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ABSTRACT

Published sources report the occurrence of more 188 thermal springs in D.R.C. All occur in thestean part
of the country, in association with the Westerhaifd the associated rifted and faulted terraimglyo its west.
Limited information was available on the charastiies of the thermal features and the natural ¢mmdi under
which they occur. Literature study of the regiodatribution of these features and of the few reddy better
known thermal spring areas, coupled with the evmoeof the gross geologic conditions yielded emeging
results. The occurrence of the anomalously largabar of thermal springs is attributed to the premeé of
abnormally high temperature conditions in the upprist induced by a particularly high standing oegof
anomalously hot asthenosphere. Among the 29 thespnaigs the locations of which could be determjreeght
higher temperature features which occur in six ggiol environments were found to warrant further
investigation. The thermal springs occur in all lgg@ terrains. Thermal fluid ascent from depthgenerally
influenced by faulting while its emergence at theface is controlled by the near-surface hydrologlyese
factors allow the adoption of simple hydrothermald circulation models which can guide exploratiield
observations and thermal water sampling for chelnainalyses are recommended for acquiring the daiahw
will allow the selection of the most promising ppests for detailed, integrated multidisciplinarypkxation. An
order of priorities is suggested based on econamictechnical criteria.
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INTRODUCTION

The information which was available for this studgis incomplete and mostly old. Moreover, it wasdweld
that the systematic study of hydrothermal featfna® the geothermal energy development aspect whisely
to have been carried out to date. Under circumsamtere information on the occurrence and chaisiits of
hydrothermal features is insufficient to allow thatudy and the discovery of the associated gewothler
resources, exploration is most effectively progedsky starting with the review of the availableiéture, the
compilation of geologic information and hydrothetrf@ature inventory.

This paper aims to contribute to the literatureeagsh effort. It aims to provide a gross view o Subsurface
geothermal conditions which are indicated by theuo@nce of numerous thermal springs, and to ifjeateas
where follow-up work may be warranted.

The effort involved:

» the compilation of hydrothermal feature occurrerfz@sed on published information;

» the review of this information in the context oétheologic settings of the activities; and,

« the identification of areas where follow-up work wle be warranted to determine the most attractive
sites for follow-up studies.

The work relied solely on literature research. Heeve the paucity of published information deterthd full
characterization of the thermal springs and thelipten of the sub-surface conditions from whiclkyhderive.
Moreover, the locations of only 2Bermal springs could be determined. The approddbhwmvas adopted was
thus both general, to allow the appreciation ofghess subsurface geothermal conditions, and focua&ing
advantage of the availability of some basic infaioraon a few thermal spring areas.

The work resulted in the listing of 70 named thdrepings and of the general locations of anotherenthan

65 un-named features. These are listed in the appehll features are situated in the eastern pathe country.
The work also enabled an understanding of the Iscgé natural conditions which gave rise to thismaalously
high concentration of hydrothermal features in tregion. The features were found to be diagnostithe
hyper-thermalism of the subsurface under the regien inferred from its geologic, geophysical and
physiographic characters. Of the areas where tHespangs were reported to have more than 500C
temperature, locations could be determined for ity These are proposed to be the focal featurasnd
which further studies should be carried out. Isigygested that brief geologic reconnaissance ssinaayd
hydrothermal fluid sampling and chemical analysesérried out in these areas in order to determimether
detailed investigations would be justified.
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BACKGROUND : GEOLOGIC DEVELOPMENT OF EASTERN D.R.C.

Hydrothermal features occur in all tectonic tersawhich date from as early as during the Archetis thus
useful to gain an appreciation of the geologic ttgument of D.R.C. since those times. Figure 1 shitlveamain
tectonic terrains, lithologic types and structuoégastern D.R.C. This geologic framework owesoitigins to
successive phases of continent construction arakbpe

Pre-East African Rift System (EARS) Developments.

The long history of geologic development of the [ERtill the Paleogene resulted in the creationthedf
basement terrain and structural framework on whidk place the Neogene and Quaternary processeh whi
determined the crustal geothermal conditions.

