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ABSTRACT

Kibiro geothermal field is located in western Uganda in the administrative district of Hoima along shores of Lake Albert. The regional
structure along which the field is located is the North Toro — Bunyoro fault (NTBF) of the Western branch of the East African rift
system which is an extensional terrain. The field has three main hot springs; Mukabiga, Muntere and Mwibanda with measured
surface temperature of 37 — 86.7°C, maximum observed flow rate estimated at 4 litres per second discharging brines, mainly sodium
chloride, with an average total dissolved solids of 4500 mg per kilogram.

The interplay of the NTBF together with other step (synthetic) faults and intersections, resulted into formation of the Kibiro sub-
graben that is characterised by a highly fractured zone with a series of stepovers. From recent structural studies, it has been observed
that the mid synthetic fault of the Kibiro sub-graben has an upper hand in terms of surface manifestations within the sub-graben. The
interplay of different fault systems caused a down throw of the sub-graben in the NE —SW manner. It has been noticed that the
Northeast part of the sub-graben is more down thrown that the Southwestern end.

Recently, six (6) TGH were sited, Alexander et al (2016) based on transient electromagnetic surveys (TEM) from which a shallow
secondary reservoir has been suggested at 300 metres depth within Kibiro delta. Recent structural analysis tried to map all possible
fault systems within the survey area together with their angles of dip. This will allow for TGH to be strategically positioned in order
to, 1) try to hit the NBTF at optimum depth (from angle of dip), 2) try to ascertain the secondary predicted shallow reservoir from
TEM surveys and 3) establish the most probable fault intersection zone of the NTBF based on dips and orientation of fault systems
within Kibiro. This will give the first category of reservoir in highly damaged zones of the basement, (the second one being the
predicted shallow 300 m depth reservoir thought to be hosted within gravels, sands and conglomerates). Many of the measured faults
are of the order N 40 - 48°E strike and 45 - 46° dip but the NTBF has a measured dip of 65° Alexander et al (2016) and Hinz et al
(2018). Detailed mapping and temperature measurement of the spring reveal that Muntere and Mwibanda springs are probably located
on another linear structure buried within the sediments.

Structural mapping data sets will avail strain data, fault slip history which will be integrated with temperature gradient data, heat flow
data, spring temperature, fluid geothermometry, and geophysical data to refine the conceptual model of Kibiro. From recent mapping,
soil temperatures above 45°C have been measured 1 Km away from the main hot spring and it has been noticed the damaged area
coupled with surface manifestations that Kibiro is a wider reservoir than previously thought. Therefore the number of targeted
temperature gradient holes have been changed from six to eight to cover all the low resistivity TEM anomaly and to include the now
much wider fault step over area.

1. INTRODUCTION

Several projects have been financed and undertaken at Kibiro geothermal field as described in the previous work section of this paper.
The exploration status of this geothermal field reported in this presentation covers works that have been executed after WGC 2015
and the achievements therein. At least two projects have been undertaken to bring Kibiro to a level of being in position to site deep
exploratory wells after a successful temperature gradient holes drilling program. The most recent projects include; 1) the ARGeo-
UNEP Kibiro project undertaken during late 2015 and early 2016, 2) the 2018 EAGER project that did further structural mapping
and review of available data to refine the 2016 conceptual model and improve on the temperature gradient hole drilling targets and
program.

1.1. Location and Accessibility

Kibiro area is located in the Western side of Uganda on the shores of Lake Albert at the edge of the Western arm of the East African
rift valley. It is situated on topographic sheet 38/4 — Kigorobya in the administrative district of Hoima (Fig.1). Kibiro can be accessed
by driving on good tarmac road Kampala — Kiboga — Hoima for a distance of about 202 Km. From Hoima you drive along good
marram road to the North-west and make a left turn at Kigorobya trading centre.

