outfiidearea previously interpreted as drilling tardéte future plan is
to use geophysical methods that probe deeper amgare geothermal hot springs to find if there cdudda link

between the main geothermal hot springs with atlegghbouring hot springs to expand the study area.

The objective of the present project is to anabse correlate the geochemical data for differemtspoings, to find
a possible potential with reference to geologicaation and structural controls. These were consitién two
groups, Firstly, Buranga, Katwe-Kikorongo, Kiben¢f@gbuga and Rwagimba, and secondary Kibiro andhsont
Uganda hot springs (Amuru, Amuru(Pakele), Amoropiuka and Kanangorok). To find out whether thisra
relationship between fluids of different hot spsngheir chemical composition was studied by logkat the
conservative constituents that can be regardecesrs. These include Li, Rb, that are highly rell, B, and Br
which form soluble minerals and their sources gfpdyto geothermal fluids limited to saturate itlviany mineral
(Anorsson,2000b).

Deuterium was also used as conservative isotofgbeirgeothermal fluids due to its mobility. The fation of
secondary minerals containing water can cause ueutdo fractionate between mineral and water. Hmvehe
amount of water held in secondary minerals in imi§icant compared to amount flowing through a giveok hence
fractionation between the phases will have nedkgéffect on the deuterium content of the flowingter through
it. Also water with temperature below100°C gengratiows no oxygen shift and hence @ isotope can be used
as a tracer. Sulphate can also be reactive in ga@mkermal systems as it can react and be preeipites anhydrite
but conservative in others (Anérsson, 2000b)

BACKGROUND
The Geology of the geothermal fields

Geology of Kibiro

Kibiro geothermal field is divided into two geolagi environments by an escarpment of the westemndbr of the

east African rift valley that runs from SW to NEhd eastern side is
mainly crystalline basement with granites and drargneisses while
the western part is characterised by rift sedimenie hot springs are
found in the rift sediments (Fig. 2). Kachuru fatdénding NNE is

oblique to the main rift fault and intersects itkdchuru and Kibiro

Villages. Several surface manifestations are foatnthe intersection of
the two faults (Fig. 3). The surface manifestatientail hot and warm
springs, which include Mukabiga and Mwibanda; thare also salt
gardens such as the Muntere salt garden. Otherfestations include

Fig. 2 Kibiro hot springs in rift sediments smell of hydrogen sulphide in the air, steamingugds, calcite and
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sulphur deposits (Gislason et al., 2004, Gislat884)

Geology of Katwe-Kikorongo geothermal field.

Katwe-Kikorongo volcanic field is located on thecagpment of
the western branch of the East African rift valleguth of
Rwenzori massif. The field has a number of cratieas lie on the
NE-SW striking main fault. It characterised by hasat granite
and granite gneisses (Fig. 4) explosion crateestefl pyroclasts
and tuffs (Fig. 5). The craters are believed toehagen formed by
phreatic eruptions and in some of them like Laketwea /
Kikorongo and Nyamunuka there are crater lakes vhitgh
salinity due to evaporation (Fig. 5) there are alsonor
occurrences of lava near Lake Kitagata and Kyemecrgder
areas. Fig. 3: Geology of Kibiro are

Geothermal surface manifestations are scarce dgdamd in the Katwe and Kitagata craters.
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Fig. 5 KatweKikorongo geothermal field showi

Fig. 4. Map of the geology of Katwe-Kikorongo area springs and craters

Geology of Buranga geological field
This field is also in the western branch of thetE2dgcan rift valley. It is situated in a sedimany environment and
despite the high tectonic activity; Buranga haswialence of volcanism. It is a geothermal fieldhagprouting hot
springs and high gas flow and travertine

Geology of other geothermal hot springs

Kabuga hot spring (also called Muhokya warm spiifigss a temperature of about 40°C and a flow rhatelts. It
has no rock exposure but the surface geology iteicthat the springs issue from alluvial and pedingravel
material at the base of Rwenzori mountains. Kabsigdso thought that it is controlled by the meaRwenzori fault
that extends from Lake Kitagata in the Katwe gewtizé field (Armannsson, et al., 2005).

Panyamur Hot springs are located on the escarpnaamtthe shores of Lake Albert. They are divided three hot
springs which include Amoropii, Okumu and Avukal thle three lie on the Rift Valley escarpment. Tleayend in
a northwestly direction and are likely to be coldr by a major boundary fault.
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The manifestations include hot springs, travertiegosits, and sulphurous algae and hydrogen swlpsriakll.

From the hot spring lies a gorge that dips into ésearpment in which fractured crystalline basemecks like

coarse hornblende gneiss, coarse hornblende gaciettalcose rock have been reported. There avedtvections
of foliation that is NNE-SSW and NE in the directiof the local major fault. Okumu is characteribgcbasement
rocks of granitic gneiss and Pleistocene sedimentise east of rift fault boundary. Amur is underlay fractured
basement rocks with foliation trending in NNE-SSWd goints trending NE-SW in quartzite.