Congo craton (unit #1 in Fig. 1) formed during thechean and served as the core around which thisoba
Africa was assembled during a succession of thra@morogenic cycles. In D.R.C., the craton is nyost
covered by sediments and outcrops in only a fewgsa

The Ubendian orogeny (2a) took place during the®abterozoic and joined the Congo and Tanzaniatocs.
The globally widespread Mesoproterozoic Kibarangerac belt (2b, in this wider sense also comprisitiger
coeval orogens) formed during Rodinia supercontimssembly during 1.36-1.00Ga. Rodinia broke uthat
end of the period. During 800-550Ma, the Panafricamgens, in D.R.C. comprising the Lindian (2c1dan
Damaran-Lufilian (Katangan, 2c2) were raised betwiéne Congo, Kalahari and East Saharan craton#ingsu
in the assembly of part of Gondwana supercontimmetite D.R.C. region.

The lithologic units which formed during these thi@ogenic cycles make up the Precambrian baseémertst
of the region of present interest. A protuberanfc€ango craton occupies the northeast and extertdsganda
and C.A.R. The Ubendian and Kibaran make up thensikte Mitumba Mountains of Eastern D.R.C. and have
contributed to determining the manner of Westeitndevelopment and the associated hydrothermalgsses.
The Panafrican orogenic belts occur in the nortipars of the East Saharan Metacraton and host greamba

and Moero rift zones in the south.

During the Cambrian to Carboniferous, the soutterd equatorial regions of Africa were tectonicadlygely
stable, remained above sea level and subjectechgodénudation of high-standing orogenic ranges and
sedimentation in low lying areas in and around @ocigiton.

Fig. 1: Geologic outline, drainage and high temperature thermal spring
areas in Eastern D.R.C. (modified from UNESCOQ/CGMWY, 1985)
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From the late Carboniferous onwards,
Gondwanaland entered extensional
tectonic phases which entailed a long
period of intracontinental rifting followed
by drifting phases during the Jurassic and
early Cretaceous which respectively
opened the Indian and Atlantic oceans.
Extensive sedimentation took place in the
rift basins. The Karoo continental
sediments (3a) were deposited during the
Carboniferous to Permian followed by the
laying down of marine transgressive
sediments during the Jurassic and
Cretaceous (3b). These sediments are
presently found in the Congo basin in the
west and in the failed rifts of Eastern
D.R.C. The sedimentary basins are
reputed to host widespread hydrothermal
activity.

The tectonic activities also resulted in the
eruption of kimberlite in Southwest
D.R.C. during the Jurassic and, during the
Cretaceous, in the initiation of the
periodic emplacement of small lava fields
in Southern L. Kivu region.
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Neogene and Later Developments
By the end of the Paleogene, Africa had attaingchiesent outline. Since the Miocene however, asctre
remnant from Gondwana breakup, it continued toaniftl fragment along the Proterozoic orogenic helthe
context of EARS development.
Geodynamic studies show that much of the AfrictlroBphere is underlain by a region of anomaloustyamd
upwelling asthenosphere, which was probably exdarge about 45Ma, judging from the earliest volsamin
Northeast Africa which can be attributed to it. Mestosphere upwelling heated and expanded a laggenref
the African lithosphere and caused it to isostéticiae to the high elevations, the “African Supeed”, which
especially characterize the region lying betweeutlSsrn and Northeastern Africa. Eastern D.R.Citigted on
a particularly elevated part of the Superswell.
Seismic shear wave velocity tomography shows ttieeasspheric temperature structure to rise to essively
shallower depths northeast-ward from Southern Afrinn the two regions where the upwelling has risen
shallow depths, it has spawned two mantle plumeshvpreferentially rose to still sallower depthsrad the
Panafrican orogenic belts, the youngest and mosilenm the region. Mantle plume impact on thedaphere
caused further heating of the lithosphere whicte rs isostatic adjustment to form the Ethiopian dfebt
African domes. The two plumes are responsibletferextensive volcanism which characterized theg®ons
starting during the Eocene. The Eastern rift dga@ioon the softened and stretched terrains of theselomes
starting during the middle of the Miocene. Plumivan within-rift volcanism has remained highly aetisince
then. While much of it lies within the African Supeell, the Western rift developed outside theaagif direct
plume influence. This has given it a history oftbaic and magmatic development which is distinotrfrthat of
the Eastern rift.

