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1.  BACKGROUND

1.1 RATIONALE
Most of the ARGeo countries are traversed by the various sectors of the EARS. The 
EARS is highly magmatic in some of these countries (Djibouti, Eritrea, Ethiopia and 
Kenya), i.e. in those that share its northern and eastern sectors, while in the others 
it exhibits little or no volcanism (Uganda, North-eastern DRC, Rwanda and, northern 
and south-western Tanzania) or none at all (Malawi, Zambia and Mozambique). There 
is, thus, a great degree of geologic diversity in the ARGeo region which translates to 
wide diversity in the occurrences of potential geothermal systems in the region in 
terms of their heat sources, reservoir characteristics, resource grades and potential 
end-uses.

Experience gained from the exploration of some of the EARS region’s geothermal 
prospect areas has shown that the working geothermal models that have guided 
successful exploration in the eastern EARS sectors (Ethiopia, Djibouti and Kenya) 
cannot be wholly applied to the exploration of prospect areas in the western EARS. 
The fundamental reason for this is that the tectonic and magmatic states of the 
different rift sectors are not the same and the bases of exploring for their geothermal 
resources are not directly replicable.

It follows from the above that a deeper understanding of the geologic development 
and geophysical character of the western EARS as well as of the geochemical 
characteristics of the thermal fluids discharged at the surface should be gained by 
the groups that are engaged in their exploration for there to be hope for a geothermal 
discovery well in western EARS.

1.2 ABOUT ARGEO PROJECT
The number of countries that are subscribed to African Rift Geothermal Development 
Facility (ARGeo) in terms of its two project components (i) Technical assistance 
for surface exploration studies, and (ii) Regional networking, information systems, 
capacity building, policy advice presently stands at 13. This number includes the six 
countries that were subscribed to it until recently (Eritrea, Ethiopia, Kenya, Rwanda, 
Tanzania and Uganda) and the seven others that have recently joined (Burundi, 
Comoros, Djibouti, Democratic Republic of Congo (DRC), Malawi, Mozambique and 
Zambia). ARGeo, therefore, encompasses eastern, western, southern, and south 
western EARS and the Comoros volcanic islands of the Western Indian Ocean.

Figure 1: Map of the EARS
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The workshop was organized as part of the activities of the African Rift Geothermal Development facility (ARGeo) 
under UNEP on request by countries of western branch of EARS. The need for the workshop arose from the 
observation that despite enhanced exploration activities in the countries, no successful geothermal project had 
been undertaken. This was thought to be partly due to the poor understanding and lack of detailed recognition of 
differences in geologic setting of western EARS from eastern branch. Exploration methods used in the eastern branch 
have been unsuccessfully applied in the western branch prospects. The workshop was held at Lemigo Hotel in Kigali 
on 9-11 March 2016 where a total of 75 participants attended. The workshop was sponsored by UNEP, ICEIDA/NDF, 
Energy Development Corporation Limited of Rwanda (EDCL) and Rwanda Energy Group (REG) and was held in Kigali, 
Rwanda. The meeting was opened by Mr. Morris Kayitare, Deputy CEO of EDCL.

1.3  ABOUT THE WORKSHOP
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WORKSHOP 
PARTICIPANTS

Participants in the workshop came from all countries of the EARS that include 
Democratic Republic of Congo, Burundi  Djibouti, Eritrea, Ethiopia, Kenya, 
Tanzania, Rwanda, Uganda, Malawi, Mozambique, and Zambia. Names of all 
participants and their affiliations are contained in Appendix 1.
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2  OBJECTIVES OF  
  THE WORKSHOP

The main objectives of the workshop were to discuss the geologic setting and 
conditions that support the development of geothermal systems in the countries 
of the western branch of East African Rift System (EARS) which include Burundi, 
Rwanda, Uganda, Zambia, Tanzania, Malawi and Mozambique and in comparison 
to geothermal systems in the eastern branch of EARS. Specific objectives included:

i. To understand the heat sources and hydrological setting of the geothermal 
systems in the western branch of EARS

ii. To understand the occurrence, nature and characteristics of the geothermal 
systems in the western branch.

iii. Compare and contrast experiences and research methods for geothermal 
exploration used in the eastern branch of EARS versus western branch.

iv. Review case studies of developed medium temperature geothermal systems 
in western USA as possible approach for development of medium temperature 
and fault controlled systems in the Greater East African Rift system.

v. Identify gaps that need to be bridged through improved exploration strategies 
or collaborative research projects.
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3.   EXPECTED  
  OUTCOME

The main outcome of the workshop is expected to be the understanding that 
will be invested in the region’s geoscientists regarding the heterogeneous 
geologic conditions that determine the generation and storage of the region’s 
geothermal resources. Their newly gained understanding is expected to allow 
them to determine the geologic and structural features that are most likely to 
host geothermal resources, and thus, those where integrated multidisciplinary 
exploration should focus. The geochemistry and geothermometry of thermal 
fluids discharged at the surface may also provide fundamental clues on the 
presence and characteristics of local geothermal resources.

A second output will be the Proceedings of the workshop. It is intended that the 
lectures and the communications during the question-and-answer/discussion 
periods of the workshop will be recorded for later transcription. After validation 
by their authors, the transcriptions and the presentations will be compiled into 
a proceedings volume of the workshop. This is intended to serve as a basis for 
the work of the technical meeting referred to below.

During this workshop, there will be a technical discussion with the purpose of 
translating the understanding gained from the workshop into knowledge of the 
geologic and geophysical settings of the region’s geothermal resources and, 
based on data on the surface hydrothermal manifestations, infer the physical 
and chemical characteristics of the potential resources. This should enable the 
priority ordering and proper targeting of resource prospect areas by exploration 
in each country.
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4.  WORKSHOP 
  PROGRAMME

The workshop topics included tectonic and evolutionary development of western 
branch of EARS including magmatism in Greater EARS, structure and fault 
kinematics and case studies of results from prospects so far explored as well    
as comparison with global examples. Geochemical and geophysical evidence for 
heat sources for the geothermal systems were presented. Detailed programme 
and extended abstracts are contained in Annex 2 and 3, respectively. Full 
PowerPoint presentations can be accessed at: http://theargeo.org.
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5. HIGHLIGHTS OF 
  THE WORKSHOP

5.1 DAY 1 –  SUMMARY
The workshop was officially  opened  by  Mr.  Morris  Kayitare,  Deputy  CEO  of  
EDCL  of  Rwanda  after  speeches  by AUC representative Mr. Rashid Abdallah, 
Dr. Desta Mebratu who represented UNEP and Dr. David Bjarnason   who 
represented Iceland Ministry of Finance. All speakers encouraged an open and 
science based discussion to  help understand the evolution of western EARS 
and appropriate methodologies for exploring for its geothermal occurrences. 
Presentations during the first day covered a wide array of topics that included 
a global perspective of geothermal development in western EARS, regional 
geologic setting of EARS and tectonic development of EARS rift sectors. A total 
of five presentations were made.

5.1.1 Mr. William Cumming: Global occurrence of 
geothermal systems in different geologic settings: their 
identification and utilization.

The presentation focused on:

 ► Thermodynamics implications for geothermal systems

 ►Classifications of geothermal systems

 ►Probable type of system characteristic of the Western EARS

 ► Implications of fault –based systems for resource capacity

 ► Implications of fault-based systems for Western EARS

 ► Exploitation options for fault-hosted geothermal development

 ►Priorities for volcano-hosted and fault-hosted exploration and

 ►Conceptual model elements
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The presentation brought out the global 
context with respect to western EARS. 
Some of the key issues discussed are as 
follows:

 ► Basic physics for permeable 
geothermal reservoirs and 
importance of “leaks” as a cost 
effective exploration tool.

 ► It was also discussed that the most 
effective cost reduction tool during 
geothermal exploration is to use 
water chemistry from springs or 
water wells.

 ► Resistivity method is very useful in 
geothermal exploration as it can 
clearly map “clay cap” that would 
then define reservoir geometry and 
thickness and hence contribute to 
well design.

 ► The geothermal resource settings 
in EARS were discussed according 
to Moeck (2015) play types: 
magmatic for eastern EARS and 
fault controlled for western EARS.

 ► A graph showing variation of power densities and 
geologic settings discussed. Western EARS would 
typically have power densities of less than 10MW/Km2 
and expected reservoir temperatures of ≤180oC while 
eastern EARS would typically have power densities 
greater than 20 MW/km2 and reservoir temperatures 
of >240oC (Wilmarth and Stimac, 2015).

 ► The above differences are attributed to the different 
geothermal settings: magmatic/volcano hosted for 
eastern EARS and fault controlled for western EARS.

 ► The settings therefore demand different exploration 
strategies between west and east EARS.

 ► An analogy with geothermal systems in western 
USA was made using Bradys geothermal field, as an 
example. Key lessons are that (i) Look for areas of high 
extensions, (ii) target depths of less than 5km, and (iii) 
consider TGW for exploration.

 ► Western EARS exploration and development options 
were presented including (i) need for developing 
several conceptual models for decision, (ii) Drilling of 
TG wells/slim wells recommended as exploration tool 
for fault based systems, (iii) power plant options and 
utilization options.

Figure 2: Geothermal Resource Power Density (Wilmarth and Stimac, 2015).
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5.1.2  Dr. Peter Omenda: Overview of Tectonics  
 and Evolution of EARS.

The following are some of the key issues covered in the presentation:

 ► Maps showing the extent of EARS from Red Sea through Ethiopia, Kenya 
to southern Africa was presented. Further, the evolution of EARS was 
presented in terms of mantle plumes under Ethiopia and Kenya which 
resulted in the formation of Ethiopia and Kenya domes, respectively

 ► Several gravity and seismic cross section maps were presented to show 
the locations of upwelling mantle under EARS.

 ► It was discussed that structural evolution of EARS was influenced by 
weak zones at the margins of various mobile-mobile and mobile-craton 
boundaries

 ► Difference in magmatic style between the east and west EARS was 
discussed. In particular, eastern EARS is dominated by basalt-trachyte-
rhyolite suite with presence of central volcanoes with calderas and 
shallow magma chambers. Western EARS, in contrast, is dominated by 
potassic mafic – intermediate magmatic products, probable absence of 
shallow magma bodies and rare caldera systems.

 ► It was concluded that the development of the various sectors of EARS 
have a bearing on the nature of their geothermal systems and resultant 
methodologies for their exploration.

Figure 3: Map showing the Kenyan and Ethiopian Mantle Plumes
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5.1.3 Dr. Damien Delvaux: Structural  
development and fault kinematics of  
the Western Branch of the EARS and  
their controls on geothermal resources.

The presentation started with a description of the various segments of EARS 
and the two broad branches of the rift: eastern and western. The issues covered 
in the presentation include:

 ► Results of previous kinematic studies with plate motions shown on maps 
as well as fault geometry. There is a general eastward movement of the 
African continent with imposed localized extension along the rift.

 ► It was presented that the highest rate of extension is in the Afar region at 
about 5.2 mm/yr and reducing further south with the slowest opening 
rates of less than 1 mm/yr in southern Africa. Along the western EARS, 
opening rates vary from 0.8-2.7 mm/yr. The extensional forces operating 
in the region can be explained by the “orthogonal opening model” where 
each segment opens separately.

 ► The EARS is marked by high free air gravity anomaly with the rift 
basins showing low anomalies within highs. The high gravity anomaly is 
associated with upwelling of dense mantle.

 ► Seismicity is relatively more common in western EARS than eastern 
ranch. The magnitudes are also higher. This implies increased brittle 
deformation in western EARS than in eastern branch.

 ► Hot springs occurrences were shown to be common in eastern DRC 
within area of extension of the rift faulting. This area has not been well 
studied for its geothermal potential despite hosting the first geothermal 
power plant at Kiabukwa (decommissioned).

 ► Results of stress field inversions were presented.

 ► The presentation then covered detailed discussion of various segments 
of western EARS which include; Albertine rift; North Tanganyika – Kivu 
transition; Tanganyika – Rukwa – Malawi; Manyara – Dodoma region in 
central Tanzania.

 ► In Albertine rift, thermal features are concentrated along rift border 
faults where oil seeps have also been noted. At Lake Kivu, the old fault 
trend extends in SW direction into DRC where many hot springs occur 
within the basin. However, the young rifting shifted to Lake Tanganyika.

 ► Tanyanyika-Malawi-Rukwa rift shows active sedimentation and half 
graben development expressed by high (>2000m) escarpment, e.g. 
Livingstone range and border fault.

 ► The structural setting of the area around Rungwe volcanic province was 
discussed with respect to its geothermal potential. The model suggests 
absence of large size magma chamber under Ngozi volcano. It was also 
indicated that volcanism at Ngozi was fault controlled. The volcanic 
complex comprises Ngozi, Rungwe and Kieji volcanoes.

 ► The intersection of western and eastern rift branches was discussed with 
focus on the intersection of TRM and Usangu rifts and localization of the 
Rungwe volcanic province. The area is also defined by the intersection of 
Victoria, Nubia and Ruvuma microplates
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Questions and Answers:

 ► Aswa shear zone (630 my) that extends from south Sudan through 
Uganda into Kenya did not play any significant role in the development 
of EARS.

 ► The hot springs (90oC) that are abundant in eastern DRC are associated 
with old rift fault extension into Upemba rift.

 ► Could there be a magma body under Ruwenzori near Lake Edward? 
How deep? Ans: It is uncertain if a magma body would exist at shallow 
levels as Ruwenzori is a product of compressional forces.

 ► Could there be a magma body under Lake Kivu? Ans: Probably, yes, 
however, it could be at great depth (10- 30km).

Figure 4: African Stress Map (Dalvaux 2016)
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5.1.4 professor Cindy Ebinger: Geodynamics  
 of the western rift.

The presentation focused on:

 ► Review of mantle tomography models and implications for heat and magma 
transfer

 ► Review of lithospheric tomography models

 ► Insights into initiation of magmatic segments and strength reduction 
processes facilitating continental rupture.

 ■  Presentation started with overview of structure across east Africa 
with demonstration of mantle plume, processes of crustal erosion, 
and possible deep magma chambers at base of crust.

 ■ Existence of two mantle plumes under Ethiopia and Kenya 
was presented. Velocity models suggest deep mantle melt at 
earth’s core in southern Africa. Upwelling mantle interacted with 
lithosphere on its way up. However, relationship between Kenya 
and Ethiopian plumes is still not clear.

 ■ Mantle plume was deflected under the craton resulting in partial 
melting of the cratonic lithosphere to produce the observed 
magmas.

 ■ Lithosphere is thin under the Ethiopian rift but much thicker under 
the western EARS.

 ■ Seismicity in magmatic and amagmatic rifts discussed. Amagmatic 
rifts have deep (30km) and large earthquakes than magmatic 
rifts that have hypocentres at <25km. At Lake Natron which is 
underlain by Archean lithosphere, seismogenic depth is <15km. 
Magma bodies have been imaged under L. Natron at 5km depth.

 ■ It was also presented that highest 
CO2 flux in the world has been 
measured in the Lake Natron 
area whereas the CO2 flux of the 
rest of EARS is comparable to 
volcanic arcs.

 ■ In amagmatic rifts, strike slip 
and oblique slip faults transfer 
strain between basins while in 
magmatic rifts, magma intrusions 
transfer strain from border faults 
to intrabasin strain zones.

 ■ Magma bodies are not clearly 
identifiable in most areas of 
western EARS. This could be due 
to buoyancy “trap” for magma 
upflow unless melt is saturated 
with volatiles.

Figure 5: Lithospheric thickness from Surface wave 
analyses (Fishwick and Bastow, 2011)
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5.1.5 Dr. Damien Delvaux: Tectonic development of 
the Rungwe volcanic province and Upemba graben in 
perspective of geothermal exploration.

Structural maps of the Rungwe triple junction and the area around Upemba 
graben were presented. Discussions then covered the following issues:

Rungwe volcanic province:

 ► It was discussed that Rungwe volcanic province is a fault controlled 
volcanic system as shown by the alignment of Ngozi, Rungwe and Kiejo 
volcanoes.

 ► Three fault patterns occur at the triple junction: NW, NNE, and ENE 
with the latter being the youngest. Volcanic vents occur at the fault 
intersections.

 ► Hot springs are common in the vicinity of Ngozi volcano with temperatures 
varying from above ambient to 73oC (hot spring located about 40km 
from Ngozi volcano). This may imply different geothermal systems in 
the area. The presenter proposed an area extending westwards and 
to the NW from Ngozi volcano as a 
geothermal prospective area.

 ► Travertine deposits (active and 
fossil) are abundant in the area. 
Carbon in the travertine has been 
determined to be of mantle origin. 
Fossil travertine deposits have been 
dated at 75,000 years.

 ► Aeromagnetics surveys show 
evidence of demagnetization around 
Ngozi volcano.

 ► Kapisya geothermal field in Zambia 
is associated with the general stress 
field with the region (occur along NE-
SW fault system).

Upemba Graben:

 ► The Upemba graben in eastern DRC 
is associated with the SW extension 
of the Albertine rift system. The rifting 
in the area followed the foliation 
of the Kibaran belt. Hot springs of 
temperatures of up to 91oC occur 
along faults. This was the location 
of the Kiabukwa binary power plant 
(445 kW) that was built in 1952 but 
decommissioned in 1960 due to low 
fluid flow rates.

Day 1 ended with a pitch by Mr. Solomon Kebede on the 6th ARGeo 
Conference slated for 31st October 2016 to 6th November 2016 in Addis 
Ababa, Ethiopia.

Figure 6: Tectonics, Volcanism and 
geothermal manifestations at Rungwe 
Volcanic Province
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5.2 DAY 2 –  SUMMARY
Summary of presentations and results of discussion during the Meeting are 
presented below:

5.2.1 Dr. Wendy Nelson: Dynamic Model of lithospheric 
drip magmatism in the western arm of EARS and the 
implication for geothermal occurrences.