1.2. Rationale of the study

The temperature gradient holes that were drilled by the ICEIDA and DGSM project during February — March 2006 were sited basing
primarily on geophysics ( the low resistivity anomaly within the footwall of the main NTB fault) and gave results that never reflected
the would be true thermal gradient of Kibiro. In a fault bound geothermal system, it was very wise to carry out detailed structural
studies with benchmarks from analogous geothermal systems such as the great basin of USA. It was therefore prudent to carry out
more detailed structural mapping to refine the geothermal model and TGH targets generated by UNEP ARGeo during 2016 with a
more detailed structural model.
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Figure 1: Showing location of Kibiro geothermal prospect

1.3. Objective of the study

At the end of UNEP ARGeo project it was resolved that the ascending branch of the Kibiro thermal circuit is controlled by intersection
of NE-SW North Bunyoro Toro normal fault (dipping 60 — 65°) and the oblique Kachuru fault. The model so produced did not map
into details of the fault system regime of the area to be integrated into the overall model. Six temperature gradient wells were targeted
using the model and assumptions so derived from the UNEP ARGeo project.

The main objective of the study was therefore to review the existing data and conceptual models for Kibiro project area, followed by
fieldwork investigations and ground-truthing focused on evaluating the structural geology and surface manifestations.

The new field structural studies were to do a refinement on the Kibiro conceptual models and TGH targets generated by UNEP
ARGeo project, Alexander et al (2016)

2. PREVIOUS WORK

Geothermal investigations at Kibiro started way back in 1993 by the Department of Geological Survey and Mines (DGSM) in co-
operation with UNDP under a project called Geothermal Exploration UGA/92/002 & UGA/92/E01, a project co-funded by the
Government of Uganda, UNDP, the Government of Iceland and OPEC (Gislason, 1994). The project was primarily focused on
geochemistry and geology in the areas of Katwe, Buranga and Kibiro, and the main conclusion was that although the surface
manifestations were not extensive, the chemistry of the spring water indicated sub-surface temperatures in the range of 200°C
(Armannsson 1994). No clear indication was found on the nature of a heat source, but the main attention for a reservoir was directed
towards the thick sediments of the tertiary rift system.

In 1999, a new DGSM project, Isotope Hydrology for Exploring Geothermal Resources, UGA/8/003, in co-operation with
International Atomic Energy Agency (IAEA), was initiated in 1999 and completed in 2002 (IAEA, 2003). Under the project work
was carried out in the same three areas as the earlier project and the findings regarding the Kibiro area showed that the sources of
recharge was meteoric water, and originated from higher ground than in the immediate escarpment area, pointing inland away from
the rift. The isotope geothermometers pointed towards lower reservoir temperature than conventional geothermometers (140°C), and
the isotope research implies water-rock interaction, old age of the system, or low water/rock ratio. The study suggests that the reservoir
rock in Kibiro is granitic gneiss.

In 2002 ICEIDA prepared a status report, where the current situation in geothermal survey was reviewed, and recommended further
actions to be taken to complete a pre-feasibility study in the three above-mentioned geothermal areas (Gislason 2002). Since then the
Africa Development Fund (ADF) funded a project to complete the study in two of the areas, Katwe — Kikorongo and Buranga, but
ICEIDA agreed to assist DGSMD to complete the study in Kibiro. A project agreement was signed in 2003 and a work plan agreed
upon, based on the recommendation set forward in the status report.

In 2004 and 2005 ICEIDA together with DGSM conducted surface exploration studies at Kibiro (Gislason et al 2004). The surveys
included magnetics, gravity and Tem resistivity surveys. A very low resistivity anomaly (<1 ohm*m) in the Precambrian metamorphic
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rocks (footwall block of the NTB fault scarp). The low resistivity anomaly was misinterpreted to represent a geothermal reservoir in
the basement rock and the Kibiro thermal springs to be its outflow.

Based on the conclusions of the 2004-05 surveys, six temperature gradient wells were drilled in the basement rock of the escarpment
south of Kibiro. The results of the drilling showed low, generally conductive temperature gradients typical of other ancient continental
shields (e.g., the Canadian and South African shields). The conductive gradients and different water levels in most wells indicated a
general lack of permeability in the Precambrian, except in isolated fracture systems. The well cuttings demonstrated that the low-
resistivity features in the basement rock were not caused by a currently active magmatic heat source but rather by relict conductive
mineralization (Arnason & Gislason, 2009).

Mawejje et al (2012) carried out geological investigations over a low magnetic anomaly north east of Kibiro hot spring. Altered
ground with silica, clayey grounds and calcite were discovered. In 2013 further investigations were made and gap between magnetic
anomaly and Kibiro hot springs filled up. An area covered by geothermal surface manifestations was delineated and zonation based
on silica, sulphur and calcite was also done. Based on distribution of manifestations, it was concluded that Kibiro geothermal field is
a fault controlled geothermal system, and that the upflow is through the main fault scarp.