The Western rift opened in a region occupied byexdig tectonic regimes. Its northern part lies & Ainchean
terrain of the Congo craton. Paleo- to Meso-Pra@morogenic belts make up its middle and southpemrs
while its southwestern branches developed in Ndeprpoic terrains. Its initiation is generally aptsd as
10Ma: late Miocene, which appears to be the casédaentral and southern parts. However, Abeingisha
and Mugisha (2004) give an end-Oligocene to begimuMiocene date for the initiation of its northemsh
sector, the L. Albert rift, on the basis of the &igé rift bound sediments. Western rift developmiemblved the
opening of new rift zones following pre-existingckofabrics in the metamorphic basement and thetivedion

of structures that were initially setup during I®aleozoic and Mesozoic periods of crust extensgioaddition
to its main conspicuous physiographic expressiamglypetween D.R.C and its eastern neighbors, thater
Western rift system also has a number of secondféeg and faulted zones on its western side extendp to
the eastern margin of Congo craton. This tectoegine accounts for the great majority of the hyleomal
features of the country.

A distinctive feature of the Western rift is thats segmented. It comprises rift zones, mostly i@bens which
are separated from each other by rift-transverskstaQuaternary volcanism took place solely altrase faults
while the interior parts of the rift segments remamagmatic. In D.R.C., the Birunga and S. Kivucaaic

provinces are, from north to south, found betweaRkes Rutangeri, Kivu and Tanganyika rift zones.th®
north, the Toro-Ankole volcanic province in Ugarsigoarates the Rutangeri and Albert rift zones.

The northernmost thermal springs in D.R.C. occur.iAlbert rift, a full graben which opened in Cangratonic
terrain. It is believed that this northernmosttprthe Western rift is opening passively, with inefield stress
involved. Transform faulting along Aswa shear zonhich terminates the Western rift in the northbédieved
to have transferred crustal movement from the Eagsté. The tectonic event reported by Abeinomigisand
Mugisha (2004) predates the initiation of the m&émya rift but rifting and volcanism in Turkanatrifone were
already ongoing at that time. The Miocene age mlkatarbonatite eruption centers in Eastern Ugaadgp,Mt.
Elgon, (Barifaijo, 2001) resulted from movementrajahis structure. The initiation of rifting by ttagency of
Aswa shear zone is thus plausible.
On the other hand, the high Mitumba Mountains negibEastern D.R.C. is the part of the “African 8tgwell”
which has undergone the most thermal uplift. Thendlian basement terrain reaches 3,200m elevatioigy dhe
Western rift margin on the western side of nortHeritanganyika. This is the highest standing baserssrain
of Africa attributed to thermal uplift. It is alsoarked by a regional gravity minimum (<-160mgalyeflection
of crustal density reduction by thermal expansieerdumescent asthenosphere.
In the region lying between Bukavu in the north &ademie about 400km to the south, the Westerrexftibits
a complex structural pattern where faults of iteéharms interact
¢ a Northeastern arm: the L. Kivu rift zone which, Seagmented form, extends to the northeastern
termination of the rift branch at the Aswa shearezm NW Uganda;
e a Southeastern arm: the Tanganyika-Rukwa-Mala®iMT rift zone which trends NW-SE to NNW-
SSE; and,

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




« the Ruzizi rift zone: The N-S oriented structureichhhosts the Ruzizi River and the northern L.
Tanganyika basins and links the above two rift arms

The L. Kivu rift zone is a half-graben extendingrfr the NNE to the SSW between the Birunga and Sivtin
volcanic fields. The earliest border faults areedaait between 7.5 and 4Ma (Furman and Graham, 1988)
WNW border faults extend to the region of Kamitumgahe Elila River basin in the SSW. Two lava diglare
mapped as occurring in this rift zone: in Bukaveaamand in Mwenga area situated about 100kms to the
southwest.