SAMPLING AND ANALYSIS

The analytical results used under this project varalysed in 1993, 2002, 2003 and 20051993 under UNDP
project (UGA/92/002), geological work was done abito, Buranga and Katwe- Kikorongo geothermal ardae
samples were analysed both at the department tdgjeal survey and mines (pH, conductivity, £®,S and NH)
while the rest of the results were an analysedrktigofnun ( Armannsson, 1993).

In 2005 under the project of the government of Wigamwith support from World Bank and international
development Bank, geochemical investigation invalvsampling of hot springs was done. The collesgaples
which include water and rock samples were analgseie institute of Geological and Nuclear scieNe& Zealand
(Armannsson, 2005).The areas covered whose rem@tsonsidered under this project include Kabughemge,
Amuru, Amuru(Pakele) Avuka Amoropii, KanangoroldaDkumu.

The project UGA/8/003(1999-2002) was renewed undetope hydrology UGA/8/005(2005-2006) with the
objective of obtaining origin of geothermal fluid€charge mechanism, resident time, predictingubfssrface
temperatures using isotope geothermometers andedéti source of salinity and mixing processes. Wik was
done by International Atomic Energy Experts (IAEA)d Ugandan professionals. It involved samplinghof
springs, groundwater boreholes and streams whatedtin 1999. Volatiles were measured in field ligdrogen
sulphide and Carbondioxide, temperature and condlyctvhile environmental isotopes were measured/AigA
Isotope laboratory in Vienna. In 2001 more samplere collected and analysed for isotopes in theAAdboratory
Vienna, Institute of Hydrology (GSF) in Munich, Geainy and Institute of Geosciences and Earth Ress(eNR-
IGG) in Pisa, Italy. In 2002 sampling was done it\e and Buranga geothermal areas as the lastisgnojpiring
the project. This was done in 2005 in Kibiro, Buganand environmental isotopes were also analysd@ba
Isotope laboratory in Vienna.

DISCUSSION
Classification of geothermal waters

The CL-SQ-HCO; triangular plot was used for the
classification of geothermal fluid with respectthe
major anions Cl, SQand HCQ (Fig. 6). The
Kibiro, Amoropii, and Okumu samples plot close
the chloride corner and are classified as mature
neutral chloride water. These are likely to be fedm
from discharge from the geothermal reservoir
associated with neutral chloride and represent
equilibrated fluid from the upflow. Avuka and
Amuru (Pakele) are peripheral bicarbonate waters
likely to be spring waters with high Carbondioxide
at the peripheral of the geothermal system.
Kanangorok and Lake Kitagata plot in the field of

Kabuga
Kibenge
Rwagimba

Kanangorok o C L’%
Amoropii
Okum

Avuka

Lusoga BH

L Kitagata
Amuru(Pekele)
Amuru

Kibiro

O:HOOEEX&D> O+
>

steam heated waters. Steam heated waters are /
usually formed as a result of absorption of magmati 8 s‘eam.i\a(eewa(e,s E
gases into ground water and are characterised by a soa LTl "I HCO3

low pH (Giggenbach, 1988). However, fluids of th
hot springs considered here are neutral to alkal
(Kanangorok 7.37, Lake Kitagata 8.03 - 8.61) aiu

Fig. 6. Classification of geothermal water using CL-SOZ®B
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are likely to be volcanic fluids in which hydrogsulphide has been oxidised to sulphate by othergsses other
than oxidation by oxygen in ground water. KabuBsagimba, Kibenge and Lusoga borehole samplesagsot
volcanic waters but the Amuru sample is bicarbomater.

The CI-Li-B ternary plot, use Li as a tracer forcko
dissolution processes and evaluating the possiigncoof

B and Cl. Kabuga, Kibenge, Rwagimba, Amoropii,
Okumu, Lake Kitagata and Kibiro samples plot claséhe
chloride corner indicating that these constituenmiginate

in old hydrothermal systems (Fig. 7). Due to eithery .
low values of boron or lithium in geothermal fllsdmples foriwsic
(below detection limit) Amuru (Pakele), Amuru, and /
Kanangorok (apart from waters from the Kanangorok

Kabuga [N J%
Kibenge °
Rwagimba
Kanagorok Kibiro —
Amoropii

Okum
Lusogaba BH
L Kitagata &
Kibiro

oomaxeb>O+

hydrothermal \ -

systems

borehole) waters could not be plotted on the diagra \\mym 7

However, they have almost 100% chloride and theeefo . J /C./V .