Volcanism in EARS followed different patterns as follows:

 ► Main Ethiopian rift and Afar is dominated by transitional alkaline lavas

 ► Kenya rift is dominated by sodic lavas, and

 ► Western EARS is dominated by potassic lavas

The diversity may be explained, to some extent, by “lithospheric drip magmatism” 
in contrast to the classic mechanism of melt generation. Lithospheric drip 
magmatism has been modelled as follows:

 ► Convecting asthenosphere metasomatizes rigid overlying lithosphere by 
changing its composition resulting in increased ductility and densification of 
the affected portion which then “drips” into the convecting asthenosphere.

 ► Lithospheric “mantle drip” then instigates melting of surrounding mantle 
peridotite through adiabatic and flux melting.

 ► Evidence for lithospheric drip is found in:

 ■  Oligocene high-Ti flood basalts

 ■  Miocene and Quaternary Turkana 
basalts

 ■  Quaternary Chyulu hills

 ■ Eastern virunga Bufumbria, Katwe-
Kikorongo

 ► Little or no evidence for drip magmatism in 
Rungwe and Kivu

 ► The low-volume highly alkaline magmas that 
are products of drip magmatism are not likely 
to stall in the crust to form long lived magma 
chambers.

Figure 7: Magmatic Patterns in the EARS
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5.2.2 Dr. Sæmundur Halldórsson. The Nature of 
Volcanism in the Environs of the Tanzanian Craton: the 
case of Rungwe Volcanic Province.

Presentation addressed:

 ► Results of noble gas studies on recent lavas from RVP

 ► Analysis of volatiles in geothermal fluids at RVP and

 ► Study of radiogenic isotopes and trace elements of recent lavas 

Implications from the results of the study are indicated as:

 ► Plume like helium isotopes are not only evident in the Ethiopian Rift and 
the Afar region but also at RVP

 ► Magmatism at RVP and the Main Ethiopian Rift may represent two 
different heads of a single mantle plume source. EARS is underlain by 
Sub Continental Lithospheric Mantle (SCLM) which plays an important 
role in magma genesis in regions of low crustal extension.

 ► The northern part of the western rift has limited data with respect to 
volatile studies and mantle geochemistry and therefore the study at RVP 
cannot be generalized to these areas.

Figure 8: He Isotope ratios along the EARS (Sæmundur Halldórsson 2016)
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5.2.3  Dr. Peter Omenda: Heat Sources for Geothermal 
Systems in East African Rift System

Various geothermal models based on heat sources applicable to EARS were 
discussed, namely volcano hosted, basement type, fault controlled and deep 
sedimentary basins. These were discussed with respect to Kenya, Ethiopia, 
Djibouti, Comoros, Uganda and Zambia as examples. It was discussed that 
volcanic (magmatic) heat sources are the most important for the eastern EARS 
geothermal systems while in the western rift, fault controlled systems seem to 
be more dominant. The heat source for the fault controlled systems in western 
EARS was discussed to be  (i) high crustal heat flows, (ii) dikes, (ii) radiogenic 
heat, e.g. at Kapisya. Evidence from deep drilling at Menengai indicates that 
caldera hosted systems have active magma bodies at shallow depths, e.g. 
2.3km at Menengai. It was discussed that this depth range should be expected 
when deep drilling is undertaken in other caldera volcanoes in eastern EARS.

Figure 9: Heat Source in the EARS (Case of Menengai) GDC 2016
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5.2.5 Prof. Dr. Georg Rümpker: Seismic imaging of 
magmatic processes by local-earthquake and ambient-
noise tomography

Results of his presentation are summarized as:

 ► Earthquakes and seismic imaging indicates magmatic processes and 
rupturing at all depth levels from the upper mantle to the upper crust.

 ► Potential geothermal sites in Uganda may be characterized by high vP/
vS ratios. 

 ► Ambient-noise and scattering tomography are promising tools for 
shallow crustal studies in the absence of conventional seismic sources.

 ► Resolution of passive seismic methods is low and therefore findings 
need to be confirmed/supported by alternative methods including (e.g.) 
active 2D and 3D seismic studies.

Figure 10: Seismic Imaging of melt inclusions under Ruwonzeori Mountain  
(Jakovlev et al 2013)
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5.2.6 Knútur Árnason: Geothermal exploration in 
Karisimbi and NW Rwanda

Knutur summarized results of two main previous studies: by BGR and IESE  

The Conclusions on resistivity are

 ► MT data are of poor quality due to local noise, except for  some IESE 
data collected in 2011

 ► TEM data are of very low quality.

 ► Due to low quality, the EM data do not allow state of the art  
interpretation (TEM would have to be redone) 

 ► 2-D inversion gave misleading indications

 ► Even though of poor quality, the MT data indicate  resistivity structure 
of volcanic material on top of basement

 ► The resistivity structure was erroneously interpreted a reflecting high 
temperature geothermal system

     Lessons learned from Karismbi in light of the failure of deep wells

1. Thorough geological and geochemical studies are needed to 
determine likely type of resource and which geophysical methods 
should be applied (high temperature geothermal systems 
generally manifest themselves somehow on surface).

2. Geophysical surveys should be carefully planned and executed.

3. Continuous quality control and preliminary interpretation should 
be   performed concurrently with field work.

4. Validation and distinction between different conceptual models 
should be done in the cheapest possible way.
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5.2.7. Dr. Jacques Varet: Integrated geothermal 
investigations of Gisenyi geothermal prospect: results 
of recent preliminary geological, geophysical and 
geochemical surveys

The study included detailed structural analyses, gas and fluid geochemistry, 
magnetics and TEM resistivity at Gisenyi and other selected sites. Preliminary 
conclusions based on analysed data are that:

 ► A significant size geothermal system is not clearly discernable at Gisenyi 
though a geophysical anomaly occurs at 0.7km depth in the area. 
Additional geophysical surveys are planned in the area. 

 ► Studies will continue along some of the most promising structures to 
determine if they may host geothermal systems, e.g. fault structure that 
occurs at the border between Rwanda and DRC

5.2.8 Mr. Kenneth Alexander: Geological characteristics 
of Kibiro, Uganda & Ngozi-Songwe, Tanzania geothermal 
prospects

Some of the conclusions drawn from the discussion are:

 ► NE SW graben faulting divides the study area in to two entirely different 
geological environments

 ► Kibiro  springs are the outflow a fault controlled deeply circulating 
geothermal system hosted in the basement rocks beneath the rift basin 
sediments

 ► Regarding  Ngozi the deep seated NW-SE Mbeya fault  which lies 
between Ngozi and Songwe springs is likely a barrier to ground flow

 ► Geochemical Signatures of geothermal systems at Kibiro and Ngozi 
geothermal prospects by Marini.

Figure 11: Kibiro Heat Source Options Based on Karp et al (2012)
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5.2.9 Prof. Luigi Marini: Geochemical signatures of 
geothermal systems at Kibiro and Ngozi geothermal 
prospects

The Ngozi geothermal prospect
The system is sustained by a degassing magma chamber determining high 
SO4, F and HCO3 contents and high PCO2 which is 15 plus/minus 4 bar. The 
system could have a subterranean outflow towards NW as indicated by the 
warm springs of Inyala, Lyela, Swaya, Shongo and Shimilaa.

Figure 12: Na/1000, K/100 and Mg ½ Giggenbach diagram for Ngozi springs

The Kibiro geothermal prospect
The Kibiro hot springs discharge Na-Cl type of water of meteoric origin with Cl 
concenterations of 2440-2580 mg/kg. They represent the outflow of local, fault 
controlled thermal circuit hosted in the basement rocks.  It is considered that 
mixing with Na-Cl and brackish water takes place. Various geothermometric 
temperatures have been suggested including: K-Mg and silica- 153 º C, Na-K 
-236 º C and 250 º C. The delta carbon 13 values of CH4 and CO2 of Kibiro 
gases indicate production from organic source.

Figure 13: Na/1000, K/100 and Mg ½ Giggenbach diagram for Kibiro springs 20Technical Workshop on the Geologic Development and Geophysics of the Western Branch of the Greater East African Rift System
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5.2.10 William Cumming: Geophysical characterstics 
of Kibiro and Ngozi geothermal prospects in relation to 
possible occurrence of geothermal systems.

After detailed discussion on the subject matter, the following were some of 
the conclusions reached on results of Kibiro and Ngozi geothermal prospects 
including:

 ► Provided that the waters from shallow onshore thermal aquifers confirm 
geothermometry 235-250oC which is hinted by the cation chemistry models 
at Kibiro then deep targeting could be re-evaluated, ideally supported by the 
reflection and airborne gravity data. However, presentation by Luigi Marini 
established that reliable geothermometry at Kibiro is about 150oC.

 ► The MT resistivity does not resolve a thick low resistivity zone of low 
permeability alteration around much of Ngozi volcano that may account for 
its isolation

 ► A potential target at Songwe will be ambiguous due to the nature of the 
observed local hydrological setup

Discussions were held on the last three presentation 
Kibiro and Ngozi, Issues raised included: The possibility 
of using directional drilling at Kibiro to acess potential 
target underneath the lake, Role of NE-SW faults in 
the potential geothermal systems in Ngozi, potential 
heat sources at Kibiro and Ngozi from geophysics? 
What is the nature of permeability and heat source 
at Kibiro? Does the geochemical signatures at Ngozi 
indicate a geothermal system underneath?

Answers given to some of the issues raised 
are:

 ► Technically it is possible to conduct directional 
drilling at Kibiro to test what is there beneath 
Lake Albert but it requires additional feasibility 
study to implement it

 ► The main structures for thermal water flow are 
the NW-SE structures in Ngozi

 ► The data sets in geophysics are not sufficient to 
understand the heat source in Kibiro and Ngozi. 
It is generally considered a deep circulation 
system

 ► Regarding deep permeability of the 
system at Kibiro, a deep hosted fracture 
type- permeability is considered

 ► From geothermometry at Ngozi high 
temp may be inferred beneath the crater.

Figure 14: Kibiro Apparent Resistivity Map at 1 HZ

Figure 15: Ngozi MT 
Conductance at 100 m depth
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5.3 DAY 3 – SUMMARY
Day 3 was focused on the understanding of the critical issues affecting successful 
geothermal exploration of the western EARS, and in particular, the following 
questions were answered: (i) are magma chambers viable heat sources in western 
EARS?, (ii) what are appropriate investigative methods required to explore 
geothermal systems in western EARS? The presenters therefore brought out 
geological, geochemical, and geophysical perspectives followed by discussions on 
the most appropriate methods for exploration. 

5.3.1 Dr. Wendy Nelson: A Geologic Perspective.

It indicated that volcano hosted geothermal systems requires the presence of 
magma chambers within shallow crust. Indicators of magmatic geothermal 
system would therefore be presence of calderas, stratovolcanoes and indications 
of hydrothermal altered products.

 ► In the western rift, potassic lavas (as at Virunga and Katwe-Kikorongo) and 
are common and studies of trace elements and radiogenic isotopes indicate 
that the magmas are of deep origin. It was further presented that the lavas at 
(i) Virunga are basanite/basalt – trachy andesite, (ii) Rungwe are basanite 
– trachyte, and (iii) Katwe-Kikorongo are basanite – trachyandesite.

 ► It was presented that absence of magma chambers in western EARS are 
due to:

 ■ Potassic magmas generated from metasomatised lithospheric 
source results in generation of low silica magmas.

 ■ Mechanism of melt generation through lithospheric drip magmatism 
that results in low volumes of melt generation.

 ■ Slow rates of extension which results in dikes that do not stall and 
form significant chambers in the crust. 

 ► Geothermal occurrence in the western EARS probably occurs within fault 
zones and probably under volcanoes; heat source being from dikes.

 ► Geological Exploration strategy would therefore include:

 ■ Careful geological maping

 ■ Isotope assessment of gas emissions and springs

 ■ Petrogenetic modeling of lavas

5.3.2 Prof. Cindy Ebinger presented a geophysical 
perspective for geothermal exploration. 

She indicated the need for regional 3-D MT exploration to be undertaken prior to 
detailed studies as it can provide indications of anomalous regions. It was further 
presented that initial studies should incorporate previous data from academia, 
industry and published literature. It was also presented that regional gravity and 
magnetics should be re-evaluated while taking care about challenge of reduction 
to pole or equator for magnetic data near equator. It was strongly recommended 
that use of new remote sensing tools like InSAR should be adopted.
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5.3.3 Prof. Dr. Georg Ruempker: Sites of geothermal 
exploration: A seismic perspective

The presentation relied on examples from studies using Ruwenzori seismic 
network in Uganda with respect to Katwe – Kikorongo and Buranga geothermal 
sites. The presentation was started by providing pros and cons on use of passive 
seismic methods for geothermal exploration. Key findings were that passive 
seismics can locate regions of partial melt within crust which may be heat sources 
for geothermal systems. However, data is often of low resolution and so should 
be treated with care. 

The case study at Buranga and Katwe indicated suspected partial melt at 21km 
– compare with moho in the area at 32km. Closer look at data reveal high Vp/Vs 
ratios at 5km under Katwe and 3km under Buranga which may be an indicator of 
geothermal system. The presenter summarized by indicating that ambient – noise 
and scattering tomography are promising tools for shallow crustal studies in the 
absence of conventional seismic sources.

5.3.4 Mr. Nicholas Hinz: Geothermal systems in the 
Basin and Range, USA – Analogs for Kibiro and Songwe 
geothermal areas, Uganda and Tanzania, respectively.

 A comparative analysis of the geothermal systems in western EARS with well-
studied and developed fracture controlled geothermal system in the USA was 
undertaken giving several specific examples. Basin and Range geologic province 
has experienced extension of about 700-800km. The area is underlain by crustal 
thickness of 30km and is largely amagmatic but with high regional heat flow. Over 
425 known geothermal systems occur in the area with reservoir temperatures 
ranging from 100-300oC. In contrast, western EARS has experienced low 
extension, slower spreading rates, largely amagmatic, and geothermal systems 
have not been discovered though manifestations are spread over wide areas. 
Structural setting of Kibiro, Songwe, Ngozi geothermal prospects were discussed 
in detail.

Experiences from B&R are that geothermal systems 
are strongly structurally controlled with most 
important sites being structural bends, transfer 
zones, termination zones, transtensional pull apart 
zones, relay ramps, step-overs, and accommodation 
zones. It is therefore concluded that structural 
complexity is favoured.

Examples of productive fields in B&R were discussed 
in details providing exploration methods employed, 
geothermal system types and power plant capacities 
which average 18 MW/plant. Examples include 
(1), Desert Peak, NV, (2) Neal Hotsprings, OR, 
(3) Tuscarora, NV, (4) Bradys Hotsrpings, NV, (5) 
McGinnes Hills, NV, (6) Salt Wells, NV, (7) Roosevelt, 
Utah, (8) Lee Allen, NV, (9) Don A. Campell, NV, (10) 
Coso, CA, (11) Geysers, CA, (12) Salton Sea, CA, 
(13) Cerro Prieto, Mexico.

It was concluded that fracture controlled 
geothermal systems are more effectively explored 
with detailed structural mapping including study 
of fault kinematics. Drilling of TGW/slim-holes is 
strongly recommended prior to drilling of full bore 
wells. Conceptual models are then developed 
incorporating geology, geochemistry and geophysics.

Figure 16: Fracture Controlled geothermal Systems 
(Nicholas Hinz 2016
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5.3.5 Prof. Luigi Marini presented a paper on “Effective 
Geochemical methods for identifying geothermal 
systems in the western branch of the EARS”.

The presenter reviewed classification of geothermal systems based on 
Henley and Ellis (1983). Standard classifications of geothermal fluids based 
on triangular plots of Giggenbach (1988), which, however, was clarified 
that it works best for geothermal systems associated with convergent plate 
boundaries. It was indicated that the previous classification schemes do not 
work for systems associated with divergent boundaries like EARS. Examples 
were noted for the case of EARS where fluids at Olkaria, Menengai and Aluto-
Langano fall within the immature field according to Giggenbach (1988). 
These should be reclassified as “mature” HCO3 fluids. The reason for need of 
reclassification is observation that magmatic gases in divergent zones have low 
chloride resulting in low chloride in geothermal waters.

Therefore, to accurately classify geothermal fluids in divergent zones, both 
anions and cations must be used in ternary and other plots. Examples proposed 
are like Na+K-Ca-Mg and Na-K-Ca+Mg where mature fluids plot near the Na 
apex. Salinity plots (HCO3 vs Cl+SO4) were also indicated to offer powerful 
solutions in discriminating mature and immature bicarbonate fluids. 

It was shown that fluids of the western EARS present disequilibrium conditions 
for common geothermometers. Evaluation of available data revealed that 
K-Mg and chalcedony/quartz geothermometers are the most reliable for most 
prospects in the western EARS. However, other geothermometers may be 
used after undertaking quality and reliability tests on the data. It was found 
that Na-K is not reliable in most cases. H2 based geothermometers can also 
be used but only after recalibration using CO2, CH4 and CO data. Other gas 
geothermometers have been found to be less effective.

5.3.6 William Cumming presented “Effective geophysical 
methods for identifying geothermal systems in the 
western branch of the EARS”

Generic conceptual model elem–ents were 
reviewed. High temperature volcano hosted 
geothermal system is accurately explored 
using MT to map the clay cap that overlies 
the high temperature reservoir. For non-
magmatic geothermal systems, the standard 
method is to use MT and gravity and where 
possible TG wells. If available then T-MT, 
AMT, CSAMT, active seismics, MEQ, and 
ground magnetics could be employed. An 
example was presented for exploration of a 
“blind” non-magmatic system. The strategy 
would be to use MT and geology. It is critical 
that only anomalies that are associated 
with known structures are considered 
as potential targets. Anomalies within 
palaeozoic metamorphic terranes may be 
due to presence of graphitic schists. It was 
shown that failed assessments are often 
due to (i) poor quality data, (ii) inversion 
uncertainty, and (iii) conceptual model 
interpretation uncertainty.

Figure 17: “Blind” Geothermal 
System Results From MT and 

Geology
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5.3.7 Nicholas Hinz: Potential application of temperature 
gradient drilling or other temperature surveys in the 
western branch of the EARS: Successful examples from the 
Basin and Range, USA.