A major NE-SW oriented, NW-facing regional faultut® be discerned on SRTM-DEM of the L. Kivu-Elila
River basin region. It extends from L. Kivu, whétréorms the lake’s southeastern coastline, tortbtheastern
border fault of Luama graben in the southwestinfisrred disposition is shown in Figure 4. The faappears to
be more important than the NW border faults in fimgran asymmetric graben in which Mwenga volcaretdf
is situated (here tentatively referred to as HEjilaben). The graben is seismically active, distdyninore so in
its southeastern part where this major fault ierirfd to be situated. This fault may have contebtuo the
localization of volcanism in the Mwenga area, andsgibly also in Bukavu area. The upper Elila Rikasin
occupies the graben and is reported to be populate2B thermal springs of which the locations ofyamvo,
Kitutu (#24) and Kilenga (#31), could be determin&tis inferred fault (here tentatively referreda® the S.E.
Kivu fault) appears to form the northwestern stusat boundary of the uplifted Ubendian basement.

The 200km wide TRM rift extends over a distancel @00km in the NE-SW to NNW-SSE direction between
the southern part of L. Kivu rift and the northennd of Malawi rift, via L. Rukwa rift zone. It oped during
Permo-Carboniferous times (Delvaux and Kervyn, 20flowing the Ubendian rock fabric, skirting the
southwestern side of the Tanzanian craton. Crushsion across the TRM resulted in the opening. dRukwa
graben in SW Tanzania and, in D.R.C. on the westete of the lake, the half graben which forms upeer
Luama River basin. Permian Karoo and Cretaceoumsets were deposited in both rift zones. The apgoif
the part of TRM rift which houses L. Tanganyikasutheastern basin was initiated during late Miocdre
lake owes its formation to both crust extension dextral displacement. The TRM was involved in sfanm
movements at various times. The timing of these enwants is subject to debate. As such, similarlytgo
northern counterpart, the Aswa shear zone, thigtstre is considered to be a transfer structureM@G 2009)
which facilitated the southward propagation of B¥RS to by-pass the deep rooted and mechanicatiyngt
Tanzanian craton across which the Eastern rifediaib propagate. The structure is marked by lateckhe to
Holocene volcanism in the areas where it termindted.. Kivu and L. Malawi rift sectors.

The faults of Ruzizi rift zone have N-S trend, ily facilitating rifting to take place along thi@e of least
mechanical resistance to link the above two rifti@rThis rift zone includes the northern basin oTanganyika
which is characterized by N-S faulting extendingassouth as Kalemie area. This basin is aboudQtyBdeep
and it is separated from the lake’s southeastesimbmy a structural high where the depth of the Iskless than
750m (ILEC, 2009). From the structures which eristboth sides of the lake, it is evident that gtisictural
high is cut by NW-SE trending faults which extemdnfi the lake’s northeastern side in Tanzania tomaia
graben on the D.R.C. side in the northwest. Seigyrigparticularly high in this zone (Fig.3).

The three sets of faults cross in the Kalemie-Bukagion. Due to the above tectonic architecture , Western
rift exhibits an east-facing concave outline, wikle Tanzanian craton nestled in the concave. Thistsral
condition has given this part of the Western niftl dts associated structures a distinctive geothkcimaracter as
discussed in Section 4 below. It is speculated ktieae the three fault systems form the structurainework
within which the extraordinary thermal uplift oféiJbendian basement by about 2kms above the suliraun
basement terrain occurred over a particularly bobysub-lithosphere region. The uplift of the Mitumb
Mountains is greater in this area than elsewhenegathe Western rift and cannot be accounted flelysby the
rift shoulder uplift which is commonly said to acapany passive rifting. If this speculation is borma to
reflect the actual situation, it may explain why amomalous geothermal regime prevails in this megiiving
rise to a high density of hydrothermal activity ate& occurrence of primary magmatic brines of véegp
origin.

In the southeastern region of D.R.C., the incipibiiE-SW trending Upemba and Moero rift branches are
undergoing extension in the NW-SE direction (Faiath, 1977). The structural development of the redates
from northeastward thrusting and the raising of lthéilian Arc (Fig. 2) during the Panafrican orogernrhe
Damaran-Lufilian orogenic belt is characterizedexyensive faulting of this age with strikes oriehtéE-SW,
the direction of thrust. The structures which eedivto become rift faults thus seem to be attridatdab
Panafrican structuring. In contrast to other rifines in the region (Luama, Rukwa, Malawi, Luangwa a
Zambezi) these rift branches do not seem to coaimian and Cretaceous sediments and thus appéear t
newly opened during the EARS tectonic phase. Algflosituated in the mobile Neoproterozoic Lufilian
(Katangan) greenstone belt, which is inherently thaseenable to deformation, these two rift branchage
failed to further propagate to the southwest. Thimainly attributable to the rheological barrimpiosed across
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the otherwise preferred path of rift propagatiorthsy cross-cutting Lufilian Arc. Otherwise the dftnes exhibit
a high level of seismic activity and extensionaiess. A large number of areas of hydrothermal dgtare
reported to occur in the rifts and in the basingheaf rivers in the region. During the early 195R@bukwa,
situated in the southern L. Moero rift zone, wass shie of the first geothermal power plant in AdrigHochstein,
2000).