A UNEP ARGeo project was conducted in 2015 and 2016 to carry out field geologic investigations, a review of the geochemistry
data, a review of oil exploration data from nearby in the lake basin, a review of existing geophysics data and acquisition of new TEM
and MT data, a soil gas and soil temperature survey, development of conceptual models, resource capacity estimates, and selection
of TGH drill targets. Key findings from the UNEP study (Alexander et al., 2016) include:

Structural Framework and Fluid Flow Pathways — The springs at Kibiro discharge through fractured rock due to the enhanced
permeability of the intersection of the NTB fault and minor fault splays of the Kachuru fault. There is an increased fault density in
the vicinity of Kibiro compared to other areas along the NTB fault along the SE margin of Lake Albert. The northern end of the
Kachuru Fault bends toward the NE before terminating near Kibiro hot springs. Based on oil well data, the NTB fault dips 65° NW.
Based on field observations, the Kachuru Fault appears to dip to the NW at an average of 60°. Oil seeps show fluid migration through
nearby sediments and up the NTB Fault. Bitumen has been observed in association with bedrock alteration in the Kibiro area, and
active oil seeps have been reported along the NTB fault about 4 km north of Kibiro.

Hot Springs — There are three hot spring areas at Kibiro. The main area is located at the base of the main fault escarpment, where
the temperature range is 57-86°C and the flow is estimated at 4 L/s. A second group of hot springs are found downstream in an area
of salt gardens, where the temperature range is 33-72°C and the cumulative estimated flow rate is 2.5 L/s. A third group of springs
is in the salt gardens further north, with the highest recorded temperature of 45°C.

Geohydrology — The elevation of Kibiro hot springs is about 20 m higher than the level of Lake Albert (about 620 masl) indicating
that they are not hydrologically connected. However, the lake water elevation has decreased about 100 m over the past ~2000 years,
affecting the regional water level as well as the location and flow of thermal water discharges at the surface. Based on available data,
the discharge of Kibiro springs has declined over time from 13 L/s in 1967, to 6.7 L/s in 1969 and 4.0 L/s in 2015.

Geothermometry — All of the hot springs have relatively similar chemistry due to limited mixing with brackish shallow groundwater.
Their chemical composition is Na-Cl, with average TDS of 4500 mg/kg. Gas chemistry is dominated by methane (CHs4). The
geochemistry analyses conducted in conjunction with the geologic structure, stratigraphy, and reflection seismic information suggest
that the Kibiro hot springs are most likely associated with a 115 to 150°C fault-hosted upflow with no direct magmatic heating.

Reservoir rocks — Available geological data suggest that the deep geothermal reservoir is probably hosted in the sedimentary rocks
above the pre-rift basement beneath Lake Albert. A review of the stratigraphy near shore (based on oil exploration well Waki-B1)
shows that the base of the Kisegi unit is a thick (~15 m) conglomerate unit. Possible reservoir rocks are present in the Lower Kisegi
at a depth of approximately 800 to 1000 m. The sandstone bed thickness encountered in the Waki-B1 well reaches a maximum of 30
m about 885 m beneath the surface. Both of these formations represent potential reservoir rocks for a geothermal system. The Waki-
B1 is representative of the general lake stratigraphy whereas stratigraphy local to Kibiro is likely to include sands and gravels
associated with the more deltaic environment at the drainages associated with the Kachuru Fault.

Cap rocks — The deep cap rock probably consists of low permeability shale beds in the Lower Kisegi beneath Lake Albert. In Waki-
B1 above a depth of about 800 m, sandstone beds become less prevalent in favour of moderately thick sequences composed of many
stacked shale beds. A shallow, flat-lying clay zone with a base shallower than 300 m appears to extend from the lakeshore to the
Kibiro hot springs, potentially capping a shallow thermal outflow aquifer hosted in young deltaic gravels and sands.