TG holes were first used to target ‘blind’ orebodies and first use for geothermal 
studies was inadvertent discovery of a blind geothermal system in 1960’s in 
Montana. TG wells are commonly drilled to 150 – 300m depths and sealed pipes 
with water used to measure temperatures with depth. However, prior to drilling 
TG wells, detailed structural analysis is required and in particular, the following 
features should be considered:

 ► Fault step

 ► Fault termination and end of ridge structures

 ► Anticlinal accommodation zones

TG drilling is most effective for blind systems more so when combined with 
structural data, geophysical anomalies and thermal infrared data. TG wells would 
help map anomalous zone and target areas for deep drilling.

5.3.8 Dr. Jacques Varet: Critical datasets required for 
the successful development of integrated geothermal 
conceptual models: Summary of supportive information 
required before committing a prospect to exploratory 
drilling.

A very large range of geothermal resources are available, which vary considerably 
according to the geological context and uses on one side, and on the nature of 
the demand on the other side. Datasets that have to be considered for geothermal 
developments include geosciences (geology, geochemistry and geophysics), 
drilling, engineering and social sciences. In evaluating strategies for geothermal 
exploration in the region, it must be acknowledged that whereas tectonic 
boundaries offer high heat anomalies, areas of normal gradient may be potential as 
long as high permeability can be accessed. Exploration of magmatic geothermal 
systems requires that styles of magmatism are recognized. For example, fissural 
basalts may not have any heat and so may not be targets for geothermal systems.

In eastern EARS, magma chambers at shallow depths are critical for the 
occurrence of high T systems. Some of the features that may imply shallow 
magma chambers include; basaltic elliptic caldera as at Erta Ale; basalt-trachyte-
rhyolite central volcanoes; calderas with silicic eruptive products. However, in 
these cases interpretation must include geology, geochemistry and geophysics. 
In western EARS, exploration should involve collation of all datasets including 
previous datasets, satellite imagery, study of volcanology, detailed structural 
mapping, and study of active and fossil hydrothermal alteration products. All these 
should be synthesised into a conceptual model.

Discussion:

1. UNEP was requested to provide technical experts to help countries 
review results of exploration studies. Dr. Meseret confirmed that 
UNEP-ARGeo will offer the requested assistance starting with Kinigi 
and Gisenyi (Rwanda), Suswa (Kenya), Ngozi (Tanzania) and Kibiro 
(Uganda).

2. It was indicated that passive seismics should be one of the important 
exploration tools that can be used where possible.

3. A study should be implemented to explore thermal features under 
Lake Kivu.
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6.  WORKSHOP  
  OUTCOMES 

From the presentations and 
discussions thereto, the meeting 
resolved that there are some issues 
that are now better understood 
which would lead to better 
implementation of geothermal 
exploration programmes in the 
western EARS with some impacts 
on the eastern EARS prospects.  
The meeting also agreed that there 
are additional specific studies that 
need to be undertaken as part of 
exploration efforts in western EARS. 
Specific outcomes are as follows:

6.1  HEAT SOURCES FOR GEOTHERMAL  
 SYSTEMS IN WESTERN EARS
Shallow magma chambers as heat sources (as in caldera systems 
in eastern EARS) are rare in western branch because of (i) absence 
of caldera volcanoes, (ii) paucity of silicic eruptive products, (iii) mafic 
and alkali volcanic products in western EARS are mainly of deep source 
(mantle?). Magma chambers where present may be deep seated and 
more studies are required to confirm the existence of such bodies. It was, 
therefore, concluded that magmatic heat sources are not important for 
most prospects in western EARS. Possible exceptions could be some of 
the geothermal prospects at Rungwe volcanic Province in Tanzania which 
may be of magmatic type (e.g. Ngozi).

6.2  HYDROLOGICAL SETTING OF  
 THE GEOTHERMAL SYSTEMS IN  
 THE WESTERN BRANCH
Geothermal systems in the western EARS are dominantly fracture 
controlled with few possible exceptions cited above. The hydrology would 
therefore be controlled by deep circulation along the fault plane to depths 
that may exceed 5km where then heated waters would rise along another 
limb and form geothermal reservoirs at shallow depths. Such reservoirs 
would be at about 1km depth from global experience. Hot expansive 
outflows would be expressed on the fault toes as at Kapisya, Buranga, 
Kibiro, among others.

6.3  CHARACTERISTICS OF THE  
 GEOTHERMAL SYSTEMS IN THE  
 WESTERN BRANCH
With exception of Ngozi geothermal prospect, most of the geothermal 
systems in western EARS are expected to be of medium to high 
temperature (i.e. 125-225oC, according to classification by Hochstein, 
1988). The fluids classify as bicarbonate waters. High flow rates occur 
for systems associated with the main extensional rift border faults, e.g. 
Buranga, Kapisya, Songwe, and Kibiro. Whereas some of the fracture 
controlled geothermal systems can self-sustain flow (gas saturated), 
majority of the systems are pumped.

6.4  APPROPRIATE RESEARCH  
 METHODS FOR EXPLORATION IN  
 THE WESTERN BRANCH
• Geology

Detailed geological mapping is of necessity prior to geochemical and 
geophysical investigations. Specific studies required include the following:

a. Detailed petrogenetic modeling using chemistry of evolved lavas 
and erupted lithics to determine possible existence or absence 
and depth of magma generation/chambers.

b. Specific structural and kinematic studies are important as part of 
exploration of fracture controlled geothermal systems.

c. Shallow hydrogeology should be well understood prior to drilling of 
TG/slimholes and exploration wells
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 ► Geophysics

Geophysical results are expected to be consistent with and to support geological 
observations. Collection of quality data is critical to the understanding of 
geophysical models to avoid interpretation of unsupported anomalies. It is also very 
important that all previous data collected in an area are comprehensively reviewed 
together with new data to support exploration efforts and to avoid duplicity. Such 
data include records from industry, academia, internal reports, etc. The data would 
include regional gravity, magnetics, water wells, and old records.

Recommended geophysical methods include the following: 

a. MT, TEM, Gravity and if available aeromagnetics, active and passive 
seismics, InSAR and remote sensing. 

b. Choice of geophysical methods and equipment to use is determined by 
first order model proposed for the geothermal system.

However, where it is thought that geophysical anomalies may better explain the 
occurrence of a geothermal system which is not explained by geology/geochemistry 
then slim hole or TG wells would be required to confirm heat anomalies before full 
bore exploration well is drilled. All the information must be scientific and knowledge 
based.

 ► Geochemistry

Accurate classification of geothermal fluids in western branch demands that ternary 
anions and cations plots as well as salinity plots are used. These include Na+K-Ca-
Mg, Na-K-Ca+Mg and HCO3 vs Cl+SO4 salinity plot which offer powerful solutions 
in discriminating mature and immature bicarbonate fluids. 

It was also demonstrated that K-Mg and chalcedony/quartz geothermometers 
are the most reliable for most prospects in the western EARS. However, other 
geothermometers may be used after undertaking rigorous quality and reliability 
tests on the data. It was found that Na-K is not reliable in most cases

 ► Project Implementation

 ■ Before one model is selected to represent a prospect, multiple models 
must be developed for testing before drilling. The challenge is which model 
to choose and what level of decision is to be made during technical review.

 ■ For exploration of fracture controlled geothermal systems, it is 
recommended that TG/slim wells are considered as part of exploration 
programmes. TG wells are also recommended for the exploration of “blind” 
geothermal systems. A consideration for 2-m temperature holes should be 
made for presumed low-medium temperature prospects to further de-risk 
the prospects prior to drilling TG wells

 ■ It is recommended that drilling of slim holes should be considered after 
successful drilling of TG wells. This would help further de-risk projects prior 
to drilling of exploration wells which are costly.
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6.5  LESSONS LEARNT FROM MEDIUM  
 TEMPERATURE GEOTHERMAL  
 SYSTEMS DEVELOPED IN WESTERN  
 USA AS COMPARED TO WESTERN  
 EARS
Globally, most of the fault controlled geothermal systems are suitable for binary 
generation and direct applications since majority are of medium temperature. B&R 
region of western USA is a large area of crustal extension coupled with high heat flow 
due to crustal thinning and largely amagmatic. Western EARS is similarly an area of 
extension (though slower rates) and crustal thinning coupled with expected high heat 
flow. Resource temperatures in B&R range from 37oC to 300oC and have been used 
in power generation and direct applications. Similar temperatures ranges are expected 
in western EARS.

From B&R experience, it is clear that exploration for fracture controlled systems must be 
led by detailed geology and structural/fault analyses followed by drilling of temperature 
gradient wells and where necessary slim holes. Production drilling would target faults.

6.6  OUTSTANDING ISSUES
1. Seismics (MEQ) data of the Ruwenzori should be remodeled incorporating 

new data acquired in the area. The new models once completed will help 
determine/confirm the depth of crustal melts storage that may be the heat 
sources for the geothermal systems in the area.

2. In Karisimbi, further studies are required to determine depth at which the late 
stage trachyte lavas present on Karisimbi differentiated. The geobarometric 
studies would help confirm if Karisimbi volcano had a shallow or deep magma 
chamber.

3. Detailed petrogenetic studies are required to help model depth of magma 
generation and whether or not shallow chambers exist(ed) under the 
volcanoes, e.g. Rungwe, Virunga complex and Katwe-Kikorongo volcanic 
fields. Present indications are that magma chambers may be absent or if 
present may be deeply seated.

4. Geothermal research collaboration between countries is strongly 
recommended for prospects that straddle international borders, e.g. Rwanda 
and DRC for the region near Gisenyi-Goma.

5. The northern part of the western rift (Virunga and Katwe) has limited data 
with respect to volatiles’ studies as well as mantle geochemistry. Additional 
studies are required to bridge the gap and allow for further understanding of 
mantle dynamics under that segment of the rift.

6.7  RECOMMENDATIONS 
1. UNEP-ARGeo project should strengthen its high level experts to support 

countries in technical review of exploration data/reports before the prospects 
are recommended for drilling of exploration wells. This review will be applicable 
to any geothermal projects before it is subjected to drilling.

2. Collaboration between universities and industry/country to help understand 
some of the outstanding geothermal issues from research perspective. 
The collaboration to be spearheaded by the Africa Geothermal Centre of 
Excellence.
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Arrival of workshop delegates

08.30-13:30 1st AGCE Steering Committee Meeting at EDCL Board Room, Kigali. Members  of steering 
committee only

15.00-17.30 Meeting of Rapporteurs and Moderators. Lemigo Hotel, Kigali

DAY ONE: 9th of March 2016
                                                         OPENING SESSION
08.00-09.00 Registration of Delegates

09:00-09:30 Short speeches from: 
ICEIDA/NDF – Dr. David Bjarnason
AUC -  Mr. Rashid Abdallah
UNEP - Dr. Desta Mebratu 
Official opening - EDCL

GLOBAL PERSPECTIVE: AN INTRODUCTION

09.30-10.15 Global occurrence of geothermal systems in different geologic 
settings: their identification and utilization.

W. Cumming

10.15–10.45                       Coffee Break and Group Photo

              TECHNICAL SESSION  1: REGIONAL GEOLOGICAL SETTING
TIME TITLE PRESENTOR

10.45-11:30 The Geologic and Tectonic Evolution of the Greater East African 
Rift System. P. Omenda and M. Teklemariam

11:30-11:45 Questions and Answers

11.45–12.15 Structural development and fault kinematics of the Western 
Branch of the EARS and their controls on geothermal resources

D. Delvaux 
12.15-12:30 Questions and Answers

12:30-13:00 Geodynamic setting and thermomechanical models – context for 
western rift geothermal studies

C. Ebinger
13:00-13:15 Questions and Answers

13:15-14:15                LUNCH BREAK COURTESY OF EDCL

Tuesday, 8 March 2016

ANNEX II: 
WORKSHOP PROGRAMME
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TECHNICAL SESSION II: TECTONIC  DEVELOPMENT OF EARS RIFT SECTORS
TIME TITLE PRESENTER

14.15–14.45 
The tectonic development of Lakes Tanganyika-Rukwa-Malawi 
(TRM) rift basins and Incipient Rifts in the SW branch of EARS in 
Zambia and Mozambique

A. Mruma 

14.45-15.00 Questions and Answers

15:00-15:30
Tectonic development of Rungwe volcanic province in Tanzania, 
the Kivu rift, the Upemba graben in SE DRC and some insights 
into the Albertine rift relevant for the geothermal exploration

D. Delvaux

15.30-15.45 Questions and Answers

15.45 – 16:15                                                     TEA/COFFEE BREAK
16:30-17:15 Open discussions on the day’s sessions

17.15-17.30 ARGeo-C6 Conference, Addis Ababa, Ethiopia S. Kebede
17.30-18.00 Summary of Day’s presentations on key lessons learnt Moderators and Rapporteurs

SIDE MEETING

18:30-20:00 7th ARGEO Steering Committee meeting. Lemigo Hotel, Kigali. 
Open to members of ARGeo steering committee only

DAY TWO: 10th of March 2016
TECHNICAL SESSION  III: Magmatism and heat flow in the Greater EARS

PART A: GEOLOGY AND GEOCHEMISTRY

8.30–9.00 Dynamic Model of Lithospheric drip Magmatism in western arm 
of EARS and its Implication for Geothermal Occurrences W. Nelson

9:00-9:15 Questions and Answers

9:15-9:45 The Nature of Volcanism in the Environs of the Tanzanian Craton: 
case of Rungwe Volcanic Field S. Halldorsson

9.45-10:00 Questions and Answers 

10:00-10:30 Heat sources for geothermal Systems in eastern branch of EARS 
in comparison to the western Branch of EARS P. Omenda

10:30-10:45 Questions and Answers 

10.45-11.15                                               TEA BREAK

              PART B: GEOPHYSICS OF THE WESTERN BRANCH OF EARS

11:15-11:45
Resistivity Structure of the Basement Terranes associated with 
the western arm of EARS and possible relationship with potential 
geothermal heat sources C. Ebinger

11:45-12:00 Questions and Answers

12:00-12:30 Seismic imaging of crustal magma chambers in western branch 
of EARS G. Rumpker

12:30-12:45 Questions and Answers

12:45-13:45                                      LUNCH BREAK COURTESY OF EDCL
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TECHNICAL SESSION IV: Case Studies
13.45–14.15 Results of surface geothermal investigations in Karisimbi 

geothermal prospect
K. Arnason

14:15-14:45 Integrated Geothermal investigations of Gisenyi geothermal 
prospect: results of recent preliminary geological, geophysical 
and geochemical surveys

J. Varet

14:45-15:15 Geological characteristics of Kibiro and Ngozi geothermal 
prospects

K. Alexander

15.15-15.45 Questions and Answers for above presenters

 15.45–16.15                                      COFFEE BREAK
16:15–16.45 Geophysical characteristics of Kibiro and Ngozi geothermal 

prospects in relation to possible occurrence of geothermal 
systems

W. Cumming

16:45-17:15 Geochemical signatures of geothermal systems at Kibiro and 
Ngozi geothermal prospects

L. Marini

17:15-17.30 Questions and Answers for above presenters

17.30-18.00 Summary of day’s presentations Moderators and Rapporteurs

DAY THREE: 11th of March 2016
TECHNICAL SESSION 5: METHODOLOGIES APPROPRIATE FOR GEOTHERMAL 

EXPLORATION IN WESTERN BRANCH OF EARS
Heat sources for the occurrence of geothermal systems in the western branch of EARS: Are magma 
chambers viable heat sources in Western branch? If so, what are investigative methods required to 
explore them?

8.30-8.50 - Geological perspective W. Nelson

8.50-09.10 - Geophysical perspective C. Ebinger

09.10-09.30 - Seismic perspective G. Rumpker

9:30-9:50 Comparison of selected geothermal systems in the Basin and Range 
geothermal systems in USA with Kibiro and Songwe geothermal areas. N. Hinz and K. Alexander

09.50-10:10 Effective Geochemical methods for identifying geothermal systems in 
the western branch of the EARS L. Marini

10:10-10:30 Effective Geophysical methods for identifying geothermal systems in 
the western branch of the EARS W. Cumming

10.30–10.50                                               COFFEE BREAK
10.50-11.10 Potential for application of temperature gradient drilling or other 

temperature surveys in the western branch of the EARS – successful 
examples of structurally controlled resources in the Basin and Range, 
USA

N. Hinz

11.10-11.30 Critical datasets required for the successful development of integrated 
geothermal conceptual models: Summary of supportive information 
required before committing a prospect to exploratory drilling

J. Varet

11:30-12:15 Summary and Conclusions of the workshop Moderators and 
Rapporteurs

12.15-12.30 CLOSING SPEECHES
- EDCL
- UNEP
- ICEIDA/NDF
- AUC

U. Rutagarama

13:00-14:00                                              LUNCH BREAK COURTESY OF EDCL
14:00 END OF THE WORKSHOP
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ANNEX III:
EXTENDED ABSTRACTS 

Global occurrence of geothermal 
systems in different geologic 
settings: their identification and 
utilization
William Cumming
Consultant in Geophysics and Geothermal Resource Risk 
Assessment, e-mail: wcumming@wcumming.com

To classify geothermal systems of the EARS in a manner 
that would highlight exploration issues, I have used the four 
geologic settings that Wilmarth and Stimac (2015, WGC) used 
to categorize trends in power density; 1) fault-based, 2) arcs, 
3) rifts, and 4) other. For assessing exploration methods in 
the east and west EARS, I have considered “sediment-hosted” 
a subcategory for the fault-based and rift categories. Many 
prospect of the western EARS prospects would probably 
better fit with the geothermal reservoirs that Wilmarth and 
Stimac call fault-hosted. Following from this, relative to 
eastern EARS prospects, prospects in the eastern EARS would 
have a higher probability of being <180°C or being associated 
with sediments. 

Because the western branch of the EARS may have 
geothermal systems with either magmatic or non-magmatic 
(fault-based) heat sources and reservoirs may be hosted in 
sedimentary, volcanic or intrusive formations, the approach 
to geothermal exploration of the western EARS will differ 
from practices in the mainly volcanic systems of the eastern 
EARS. However, the assessment approach based on building 

resource conceptual models remains the same, as do 
the highest priority data sets: 1) high resolution satellite 
imaging (<50 cm); 2) existing borehole data; 3) gas and water 
geochemistry of hot springs and fumaroles; and 4) maps of 
active alteration. The next three data types would be given 
different emphasis in a fault-based system, with 5) structure, 
and 6) geology weighted more heavily than 7) MT+TEM, and 
8) gravity. Two types of data would be given much greater 
emphasis in fault-based systems; 9) temperature gradient 
wells (TGW or slim holes), and 10) incidental data like 
reflection seismic and gravity data collected for petroleum 
exploration. 