SUMMARY OF THE FINDINGS
Regional Distribution of Hydrothermal Activities.

All of the geologic terrains described above exhibydrothermal activity. Except for the fumarole$ o
Nyiragongo and Nyamulagira volcanoes, all othervimdnydrothermal features in D.R.C. are thermalrgywi
All of the features are found in the eastern pathe country, extending over nearly all of itstiadinal extent
(Fig.2). None are reported to occur to the weR4DE longitude.

The westernmost thermal spring, Tshapona (#35 edppendix), discharges in the upper Kasai Rivaindge
basin. Three others, Kibimbi, Lufubu and Piani Man#25-27), occur close to Lualaba River. All of tiest are
found to the east of that river. Of those featdozswvhich the locations are known, Kasongo occloseto R.
Lualaba but all of the rest are situated to thé eA280E longitude. This distribution of most dietthermal
springs indicates their large scale tectonic atiitin to the highlands of Eastern D.R.C.

Several thermal springs are found within the Westét basin, including most of those that are éotthan
500C. The largest number of the features is howferd in the Mitumba Mountains region lying to therth
of R. Lukuga, and most of them occur in the basiinthe numerous rivers which drain westward int@laba
River. In the southeast, numerous thermal sprimgsreported to occur in river and lake basins foumthe
Proterozoic terrain which makes up the plateausriitscbf Katanga.

Sub_“thospheric Influence on the Flg 2: The known thermal spring locations of D.R.C.

Hydrothermal Activities. (Thermal spring numbers are as in the appendix. Bold full
lines are topographic contours for 2,400 and higher elevations)

The different stages of tectonic and magmat
development reached by the various rift zones ¢
due to the different degrees of sub-lithospher
influence which itself evolves in time. This is
relevant to understanding the nature ar
characteristics of the hydrothermal features of tl
EARS in general and those of the Western rift
particular, including their associated geotherm
resources (Getahun Demissie, 2000)e geothermal
resource development prospects in Eastern D.R
are thus best viewed in this light.

The northernmost part of the Western rift lies wlés
and to the northwest of the East African dome, tl
region of direct mantle plume influence. Th
asthenospheric temperature structure has a m
subdued aspect which is more akin to that preaili
in the Saharan zones of moderate thermal uplife T
gravity field is also similar to the pattern alotigse
zones and matches the lower elevations whi
prevail in this part of the rift than further toeth
south. This part of the Western rift is situatedain
region of old, thick and cooler crust than elsewhe
and is undergoing a truly passive rifting proce:
involving little or no in-field stress. Mantle infénce
is limited solely to the emission of volatile
components released during the degassing of ne
un-muffled mantle. There has not been ar
magmatism in the form of melt production.

On the other hand, in the Birunga and S. Kivu pal
of the Western rift, asthenospheric impact is lvelk
to occur, signaling two evolutionary stages of ri
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development. As further discussed under 3.3.4 hetlbbevdominantly Potassic alkaline affinity of thelcanic
rocks in the Birunga field (Rogers et al, 1998)yesgnt the earliest phase of small scale melt ptamuin a still
passively rifting state. The mode of melt generai® metasomatic and not adiabatic melting whicuires a
higher more advanced scale of lithosphere struwurOn the other hand, volcanic petrogenetic deten f
Bukavu lava field (Furman and Graham, 1999) indicdite magma sources to be situated at the base of a
already attenuating lithosphere at an estimatean6éépth, the shallowest depth in the Western Rifside the
Rungwe volcanic field in SW Tanzania. This statelitfosphere breaching can be taken as signalieg th
transition of Kivu rifting from the passive to tlearly active phase. The picture is broadly consistéth results
from seismic shear wave velocity modelling work ®iyniyu and Keller (1997) and Nyblade et al (200the
models indicate the existence of a deep seatedlanglnime arm rising westward from a plume headaséd
under the Tanzanian craton. Nyblade’'s model shbegptume arm apparently penetrating the lower $ipihere
under the region of the Western Rift lying to tlmuth of Kivu volcanic province. This may account the
significant extent of sub-lithospheric erosion whtbe petrogenetic evidence implies.