* Fluid flow — The ascending branch of the thermal circuit could be the zone of intersection between the NTB Fault and the Kachuru
fault, whereas the descending branch of the thermal circuit, that is the descending pathways for the meteoric waters recharging the
Kibiro geothermal system, could be fractures and faults dissecting the basement to the SE of Kibiro.

3. WORK CARRIED OUT

3.1. Personnel, equipment and Logistics

The structural mapping work was carried out by a consortium comprising the EAGER experts (Nicholas H. Hinz), and Geothermal
Resources Department Staff (James Natukunda, Edward Isabirye, Peter Mawejje and Isa Lugayizi) plus drivers.

The team had two field vehicles, consumables and field equipment which included global positioning systems (GPS), Brunton
compasses, specialized protractor for structural measurements geological hammers, digital cameras, thermocouples for temperature
measurements spikes and hydrochloric acid.
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3.2. Desktop studies

These geological investigations started with literature review of the work that has been carried out in the area of study with more
emphasis on the conceptual models, findings and recommendations resulting from the then very recent UNEP ARGeo Kibiro project.
A thirty meter resolution SRTM image was used to interpret easy to map fault system within the Kibiro area.

3.3. Methodology.

Images and maps so generated from the desktop studies were fed into a tablet with GIS so as to track back to the predicted fault
systems and for ground truthing. Some coordinates for the target areas were generated and fed into Global Positioning System (GPS)
so as to guide us within the field by tracking back to pre-determined points. Geological traverses were made in the area to map surface
geothermal manifestations and fault systems that were not captured from the 30 meter resolution SRTM. Photographs of interesting
sites were taken in the field and were inserted appropriately into the text during report compilations and also for illustrations.

At the fault planes, measurements have been made to understand dip directions and amounts as well as strike directions. The protractor
ruler has been used to try and understand the sense of direction of displacement and the stress regime and characterisation of the
faults. Thermocouples were used to measure temperatures where it was deemed necessary, such as thermal springs, hot grounds and
suspected fumarole areas.

The spatial positions of observation points were fixed by the use of Global Position System (GPS) and recorded in the UTM
Coordinates System (Datum of WGS 1984 and UTM Zone 36 projection). All the data that has been collected and compiled has been
stored in geothermal geo-database and can readily be available for use in GIS environment. Such data has been overlaid with other
data sets such as gas flux and soil temperature survey data plus the targeted temperature gradient holes and visualised for
interpretation.

The COz flux from soil was measured adopting the accumulation chamber method (Chiodini et al., 1998) using a LICOR flux-meter
8100A equipped with an infrared detector and a chamber with height of 0.144 m, diameter of 0.213 cm, surface area of 0.03575 m?,
and volume of 0.005159 m?, (Alexander et al 2016).

To measure 2??Rn, a stopper attached to a flexible tube was fixed onto the mouth of the outer jacket and the soil gas was sniffed into
the radon detector by using a built-in meter pump. Three background counts were recorded at two-minute intervals prior to
introduction of the sample into the radon detector. After introduction of the sample, three readings were taken at two-minute intervals
to obtain the total radon counts.

Temperature was measured at a nearly constant depth of ~0.7 m + 0.05 m (1 o).

4. GEOCHEMISTRY AND GEOPHYSICS

The COz flux from soil was measured in 92 stations in November 2015, whereas the February-March 2016 survey comprised 16
stations only due to adverse weather conditions with heavy showers and related technical problems. The CO: fluxes from soil
measured in November 2015 range from 1169 to 3.5 g m-2 d-1, whereas the CO: fluxes from soil determined in February-March
2016 vary from 200 to 1.6 g m-2 d-1.

The ??’Rn activity in soil gases was determined in 91 stations in November 2015, whereas 25 stations were surveyed in February-
March 2016. The **?Rn activity measured in November 2015 varies from 399 to 0.54 counts per minute (cpm), whereas the 2?Rn
activity determined in February-March 2016 ranges from 489 to 6.1 cpm.