would plot on the chloride vertex. "y SN oo

The low values of lithium and boron may be an iatian J “N

that fluids come from old base rock rather thanrfrthe Sy IIIEEEIAN

underlying sediments. Li\‘ L L L L R B W/B/4
0 25 50 5 100

In the Na-K-Mg ternary plot, the geothermal fluidse
divided into immature, partially equilibrated, arfdlly
equilibrated waters. It shows which fluids are abi¢ for
geothermometry that is partially and fully equiibed fluids. Kibiro, Rwagimba, Lake Kitagata, Kilgen Kabuga,
Amuru, Amuru(Pakele), Amoropii, Kanangorok, AvukadaKaitabosi waters are fully or partially equikited and
therefore can be comfortably used for ion geothenetoy(Fig. 8A). The equilibrium curve is based @elandic
basalt results (Arnérsson et al., 1983). Lakedéta and Kaitabosi water samples plot above equilibline. The
reason could be that they are derived from rocksadhe not close in composition to the basalts byefirnérsson et
al. (1983). However, Kaitabosi plot on fully eghilated curve based on andesitic rocks (Giggentd£@8), while

Lake Kitagata plots close to it (Fig. 8B)Na-K-Mg ternary diagram was used to estimate teatpez of the
geothermal springs (Table 3) using Na/K and K/Mgtgermometers. However there are some differenceisei
values from the two geothermometers. This couldueeto the fact when geothermal fluids ascend aotiwithout
boiling there is a decrease in pH and temperaithis. causes undersaturation with respect to pririgargous rocks
that eads to more dissolution lowering K/Mg complai@ Na/K tending towards the ratio in the rockisTK leads

to different values for Na-K and K-Mg geothermomsteith K-Mg indicating a lower temperature (Arngos and
D’Amore, 2000).The difference is also caused by the fact thatkiidg geothermometer adjusts to changes in
temperature faster than Na/K even for Carbondioxicte waters. The K-Na geothermometer tends togovesdeep
equilibrium of Na/K ratios (Giggenbach, 1991).

Fig. 7: Classification of geothermal waters using
a CI-Li-B ternary diagram
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Fig. 8 Classification of geothermal waters using Na-K-Nagnary diagram a) WithArnérsson et al. (198
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TABLE 1: Temperature estimated from the Na-K-Mg Triangdliagram.

spHr(i)rﬁg Kabuga | Kibenge | Rwagimba| Kanangorok| Kaitabosi| Amorof | Kitagata | Kibiro
Na/K | 130 130 108 150 100 105 170 210
K/Mg | 90 60 115 110 150 110 260 150

FLUID MINERAL EQUILIBRIA

The CI-Li-B ternary diagram shows that Okumu geotts@ water is fully equilibrated while Kabuga, Anour
Amoropii and Rwagimba waters plot close to the égjuilibrium curve. It would be expected for thésés to give

a clear convergence of minerals that are beliewdzktin equilibrium. This may be a test to provat the fluids are
in equilibrium with respect to some minerals in tbeks but not others. Due to relatively low tengteres, it takes
a long time for the fluid to be in equilibrium witolutes. Water that is far from equilibrium witlydnothermal

minerals shows no convergence of minerals at aegifip temperature.
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Fig. 9: Saturation index diagram IQ/K versus temperatL
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It differentiates between equilibrated geotherrhatls and those that have departed from equilibrilua to boiling
or mixing with cold water. The geothermometer terapges below are estimated by using the WATCH isgiea

programme (Table 2). In some geothermal fluids iieiige, Kabuga and Okumu the mineral curve int¢seave
the zero line giving a positive value of Log (Q/Rhis can be possible if boiling happened befora@img due to
loss of vapour and gases that leaves residuali@olwith a simple non volatile component (Arnérssdf85s).

However, this is not the case since the silica-@aale mixing model indicates that there was narin these hot
springs. Amuru curves intersect below the zero ¢jiiveng a negative log (Q/K). This happens whenrtiging of

the fluid with dilute solutions lowers the log (Q/Kalue. The Amoropii sample shows no clear coneecg of
mineral curves. The geothermal fluid could have edixvith fluids of different composition which dishs its

equilibrium. Also if it mixes with fluid with solds in a proportion very different from that of geatmal fluid there
is a complete lack of any equilibrium (Fig. 9).glotting Log (Q/K) versus temperature plots, mite@nsidered
to be in equilibrium were considered. Amorphougailwas not was not used as equilibrium was thotgHte

controlled by quartz or chalcedony. Also becausailofe fluids of mainly northern Uganda hot sggncalcite and
anhydrite were not used for locating the pointrm&isection or equilibrium point as there no enoaogltium to

saturate anhydrite and calcite. Few minerals arequilibrium with the fluids. The low temperaturé tbe fluids

makes it require a long time to interact with fifbr equilibrium to be attained. Rwagimba and Keymok,

geothermal temperatures from WATCH are higher tharaverage measured temperature using Quartzectualy
and Na/K geothermometers that was used in WATCHtlaedemperatures in the table was got by extréipala

Kabuga, Kibenge, Okumu and Amoropii show equilibriat the chalcedony temperature while Rwagimba and
Amuru show equilibrium at the quartz measured teatpee. Kanangorok temperature is greater tharatieeage
measured temperature.