An evidence for this situation prevailing under teas D.R.C. is the occurrence of an anomalouslyelarumber
of hydrothermal features, surpassed in densityct¥ity only by regions of Africa which are travexs by the
eastern and northern EARS sectors, the middle Zainifieand the Atlas Mountains belt of currentipgning

orogeny. The juvenile brine springs in the Ruziftizone, indicate rifting in this region to be neoadvanced
than in most other parts of the Western rift.

Crustal Influences on Hydrothermal Activity

Some Geophysical Features of the East D.R.C. Crust

Seismicity
Figure 3 shows the distribution of earthquake epmres for the period 1973 to 2009 (NEIC, 2009). Tinee
tectonic elements of the Lakes Kivu and Tanganyégon, discussed in 2.2 above, and the Upembaviao
rift zones are schematically shown. Except for Upamift zone where the situation is unknown, mdsthe
higher temperature thermal springs of Eastern Da&eChosted within this tectonic framework. Thelkhiess of
the seismogenic layer in the region is generalkn®8 showing the crust to be largely un-attenuated.

From the distribution of seismic epicenters, ieiddent that the crust in the region is tectonjcalttive. The
high epicenter density shows not only that actiaelting prevails in the rift zones that were newlyened
during the late Miocene but also along the TRM tfaykstem most parts of which date from the late®adic
and the Mesozoic.

The close association of areas of thermal spritigigcin Eastern D.R.C. with these fault systeragliscussed
in 3.3.2 below and indicates that faults servetesnels of geothermal fluid ascent to the surface.
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Figure 4. Gealogy, known thermal spring !oca_t\ons
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shallow zone which separates the lake’s two badihg contrasts with | FESg
usual sub-lacustrine heat flow value distributiomsift zones where the| =7 st A §
higher values typically are from the deeper pdnslakes, e.g. L. Baikal,| g2t

Russia (Lysak and Sherman, 2002). This indicatassttie high heat flow | 2 —

is due to a NW-SE trend fault which crosses thixkl Another value of | =% =
57mWm-2 is from a nearby location on this block.eTHifference = =
between these values seems attributable to theunegasnt points being| ¢ :
located at different distances from fault zones.

The Influence of Crustal Structures

As outlined under Section 2 above, the region dft&ta D.R.C. has a
long history of structural development, mainly dgtifrom Gondwana = ’
supercontinent rifting and break up during the l|&arboniferous to '
Cretaceous. The dominant structural trends dutingd times appear to
have been oriented NW-SE and NE-SW. This is disbkerin the structural patterns engraved on thedPoaoic
terrains and marking the outlines of sedimentack rexposures. These structures also determineoreati the
courses of the numerous rivers which drain the Midta Mountains. The latest phase of structural dgveént
however dates from the late Miocene initiation &HS tectonics.

From the locations of thermal spring activity aloiaglt zones and in the graben structures whicts@aiver
basins, it is evident that faults serve as theeprefl paths for thermal fluid up-flow from depthhid is
particularly well illustrated by the locations tiet sub-lacustrine juvenile brine springs of Pemizh@ap Banza
(#67, 68).Tiercelin et al (1993) report that these features occunairtersections of NW-SE and N-S trending
faults, respectively designated above as the TR#/Ruizi fault systems. Uvinza brine spring in Tama (Fig.

3) also occurs on a fault of the TRM system, arakigeved to be of similar juvenile origin. Allemanal (2003)
reported water stratification in L. Tanganyika whis due to poor mixing. Hydrothermal fluid contrtton to
the deep lake water and particulate chemistry was $0 occur in the northern basin, from either anomfluid
flow from beneath the basin itself or outflow fr@ources in the north. In either case, the impogaridhe N-S
structures as conduits of hydrothermal fluids isdestrated.