In the western EARS, the first 8 surveys listed above are 
expected to be less definitive than similar surveys in the 
eastern EARS, leading to the recommendation to drill TGWs 
to further mitigate risk prior to investing in a production 
well. Gas and water geochemistry analyses in the western 
EARS generally indicate temperature <180°C and are much 
more ambiguous regarding temperatures over 230°C. 
Recent volcanism is absent or relative small volume, with 
indications that it came quickly from great depth without 
heating the shallow crust. The MT surveys and geophysics in 
general are more often limited by access. Aside from drilling 
temperature gradient wells to mitigate risk, at least three 
resource conceptual models should be built to illustrate risks 
in targeting wells. Given the different range of outcomes 
expected in the western EARS, it would be reasonable to 
assess viability of outcomes consistent with resource types 
likely to be found
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The Geologic and Tectonic Evolution of 
the Greater East African Rift System
Peter Omenda, M. Zemedkun and G. Demissie

Nairobi, Kenya
pomenda@gmail.com

ABSTRACT
The East African rift system is widely recognized as the classical 
example of a continental rift system which is part of the Afro 
Arabian rift system that extends from the Red Sea to Mozambique 
in the south.  As the rift extends from the Ethiopian segment 
southwards it bifurcates at about 5oN into the Eastern and Western 
branches.  The two branches of the rift skirts around the Tanzania 
craton and formed within the Late Proterozoic belts adjacent to 
the margins of the craton (Mosley, 1993 and Smith and Mosley, 
1993). However, the Eastern Branch that comprises the Ethiopian 
and Kenya rifts is older and relatively more volcanically active than 
the western branch that comprises Albert–Tanganyika-Rukwa-
Malawi rifts (Figure 1). 

 
Figure 1: Structural map of EARS

The rift is modelled according to the standard model for active 
rift formation involves lithospheric extension accompanied by 
upwelling of the underlying ashenospheric mantle followed by melt 
formation due to decompression of the asthenosphere (Figure 2). 
Asthenospheric upwelling of the African superplume formed two 
arms with one centred under Ethiopia (Ethiopian dome) and the 
other Lake Victoria region (Kenya dome) (Figure 3). Further brittle 
extension of the crust results in down faulting and formation of 
the graben. In the case of the EARS, extensions is more active 
in the north being more than 2cm/year in the Red Sea – Gulf of 
Aden, 1 mm/year in the Main Ethiopian Rift, and further less than 
1mm/year in the Kenya Rift and southwards. In response to the 

increased extension in the EARS, the Moho is shallow under the rift 
and occurs at between 5 and 35 km along the axis of the rift.

In the development of the eastern branch of EARS, structures and 
rock fabrics inherited from the Proterozoic orogenic processes 
have influenced rift opening and the subsequent onset of mantle-
crust interactions. In the latter, active rifting phase, mantle plume 
activities have contributed to enhancing the tectonic process to 
progressively advanced stages. With its generally longitudinally 
disposed structures favoring rifting under a broadly latitudinal 
oriented extensional stress field, the region hosts the NNW-
SSE to NNE-SSW oriented northern and eastern members of 
the EARS consisting of the Afar, Main Ethiopian and Kenya rifts. 
The dispositions of individual rift sectors may vary reflecting 
longitudinally varying stress field orientation and faulting along 
zones of least mechanical resistance. The border faults and 
flexures developed at various times during the Miocene. Starting 
during the late Pliocene, tectonic activity concentrated along the 
present axial zones. The rift floors are occupied by thick layers of 
lava, pyroclastic products, volcano-sedimentary rocks and many 
volcanoes and calderas. Several small and mostly shallow lakes 
occupy local tectonic or volcano-tectonic depressions.

These lakes form the local hydrologic discharge areas and 
thermal springs often occur on their shores. As shown in Fig.4, the 
northern EARS sectors (MER and Afar) developed in the Arabian-
Nubian shield (ANS), the northern sector which is made up of 
mechanically weak, newly formed crust. On the other hand, the 
Kenya rift developed in terrain occupied by the Mozambique Belt 
(MB) (Figure 4). The MB is made up of reactivated pre-existing 
terrains having mechanical characteristics which were partially 
modified by the Panafrican tectono-thermal processes but are 
still partially retained. These differences may be partly responsible 
for the fact that rifting and volcanic activity have evolved further 
in the north. Mantle plume impact appears to be greater in the 
region of the northern sectors than in that of the Kenya Rift, as 
reflected in the dimensions of domal uplift and the differences in 
the extent of rift opening: 30km in Ethiopia, 10km in Kenya and 
2-4km in Northern Tanzania (Wilson 1989, p.331, citing Shudovsky, 
1985). The initiation of rifting and volcanism in Turkana region (45 
Ma) predated those in the above rift sectors and had been plume 
independent. Turkana rift zone is not yet linked with the MER but 
in its south, it has merged with the main Kenya rift at the site of 
Barrier volcano.
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Figure 2: Active formation of Greater EARS

In the rift axis of the eastern branch occurs numerous central 
volcanoes of Quaternary age overlying products of Miocene and 
Pliocene volcanism. The shield volcanoes are built largely of basalts, 
intermediate lavas (trachytes) and rhyolites and the associated 
pyroclastics. The evolution of the basalt – tracyte-rhyolite suite 
has been modelled as being a product of fractional crystallization 
of mafic lavas and crustal assimilation. However, some volcanic 
fields show products of crustal anataxis, e.g. Olkaria comendites. 
Fractional crystallization process occurred within shallow magma 
chambers which resulted in the formation of large size caldera 
volcanoes that are a common feature of the east African rift axis 
from MER to Kenya. Style of magmatism changes along the from 
north in Afar where MOR is literally on the surface through MER and 
Kenya rift where the Moho is less than 25km to northern Tanzania 
where the crust thickens to more than 40km is exemplified by 
change from basalt-trachyte-rhyolite to carbonatitic types in 
northern Tanzania, e.g. Ol Doinyo Lengai volcano.

Figure 3: Mantle plumes of the Kenya and Ethiopian domes

The Western Rift and the southern branches developed in the thick 
and fairly competent Paleo- and Mesoproterozoic terrains and 
are typically half graben structures with considerable vertical fault 
displacement (1,400 m in the L. Tanganyika rift zone). All, except 
the northern part of the Western Rift, are inherited structures 
from the Mesozoic when they were involved in Gondwana rifting 
and were later associated with Neo-Tethys Sea transgression 
(Demissie, 2010). The Malawi and Urema (Mozambique) rift sectors 
are bounded by high border faults and are amagmatic. They exhibit 
weak hydrothermal activity. Rift hosted late Tertiary to Quaternary 
volcanism has taken place only in the Western Rift where crossing 
fault systems of various characteristics control the localization of 
igneous activity. In the Western Branch, there is paucity of volcanism 
along the entire length of the rift with the main volcanic areas 
being Virunga complex and Rungwe. The volcanism at Virunga is 
dominated by potassic magmatic types of probable deep source 
origin with little or no shallow crustal magma chambers. 

Figure 4: Outline of the tectonic map of EARS showing structures, cratons 
and mobile belts
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Structural development and fault 
kinematics of the Western Branch of the 
EARS and their controls on geothermal 
resources
Dr. Damien Delvaux

Royal Museum for Central Africa, B-3080 Tervuren, Belgium. 
Email: damien.delvaux@africamuseum.be
The Western Branch of the East African Rift System (EARS) extends 
from South Sudan to Mozambique in a general S-shape, with, from 
North to South, the NE-trending Kivu and Albertine rift segments, 
the N-S northern half of the Tanganyika rift, the NW-trending South 
Tanganyika-Rukwa-North Malawi (TRM) rift segment, and the N-S 
Malawi rift segment and its prolongation into Mozambique. It 
developed with relatively discrete basin initiation and volcanism at 
various times since the since the Mid Miocene, widespread rifting 
in the Late Miocene (5-9 Ma) and a last phase of accelerated rifting 
during the Quaternary (last 2 Ma) (Ebinger, 1989; Chorowicz, 2005; 
Roberts et al., 2012; Mc. Gregor, 2015). The Western Branch is one 
of the two branches of the EARS which separate the Eastern costal 
Africa (Somalian plate ) from the rest of Africa (Nubian plate). These 
two branches surround and isolate two the Tanzanian craton in the 
North (Victoria microplate) and the Mozambique part of the East 
African Orogen in the South (Ruvuma microplate plate) (Fernandes et 
al., 2013; Saria et al., 2014). 

Different kinematic models have been proposed for the opening of 
the EARS (Fig. 1). Based on remote sensing interpretation and fault-
slip data, Chorowicz (2005) suggest a NW-SE opening in a pull-apart 
mechanism guided by transcurrent wrench fault zones. In this model, 
the NW- trending central portion of the Western branch (TRM zone) 
acts as an intracontinental right-lateral fault zone. Instead Delvaux et 
al. (2012) show after detailed neotectonic and fault kinematic analysis 
that the TRM segment is currently opening in pure normal faulting, 
with principal extension orthogonal to the fault trend. Evidence for 
right-lateral faulting have been also found along the major border 
faults, but this is related to an earlier, pre-Cretaceous tectonic stage. 

Figure 1: East African Rift System with the two branches surrounding the 
Tanzanian craton with the two major kinematic models of opening.

On the basis of earthquake slip vector and GPS data, Calais et al. 
(2006) proposed a new kinematic model and defined the Victoria 
and Rovuma microplates rotating in an opposed way between the 
Eastern and Western branches of the EARS in a general WNW-ESE 
extension. This model was later refined Fernandez et al., 2013) and 
the last model, based on more and longer GPS time series constrain 
the opening in a more strictly E-W direction (Saria et al., 2014). The 
associated stress field determined from stress inversion of earthquake 
folcal mechanisms (Delvaux and Barth, 2010) suggest a general, 
second-order orthogonal opening of the rift basins in a first-order 
E-W extension between the Nubian and Somalian plates. It defines 
a radial pattern of directions of horizontal principal extension, away 
from the Tanzanian craton. The second-order stress field appears 
strongly influenced by the presence of existing crustal discontinuities 
inherited from the earlier tectonic history of the mobile belts that 
surrounds the Tanzanian craton.

The Western branch has a long-lived tectonic evolution, with 
frequent reactivations, first in ductile conditions and then in brittle 
conditions since the late Neoproterozoic - early Palaeozoic (Klerkx et 
al., 1998; Delvaux, 2001). The brittle faults recorded along the TRM 
rift segment (Delvaux et al, 2012) and also in the Kivu rift segment 
(ongoing investigation), suggest that thrusting and reverse faulting 
occurred in the area of the future Western branch during the Late 
Pan African amalgamation of Gondwana, as a consequence of the 
E-W convergence and collision of the Eastern and Western Gondwana 
along the eastern margin of the Tanzanian craton. Later, probably 
during the Triassic, the same area was affected by strike-slip 
reactivations in response to far-field ~N-S oriented compressional 
stresses generated at the southern margin of Gondwana which was 
in the situation of an active compressional margin at that time. The 
neotectonic and active deformation on the entire EARS is illustrated 
by the distribution of neotectonic faults, volcanoes, earthquake 
epicentres and thermal springs (Fig. 2). 
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The thermal springs have long been considered as marker of active 
deformation as they generally occur along faults that are seismically 
active (at least for those with advective hydrothermal system). In the 
DRCongo, they have attracted the attention of the early geologists 
and explorers and mapped extensively. We compiled all information 
available to us on the thermal springs in the EARS and adjacent parts. 
It appears that the location of the thermal systems along the volcanic 
part of the Eastern Branch are well concentrated to the axial zone of 
the rift, often related to volcanism. But on the non-volcanic parts of 
the EARS (most of the Western Branch and the southern termination 
of the Eastern Branch), the thermal springs as the seismicity and 
active faults are distributed over a much wider area than the major 
rift basins.

The internal architecture of the rift basins has been particularly well 
studied in the Western Branch, especially in the Tanganyika, Rukwa 
and Malawi rift basins. It has been shown to be composed of a series 
of half- and full-grabens that form the building blocks of the rift basins 
(Rosendahl et al., 1992; Morley and Wescott, 1999). The architecture 
of the different rift segments along the Western Branch will be 
detailed to illustrate the various modes of extension, with special 
attention to the accommodation zones between the different basins. 
From North to South, we will consider successively the Albertine rift, 
the Kivu rift, the TRM rift segment, the Mbeya triple junction with the 
Rungwe volcanic province, the non-magmatic southern extremity of 
the Eastern Branch in Central Tanzania (Manyara-Dodoma region) 
and the isolated rift basins of the incipient South-Western branch of 
the rift.

Figure 2: Distribution of quaternary neotectonic faults, volcanoes and thermal 
springs in both branches of the EARS surrounding the Tanzanian craton.
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Dynamic Model of Lithospheric Drip 
Magmatism in the Western Arm of 
EARS and its Implication for Geothermal 
Occurrences
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Dr. Lindy Elkins-Tanton 
School of Earth and Space Exploration, Arizona State 
University, Tempe, U.S.A.
The East African Rift System (EARS) is the archetypal active continental 
rift. The rift branches cut through the elevated Ethiopian and 
Kenya domes and are accompanied by a >40 Myr volcanic record. 
The volcanic record is often used to understand changing mantle 
dynamics, but this  approach  is  complicated  by  the  location  and  
timing  of  activity  within  each  volcanic province. Historically, many 
EARS volcanological studies compare and contrast various EARS lavas 
with the 30 Ma flood basalts erupted in Ethiopia and Yemen because 
early papers (Pik et al., 1998; 1999) suggest a clear delineation of 
plume melts versus lithospheric mantle melts. Using the plume-
derived lavas as a benchmark, a variety of sources have been invoked 
to explain the geochemical variability recorded in volcanism across 
the EARS (e.g. mantle plume(s), both enriched and depleted mantle, 
metasomatized or pyroxenitic lithospheric mantle, continental 
crust,   etc.).   However,   these   early   plume-derived   lavas   
contained   unusually   high   Ti concentrations, low K abundances, 
and elevated 87Sr/86Sr signatures (Pik et al., 1998; 1999) that are 
absent from modern plume magmas (i.e. see Erta ‘Ale, Barrat et al., 
1998). Additionally, there were ~15 myrs of volcanism in southern 
Ethiopia and Turkana (N Kenya) prior to the arrival of the nominal 
plume head in Afar that are difficult to explain their origin and 
unique HIMU geochemical signature as they predate flood basalt 
production (George et al., 1998; George & Rogers, 2002; Furman et 
al., 2006).

Traditional  models  for  mantle  melting  in  the  EARS  are  often  
assessed  assuming  adiabatic melting of peridotitic material due to 
continental extension above an upwelling thermal plume. However, 
metasomatized lithospheric mantle does not behave like fertile or 
depleted peridotite mantle,  so  this  model  must  be  modified.  
Metasomatic  lithologies  (e.g.  areas  enriched  in pyroxene) are 
unstable compared to peridotite and can founder into the underlying 
asthenosphere via ductile dripping. As such a drip descends, the 
easily fusible metasomatized lithospheric mantle heats conductively 
and melts at increasing T and P (Fig. 1). Ambient peridotite mantle 
can melt as it convectively fills the space left by the descending drip 
and thereby melts via decompression. If the descending drip has 
significant volatile contents, those volatiles can be driven  into  the  
surrounding  peridotite  mantle,  forcing  it  to  melt  as  well.  Together,  
these processes constitute lithospheric drip melting (Elkins-Tanton, 
2007). This   process   can   be   explored using data from mafic 
volcanic rocks because during adiabatic melting, the extent of melting 
increases in concert with progressive shallowing of the melting 
column whereas melts of a   descending   lithospheric   drip will melt 

to greater extent with increasing depth. Holbig and Grove (2008) 
demonstrated that geochemical relationships can be used to identify 
adiabatic melting (i.e., extant models for EARS volcanism) versus  
lithospheric drip magmatism. Specifically, normative olivine (a proxy 
for melting depth) and bulk rock Cr abundance (a proxy for melting 
extent) are negatively correlated during adiabatic decompression 
melting while  those two indicators  are  positively correlated during 
lithospheric drip melting (Fig. 2). We re-evaluated existing   data   of   
major   mafic volcanic episodes throughout the EARS to investigate 
potential evidence for lithospheric foundering and subsequent drip 
melting. The normative olivine-Cr relationship revealed by the 30 
Ma flood basalts demonstrate clearly that high-Ti (HT2) basalts and 
picrites originally attributed to plume melting were instead generated 
through dripagmatism. Specifically, the mafic melts formed when 
heating by the Afar plume caused the metasomatized lithosphere 
with a significant   pyroxenite   component   to   drip   into   the 
asthenosphere and melt.

Figure 1: Schematic of a single convective instability. Lateral flow within 
weakened lithosphere feeds the growing instability. As the instability begins 
to sink, lateral flow lags behind and an annulus of high topography forms 
around the drip; some adiabatic melting can occur here. The sinking drip heats 
conductively in the asthenosphere and can devolatilize or melt, producing 
magmatism or generating additionally metasomatized  asthenosphere  or 
lithosphere. After the neck of the instability thins to disappearing,  a 
downward-facing  cusp can remain in the lithosphere, along with remaining 
frozen-in dense material (Elkins-Tanton,  2007). The width of the drip is 
dependent upon the thickness of the unstable layer that is sinking, and multiple 
instabilities can occur adjacent to each other simultaneously  or sequentially. 
(Furman et al., accepted)

The resulting lavas express geochemical signatures that require 
contributions from a combination of metasomatized lithosphere and 
mantle plume. This process generated the HT2 lavas observed today 
in restricted portions of Ethiopia and Yemen now separated by the 
Red Sea, suggesting a fundamental  link  between  drip  magmatism  
and  the  onset  of  rifting.In contrast, coeval lithosphere-derived   
low-Ti (LT) flood basalts were not generated by drip melting but 
instead originated from shallower, dominantly anhydrous peridotite.