TABLE 2: Temperature estimated with WATCH and calculatadperature with geothermometers.

Samole lonic Quartz Chalcedon Na/K Mean
Location Nop T(WATCH) balance | temp. temp. °C y temp. temp.
. (%) OC p' OC OC
Kabuga UG-05-29 62-70 2.53 104.0 73.8 100.2 102
Kibenge UG-05-30 67-73 2.97 97.5 66.8 121.4 110
Rwagimba UG-05-33 118 0.35 114.3 85.0 93.1 104
Kanangorok-1 UG-05-58 157 2.85 138.4 111.6 1394 9.82
Kanangorok-2 UG-05-59 145.0 119.0 146.0 136.8
Kanangorok” | 4G-05-60 1449 | 1189 1532 139
Kaitabosi UG-05-61| - 26.9 -3.1 93.7 -
Amoropii UG-05-62| ? -0.28 111.3 81.8 98.5 105
Okumu UG-05-63| 70-90 3.05 112.9 83.6 95.4 104
Avuka-2 UG-05-64| - 15.21 104.6 74.5 139.6
Amuru (Pakele) ?167'05' -17.76 78.7 46.7 82.5 81
Amuru Ve 100 2.44 1140 | 847 106.8| 110
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Kibiro, Panyamur, Amuru, Amuru (Pakele) and Kanangak hot springs

Kibiro fluid flow is controlled by two

intersecting faults, with the main one trending in l
the NE-SW direction and the other is oblique to 1 |
it. Panyamur (Avuka,Amoropii, and Okumu) lie |
along the escarpment of the rift valley and appear
to be controlled by it. The altitude of Kibiro and
Panyamur springs is not so different that it will
stop the flow in either direction i

The isotope ratio plot (Fig. 10) shows excess
hydrogen in Panyamur and other springs in - |
northern Ugandan. However, samples from . |
Panyamur hot springs (Okumu, Amoropii and |
Lusoga BH) plot together with Kibiro

rainling

Kanangorok-1
Kanangorok-2
Kanangorok-BH
Kaibatosi
Amoropii
Okum

Avuk-2
Lusoga BH
Kibiro-13
Kibiro-1GWS
Kibiro-2 GWS
Kibiro-3 GWS
Amulu(Pekele)
Amuru

+Ho oo JORRXE®Sr x &

line

(Craig 1961)

groundwater and close to Kibiro geothermal
samples. The water samples plot in a line

together with samples from other geotherm '
areas of Uganda apart from Katwe, Buranga ¢
Kibiro. This together with a small oxygen shil

Fig. 1 Isotope ratios of Kibiro and northern Uganda $pings.

could mean high permeability and interaction of theomal
fluids with Kibiro groundwater. The plotting of Pgamur
samples close to Kibiro samples may be an indinatid
correlation between the geothermal fluids of Kibiend
Panyamur hot springs. 1
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The differences and similarities were further teédtg studying
conservative elements in the fluids from Kibiro (ké&biga, .., |
Muntere and Mwibanda) and Panyamur. The consegvativ
elements form soluble minerals and some of its Isuipgimited
to saturate the fluids (Arnérsson, 2000b). The eotrations
can vary as a result of dilution but the ratio remeahe same. i
The ratios considered include CI/B, CI/Li, Na/Cldaftuids of
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similar origin should have same ratios.

Kibiro geothermal hot spring samples which inclgdir
samples from Mukabiga, Muntere and Mwibanda ha..

Fig. 11 CI/B ratio in Kibiro and northern Uganda

hot springs

B/CI ratios ranging from 759-1104(Fig 11). Thisnist very different from Panyamur hot spring sampléth a

range of 653-723 despite being analysed in difteyerars,

while others outside the rift have very low value®wever
boreholes samples have a high ratio due to higbriclel
values. Amuru (Pakele) has low detectable valudabn
hence its ratio could not be calculated. The Ludog@hole
contains groundwater while the Kanangorok BH saniple *** 7]
likely to be intermediate between groundwater and

geothermal water. The CI/B ratio plot shows Amoirapid
Okumu samples plotting close to Kibiro samples (Hif)
while Amuru and Kanangorok samples have considgrabl
lower ratios except for borehole samples. AmurukéRg
samples have a low boron concentration, below #teation
limit. .
The concentration of boron is affected by both terapure 0

20000 —

Cl/L

10000 —
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* Mwibandald

% Lusoga BH

>Kanangorok-BH

*  Amorpi
*  okum
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and permeability of rocks in reservoirs. Literatsteows that Fig. 12 Cl/Li ratio in Kibiro and northern Uganda
hot springs