Table 1: Heat flow data from D.R.C.
A. From the IASPEI-IHFC database: Lakes Kivu (L4f)d Tanganyika (L-T),

Site Location Heat Production Temperature Gradient Heaw F|
No. Long Lat uW m-3 oC km-1 mwW m-2
L-K001 29.02 -1.99 - - 41
L-K002 29.02 -1.75 5.8 - 99
L-K003 29.15 -2.13 5.6 - 185
L-K004 29.17 -1.80 5.8 - 25
L-K005 28.98 -1.93 5.6 - 17
L-TOO1 30.27 -7.22 3.4 49.0 35
L-T002 30.23 -7.22 3.3 54.5 39
L-TO03 29.97 -6.85 3.4 77.0 55
L-TO04 29.54 -6.44 3.5 24.0 17
L-TO05 29.58 -6.38 3.4 33.0 22
L-TO06 29.25 -5.33 3.3 48.0 35
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L-TOO07 29.35 -5.30 3.3 57.0 67

L-TO08 29.47 -5.54 3.3 58.0 41
L-TO09 29.58 -5.77 3.3 55.0 39
L-T010 29.42 -5.73 3.5 65.5 46
L-TO11 29.53 -5.92 3.3 72.0 57
L-T012 29.45 -5.97 3.4 190.0 151
B. From Sebangezi et al, 2004 (unspecified locatmordinates)

Kundulungu plateau, - - 65
Congo craton overlain by Paleozoic sediments - 40

While the preceding accounts for the tectonic adndn individual thermal spring occurrences, thgéneral
distribution in the key region affected by the abdault systems may be viewed in terms of the lasgale of
crustal structural control. In this respect, thesent perception is that the high standing blockJb&ndian
basement may be considered as a focal structuiabfigeothermal anomaly with regional significandéis
basement is believed to have been heated and tiheupéfted over a particularly tumescent mantteusture.
The resulting thermal expansion and consequentitgienesiuction of the Ubendian crust is reflectedaivery
strong negative gravity anomaly, as discussed2raPove. This tectonic setting leads to the infegethat the
uplifted block has an anomalously high subsurfeceperature. Its high internal heat content maydwectively
flushed outwards by hydrothermal fluid flow whicltowld have given rise to the numerous thermal spring
which occur in the lower lying faulted areas of therounding region. Its conductive heating byghrstanding
mantle hot plate may also be augmented by the upvise of juvenile hydrothermal fluids in the aredfected
by the Ruzizi and TRM fault systems, elements ofclvlare seen to extend into the uplifted block. Phaéh of
magma rise from lower lithosphere regions may Haeen refracted away from the uplifted block and itlite
faulted zone in the northwest to engender the widea of Bukavu and Mwenga areas. In this respbetfdults
of Elila graben appear to be more amenable to fveard leakage of hot lower lithospheric materiaisthe
form of melt, than those of the amagmatic Ruzial &RM systems which facilitated only volatile conment
rise. From this may be inferred the possible geatléattraction of Elila graben.

The Role of the Sedimentary Basins

Successive vertical movements have been followedhbyerosion of uplifted blocks and sedimentation i
tectonically subsided and rifted zones especiallyng) the late Paleozoic and Mesozoic (litholognits 3a and
3b in Fig. 1). The rivers which drain the Mitumbathtains region lying between the latitudes of Bukand
Kalemie wholly or partially flow in these sedimentderrains. A number of the numerous thermal gprithat
are reported to occur in these river basins cas thai expected to be hosted in these structuralyraited
sedimentary basins. The only thermal spring knowvhave such occurrence is Mwalo. It is reportedxiibit
high energy of discharge. Continental clastic seditary basins tend to be associated with highengability
than igneous and metamorphic terrains and to atteire extensive lateral continuity. They may thupport
energetic hydrothermal activity as at Mwalo. If gemal resources are hosted in such basins, ag®sed
here to be generally the case on the western fértke Mitumba Mountains, it can be expected trathlkihe
stored resources and well productivities may bdicsently large to warrant economic geothermal rese
exploitation. Deep sedimentary basins are also kntmahost geopressured geothermal resources wiiaiotd
have surface expressions. The rift bound Paledrnodesozoic sedimentary piles may thus also hosh slind
resources.