Looking more broadly at volcanic centers across the EARS, reevaluation 
of existing data demonstrate that drip magmatism may also play an 
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important role in pre-flood basalt volcanism in Turkana (>35 Ma), 
Miocene shield volcanism on the eastern Ethiopian Plateau and in 
Turkana (22-26 Ma), and Quaternary volcanism in Virunga and Chyulu 
Hills (Eastern Rift). In contrast, there is, at best, limited evidence for 
drip magmatism in Miocene volcanism in S Ethiopia, or Quaternary 
within-rift lavas in Ethiopia and Turkana (Fig. 3). The evidence for 
widespread lithospheric removal across eastern Africa  coincides  
with the timing of dome uplift (e.g. Gani et al.,  2007;  Wichura et al., 
2015) and further demonstrates the controls of lithospheric mantle 
on volcano- tectonic processes throughout the evolving EARS.

Figure 3  Predicted correlation between olivine component of mafic melts and 
their Cr contents. Both factors depend on the extent of melting, and drip melting 
scenarios can be distinguished from adiabatic compression. (Furman et al., 
accepted).

The reality of lithospheric drip magmatism has potentially important 
implications for geothermal exploration. In this model, the 
descending lithospheric drip is relatively localized, meaning it can 
supply low-volume melts to a volcanic field but not to an entire region. 
Additionally, as the drip descends, it will eventually be exhausted 
and the major source of magmatism and, by extension geothermal 
energy, will cease.

Figure 2: Quaternary mafic lava suites represent areas that include 
contributions  from drip magmatism (Eastern Virunga volcanoes Karisimbi, 
Muhavura and adjacent cones, southern Kenya Chyulu Hills, northern Kenya 
Turkana) and others where the geochemical evidence is less compelling 
(Western Rift Rungwe and Kivu). Sources of data: Davies & Lloyd, 1989; 
Rogers et al., 1992; 1998; Späth et al., 2001; Furman et al.,
2004; 2006. Figure from Furman et al., (accepted).
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From the Red Sea to Malawi, the East African Rift System (EARS) is 
the dominant geologic feature shaping the eastern portion of the 
African continent. While productive geothermal reservoirs have 
been identified in the Main Ethiopian Rift and the Eastern (Kenya) 
Rift, equivalent locations are difficult to locate in the Western Rift. 
Understanding the viability of using magma chambers as a potential 
heat source for geothermal energy in the Western Rift requires 
careful consideration of what we know about the origin of magma 
in the region and the “plumbing” associated with getting that magma 
near the surface.

Compared to the Main Ethiopian Rift and the Eastern Rift, the 
Western Rift is considerably amagmatic. With four recognized zones 
of recent volcanism – Toro Ankole, Virunga, Kivu, and Rungwe – there 
is a significant portion of the rift that lacks volcanism entirely. Apart 
from Rungwe, much of the volcanism in this region has unusually 
high potassium abundances. In contrast, the Eastern Rift is marked 
by alkaline to highly sodic volcanism from Turkana through southern 
Tanzania (though activity is not temporally continuous). The Main 
Ethiopia Rift is marked by alkaline lavas (not enriched in either 
sodium or potassium extremes) and transitional lavas associated 
with the 30 Ma flood basalt episode. Therefore, the sources and 
dynamic processes associated with volcanism in the Western Rift 
are geochemically distinct from those operating in both the Main 
Ethiopian and the Eastern Rifts. Additionally, variations in spreading 
rates  within  and  between  rift  segments  (Stamps et al.,  2008)  
impact  crustal  structure  and, consequently, magma generation, 
transport, and ultimately volcanic productivity. This means that 
the factors influencing volcanism are not uniform across the EARS. 
Therefore, each region must be evaluated separately to determine 
ultimately whether or not shallow magma chambers can form and 
support geothermal activity.

Productive shallow to intermediate geothermal fields associated 
with magma chambers in other locations (e.g. Italy, Kenya, etc.) are 
typically associated with intermediate to rhyolitic volcanic fields 
because the magma chambers responsible for generating silica-rich 
lavas are contained within the crust (e.g. Wohletz & Heiken, 1992; 
Carlino et al., 2012). The scarcity of evolved volcanism suggests crust-
level magma chambers are not common or at least not long-lived in 
the Western Rift. Instead, dikes of mantle-derived magma actively 
feed volcanoes such as Nyiragongo and Nyamuragira. Carlino et al. 
(2012) suggest that the presence of silicic magma chambers generate 
more productive geothermal fields that can be tapped from a larger 

distance from the magma chamber. These authors also suggest that 
dike-fed volcanoes can produce geothermal fields, but note that 
those fields do not have a large radius of influence.

There are a number of geodynamic factors responsible for produce 
alkaline mafic magmas with little to no more evolved melts. 
First, eastern Africa is composed of an amalgamation of terranes 
assembled during the Pan-African orogeny (~950-500 Ma). During this 
orogenic event, the Tanzania craton served as a nucleus upon which 
other material was accreted. As a result, the lithosphere underlying 
the EARS is geodyamically heterogeneous and these inherited 
heterogeneities  provide  a  viable  explanation  for  geochemical  
difference  in  the  nature  of volcanism in each of the rift sections. 
While numerous geochemical and geophysical papers support the 
presence and contribution of at least one mantle plume beneath 
the EARS, the majority of the Western Rift lacks compelling elevated 
3He/4He (> 8Ra and ≤ 20Ra; Marty et al., 1996; Scarsi & Craig, 1996; 
Pik et al., 2006) signatures attributed mantle plume contributions. 
Only at Rungwe do the mafic lavas preserve elevated 3He/4He (up 
to 14Ra; Hilton et al. 2011). Interestingly, Rungwe also records the 
fastest spreading rate in the Western Rift (Stamps et al. 2008). 
Instead, many geochemical investigations conclude that the ambient 
upper asthenosphere mantle and the lithospheric mantle are the 
major contributors to volcanism in the Western Rift (Rogers et al., 
1992; Furman, 1995; Rogers et al., 1998; Furman & Graham, 1999; 
Rosenthal et al., 2009; Tedesco et al., 2010).

Lithospheric mantle xenoliths from the Toro Ankole (Katwe-Kikorongo) 
and Virunga (Bufumbira) regions are dominated by pyroxenite, 
phlogopite-rich pyroxenite, glimmerite, and olivine-bearing 
pyroxenite lithologies (e.g. Lloyd, 1981, W. Nelson, unpublished data). 
These unusual mantle lithologies have been linked experimentally 
to the potassium rich volcanic products in this region (Lloyd et al., 
1985). Additionally, these olivine-poor lithologies are considerably 
more fluid-rich than peridotite, which enables melting at lower 
temperatures and can thereby produce smaller volumes of magma. 
These melts may be generated by conductive heating  (upwelling  
ambient  mantle  or  plume  material),  decompression  melting  due  
to lithospheric extension, or even lithospheric drip melting (Furman 
et al., accepted). Regardless of the mechanism, geochemical analyses 
demonstrate that crustal contamination of the mafic lavas occurs 
only minimally (e.g. Rogers et al., 1998; Furman & Graham, 1999; 
Chakrabarti et al.,

2009; Rosenthal et al., 2009). This observation, in turn, demonstrates 
that these mantle-derived

melts do not pause at crustal levels. In fact, unlike recent (<1 Ma) 
volcanism in Ethiopia, Kenya, and Tanzania, Western Rift volcanism 
is dominated – roughly 75% (Demissie, 2010) – by mafic volcanism. 
There is little geochemical evidence to support sustained magma 
chambers within the continental crust whereby more intermediate 
to silicic magmas can be generated by fractional crystallization and 
crustal assimilation.

Therefore, from a petrologic perspective, there is not abundant 
evidence for crust-level magma chambers in the Western Rift, 
and magma chambers may not be the best focus for geothermal 
exploration. Instead, mafic dikes feeding volcanism may be a more 
viable alternative but have a limited reach from the volcanic edifice. 
Understanding faulting and groundwater flow near the volcanoes 
may provide the best insight into potential geothermal reservoirs in 
association with magma production.
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This presentation describes the current status of ongoing geological 
surveys at Kibiro, Uganda and Ngozi-Songwe, Tanzania. Field work 
and initial data interpretation are being performed by the respective 
government agencies (DGSM and TGDC) with technical advice and 
equipment provided by GDC of Kenya. These surveys are part of a 
UNEP- and ARGeo-funded geothermal resource (re)assessment to 
develop integrated conceptual models of both sites using existing and 
new geological, geochemical, and geophysical data.  Updates for the 
current geochemical and geophysical surveys are provided in separate 
presentations.   

Both sites are located within the western branch of the East African Rift 
System but in different geologic settings. Kibiro hot springs are located 
on the southeastern margin of the amagmatic Lake Albert rift basin, an 
area that has undergone episodes of extension and compression over 
the past 23 Ma. As a result of varying stress regimes, the Lake Albert rift 
developed as a pull-apart in a sinistral-transtensional environment. The 
current stress regime is normal faulting with WNW-ESE extension (based 
on focal mechanisms).  The NE-SW graben-bounding fault divides the 
study area into two entirely different geological environments. To the 
SE, the geology is dominated by Pre- Cambrian crystalline basement: 
granitic gneisses, schists, quartzites. To the NW, the rift valley consists 
of sequences of sediments, up to 5.5 km thick. Kibiro springs are the 
outflow of a fault-controlled, deeply circulating geothermal system 
hosted in the basement rock beneath the rift basin sediments. 

Ngozi volcano is part of the Rungwe Volcanic Province (RVP) located at 
the triple rift junction of NW-SE trending Rukwa and Malawi Rifts and 
the NE-SW trending Usangu Basin.  The primary geothermal features in 
the study area are thermal water discharges on the bottom of the Ngozi 
caldera lake and, more than 40 km to the WNW, the Songwe hot springs.  
Previous studies have concluded that Songwe is an outflow from Ngozi.  
The RVP has a complex tectonic history dominated by normal faulting 
but also affected by tectonic compression episodes. Since the Middle 
Pleistocene, the stress regime is dextral strike-slip faulting. Two sets of 
strike-slip fault systems trending NW-SE and WSW-ENE are related to 
crustal extension and control the localization of the volcanic activities.  
Most significantly, the deep-seated NW-SE Mbeya Front Fault, which 
lies between Ngozi volcano and Songwe springs, is likely a barrier to 
groundwater flow.  Accordingly, Songwe springs are likely the local 
outflow of a fault-controlled, deeply circulating system and separate 
from the magmatically-heated geothermal system beneath Ngozi. 
Preliminary geological conceptual models are presented based on 
the most recent, available information.  Future work includes meeting 
with DGSM, TGDC, and GDC to discuss and evaluate recently acquired 
field data. The final integrated conceptual models are expected to be 
completed by May 2016. 

Effective geophysical methods for 
identifying geothermal systems in the 
western branch of the EARS
William Cumming,  
Consultant in Geophysics and Geothermal Resource Risk 
Assessment, e-mail: wcumming@wcumming.com
Because the western branch of the EARS may have geothermal systems 
with either volcanic or non-magmatic heat sources and reservoirs 
may be hosted in sedimentary, volcanic or intrusive formations, the 
approach to geophysics in geothermal exploration of the western EARS 
will differ from practices in the mainly volcanic systems of the eastern 
EARS. On the other hand, crucial elements of the conceptual models of 
different types of geothermal systems are similar enough the most cost-
effective geophysical methods of characterizing them are often similar. 
For example, because almost all commercial geothermal reservoirs are 
capped by smectite clay, either through alteration in volcanic cases or 
deposition in sedimentary cases, resistivity methods like MT and TEM 
that can image low resistivity smectite clay will have a similar role in 
East Africa.

Methods like gravity and magnetics, on the other hand, tend to be 
less cost-effective for geothermal exploration on volcanoes where 
the largest contrasts in density and susceptibility are typically at 
or near the surface. Magnetic data are sometimes used to detect 
sulfate water destruction of magnetite in volcanic rocks but resistivity 
methods typically provide more reliable images of similar alteration. 
In sediments, on the other hand, gravity commonly provides effective 
resource constraints. For example, where relatively uniform sediments 
unconformably overlie old dense metamorphic rocks, the structure 
of the interface can sometimes be reliably inferred to several 1000 
m depth. Depths can also be estimated by modeling the magnetic 
responses of isolated magnetic bodies within the metamorphic rocks 
buried below sediments, albeit with more ambiguity. This highlights the 
need to reconsider the relevance and reliability of geophysical methods 
for each situation. 

For over 30 years, passive seismic surveys have been routinely used to 
monitor deep geothermal injection and they have also been effective 
used to characterize suspected magma movement in exploration 
prospects. However, short term monitoring to characterize structures 
in exploration prospects has seldom been usefully predictive. Similarly, 
very few of the many reflection seismic surveys directed at geothermal 
exploration in volcanic rocks have produced useful data. The tendency 
of geothermal systems to degrade seismic data quality makes its 
application to sedimentary geothermal targets risky. However, because 
of the particularly promising conditions for acquiring reflection seismic 
in the sedimentary basins of the western EARS, reflection seismic may 
play a larger role in geothermal applications, especially if investments in 
the exploration for petroleum can be leveraged. 

The approach used to interpret the geophysical results in geothermal 
assessments is as important as the specific geophysical methods 
and analyses used. In mineral exploration, for instance, it is common 
practice to set a threshold to define an anomaly using the values of 
one or more types of data. This method, called anomaly hunting, 
is low cost and works well for low value decisions, such as targeting 
core holes for mineral assays. However, geothermal wells are much 
more expensive. To avoid the shortcomings of anomaly hunting, best 
practice publications in the geothermal industry emphasize integrating 
geophysics with the other geoscience data to build geothermal resource 
conceptual models consistent with all available data. Typically three or 
more models are prepared that are representative of the uncertainty 
in the data and analyses. Conceptual models in the western EARS are 
expected to differ significantly from those in the eastern EARS, probably 
a greater difference than the type of geophysical data likely to be used. 
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Geophysical Background
Because geophysical surveys are ongoing in the Kibiro area and the 
integration analysis of the Ngozi geoscience area is incomplete, this is 
a summary of progress, plans and expectations. 

1. Kibiro Geophysics
A significant challenge at the Kibiro Prospect from the point of view 
of the geophysics (and of geothermal development) is the presence 
of Lake Albert just over 600 m northwest of the Kibiro Hot springs 
and 700 m from the Toro-Bunyoro fault escarpment that separates 
lake sediments to the northwest from Per-Cambrian crystalline 
rocks to the southeast. Along strike to northeast and southwest, the 
sedimentary margin above the lake level locally narrows to under 
100 m. Conventional geothermal geophysics methods like MT, TEM 
and land gravity cannot be acquired beyond the lakeshore except 
at great expense. In 2007, TEM had been acquired by ISOR, mainly 
over the Pre-Cambrian crystalline rocks to the southeast of the Toro-
Bunyoro fault. Hydrothermal alteration detected by the earlier TEM 
appeared to be much older than any active geothermal system. MT 
and limited TEM has more recently been acquired by DGSM with 
GDC assistance with greater focus on the sedimentary margins of 
the lake, especially the peninsula that hosts the hot springs. Steeply 
dipping clay-rich sediments overly the faulted Pre-Cambrian margin 
of the lake. A shallow flat-lying clay zone with a base shallower than 
300 m appears to extend from the lakeshore to the hot springs, 
potentially capping a shallow thermal outflow aquifer. An additional 
TEM survey with a more powerful transmitter is now being collected 
over the sedimentary peninsulas and along the shore in order to 
characterize the hydrology of the hot springs to a depth of 400 m 
with better vertical and lateral resolution than was feasible with the 
MT. The objective of this work would be to identify a relatively shallow 
onshore capped aquifer that might host a >150°C geothermal aquifer 
that could be tested at low cost.

Aeromagnetic, airborne gravity and reflection seismic surveys have 
been acquired over Kibiro and much of the Albertine rift as part of 
ongoing oil exploration. Because of the marine setting, the reflection 
seismic data is much better quality than is typical of geothermal 
targets in extensional tectonic settings, albeit without resolving 
structures that could be easily reached from shore. Because of the 
consistent geometry and very large contrast of physical properties 
between the sediments and the underlying Pre-Cambrian crystalline 
rocks, the aeromagmatic and airborne gravity have provided very 
useful conclusions about the likely structures associated with the 
geothermal resource. Although only the published results of these 
surveys have been made available to the geothermal team, this is 
unlikely to affect initial targeting choices. If the water from shallow 
onshore thermal aquifers confirm geothermometry >235-250°C 
hinted by the cation chemistry models, then deep targeting could be 
re-evaluated, ideally supported by the reflection seismic and airborne 
gravity data. 

2. Ngozi and Songwe Geophysics
Ngozi and Songwe combine a conventional volcanic geothermal 
prospect with a deep circulation prospect associated with a graben 
fault. Earlier geophysical surveys by BGR focused on the potential for 
higher temperature volcanic systems, and so MT, TEM and gravity 
data sets were acquired close to Ngozi Volcano and integrated with 
regional gravity and aeromagnetic data. The survey included only 28 
MT and 32 TEM stations and was further limited by noise problems. 
The remote reference for the MT data was located near a local cement 
plant, partially accounting for the poor MT quality. Noise in the TEM 
data produced unrealistically low resistivity deeper than typical TEM 
depth of investigation. Recent reprocessing of the TEM has eliminated 
the conductors and resulted in better agreement with MT. Because of 
problems with data base reliability, only maps of the older regional 
gravity in the Ngozi area have been reviewed for this study.

With assistance from GDC, in 2015 and 2016, TGDC has acquired a 
much more extensive and higher quality survey of 96 MT stations 
with TEM at those MT stations that exhibited static distortion. A 131 
station gravity survey was also acquired. These TGDC-GDC MT-TEM 
and gravity surveys were extended to the Songwe area because it 
was the location of the hot spring with the highest geothermometry 
in the area. 