Cl is incompatible in alteration phases in all matuvater-
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rock environments whether at ambient or elevatetpezatures.
It is also not adsorbed on a mineral surface (HES@P). It does
not enter any common forming mineral either dudtsolarge ,
size. Also when temperatures are high, B is molzted
incompatible as observed from many rock- waterraggon
experiments (Mahon, 1970). However at lower tempees, i
below 100-150°C experiments have shown that Bderjmorated

in secondary minerals (Arnorsson and Andrésddags). It is §°
adsorbed and incorporated in clay minerals, malility (Harder,
1970) and behaves as incompatible in geothermé&msgsabove
150°C (Ellis and Mahon, 1964, 1967, and Ellis 197Dhese :-|
could be the reasons for the lower values of B amyRmur
geothermal hot spring water where temperatureasitew as 84
°C according to geothermometers. Therefore B mingive been o
scavenged from the solution and even some samphes o
detectable concentrations like Amuru Pakele anddcba the
cause of a slight variation in CI/B ratios compatedhose of
Kibiro.

The CI/Li ratios are lower for Kibiro hot springreples than Panyamur hot spring samples Okumu andrdyii
(Fig. 12.) The difference in Cl/Li can be attribditeo very low values of lithium (Okumu 0.08 mg/kifpat may
increase error in analysis.

4
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Fig. 13 Showing Na/Cl ratio in Kibiro and
northern Uganda hot springs
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Kibiro hot spring waters have a Na/Cl ratio close that of
Amoropii and Okumu waters samples while the resteha high
ratio due to a small concentration of chloride (Rig). Okumu and
Amoropii have the same range of Na/Cl ratios asrKigeothermal ] L
fluid samples. g
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Amuru
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» Kanangorok-1

From the Cl- SQHCQO; triangular diagram for classification of
geothermal fluids (Fig. 6), Kibiro, Amoropii, andk@mu are
classified as mature chloride waters, while Amuxouru (Pakele)
waters are classified as bicarbonate periphera¢érareind Amuru
bicarbonate geothermal waters

Another similarity between Kibiro, Amoropii, and Odu
waters is that they all contain hydrogen sulphidd ammonia
whereas the rest of the hot springs in northernndgaloes not
have detectable concentrations of these const#iuent

However there appears to be no clear temperatadbegnt between
Kibiro, Okumu and Amoropii. This could be due tadhdistance
between Okumu and Amoropii. Kibiro has an estimatgdosurface
temperature of 200°C and its geothermal fluid hasechwith cold
groundwater to give a subsurface temperature ofitai60°C
Okumu quartz temperature 113.3, chalcedony 83® NaiK 95.4
while Amoropii quartz temperature 113.3, chalcedtamyperature
81.8, and Na/K temperature 98.4.

A Na/K plot (Fig. 14) shows that Kibiro water hasv Na/K ratios ™
and hence high temperatures while the Panyamusgratgs have
high Na/K ratios suggesting that they are low terapge fluids.
High temperatures tend to increase dissolutiongiug low Na/K %0 — ‘ ‘
ratios (Arnérsson, 1985) i
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Fig. 14 Showing Na/K in Kibiro and
northern Uganda hot springs

» Mwibandald
P Mukabiga5
> Kibiro2

SiO2 (mg/kg)
=
8
B Kanangorok-1

»  Okum
P A Pakele)
B Amompi

P Lusoga BH

2
A

Fig. 15 Variation of SiQ with surface temperature.

Kanangorokl and Kibiro (Mwibanda, Mukabiga) watdrave
high concentrations of silica and high surface terafure
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compared to other hot springs (Fig. 15). Kanangdo&nd Kanangorok borehole waters have a low sampli
temperature with relatively high silica.

This together with almost equal quartz and Na/Kpgeratures shows that the low surface temperatuaeésult of
conductive cooling rather than mixing with cold gnol water.

Kanangorok and Kibiro have high concentration ditaiand high sampling temperature compared tordtio¢
springs (Fig. 15). The low sampling temperaturé&Kahangorok with relatively high silica and almogual quartz
and Na/K temperatures (Table 2) shows the low sagpeémperature is a result of cooling rather thaxing with
cold ground water.

The plots of Cl versus B and Cl versus Li showrarsg correlation between Kibiro, Okumu and Amoroéters
(Fig. 16). The Panyamur and other northern Ugahda springs have lower concentrations. The lower
concentrations can be attributed to low temperatfrehe fluids which require a long time to increasheir
concentrations through dissolution of rocks. Thetpkhow that as you move away from Kibiro the emi@tion
decreases.
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Fig. 16 Graphs showing a) CI B, Cl versus Li, and c) &sus Na in Kibiro and northern Uganda hot springs

2000 —

Cl (mg/kg)

1000 —{

800 120
Na (mg/kg)