For both carbon dioxide and radon activity surveys, only the data acquired during the November 2015 survey were processed further.
The cumulative distribution for both gas surveys were partitioned into five log-normally distributed individual populations (after
eliminating one low-value outlier for CO2) called A, B, C, D, and E, whose main statistical parameters are as follows (SEM is the
Standard Error of the Mean):

Population (CO2) | N % Mean Median | Std. Dev. SEM Range
gm?d! | gm?d!'| gm?d! | gm?d'| 8 m>d!
A 4 4.3 696 579 465 233 1169-266
B 6 6.5 201 200 20.1 8.21 164-266
C 21 | 22.8 119 117 18.1 3.95 84.9-164
D 53 | 57.6 58.0 55.6 17.3 2.37 26.3-84.9
E 8 8.7 18.8 18.3 4.68 1.65 11.3-26.3
Population (***Rn) | N % | Mean | Median | std. Dev. | SEM Range
cpm cpm cpm cpm cpm
A 3 33 256 221 150 86.7 121-399
B 5 5.5 95.2 94.7 9.05 4.05 72-121
C 12 132 | 524 52.2 4.99 1.44 43-72
D 46 | 50.5 | 24.0 22.8 8.07 1.19 12-43
E 25 | 27.5 | 6.40 4.15 7.52 1.50 0.54-12
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Figure 2: Map showing the geographical distribution of the five component populations of the CO: flux from soil for the
Kibiro dataset of November 2015. The white crosses in the upper map represent the Kibiro hot springs.
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Figure 3: Contour map showing the geographical distribution of the five component populations of the CO: flux from soil for
the Kibiro dataset of November 2015 (After Alexander et al 2016).

The geographical distribution of the five component populations of the COz2 flux from soil for the Kibiro dataset of November 2015
is shown in the post map and contour map of Figure 2 and 3. The absence of high CO: flux values in the central part of the surveyed
area, close to Kibiro may suggest an effective cap rock. Despite the differences in concentration of CO2 flux and radon counts around
Kibiro, the geographical distribution of the anomalous concentrations of CO2 and radon concur (Figs, 4 and 5). This concurrence
further prove a likely cap rock in the central part of Kibiro hot spring area.
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Figure 4: Map showing the geographical distribution of the five component populations of the 2*2Rn activity in soil gases for
the Kibiro dataset of November 2015.
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Figure 5: Contour map showing the geographical distribution of the five component populations of the 2?>Rn activity in soil
gases for the Kibiro dataset of November 2015.

The geochemistry and geophysics data and modelling for Kibiro are unchanged from the UNEP study. For review of the conceptual
model, the TEM model has been combined with the updated structural mapping in Figure 6. One key observation is that the NE-SW
extent of the low resistivity anomaly in the basin-fill sediments aligns nearly perfectly with the width of the step-over region along
the NTB fault and the extent of the anomalous soil temperatures (Figure 12). The consistency between the thermodynamic
implications of the geology, surficial thermal data, and TEM provide increased confidence in the existing conceptual model. In
contrast, the previous structural model involved a single fault intersection between the NTB fault and the Kachuru fault, indicating
that the upflow was possibly only along a narrow, steeply plunging fault intersection (Hinz et al 2018).
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Figure 6: Map of TEM conductance to 200 m depth from Alexander et al. (2016) plotted on the newly mapped fault systems

5. DATA PRESENTATION, ANALYSIS AND INTERPRETATION

All the data that was captured in the structural mapping survey was downloaded from the global positioning system and tablet onto
the computer and carefully processed with the help of field notebooks notes and sketches together with photographs taken during the
study. The data was tabulated and further processed within the ArcGIS environment and visualised by overlays to have a synoptic

view for proper interpretation and presentation.

The fault was observed to have a North-east south-west strike generally and they are all synthetic in nature or nearly so because they
are all dipping to the North-west (Figs. 6 & 7). The structural model arising from the new work by EAGER team - Hinz et al. (2018)
differs from that adopted by UNEP ARGeo — Alexander et al (2016). However, the dip angles of NTB fault is the same as that

reported by UNEP project.
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This exercise revealed that Kibiro geothermal system occupies a series of step overs covering about 1.5 km section of the NTB fault
resulting into a series of fault intersections (Fig. 7). Within this area of fault intersections, there occurs the active thermal
manifestations which include hydrogen sulphide, sulphur fumaroles and hot springs, which thermal features occur at either end of the
damaged zone. The entire zone is also covered by highly fractured basement rocks that have also been altered. From the temperature
and soil gas flux surveys conducted by UNEP, the area is characterized with the highest carbon dioxide flux. Also, anomalous soil
temperature span for a distance of about 2 km along the strike of NTB fault (within the damaged zone).