The modeled potential for a 240°C heat source based on the Ngozi 
crater lake chemistry focused geophysical attention on the crater. The 
lake’s elevation of 2074 m is much higher than surrounding hot springs 
at 1100 to 1830 m, implying that a geothermal system associated with 
Ngozi Lake will likely be isolated by a very impermeable shell that 
separates it from surrounding aquifers. This is also consistent with 
the chemistry, that is, the source of the crater lake does not appear 
to leak chloride water to surrounding hot springs. The MT resistivity 
does resolve a thick low resistivity zone of low permeability alteration 
around much of Ngozi volcano that might account for its isolation, 
although it appears to have a gap to the east. Ongoing analysis of the 
MT will be refining this interpretation in conjunction with the other 
data sets.

As is commonly observed over volcanic targets, the gravity has not 
resolved structurally relevant features at Ngozi volcano, but the gravity 
confirmed structural alignments and, at Songwe it has confirmed 
the structural model of a half graben dipping up to the southwest, 
with a likely right-angle complication at Songwe springs. The MT-TEM 
also confirmed the half graben structure, albeit at relative shallow 
depth due to coherent noise limiting the depth of investigation of the 
MT. A potential target at Songwe will be ambiguous because the hot 
water could exit at the springs from both buoyant lateral flow updip 
below the clay aquiclude in the tilted fault block or directly up the 
southwestern faulted margin of the graben. The coincidence of very 
high CO2 flux associated with the extensive travertine hints at a more 
local structural source.
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Integrated Geothermal investigations 
of Gisenyi geothermal prospect: results 
of recent preliminary geological, 
geophysical and geochemical surveys
J. Varet (Géo2D – GDC Consortium)
An integrated geothermal investigation is being undertaken for 
EDCL (Rwanda) by a Géo2D-GDC consortium in the Gisenyi area 
under European Union (EU Contract FED 2015/367-161) financing. 
The team is composed of geologists (Lucy Njue, Manfred Strecker, 
Daniel Melnick and the author: Jacques Varet), geophysicists (led by 
Antony Wamalwa) geochemists (led by Sylvia Malimo) with Rwandese 
counterparts from EDCL. In conformity with the work-plan, the 
main steps of the field work are completed, data processing is well 
advanced and the first conceptual models are being elaborated. The 
first results are presented here despite the fact that the work (notably 
geochemical analysis) is still under progress and the reports not yet 
delivered to the client.

In a first step, an exhaustive survey of the existing literature was 
compiled and analysed in view of their relevance to geothermal 
concepts. This included the geodynamic and geophysical environment, 
the geological knowledge of the Precambrian formations as well as 
the volcanic systems present in the area, and the data available on 
hydrothermal fluids and alterations. Bathymetric data from Lake Kivu 
were also analysed as it is known that its particular layering relates to 
hydrothermal vents at depth.  Satellite data were also acquired and 
processed allowing for a solid 3D geographic infrastructure.

In a second step, a detailed complementary geological survey, focused 
on 3 targets: the structural geology (neo-tectonics in particular) 
resulting from the Kivu rift geodynamic environment, the volcanology, 
petrology and inclusions studies, and the hydrothermal active or 
fossil manifestations. A deeply tectonized and hydrothermally altered 
pegmatite was identified as a potential candidate as geothermal 
reservoir in the Precambrian basement. 

This allowed to focus the successive geophysical and geochemical 
surveys in 4 targeted areas (Fig.1):

 ► The area of emergence of the Gisenyi hot-springs, that is 
a thermal upwelling through deep faults (and mylonitized 
pegmatites) limiting the eastern Kivu rift margin (despite 
its asymmetry of this “half graben” with normal faulting 
developed only on the western side), without any trace of 
magmatic heat source.  

 ► Two areas located along the DRC border where a heat 
source is expected to occur along the southern fissure 
zone extending from Nyiragongo to Lake Kivu, whereas 
a geothermal reservoir may be found in the underlying 
fractured pegmatite underneath the recent lava fields.

 ► A fourth area located East of the limits assigned to the 
consultant by the TOR, along the NE trending fault that 
limits the Precambrian basement and the recent lava fields. 
In this area, a distinct and active volcano-tectonic system 
was identified both in the down-faulted compartment 
covered by recent lavas and in the uplifted basement 
covered by scoria cones, pyroclasts and lavas. This is shown 
to be volcanologically and petrologically distinct from the 
otherwise dominant Karisimbi and Nyiragingo lava fields. 
A specific geothermal site could have developed there 

due to a local magmatic heat source (the lava sequence 
shows clear signs of differentiation) as well as due to the 
mylonitized pegmatite which occur in abundance in this part 
of the Precambrian basement.

 ► The presentation will show how the final geothermal models 
are being elaborated for these 4 different areas, which will 
require quite different complementary exploration works 
before any deep exploration drilling can be envisaged. 
These supplementary exploration works are  the following:

 ■ Complementary surveys in the lake itself, 
particularly in the hot-spring area, in order to 
detect subaqueous vents, specific geophysics and 
slims holes in the peninsula area to confirm the 
mylonitized pegmatite (hydrothermal channel) fault 
dip

 ■ Complementary surveys in area 4, where 
geochemical and geophysical surveys will need to 
be complemented (MT data in particular) in this 
newly identified volcanic district.

 ■ Undertaking a joint DRC-Rwanda survey along the 
southern axial rift zone Nyiragongo-Kivu which led 
to the 2002 eruption and may constitute a High 
temperature geothermal target in itself.

Fig.1: map of the areas selected as geothermal targets in the Gisenyi prospect
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Critical datasets required for the 
successful development of integrated 
geothermal conceptual models: 
Summary of supportive information 
required before committing a prospect 
to exploratory drilling
J.Varet (Géo2D)
A very large range of geothermal resources is available, which vary 
considerably according to the geological context on one side, and on 
the nature of the demand on the other side. There is no generalized 
approach in committing a prospect that would fit applications as 
diversified as district heating in sedimentary basins, heat pumps 
for household thermal regulation, engineered deep EGS, as well 
as high enthalpy geothermal exploration in geodynamically active 
areas. We will focus on the approach to geothermal systems in active 
rift zones, including volcanically active as well as tectonically active 
rifts, as expressed along the eastern and western branches of the 
EARV respectively. However, there are still different types of possible 
geothermal developments – from community based small-sized 
systems to search for large electrical production serving the electric 
grid - implying quite different approaches. Deciding upon exploratory 
drilling relies upon the quality of the expected resource (possibly high 
flow rate of high temperature fluids of compatible chemistry) but 
obviously also on the demand of the communities on and around the 
site, implying socio-economic as well as geoscientific studies.

If we limit our presentation to the geoscientific critical datasets 
required for the successful development of integrated geothermal 
conceptual models, we can list the following:

 ► Synthesis of all geological data available from the literature, 
either scientific or technical, with a specific focus on those 
relevant for heat source, reservoir, hydrothermal surface 
manifestations and any borehole. This includes of course 
the geographic, climatic and hydrogeological context.

 ► Processing of all data available from satellite and airborne 
surveys, allowing for precise MNT models and maps to be 
drawn as a support for all data collected during the survey. 
This includes any geophysical survey (gravimetry, magnetics, 
seismicity, seismic profiles…).

 ► The geological approach should be specific and adapted to 
the site characteristics:    

 ■ volcanology (including petrology, mineralogy, 
geochemistry and structural volcanology, study 
of the inclusions, with an accent on phreato-
magmatism and phreatic eruption products) this 
allowing to determine the characteristics of the 
magmatic heat source

 ■ structural geology with a focus on neo-tectonics in 
order to determine the fault movements and the 
characteristics of the fractured reservoir and fluids 
up-flow from depth

 ■ hydrothermal alterations and deposits studies in 
the field and in the lab, allowing to map present 
and past geothermal systems and to precise their 
characteristics. This concerning the rocks in place 
as well as the inclusions in the volcanic products 
mentioned above.

 ► The geochemical and geophysical surveys will be 
determined from the geothermal first 3D model that the 
geological approach has provided, that is both in location 
and extension as well as for the choice of the most relevant 
tools. 

 ■ The fluid geochemistry (water, gas, soil emanations) 
will allow to precise the origin, temperature and 
mixing/realimentation models of the fluids in the 
reservoir

 ■ The geophysical methods will even more be 
adjusted to the characteristics of the target area: 
if electrical methods (AMT, MT, Schlumberger 
profiles…) are a must for the determination of the 
low resistivity zones characterizing the reservoir 
cover of hydrothermal up-flow along fault zones, 
micro-seismicity, gravimetry,IR & MNT drone 
surveys and eventually magnetics can also appear 
as relevant. 

These methods will allow to refine and quantify – particularly in 
depth - the geothermal conceptual model proposed by the geological 
approach. A few examples – including in Rwanda – show that even 
the most sophisticated geophysical methods may lead to failure 
in committing a prospect to exploratory drilling if not based upon 
a sound geological model obtained using the above described 
approach.
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Geothermal exploration in Karisimbi and 
NW Rwanda
Knútur Árnason, Þráinn Friðriksson and Björn S. 
Harðarson

ISOR, Iceland GeoSurvey
A number of geothermal reconnaissance and exploration studies 
have been carried out in Rwanda in recent years. The main focus 
has been on the volcanic region in NW-Rwanda. A remote sensing 
structural geology analysis was carried out using aerial imagery. 
This analysis was not supported by field work. Some reconnaissance 
geological observations have been made around hot spring areas but 
no geothermal manifestations have been found in the NW-volcanic 
sector. Petrological studies have been carried out with emphasis on 
constraining the evolution of the volcanic rocks in NW-Rwanda in an 
effort to constrain the depth of potential magma chamber.

Samples for geochemical analysis have been collected from 6 hot/
warm springs and several cold springs. Major elements were analysed 
for all samples. Trace element and isotope data are available for most 
thermal springs. The quality of the available geochemical data is fairly 
good. These thermal springs appear to be manifestations of low 
temperature convective geothermal systems related to deep faults of 
the East Africa Rift. The chemical composition of the thermal waters 
suggests that deep temperatures could be in the range between 100 
and 130°C.

Shallow (1-3 m) ground temperatures have been measured and 
a microseismic network was deployed for 15 weeks in the NW-
Rwanda volcanic zone. Neither the ground temperatures nor the 
microseismic data provide information indicating the presence of 
high temperature geothermal activity.

Subsurface resistivity data (TEM and MT) have been collected in 
several surveys. Some of the MT data are of acceptable quality but 
the TEM data are generally poor.  The resistivity data have played a 
key-role in the discussion about the potential geothermal activity in 
Rwanda. Although the interpretation of the MT data is compromised 
by the limited quality of the TEM data they do, nevertheless, provide 
information about the subsurface resistivity structure in the surveyed 

areas. An expert panel meeting in Kigali in January 2013 concluded 
that the resistivity structure in the southern slopes of Karisimbi could 
be interpreted as a typical pattern of high temperature geothermal 
systems, i.e. low resistivity cap surrounding a high resistivity core. 
This interpretation was in contradiction with the interpretation of 
the same data presented by the consultant that collected the data, 
IESE, who in their final report in 2012 concluded that the shallow low 
resistivity corresponded to volcanic sediments and the high resistivity 
below corresponded to the underlying granite. IESE concluded that 
the resistivity data showed no indications of high temperature activity 
in Karisimbi (and in the volcanic region in NW-Rwanda in general). 

Two wells have been drilled in Karisimbi, KW-01 and KW-02 to 3015 
and 1367 m, respectively. Observations from these wells provide 
insights into the subsurface geology and temperature. The wells 
penetrated volcanic rocks down to 850 and 790 m depth, respectively, 
below which depth Proterozoic basement rocks were encountered. 
Alteration mineralogy and measured temperatures are consistent 
with normal continental geothermal gradient (i.e. ~30°C/km) 
conclusively demonstrating that there is not a geothermal reservoir 
under the southern slopes of Karismbi. 

Observations from wells KW-01 and KW-02 have conclusively 
demonstrated that the IESE interpretation to be correct, i.e. that there 
is no high temperature geothermal reservoir under the south slopes 
of the Karisimbi volcano. The resistivity data do not unambiguously 
indicate the presence of high temperature geothermal resources in 
the Kinigi or the Gisenyi prospects

Despite the considerable geothermal exploration data collected in 
NW-Rwanda there are no indications of hydrothermal activity except 
at the 6 identified thermal spring areas. Future exploration studies 
should aim at defining the subsurface temperatures and production 
capacity of the low temperature systems. The most promising sites 
for low-temperature exploration appear to be the Gisenyi and Karago 
hot spring areas. If sufficient temperatures and productivity are found 
the resources could potentially be used to produce electricity using 
binary technology and/or for direct use applications. The thermal 
springs might, thus, represent economically feasible resources, albeit 
on a much smaller scale than high temperature resources. 

Effective geochemical methods for 
identifying geothermal systems in the 
western branch of the EARS

Luigi Marini

Consultant in Applied Geochemistry, e-mail: 
luigimarini@appliedgeochemistry.it

1. Water classification
The geochemical framework of geothermal systems situated along 
subduction zones has been established long ago through extensive 
exploration, at the surface and at depth. Mature chloride waters 
hosted in geothermal reservoir migrate laterally and discharge at the 
surface at considerable distance from the geothermal field. Fumarole 
activity and steam-heated acid-sulfate waters mark the upflow zones. 
Peripheral bicarbonate waters occur at relatively shallow depths 
at some distance from the geothermal field. Acid chloride-sulfate 

volcanic waters are found in crater lakes. Consequently, the terms 
mature chloride waters, steam-heated acid-sulfate waters, peripheral 
bicarbonate waters, acid chloride-sulfate volcanic waters have been 
suggested by Giggenbach (1988). Only the Giggenbach’s triangular 
diagram of major anions is often used for water classification in 
geochemical investigations carried out in convergent-plate settings 
(although I prefer a more comprehensive approach).

The high-temperature geothermal reservoirs of the Eastern branch 
of the EARS (e.g., Olkaria and Menengai in Kenya, and Aluto-Langano 
in Ethiopia) host not only mature chloride waters but also mature 
bicarbonate-chloride and mature bicarbonate waters. To try to explain 
why, we recall that in volcanic-magmatic regions, deep geothermal 
liquids are assumed to be produced through neutralization of initially 
acidic meteoric-magmatic aqueous solutions (e.g., Giggenbach, 
1988). The few available data for volcanic gases indicate that 
subduction-zones volcanic gases are enriched in Cl relative to hot-
spot and divergent-plate volcanic gases (e.g., Symonds et al., 1994; 
Sawyer et al., 2008). Therefore, the comparatively small supply of Cl-
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bearing magmatic gas species (chiefly HCl) in the root of the Eastern 
EARS geothermal systems might be responsible of the comparatively 
low Cl contents of related geothermal liquids (Marini and Pasqua, 
2014). Irrespective of the reasons controlling the presence not only of 
mature chloride waters but also of mature bicarbonate-chloride and 
mature bicarbonate waters in the Eastern EARS, it is evident that the 
terminology of subduction-zone geothermal systems cannot be used 
in other frameworks. The situation might be even more complicated 
in the Western EARS. Therefore, a more comprehensive approach 
to water classification is needed to distinguish mature waters from 
immature waters. Examples are given for Ngozi and Kibiro.

2. Water geothermometers
Geothermometers give the apparent equilibrium temperatures 
possibly present at depth. However, geothermometers do not 
provide any indication on the relevant depths. Use of the boiling point 
vs. depth curve indicates minimum depths. In the absence of deep 
boreholes, comparison with drilled geothermal systems with similar 
frameworks may be useful. The geothermal systems of Northern 
Thailand (see Apollaro et al., 2015) are a possible term of comparison. 

All the thermal waters of Northern Thailand have Na-HCO3 
composition. Most of these thermal waters are more or less directly 
related to a mainly granitic basement, from which they rise up towards 
the surface along active faults, sometimes of regional importance. 
Northern Thailand thermal waters plot in the fields of the partially 
equilibrated waters and of the immature waters in the Na-K-Mg0.5 
triangular plot of Giggenbach (1988, modified). In most cases there 
is also a large Na-K/silica disequilibrium that might be due to the 
absence of albite and K-feldspars as hydrothermal minerals in the 
geothermal reservoirs. In some cases there is also a considerable 
K-Mg/silica disequilibrium. Relying on the K-Mg geothermometer, 
apparent equilibrium temperatures vary from 128 to 153°C for the 
boiling waters and from 86 to 116°C for the non-boiling thermal 
waters. These temperatures compare or are somewhat higher 
than those found in boreholes drilled at maximum depths of 1.3 
km in San Kamphaeng and 250 m in Pai - Ban Muang Paeng (see 
Singharajwarapan et al., 2012).

As shown in the companion presentation: (i) the Kibiro hot springs 
exhibit substantial Na-K/K-Mg and Na-K/silica disequilibria; (ii) all the 
hot springs of the Ngozi prospect and nearby areas have considerable 
Na-K/K-Mg disequilibrium and most of them have also a significant 
Na-K/silica disequilibrium. The hot springs of the Ngozi prospect and 
the Kibiro hot springs have a moderate K-Mg/silica disequilibrium. 
By analogy with the Northern Thailand case history, K-Mg and silica 
temperatures are probably representative of the portions of the 
geothermal aquifers reachable through drilling. The iso-chemical 
geothermometric mixing model was applied at Kibiro where there 
is evidence of mixing. The approach was adapted to deal with the 
peculiar Lake Ngozi case. There is no evidence of mixing at Songwe. 

3. Gas geothermometers
According to de Moor et al. (2013), the H2-Ar geothermometer of 
Giggenbach (1991) gives equilibration temperatures of 62 ± 17 °C 
for the gases of the Ngozi prospect and nearby areas. These H2-Ar 
temperatures are considered too low because they are lower than 
the K-Mg and silica temperatures of the hot springs (95-155°C). 
Hydrogen equilibration under an RH different from -2.82 (assumed 
in the H2-Ar geothermometer of Giggenbach, 1991) might explain the 
low H2-Ar temperatures.

Therefore, the RH of gas equilibration was computed based on the 

concentrations of carbon gases. First, the gas equilibrium temperature 
was calculated by means of the CO-CO2-CH4 gas geothermometer of 
Bertrami et al. (1985):
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Equation (2) is obtained rearranging the log K of the water-gas shift 
reaction given by Chiodini and Marini (1998). The computed RH values 
of the gases from the prospect area range from -3.53 to -4.02 around 
a mean of -3.79 ± 0.18 (1σ). This average RH value was adopted to 
calibrate the H2-Ar, H2-N2, CO-CO2, and CH4-CO2 geothermometers for 
the gas samples of the prospect area.