1600

2000

ARGEO-C3

THIRD EAST AFRICAN RIFT GEOTHERMAL CONFERENCE

Djibouti, 22 — 25 November 2010



The results of geochemical study show that Kibirtess are likely to be linked to Amoropii and Okumvaters.
Carbondioxide rich waters have also been foundeeelbp at the boundaries of geothermal reservairsléw
Zealand (Herderquist, 1989) and Olkaria geotheffietd in Kenya (Arnérsson 1991Therefore Avuka which is
part of Panyamur which is one of the Panyamut pongs is likely to be at the peripheral of thebkKb-Panyamur’
geothermal field. This is also supported by theSC-HCO; diagram in which the sample from Avuka, plots as
peripheral water (Fig. 6)

Evidences of mixing

A positive correlation between the conservativemgets and a linear relationship between them agoiealy of
mixed waters (Fig. 16). However for fluid to be simered mixed the there is likely be a differentalmout 50°C
between the Na/K and quartz geothermometers (Fenrdi981). Therefore using this criterion of meadur
temperature by the Na/K and quartz geothermométess Avuka water (Quartz temperature, 104.6 andKNa

temperature 139.6) that is considered to have;— —— S I T T

m|Xed Nyansimbe 1 | | 1/ / | |
Mumbuga 5 | | | [ / | | L

The Na-K-Mg ternary diagram classifies e 2 | ! 4/,'\ ! !
Nyansimbe 1 | | A I | |

o

geothermal fluids into immature, partial an
full  equilibrium  (Giggenbach, 1991).
However, most of the hot spring samples
(Kibiro, Kanangorok) plot in partial
equilibrium with only Avuka-2 plotting at the
boundary of immature water and partially
equilibrated water. The Log Q/K versus
temperature diagram for the samples which
plot close to equilibrium (Amoropii, Amuru,
and Amuru (Pakele) does not show
equilibrium with the minerals in the analysed
geothermal sample (Okumu and Amoropii) at
the expected temperatures. Lack of clear
intersection of saturation mineral curves could
be due to mixing with either solution of
different concentration or ground water that =
not dilute. Amuru, Kanangorok whose curve Fig. 17: variation ofo*H with 3*%0 for Katwe-Kikorongo
intersect at a negative value for Log Q/k and Buranga geothermal field
suggests mixing with dilute water.

Mixing also involves lowering of concentration watlt effectively lowering the CL/B ratio. The loweg of
concentration of Amoropii and Okumu without too mudowering of the CI/B ratio is also an indicatiohmixing.
The mixed water is low in chloride relative to thater within the same reservoir it also tends tdigéa in CQ/H,S
(Okumu 44, Amoropii 12.7) while the ratio for Kibirwaters varies from 9-14. This could be due tactiens
caused by mixing that tend to removgathd HS from solution relative to CQHedenquist, 1990). The high value
for Okumu water may also be an indication of mixing

Avuka, Amuru, and Amuru (Pakele) waters have H@® a major anion. Carbon dioxide may form by ngxaf
fluid that has not undergone fluid phase separatiith cold ground water (Arnérsson 1985). Carbon dioxida
waters can also form by mixing of mantle derivedgmatic or metamorphic CQwith ground or surface waters
(Arnérsson and Barnes, 1983).

The dissociation constant of carbonic acid increasih increasing temperature and thus tHecehcentration
increases. Mixed waters have low pH with high oaib acid and with a pH of 6-7 for chloride concations less
than100 ppm. Avuka water has a pH of 7.56 with £8® ppm. The increased’Honcentration also causes rock
dissolution that may lead to a drastic change itialnequilibrium and approach the one dictated rogk
stoichiometric dissolution. This leads to an inseaf Mg and Ca concentrations (mainly Mg) relatioeghe Na
concentration (Arnorsson, 1991). The cooling by imgxaffects exchange reactions with rock minerald thus
causes increases in the Na/K and Mg/Na ratios ébeie 1991). The Mg/Na ratio for the Kibiro watearies from
0.002 to 0.006, Kanangorok 0.008, Amuru 0.007 andka& 0.022 which is the highest of the samplesistud

Kagoro 20 Continental African 7@)
Nyansimbe 1 0— - rainline ¢
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Geochemistry isotope studies have also shown thak# appears to be recharged locally or has a coergoof
lake water while the values for Okumu and Amorepé lower suggesting recharge from a higher akitdmixing
with local ground water (Armannsson et al., 200B)erefore the mixing model has only been considdoed
Avuka, Okumu and Amoropii by taking account of gasos, Log Q/K-Temperature plots, and differenetnween
Quartz and Na/K temperatures.

However the interpretation of Avuka and Amuru (Hekevaters needs more work since they have higlcion
differences (Amur (Pakele) 11.9% and Avuka 15.12%m WATCH speciation programme.

Katwe-Kikorongo, Buranga, Rwagimba, Kibenge and Kega geothermal springs.