New findings follow the common patterns associated with many deep circulation fault systems. The basin and Range region of the
USA have commercial power production in step overs analogous to Kibiro and Panyimur.

5.1. Updates to the temperature gradient holes targets.

The UNEP ARGeo project on completion suggested six temperature gradient holes that were to be drilled on the Kibiro delta area.
On concluding the EAGER project, the number of TGH target were increased to eight holes. This was as a result of finding that the
length and width of the step overs (and hence the damaged zone) extend much longer and wider, increasing the size of the area.
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Figure 8: Showing original TGH targets and new TGH Targets over geology

5.2. Updates to the Conceptual model

An updated conceptual model cross-section is presented in Figure 9 (after Alexander and Cumming, 2016). This is built around a
65° dip on the MTB fault. Given the higher confidence in the step-over along the NTB fault providing the conduit for deep circulation,
the updated conceptual model is constructed to >2000 m a.s.l. to illustrate the control that convection along this structure has on the
isotherms.
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Figure 9: Updated conceptual model for Kibiro with a 65° dipping fault. The cross-section line is shown in Figure 10 below.
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Figure 11: Soil CO: flux collected during the UNEP project (Alexander et al., 2016) plotted on the new EAGER-GRD
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generated structural map

Results of the previous soil CO2 and soil temperature UNEP studies (Alexander et al., 2016) are consistent with the distribution of
active thermal manifestations at either end of the double-ended step-over along the NTB fault (Figs 11 and 12). The two highest soil
CO:2 flux readings were adjacent to the hottest hot springs at the NE end of the step-over and associated with the fumarole area at the
SW end of the step-over. Areas of elevated soil temperature measurements also correlate closely with the distribution of active
surficial geothermal features, extending about one km north of the main hot springs and 600 m south of the weak fumarole (Figure
10). In addition, there are also elevated soil temperatures to the NE of the main hot springs area near where there is a third and
smaller step-over in the Kibiro region of the NTB fault. It is possible that these elevated temperatures could result from lateral flow

along the Lower NTB fault and/or additional up flow in this region.
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Figure 12: Soil temperature data collected during the UNEP project (Alexander et al., 2016) plotted on the new EAGER-GRD
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6. DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS

Kibiro geothermal system is typically a fault-based system with a deep circulation that depends of fault system like any other fault
bound geothermal system such as the Great Basin of the USA. No volcanic nature relics have so far been mapped within Kibiro.

The temperature gradient holes that were drilled during February to March of 2006 were targeted based mainly on geophysical
interpretation with a lot of volcanic model biasness. The result from such drilling program presented a very big lesson such that GRD
and its counterparts had to do things differently with different models and approach altogether. All TGHs at that time were targeted
onto the footwall of the main NTB fault without taking into consideration the dip directions of the fault system. From the maps above
it can be noticed that the nearest gradient wall to the Kibiro delta and therefore closest to the thermal springs is KIBH-4 which is still
in the footwall.

From geochemical and geophysical studies two reservoirs have been suggested, the deep seated higher temperature one whose cap
rock is thought to be non-permeable shales below the lacustrine sediments. The up flow of this deep seated reservoir is mainly
controlled by the main NTB fault. It forms a new shallower reservoir within the clastic delta deposits whose cap rock is interpreted
to be a flat layer of smectite clay according to TM and TEM findings. The shallow reservoir may be productive enough and utilized,
but it can also pose a risk during drilling in attempt to try to characterize and utilize the deeper reservoir. The new targeted TGH
program will help throw some light on this model, but care must be taken to avoid blow outs in a seemingly shallow reservoir.

All surveys including geophysics, geochemistry, geology (structural geology), gas flux, and soil temperature surveys are all in
agreement and they point at the same area to be the most favourable area for thermal fluid extraction. The models will be refined after
the first successful shallow TGH program.

From recent structural studies, it has been observed that the mid synthetic fault (upper NTB fault) of the Kibiro sub-graben (damaged
zone) has an upper hand in terms surface manifestations within the sub-graben. The interplay of different fault systems caused a down
throw of the sub-graben in the NE —SW manner. It has been noticed that the Northeast part of the sub-graben is more down thrown
than the Southwestern end.
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