Apart from Ikama and one sample of Kiejo, all the other gas samples 
from the prospect area have: (i) average H2-Ar temperature of 144 
± 12°C and average H2-N2 temperature of 141 ± 11°C, assuming gas 
equilibration in a liquid phase, (ii) average H2-Ar temperature of 142 
± 11°C and average H2-N2 temperature of 155 ± 11°C, assuming gas 
equilibration in a vapor phase. These gas equilibrium temperatures 
are reasonable being close to the highest K-Mg and silica temperatures 
computed for the hot springs of the prospect area.

Geothermometers based on H2 and CO are very effective as H2 and CO 
are fast-reacting gas species. However, CO must be measured in dry 
gases, not in Giggenbach’s bottles, since CO reacts with excess NaOH 
to give formate (Giggenbach and Matsuo, 1991). Geothermometers 
based on CH4 work at very high temperatures, where the kinetics of 
CH4 re-equilibration is appreciable.

Geothermometers based on CO2 work only for the portions of the 
geothermal systems flushed by small CO2 fluxes. Under these 
conditions CO2 mineral buffers are effective. If the CO2 fluxes are too 
high, CO2 mineral buffers cannot keep up and the geothermometers 
involving CO2 do not work.

Geothermometers based on H2S may be affected by near-surface 
oxidation of H2S. 
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Geochemical signatures of geothermal 
systems at Kibiro and Ngozi 
geothermal prospects

Luigi Marini

Consultant in Applied Geochemistry, e-mail: 
luigimarini@appliedgeochemistry.it

1. The Ngozi geothermal prospect
Several hot springs, warm springs and gas emissions are present in 
the Ngozi geothermal prospect and nearby areas. Most of them are 
evidently controlled by faults. The Songwe hot springs are the most 
important thermal manifestations (Hochstein, 2000). Similar to all 
the other hot springs of the region, the Songwe hot springs are 
probably the discharge of a local, fault-controlled thermal circuit.

Songwe thermal waters have Na-HCO3 composition, but 
their relatively low Na/K ratios reflect in unusually high Na-K 
temperatures of 231 ± 10°C (Fournier’s geothermometer) and 
245 ± 9°C (Giggenbach’s geothermometer). These high Na-K 
temperatures contrast with the K-Mg temperatures of 124 ± 
3°C, silica temperatures of 94 ± 10°C, and quartz temperatures of 
116 ± 8°C, which compare with those of the other hot springs of 
the region. The H2-Ar and H2-N2 geothermometers, recalibrated for 
an RH value of -3.79,  gives equilibrium temperatures of 132-146°C. 
These temperatures are somewhat higher than the K-Mg and silica/
quartz temperatures but much lower than the Na-K temperatures 
suggesting that the latter might be present at depths possibly 
unreachable by drilling.

The summit caldera of Ngozi volcano hosts a crater lake. The lake is 
2.5 km long and 1.6 km wide, has a surface of about 3.1 km2 and a 
volume of 72.7 ⋅ 10-3 km3. High temperature sites, up to 89 °C, were 
detected at lake bottom and the gas flux at the lake surface was 
measured during the GEOTHERM project (Ochmann and Garofalo, 
2013). Na and Cl are the major solutes, with average contents of 
960 mg/kg and 1460 mg/kg, respectively (Delalande et al., 2015). 
Lake waters have low constant pH below 10-20 m and relatively 
high alkalinity. Hence PCO2 values exceed at all depths and during all 
the surveys the average PCO2 atmospheric value by 100–200 times. 
Delalande et al (2015) computed the water, oxygen-18, deuterium, 
and chloride budgets for Lake Ngozi, considering three possible 
scenarios for each year. The computed chloride concentration of 
2200 to 7580 mg/kg were estimated for the water entering the lake. 
The scenarios presented by Delalande et al. (2015) are not the only 
possible ones. A virtually infinite number of scenarios is possible. To 
find a single solution we adapted the iso-chemical geothermometric 
mixing model obtaining equilibrium temperatures of 232 ± 13°C and 
chloride concentrations of 7600 ± 1100 mg/kg for the hydrothermal-
magmatic water entering the lake and coming from a geothermal 
reservoir present below Ngozi volcano. The Ngozi geothermal 
system is sustained by a degassing magma chamber determining 
high SO4, F, HCO3 contents and high PCO2, 15 ± 4 bar. The system 
could have a subterranean outflow towards NW as indicated by the 
warm springs of Inyala, Iyela, Swaya, Shongo, and Shimilaa.

2. The Kibiro geothermal prospect
The Kibiro hot springs lies on a narrow plain of about 750 m in 
width, between the lake shore and the foot of the Toro-Bunyoro 
fault escarpment. The main hot spring area, Mukabiga, is located in 
a ravine at the base of the fault escarpment (T = 87 - 81°C). A second 
group of hot or warm springs in found downstream, in an area of 
salt gardens called Mwibanda (T up to 72°C). Muntere, directly 
north of Mukabiga, is the largest salt garden (T = 40 - 45°C).

The Kibiro hot springs discharge Na-Cl water of meteoric origin with 
Cl concentration of 2440-2580 mg/kg (samples collected in 1993). 
They represent the outflow of a local, fault-controlled thermal 
circuit hosted in the basement rocks below the lacustine sediments.

As already recognized by Armannson (1994) mixing with Na-Cl 
brackish water takes place. An iso-chemical geothermometric 
mixing model indicates an equilibrium temperature of 153°C 
(based on K-Mg and silica geothermometers) for the geothermal 
endmember, whose Cl concentration is 2870 mg/kg. The Na-K 
temperatures of the geothermal endmember, 236°C (according 
to the Fournier’s geothermometer), and 250°C (according to the 
Giggenbach’s geothermometer), are higher and might be present 
at greater depths, possibly unreachable by drilling, or might be 
inexistent.

The ∆18O(SO4-H2O) geothermometer indicates equilibrium 
temperatures of 75-125°C. These values are highly uncertain due 
to both (i) mixing and (ii) production of sulfate by near-surface 
oxidation of sulfide.

The δ34S values of dissolved sulfate are affected by (i) production of 
sulfate by near-surface oxidation of sulfide and (ii) bacterial sulfate 
reduction sustained by oxidation of organic matter. The magmatic 
origin of sulfur (indicated by previous studies) appears unlikely.

Kibiro gases are dominated by CH4 (67.3 mol%), followed by N2 (19.3 
mol%), O2 (7.1 mol%), and CO2 (4.8 mol%). Redox potential is unlikely 
to be controlled by the FHQ buffer. H2-based geothermometers 
have to be calibrated if possible (work still in progress). Other gas 
geothermometers are affected by considerable uncertainties.

The δ13C values of CH4 and CO2 of Kibiro gases are consistent with 
their production from an organic source. The isotopic CH4-CO2 
geothermometer indicates an equilibrium temperature of 209°C. 
However, the half-time of isotope exchange is too high for the 
approach of isotope equilibrium.
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The geothermal activity in the eastern branch of East African rift 
system occurs in the form of hot springs, fumaroles, hot and altered 
grounds which are closely associated with Quaternary volcanoes 
in the axis of the rifts. The association is related to the occurrence 
of shallow hot magma bodies under the volcanoes, which are the 
heat sources that drive most of the high temperature geothermal 
systems in this area. The localization of the volcanoes is attributed 
to thinned crust and upwelling of asthenosphere under the rift which 
then triggered volcanism of the large caldera volcanoes (Figure 1). 
These large volcanoes dot the axis of the MER and Kenya rift (Figures 
2 and 3) and are represented by highly evolved magmatic products of 
basalt-trachyte-rhyolite suites.

Figure 1: Generalized E-W section across a typical continental rift showing late 
stages of its formation. Location of Quaternary magma chambers is shown.  

Figure 2: MER showing 
location of Quaternary 

volcanism. Figure 3: Map of Kenya rift

Within Ethiopian (MER) and Kenya rifts, the high temperature 
geothermal systems are closely associated with the Quaternary 
volcanoes that occur within the axis of the rift (volcanic play type) 
due to the highly evolved magma chambers. Presence of active 
magma systems under the volcanoes has been confirmed by deep 
drilling at Menengai caldera geothermal field where magma has been 
encountered at about 2.3km depth in five wells. It is expected drilling 
in other caldera geothermal prospects in eastern branch of EARS 
will encounter magma bodies at similar depths of deeper (Djibouti, 
Eritrea, Ethiopia and Kenya). Temperatures greater than 400oC have 
been recorded at 2.3km depths. In areas of extensive volcanism 
without clear evidence of collapsed caldera, heat sources could be a 
combination of primary magma intrusion and magma generated by 
crustal anataxis of preexisting rocks, e.g. comendites at Olkaria.

Western branch of EARS is still at early stages of development and 
therefore volcanic systems tend to be relatively fewer and those 
present are mostly of deep source origin (potassic) – paucity of shallow 
magma bodies except at Rungwe. The crust is also relatively thicker 
in the western branch than in the eastern branch. Known geothermal 
manifestations in the region are closely associated with structures 
that mainly occur at the toe of large fault systems, e.g. Gisenyi, 
Kapisya, Lake Manyara and Buranga. Some hot springs also occur 
at formational contacts, e.g. Chinyunyu in Zambia. The geothermal 
systems in the western branch are therefore thought to be mainly 
low to medium temperature and thus explained by the extensional 
model. The heat sources can be attributed to a combination of 
elevated crustal temperatures due to rifting processes, shallow 
magmatic intrusions and possible contribution of radioactive heat 
from elements within the Precambrian basement rocks-basement 
play type (Omenda, et al. 2012) (Figure 4). Rift faulting therefore 
promotes deep circulation of meteoric water Volcanic play type 
geothermal systems may occur at Rungwe and some sites within 
Virunga volcanic field.

Figure 4: “Basement play type” geothermal system expected to occur in some 
areas of western branch of EARS
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Introduction:
Rungwe Volcanic Province (RVP) in southwest Tanzania, is one of 
four volcanically‐active regions of the Western Rift: others include Toro 
Ankole, Virunga and Kivu (Figure 1). It represents the southernmost 
expression of Cenozoic volcanism along the entire East African Rift 
System (EARS) and is characterized by Late Miocene to Quaternary 
volcanism and associated hydrothermal activity (Ebinger et al., 1989). In 
detail, RVP consists of two volcanic series: i) Older Extrusives, formed 
by the earliest eruptions of the Ngozi and Katete central volcanoes at 
∼7 Ma, and ii) Younger Extrusives formed by Rungwe, Tukuyu, Kiejo 
and Ngozi volcanoes, starting in the mid‐Pliocene and continuing to the 
present‐day (Figure 1). 

Figure 1. Left: The East Africa Rift System showing the Ethiopia and Kenya 
domes with the highest 3He/4He ratios (R/RA notation) plotted for different 
segments of the rift; Center: location of the RVP in relation to others volcanic 
provinces of the Western Rift of the EARS mentioned in the text; Right: RPV and 
volcanic centers in the region with the highest 3He/4He ratios. Figures from 
Hilton et al., (2011), Barry et al., (2013).

Three volcanic centers have given rise to volcanic activity at RVP: Ngozi, 
which last erupted <  1  ka before present; Rungwe volcano, which 
last erupted < 1.2 ka before present; and Kiejo, which last erupted 
<  0.2  ka before present. In addition, abundant smaller monogenic 
volcanoes and cinder cones (<0.5 Ma) are located in the region along 
the Mbaka fault. Hydrothermal activity occurs throughout RVP and is 
marked by a number of bubbling springs, located along streambeds 
and riverbanks believed to be connected to groundwater aquifers 
by an extensive fault network. Fluids can be characterized as Na–
HCO3 waters and all show evidence for the degassing of CO2. 

Our recent work has been directed at understanding and exploiting 
the volatiles systematics, including both isotope and relative 
abundances, of several key volatile tracers in geothermal fluids 
(He-CO2-N2) and lavas (He-Ne-Ar) from RVP. Additionally, we have 
also targeted lavas, previously analyzed for 3He/4He ratios, for trace 
element and radiogenic isotopes (Sr-Nd-Pb). In this contribution, 
we will review key findings from these studies and discuss some 

unresolved questions in relation to future work at the western branch 
of the EARS  

Noble gas studies on Recent Lavas from RVP
Hilton et al. (2011) analyzed a total of 31 lava and tephra samples 
covering both volcanic series for their helium isotope characistics 
(3He/4He) by crushing mafic minerals in vacuo. Major element data 
showed all samples to be alkalic in composition, and included 
alkali basalts, basanites, nephelinites, a picrite and a trachy‐basalt. 
Notably, out of these 31 samples, a total of 17 displayed 3He/4He ratio 
above the Mid-Ocean ridge basalt (MORB) range of 8 ± 1 RA (where 
RA = air 3He/4He), which is considered to be diagnostic of the upper 
mantle, and reached values as high as 15RA. 

Additionally, 13 samples fell within the range normally associated 
with MORB and only 1 sample displayed 3He/4He ratio typical for 
the sub‐continental lithosphere mantle (SCLM = 6.1 ± 0.9 RA). Thus, 
such high 3He/4He ratios reported by Hilton et al. (op.cit.) revealed 
the clear presence of a high time‐integrated 3He/(U+Th) ratio in the 
mantle source region of RVP. Such a mantle source is commonly 
viewed as being dominated by contributions from a more primitive, 
or less degassed, portion of the mantle that has experienced long‐
term isolation from the convecting upper mantle. 

Earlier studies (Craig and Lupton, 1977; Marty et al., 1996; Scarsi 
and Craig, 1996) had identified the Ethiopia Dome as the source of 
high 3He/4He ratios in geothermal fluids (up to 14RA) and in mafic 

minerals from recent lavas (up to19RA), but such high ‘plume-
like’ He isotope 
ratios had not 
been found in 
the Kenya Dome 
region. In Figure 
2, we show 
the He isotope 
distribution 
of the EARS 
on the basis 
of published 
analyses of 
lavas and 
xenoliths. Note 
that geothermal 

fluid 3He/4He ratios are not included as shallow-level fluids can be 
susceptible to record additions of radiogenic (crustal) He which 
act to modify primary magmatic values - a likely process given 
the antiquity of basement lithologies in some parts of the EARS 
(see below). Sample 3He/4He ratios identify plume-like He (9-
19RA), depleted MORB mantle (DMM) He (8 ± 1RA), subcontinental 
lithospheric mantle (SCLM) He (6.1 ± 0.9RA), and crustal He (<SCLM). 
The question that followed the discovery of Hilton et al. (2011) was 
whether the plume source represents a single mantle plume source 
located in the EARS mantle or if more mantle plumes impinge the 
East African lithosphere to support the high plateau via multiple 
upwellings or if there are multiple derivative plumes originating at 
one of more boundary layers.

In order to address this issue Halldórsson et al. (2014) reported a 
comprehensive He, Ne, and Ar relative abundance and isotope dataset 
of mantle-derived xenoliths and lavas from different segments of 
the EARS, including samples from RVP. The neon isotopes revealed 
distinct Ne-isotope anomalies relative to DMM (Figure 3). Most 
notably, it was demonstrated that a number of samples associated 
with the Ethiopian Rift and from the RVP overlap some well-defined 
OIB trajectories, consistent with a solar-Ne component in the East 
African mantle source. 
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Figure 2. Helium isotope variations (in R/RA notation) in lavas and xenoliths of 
various rift segments of the East Africa Rift System. Results are divided into the 
following categories: plume-like He (9-19RA), DMM He (8 ± 1RA), SCLM He 
(6.1 ± 0.9RA), and crustal He (<SCLM). From Halldórsson et al., (2014).

Figure 3. Left: Three-isotope Ne plot of EARS lavas and xenoliths. Also plotted 
are the solar trajectory, a number of relatively well characterized OIB (Gala-
pagos, Iceland, and Loihi-Kilauea), DMM, continental crust and air; Bottom 
Extrapolated neon isotopes (21Ne/22Ne)EX versus He isotopes (4He/3He) for 
all samples from left figure. Closed symbols = xenoliths; open symbols = lavas. 

See text for details. From Halldórsson et al., 2014.

In addition, Halldórsson et al. (op.cit.) showed that binary mixing 
between a single mantle plume source, best represented by the 
African Superplume, which is common to the entire EARS, and either 
a DMM or SCLM source best explains the coupled He-Ne systematics. 
The similarity in He/Ne ratios between EARS samples and many OIBs 
that display high 3He/4He ratios, prompted Halldórsson et al. (op.
cit.) to propose that such a feature represents a deep-seated plume 
component that has preserved noble gas characteristics distinct 
from the upper-mantle, and which currently supplies the EARS with 
primitive volatile components. In this way, the Ethiopia and Kenya 
domes represent two different heads of the common plume source 
which pervasively influences magmatism throughout eastern Africa. 
Such a model involving a common mantle plume source underlying 
the entire EARS effectively rules out other plume models that advocate 
either different styles of mantle convection along the EARS or multiple 
plumes impinging the African lithosphere, such as an oceanic HIMU-
type mantle plume to explain low 3He/4He ratios evident in the Kenya 
rifts. Finally, the model shows that the SCLM plays the key role in 
generating the low 3He/4He ratios along the EARS, effectively ruling 
out DMM involvement in petrogenesis in the region surrounding the 
Kenya Dome. This conclusion argues against the concept of a globally 
homogeneous upper-mantle, supplying volatiles to both mid-ocean 
ridges and continental rifts (Fischer et al., 2009).

Volatiles in Geothermal Fluids at RVP
Barry et al. (2013) reported helium and carbon isotope (3He/4He and 
δ13C) and relative abundance (CO2/

3He) characteristics of a suite of 20 
gases and fluids from 11 different localities in the RVP. Additionally, 
de Moor et al., (2013) reported bulk gas chemistry and nitrogen 
isotope data from the same localities but we will focus on the results 
obtained by Barry et al., as they are highly pertinent to the discussion 
on the nature of volcanism in RVP.