Effort has been made to study the geochemistryhefabove geothermal springs to see if there ispasgible
correlation between them. TRdot of 8H versusd™0 (Fig. 17) shows that Buranga (including Kagottipenge,
Kabuga can be grouped together as one geothereidl different from that of Katwe-Kikorongo field.oF the
isotope ratio plot, results of 1993, 1994, 2002 2085 were used. The results from plotting of @isus Li, Cl
versus Li and Cl versus Na for Katwe-Kikorongo Kgh and Rwagimba show that 1993 results from Kitagia
plot higher on the graph than the rest and onctegulawith other results bring out a pseudo cori@famostly for
Cl/B and ClI/Na plots. However, when these poinesramoved the other points scatter (Fig. 20).

25000 25000
A L.Kitagata-5
- r _ + L.Kitagata 2 L
[ ] L.Kitagata-1
[ ] [ ] | Kitagata-1 °
20000 — — 20000 —| [ ] L.Kitagata-1 -
+ L .Kitagata-2
A L.Kitagata-5
T PY [~ - | ] Kabuga -1 [
* Kabuga-2
& Kibenge 1
s 15000 — [ 15000 — + Kitagata -2 -
o N
E 3
=] =
- r =)
5 H 4 A L
O =
O
10000 10000 —| [
b [ ]
5000 — — 5000 — [
4 & L
- s L
* +
0o 2
| | | | | o & | |

0 20000 40000 60000 80000 100000 4 s
Na (mg/kg) B (mg/kg)

ARGEO-C3
THIRD EAST AFRICAN RIFT GEOTHERMAL CONFERENCE
Djibouti, 22 — 25 November 2010




Cl (mg/kg)

THIRD EAST AFRICAN RIFT GEOTHERMAL CONFERENCE

25000

20000 —

15000 —

10000 —

5000 —|

0.12
Li (mg/kg)

0.24

2500

2000 —

1500 —

Cl (mg/kg)

1000 —

500 —

0.
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springs; graphs a-c) include the Kigata-1 1993lteswhile graphs d-f) do not include these.
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Fig.. 19Graphs showing a) Cl vs. B, b) Cl vs. Li, and t¥€ Na, in Kibiro and northern Uganda hot springs

However, the plots of Cl versus Na, Cl versus Ui, C

versus B for Buranga, Kibenge, Kabuga, and g

Rwagimba show a strong correlation ?(R so000 — is ¥ -
>0.995)between the conservative Cl, Li and B g;g £
elements indicating that the different hot springs ¢ 2 .
genetically related (Fig. 18). Kabuga, Kibenge and f i

Rwagimba waters are more dilute than those of
Buranga and this is due to low temperatures and thevooo —| —
long time needed for the fluids to interact witte tha
rocks as earlier seen. ©

This grouping is also supported by different ratios
between conservative elements. The ratios of
different conservative elements from a geothermalzo0 —
fluid with a similar source of origin are constamt

close despite changes in concentration. The
conservative element ratios studied include CI/B,
Cl/Li, and Na/K. Katwe-Kikorongo CI/B values
vary from 2963.4 to 2984, higher than Buranga ©

ratios varying from 830.95 to 868.03. The Kabugi Frig. 20 CI/B ratio in Katwe-Kikorongo and Buranga hotisigs
water’'s CI/B ratio varied from 1787.9 in the 2003

1
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analysis to 1277 in the 2005 analysis while Kab2geater has a CI/B ratio of 714.3, close to thaBofanga water.
Kibenge values varied from 1218.75 to 1473.7 aedRtvagimba value is 1180.28, close to that of Bgaan

A plot of CI/B ratios (Fig. 20) shows the geothetrfield samples plotting close to Buranga sampléth Watwe
samples plotting at high ratios.

The CI/Li ratio depicts a similar relationship. TB€Li ratio of Kibenge water (2647.059 analyse®D05) is close
to that of Buranga water (2610.83 to 2788.08) butelr than the high ratios of Katwe waters (460084545). The
plot (Fig. 21) shows that Kibenge, Rwagimba and u¢gband Buranga may be grouped together as onkegawtl

field. The K/Na ratio of Kibenge, Rwagimba and Kghy0.04 -0.05) waters is close to the Buranga m@®é4)

ratio but lower than the Katwe water K/Na ratic0dd6 to 0.09 with an average of 0.0714.

The Buranga Na/Cl ratio varies from 1.48 to 1.51
while that of Kitagata varies from 3.5 to 4.0. The
rest of the hot springs vary from 0.9 to 1.77 close
to Buranga than Kitagata (Katwe-Kikorongo) .
with Kitagata plotting above all other hot spring

samples (Fig. 22). 3000 —

The Na/K ratio for Buranga waters varies from
26.68 to 27.8 in the 1993 to 2005 analysis which 4 L
shows that they are consistent, Katwe water gives
11.8-19.0 in the 2003 analysis with an average sz
15.98, Kabugal water 21.2 to 24.9 (in the 2003
analysis) and 31.2(in the 2005 analyses), Kibenge
water 18.7 according to the 2003 results, but 22.6
in the 2005 analysis while Rwagimba water gives
35.6. Therefore Kabuga and Kibenge watersiooo —
correlate more closely to Buranga than Katwe
waters. The results show that Buranga hot spring | L
(Nyansimbe and Mumbuga), and Ruwenzori hot
spring (Kagoro) hot spring waters have Na/K
ratios in the range 26.78 to 28.41 for the samples
analysed in 1993 to 2005 thus showir Fig. 21: Cl/Liratio in Katwe-Kikorongo and Buraagot springs
consistence in the Na/K ratios. The plot of Na/. .

ratios (Fig. 23) shows that correlation althouger¢hare few discrepancies which could be due tdtsesbtained in
different years. This shows that Katwe-Kikoronga isigher temperature geothermal field than Buranga
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Fig. 25: Silica-carbonate mixing model for Buraragel

Fig. 24.The silica-carbonate mixing model
northern Uganda hot spring samples.

geothermal fluids of Katwe and Buranga are higlmantthe concentration of Kabuga and Kibenge fluitls,
concentration of Mg and Ca are higher in the twotlgermal hot springs. This could be due to mixirithweold
water and could be the reason why their predictdaswface temperatures are lower than either thBucanga
geothermal field. Magnesium in geothermal fieldpiday decreases as temperature increases. However
geothermal fluids flow from a high-temperature eamment to a low temperature environment they pipk
relatively easily and quickly significant amount miagnesium from rocks (Fournier, 1991). Thereforbga,
Kibenge and Rwagimba waters have been consideradifing models.

Mixing models.

Silica carbonate mixing model temperatures

The silica carbonate model was used to determirethein the fluids boiled. The data plotted belowdbeve region
representing unboiled or degassed waters (Fig.I24hows that Avuka, Amoropii, Kabuga, Kibenge, &imba,
Amuru and Amuru (Pakele) waters never boiled.Sikcghalpy model for calculating silica mixing model
temperatures.

Enthalpy silica model for calculating silica mixitemperatures.

The silica concentration and the enthalpy of thedeoiled samples were then plotted on a silicaapthdiagram
together with the same parameters for a sampleldfwater from the area (non thermal water). A lvees drawn
joining the cold sample point to each of the hatrgpsample points. The line was extrapolated tntiitersected
the quartz solubility curve. The point of intersentrepresented the enthalpy and silica of geothEmmater before
mixing (Fig. 25). The maximum steam curve was rggdisince silica carbonate mixing model showed tthere
was no boiling. The Kibenge and Rwagimba samplee gireading reasonably close to the temperatorethé
Buranga samples. The rest of the samples give higty values and even the extrapolated line for Avdid not
intersect the solubility curve. This could be @aaductive cooling without loss of silica for these of non boiling
springs that shifts data points to the left givangteep line, or boiling (Arnérsson, 2000). Thelibgipossibility is
ruled out as silica carbonate models shows thaetivas no mixing. The higher temperatures of ogeathermal
samples could be due to dissolution of silica afteding as this leads to estimation of high tempees.
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TABLE 3: Estimated temperature by Si@nthalpy mixing model
Location | Kabuga| Kibenge| Rwagimba Amoropii | Okumu| Amuru(Pakele) Amuru

T(°C) 214 160.5 161 205 263 238 238

CONCLUSION
The main objective of the study was to find possipbtential relationships between geothermal hangg in
Uganda. The major conclusions of the study include:

» The geochemistry study of the geothermal fluidswstimat Kibenge, Kabuga, and Rwagimba are linked to
Buranga and form one geothermal field.

» The Kibiro geothermal area is likely to be linkedRanyamur hot springs (Okumu, Amoropii, and Avuka)
with Avuka likely to be at the periphery of the lil-Panyamur geothermal field.

» Kabuga, Kibenge waters with measured temperaturel)@.2 and 126°C respectively are mixed with
ground water and the Sj@&nthalpy mixing model indicates a temperature@f°C.

* The geothermal samples studied come from old hidratal system rather than young underlying
sediments since they plot near chloride corner lelni-8 ternary diagram.

» Comparing the Na-K-Mg ternary diagram with Log (QAersus temperature the geothermal fluids are in
equilibrium with rocks rather than minerals sinbe samples that plot as partially and fully equdied on
the Na-K-Mg ternary diagram do not show clear cogeace of mineral saturation curves.

* The silica-carbonate mixing model shows that thegie no boiling in Avuka, Amoropii, Kabuga, Kibenge,
Rwagimba, and Amuru (Pakele) hot springs.

RECOMMENDATIONS

» More sampling should be carried out for Avuka armdubu (Pakele) because of the poor ionic balance of
the present samples and may reflect problems dsengpling and analysis. The results from thesehato
springs samples may not be reliable.

* More detailed work should be done on Kibiro and yRamur hot springs to confirm their link and the
possible common geothermal source. This is becemselation was done basing on a single analysis fo
every hot spring in Panyamur.
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