Fluids and gases are characterized by a large range in 3He/4He ratios 
from 0.97 RA to 7.18 RA, a narrow range in δ13C ratios from −2.8 to 
−6.5‰ (versus VPDB), and a large range in CO2/

3He values spanning 
nearly four orders of magnitude (4 × 109 to 3.2 × 1013). Barry et al. 
(op.cit.) showed that fluid phase samples have been modified 
by the complicating effects of hydrothermal phase-separation, 
producing CO2/

3He and δ13C values higher than postulated starting 
compositions. In contrast, gas-phase samples have not been similarly 
affected and thus retain more mantle-like CO2/

3He and δ13C values. 
However, Barry et al., (op.cit.) showed that the addition of crustal 
volatiles, particularly radiogenic helium from 4He-rich reservoir 
rocks, has modified 3He/4He values at all but the three cold CO2 gas 
vent (i.e., mazuku) localities which still preserve upper-mantle 
He-isotope (~  7 RA) and He–CO2 characteristics. Furthermore, the 
extent of crustal contamination was shown to be controlled by the 
degree of interaction within the hydrothermal system and increase 
with distance from each major volcanic center. Interestingly, cold 
CO2 mazuku gases collected at stratigraphic contacts on the flanks of 
RVP volcanoes may potentially tap isolated gas pockets, which formed 
during previous eruptive events and have remained decoupled from 
the local hydrothermal system.

A notable feature of the He isotope variations at RVP is the disparity 
between values recorded in mafic crystals and geothermal fluids. 
Geothermal fluid 3He/4He ratios are thus clearly more susceptible to 
record additions of radiogenic He which act to mask intrinsic magmatic 
values. Such a finding is hardly surprising as basement lithologies 
at RVP are Precambrian and Archean in age, and thus presumably 
rich in radiogenic He. Indeed. Hilton et al., (2011) in the earlier study 
concluded that the apparent discrepancy in He isotopes between 
fluids/gases and mafic phenocrysts at RVP was shown to relate to 
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the presence of crustal He in the near‐surface at RVP, indicating that 
radiogenic He is pervasive and sampled by circulating meteoric fluids. 
Such a process is likely to occur elsewhere along the EARS so that 
the He isotope distribution obtained using geothermal fluids is likely 
skewed to reflect crustal as opposed to mantle variations. 

Radiogenic Isotopes and Trace Elements 
Systematics of Recent Lavas
In a follow up study, Castillo et al. (2014) reported Sr-Nd-Pb isotopic 
and trace element data for high 3He/4He lavas and tephras from RVP. 
It was demonstrated that the data are best explained by binary mixing 
relationships involving (i) Early Proterozoic (±Archaean) lithospheric 
mantle, present beneath the southern EARS, and (ii) a volatile-
rich carbonatitic plume best represented by recent Nyiragongo 
lavas from the Virunga Volcanic Province also in the Western Rift. 
Additionally, this model is capable of explaining source features of 
other lavas from the Western Rift and from the southern Kenyan Rift. 
In contrast to southern rift lavas, lavas from the northern Kenyan and 
Main Ethiopian rifts were formed through variable mixing between 
the same mantle plume material and lithospheric mantle of Middle 
to Late Proterozoic age. In an attempt to unify these observations, 
Castillo et al., (2014) proposed that the bulk of EARS magmatism is 
sourced from three key endmember sources: (i) Early Proterozoic 
(±Archaean) lithospheric mantle, (ii) Middle to Late Proterozoic 
lithospheric mantle and (iii) a volatile-rich carbonatitic plume with a 
limited range of compositions. 

Implications and Suggested Studies in the Western 
Rift
Taken together, our recent studies, in which RVP has played a key role, 
have shown that plume-like helium isotope (3He/4He) ratios are not 
only evident in the Ethiopia Rift and the Afar region, but also at RVP, 
the southernmost volcanic province of the Western Rift. Solar-like Ne 
isotope compositions have been identified at both these localities. 
In the case of RVP, the noble gas results are somewhat unexpected 
given the presence of thick and old lithosphere of the Tanzanian 
craton. One possibility that could account for plume‐like noble gas 
characteristics in regions where SCLM is dominant is to invoke a 
large concentration contrast between plume and lithospheric mantle 
sources, such that plume‐derived He and Ne are the only tracers not 
overwhelmed by lithospheric additions. Hilton et al. (2011) speculated 
that the high 3He/4He component (and presumably also the solar-Ne 
component) is readily apparent at RVP due, at least in part, to the 
waning influence of the Tanzania craton as it was moved northward 
by the relative motion of the African plate. The African Superplume, 
a large, seismically anomalous feature originating in the lower 
mantle beneath southern Africa, therefore influences magmatism 
throughout eastern Africa with magmatism at RVP and the Main 
Ethiopian Rift representing two different heads of a single mantle 
plume source. This is consistent with a single mantle plume origin 
of the coupled He-Ne isotopic signatures of mantle-derived xenoliths 
and/or lavas from all segments of the EARS. 

Additionally, our on-going work, which involves CO2 and N2 isotopes 
and relative abundances analyses of peridotitic and pyroxenite 
xenoliths located throughout the entire EARS, has provided 
exceptional insights into the nature of volatiles in the plume source 
(Halldórsson et al., 2016). We find evidence of enrichment of the 
East African sub-continental lithospheric mantle by CO2-rich mantle 
fluids. Such CO2 enrichments (CO2/

3He > 7 × 109, δ13C = 0 ‰) are 
also associated with positive δ15N values (as high as +3.4 ‰) and 
unusually low δ18O values (to +2.4‰) of host crystals. We argue that 
the source of these volatiles is subducted carbonatitic material, which 

reinforces the link between the metasomatic fluids and subduction 
of hydrothermally altered oceanic crust, and reveals a hybrid plume 
source integrating primordial and recycled volatile components.

Finally, we note that one segment of the EARS has been, for the 
most part, largely overlooked in our studies thus far, mainly due to 
the lack of samples. The northern part of the Western Rift, involving 
volcanically-active areas in Uganda, The Democratic Republic of 
Congo, Rwanda, and Burundi, remains poorly explored with respect 
to mantle volatiles studies and mantle geochemistry in general and, 
therefore, represents an important (or a critical) area for future 
studies. The potential of the Western Rift was clearly highlighted by 
recent work in the RVP that revealed exciting results, and opened up 
many doors for further studies. Notable for its low magma volume, the 
northern part of the Western Rift contains some of the most diverse 
igneous rocks on the planet, involving highly silica-undersaturated 
rocks, carbonate-rich rocks, and potassic rocks (kamafugites), in 
addition to carbonatites (e.g., Kampunzu and Mohr, 1991; Rosenthal 
et al., 2009). All these rock-types are generally CO2-rich, as evidenced 
by the occurrence of carbonatites and the fact that CO2 is generally 
associated with the generation of low silica melts (e.g., Dasgupta et 
al., 2007). 

Very few geochemical studies involving isotope analyses on lavas 
from the region have been reported and are currently mostly 
confined to geographically-restricted regions (e.g., Rosenthal et 
al., 2009 and references therein). Furthermore, isotopic studies on 
geothermal fluids are very rare in the scientific literature (e.g., Bahati 
et al., 2005). We note in particular that geochemical studies of lavas 
and geothermal fluids from Uganda are very sparse, whereas the 
region near Lake Kivu and Mount Nyiragongo in The Democratic 
Republic of Congo has received more attention in recent years, 
following the 2002 Nyiragongo eruption. The lack of geochemical 
studies in Uganda is somewhat surprising due the great variety of 
volcanic rocks, including ultramafic xenoliths such as pyroxenites, 
that have been described from the region, so there is exciting 
potential for future studies aiming to characterize and geochemically 
map distinct regions of EARS mantle. For example, due to a strong 
lithosphere signature in mantle-derived melts from the region, the 
northern part of the Western Rift is a key region to assess to role of 
SCLM in EARS magmagenesis. In particular, we note that the sparse 
He isotope data obtained to date from the northern part of the 
Western Rift mainly use geothermal fluids, and that a wide range of 
3He/4He values (between MORB‐like values to predominantly crustal 
ratios) is evident. In contrast, mineral 3He/4He ratios (phenocrysts and 
xenoliths) are still limited. We suggest that other rift segments within 
the Kenya Dome could also have 3He/4He > MORB but that they are 
unlikely to be identified without extensive sampling and/or specific 
targeting of primitive alkali volcanics. To date, none of the volcanic 
Provinces of the Western Rift (with the exception of RVP) have been 
subject to such a sampling strategy.
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Here, I report on activities and results from recent research of the 
seismology group at Goethe University Frankfurt which involved the 
deployment and operation of seismological networks on both sides 
of the Rwenzori mountain range located within the western branch of 
the EARS at the international border between DR Congo and Uganda. 
In the course of the project magmatic processes of rifting become 
a major focus of research. This was driven by the detection of (1) 
earthquakes in the mantle beneath the rift, (2) swarm earthquakes 
arranged in characteristic vertical clusters, (3) an intra lithospheric 
discontinuity which we interpret as melt infiltration front (MIF), and 
(4) tomographic imaging of magmatic processes beneath the rift.

Background
The research described here was performed within the framework of 
the RiftLink research group which aims to understand the processes 
leading to the formation of the Rwenzori mountain range in relation 
to the formation of the western branch of the East African rift system. 
Specific goals include:

 ► Structural   and   tomographic   investigations,   i.e.   studies   
to   infer   seismic   velocities, discontinuities, anisotropy and 
attenuation properties of the crust and upper mantle which 
will help to understand surface and mantle processes in 
relation to the rifting of the lithosphere.

 ► Recordings of local earthquakes to map active fault zones 
which will provide additional information on current tectonic 
movements and earthquake hazard.

In the course of the research, we deployed and operated seismic 
networks consisting of up to 34 broadband stations during the period 
from 2005 to 2011.

Earthquake distribution, magnitudes and source 
mechanisms
Analysis of the microseismic activity revealed approximately 800 
events per month with local magnitudes ranging from  0.5 to 5.1  
(Lindenfeld et al. 2012a, 2012b) . The majority of located events lie 
within faults zones to the East and West of the Rwenzori range with 
the highest seismic activity observed in the northeastern area, were 
the mountains are in contact with the rift shoulders (Fig. 1). Between 
0.50 and 0.60 latitude, we detected a narrow band of seismicity, 
separating the main Rwenzori block from its northern ridge. This is 
probably an indication of stresses and relative movements acting 
between the two mountain segments. The hypocentral depth 
distribution exhibits a pronounced peak of seismic energy release at 
15 km depth. The maximum extent of seismicity ranges from 20 to 
32 km and correlates well with Moho depths that were derived from 
teleseismic receiver functions (Wolbern et al. 2010; Gummert et al.

2015). We observe two general features: i) beneath the rift shoulders 
seismicity extends from the surface down to about 30 km depth; ii) 
beneath the rift valley seismicity is confined to depths greater than 
10 km. The magnitude frequency distribution reveals a b value of 1.1, 
which is consistent with the hypothesis that part of the seismicity is 
caused by magmatic processes within the crust. Fault plane solutions 
of 304 events were derived from P polarities and SV/P amplitude 
ratios. More than 70% of the source mechanisms exhibit pure or 
predominantly normal faulting. T axis trends are highly uniform and 
oriented WNW ESE, which is perpendicular to the rift axis and in good 
agreement with kinematic rift models. At the northernmost part of 
the region we observe a rotation of the T axis trends to NEN SWS, 
which may be indicative of a local perturbation of the regional stress 
field.

The detailed analysis of the earthquake recordings revealed 
two characteristic sets of events that we interpret to result from 
magmatic processes within the mantle and crust beneath the rift. 
A remarkable feature are mantle earthquakes at depths between 
53 km and 60 km (red circle in Fig. 1) (Lindenfeld & Rümpker 2011). 
Evidence from receiver functions indicates a crustal thickness of 
about 32 km in this region suggesting that the earthquakes are 
located well within the mantle beneath the rift. The occurrence of 
faulting at this depth is of relevance for models of continental rift 
initiation and related deep magmatic processes. We are not aware of 
similarly deep earthquakes in other regions of the EARS and consider 
magmatic intrusions accompanied by high strain rates as a possible 
cause. Further analysis of the recordings revealed several earthquake 
clusters within a restricted area NE of the Rwenzori block (Lindenfeld 
et al. 2012b). The clusters form characteristic elongated pipes with 
1.2 km diameter and vertical extensions of 3.5 km. Most of them 
are located in 5 16 km depths; however one cluster reaches down 
to 22 km. Each cluster is composed of a series of single earthquake 
swarms with durations between a few days and more than a week, 
interrupted by intervals of inactivity of up to several months. Some of 
the swarm events exhibit vertical migration tendencies with estimated 
velocities between 0.3 and 1 km/day. Local magnitudes range from 
ML=0.5 to ML=4.0 with b values between 0.96 and 1.2. The source 
mechanisms of the swarm earthquakes are dominated by normal 
faulting with tension axes orientations perpendicular to the rift axis. 
There are only few strike slip events and no reverse mechanisms. 
From petrological considerations we presume that the earthquake 
swarms are triggered by fluids and volatiles which originate from a 
magmatic source below the crust. Melt and/or C02 are guided along 
the intersection lines of two steep fault sets that were identified by 
shear wave splitting analysis and fault mapping in the Rwenzori area 
(Koehn et al., 2010, Batte et al. 2014).
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Fig. 1: Seismicity of the Rwenzori region. The map includes ca. 10600 events 
with location errors ≤

5 km. Green: hypocentral depths from 0 km to 16 km. Red: depths 
from 16 km to 33 km. Blue dots indicate seven earthquakes in the 
depth range between 53 km and 60 km. The vertical section (right) 
shows all events within 5 km of profile (A1-A2). Horizontal lines 
indicate Moho depths derived from P receiver functions (W6lbern 
et al. 2010). A red circle encloses the group of mantle earthquakes 
likely related to deep magmatic intrusions (Lindenfeld & Rümpker 
2011).

Structural analyses of the crust and lithospheric 
mantle
Evidence  for  crustal  thinning  beneath  the  Rwenzori  mountains  
comes  from  P receiver function analysis (W6lbern et al. 2010; 
Gummert et al. 2015). The study reveals a simple crustal structure 
along the eastern rift flank with a more or less uniform crustal 
thickness of about 30 km. The complexity of inner crustal structures 
increases drastically within the Rwenzori block. We applied different 
inversion techniques to  obtain reliable results  for  the  thickness 
of  the  crust.  The  observations expose a significantly thinner crust 
beneath the Rwenzori range with thickness values ranging from 
about 20-

28 km beneath northern and central parts of the mountains. The 
study therefore indicates the absence of a crustal root beneath the 
Rwenzori block.

Fig. 2: Velocity anomalies at 15 km depth (left) and in a vertical section down 
to 80 km depth (right) obtained from the inversion of local and teleseismic P 
wave data. Right: The low velocity anomaly between 40 and 80 km is inter-
preted as indication for magmatic processes in the upper mantle in relation to 
the emplacement of partial melt beneath the Lake Edward - Lake George rift 
segment to the east of the Rwenzori range (Jakovlev et al. 2013).

The travel time tomography based on 
crustal earthquakes reveals evidence 
for a low velocity anomaly beneath the 
Rwenzori range (Jakovlev et al. 2011, 
2013). The inversions for P  and S wave 
velocity anomalies were performed 
independently and agree well. The 
interpretation of the results is based 
on a synthetic model that reproduces 
the same pattern of anomalies as that 
obtained after inversion of the real data. 
Our models exhibit a significant negative 
velocity anomaly (up to 8%) beneath 
the central Rwenzori Mountains. This 
is interpreted as an indication for 
active magmatic intrusions beneath 
the mountains in relation to the rifting. 
The presence of low velocities in the 
northwest of the range, within the rift, 
may be related to magmatic processes 
beneath the Buranga hot springs. 

Higher velocities are found elsewhere beneath the eastern rift 
shoulder and are thought to be related to cratonic crust. Joint local 
and teleseismic tomography provides information on upper mantle 
velocity anomalies (probably in relation to partial melt) down to a 
depth of about 90 km (Fig. 2; Jakovlev et al. 2013).

Furthermore, the analysis of S receiver functions reveals two 
consecutive discontinuities at depths of 50 100 km and 140 200 
km, which correspond to significant S wave velocity reductions 
under the Tanzania craton and the Albertine rift (W6lbern et al. 
2012). By comparison with synthetic waveforms we show that the 
lower discontinuity coincides with the lithosphere asthenosphere 
boundary (LAB). The shallower velocity drop is interpreted as 
an infiltration front marking the upper boundary of altered 
lithosphere due to ascending asthenospheric melts. This is further 
corroborated by computing S velocity variations based on xenolith 
samples which exhibit a dense system of veins acting as pathways 
of the infiltrating melt. We assume that the melt infiltration front 
(MIF) may represent a general feature of cratonic lithosphere 
underlain by anomalously hot mantle material. Melt infiltrating 
and propagating upward from the LAB provides a mechanism 
that is capable of explaining both the reduced velocities and the 
occurrence of a mid lithospheric discontinuity. Furthermore, the 
formation of aligned vein networks would concurrently explain the 
rift parallel patterns of anisotropy that have recently been derived 
from shear wave splitting (Homuth et al. 2014).

More recently, we also investigated the crustal structure beneath 
the Rwenzori region by analyzing 2 years of ambient noise 
recordings from the network of 34 broadband seismic stations 
in operation between September 2009 and August 2011 (Kaviani 
et al. 2015). The method involves the computation of daily cross 
correlations of ambient noise from pairs of seismic stations and 
the subsequent stacking of the correlation functions to obtain 
Rayleigh wave seismograms. A conventional dispersion analysis 
of the seismograms is used to obtain group velocity tomographic 
maps of the subsurface as functions of dominant period. The 
results are most sensitive to variations in shear wave velocity. The 
main advantage of the method is that it is not dependent on local 
earthquake activity or the use of active seismic sources.
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Summary
Seismological methods have provided unique and detailed evidence for ongoing magmatic processes in the crust and upper mantle beneath 
the Rwenzori region as part of the western branch of the EARS. The relatively high seismic activity favors studies based on passive recordings 
of local earthquakes. However, in regions without significant seismic activity, ambient noise tomography can offer an alternative approach to 
extended subsurface imaging.
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