The influence of magmatism

As indicated earlier, coupled with it's more recanitiation than that of the Eastern branch, riftiim the thick
and strong Paleo- to Mesoproterozoic crust in EadbeR.C.is insufficiently developed to trigger high volume
adiabatic magma generation in the mantle. Riftimgl &rustal attenuation are thus at too early stages
development to engender the large scale and evatvagimatism which characterizes the more developed
eastern and northern EARS sectors. Only small sealleanism took place in the Birunga and South Kivu
volcanic fields.

The oldest volcano in the Birunga volcanic fieldifudb in Fig.1) is Mikeno and has been dated &Ma
(Ranson and Demange, 1988Wo active volcanoes, Nyiragongo and Nyamulagiead late Pleistocene age.
These three volcanoes occur in the D.R.C. parh@fvblcanic field. Karisimbi and five other recgnihactive
volcanoes of similar age occur on the D.R.C.-Rwaldaler. The Birunga field is characterized by hiliea
dominantly potassic, volcanism with limited totablwme and areal distribution of eruptive producthe
chemical and mineralogic compositions of the voicancks in most cases show derivation from snralttion
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metasomatic partial melting in the mantle and \igtlg sign of magma differentiation or interactiauith crustal
rocks. Magma is thus believed to rise to the serfaithout undergoing significant intermediate sggran the
crust.

Karisimbi, which is most favorably situated on taastern rift border where it is crossed by a rédtsverse
structure, shows a degree of magma differentiagfiected in the eruption of trachytic lava (Rogetsl, 1998).

It is the only one which exhibits the possible pree of magma storage in the upper crust. Gisdéwymal
spring in Rwanda (700C) may be associated withnthigmatism which produced Karisimbi. The volcano’s
recent inactivity and the small volume of the t@aipted products however indicate that magmars&gnot be
large or to still be at high temperature. The gtherm, thermal springs which occur in the adjaceets to the
north of L. Kivu may owe their geneses to the dation of meteoric waters in upper crustal regitimest are
heated conductively and by heat loss from ascengiagma, and their mixing with hot juvenile volatfleids
which are common features of the Western rift regio

The nature of volcanism at Mayi ya Moto, situatedhe north of the Birunga field, is not known altigh its
tectonic setting suggests it to be an offshoothait tvolcanic field and to broadly share its petgadp and
therefore genetic, characteristics. Its associatiith highly dynamic hydrothermal activity howevknds it
distinction which should be accounted for.

In the Southern Lake Kivu volcanic province, numer@pisodes of small scale alkaline volcanism tsaen
dated from as early as 70Ma (late Cretaceous) faynai pre-rift tholeiite flood basalt plateau (Ramsand
Demange, 1983). The late Miocene lavas however fdate the initiation of Kivu half graben opening atout
7.5Ma. The more evolved lavas are from Bukavu &ne# 4cl) where the above described three fadtesys
interact. The volcanic province is almost entirelgde up of fissure lava flows with only a few rialaly small
volcanic centers occurring along the northwesteondér faults. Tshibinda is the more prominent odsth
centers. Its last eruption was at 10Ka, at the dameas a small eruption on Idjwi Island.

The volcanic field in the general area of Mwenge}dsituated about 100 kms from Bukavu, forms tudated,
southernmost field of the South Kivu volcanic prma. It is found in the area which is affected bg 8W
extensions of Kivu half graben border faults whitdgether with the S.E. Kivu fault described abéwen a
graben. Information on the nature of the volcaniks was not available for this study.

A number of carbonate bodies, sometimes descriBedagbonatite, occur within and outside the rifsiba.
Evidence from Kibuye in Rwanda (Lavreau and Buyay®39) shows it to be a product of hydrothermal
remobilization of carbonates in the metamorphic aw®tlimentary rocks, rather than originating from
metasomatic carbonatite volcanism. Thus, the mhayntal springs which deposit travertine fronds $hdne
viewed in this light for better understanding thg@neses and chemical evolution.

Lithologic Affiliations of Hydrothermal Activity.
Hydrothermal activity takes place in areas madefujthologic types of all ages.

Thermal Springs of the Volcanic Fields

Two of the high temperature spring areas, Mayi yadvand the Mahyuza-Kankule group, (respectively &bd
54-55 in the appendix), occur in the areas of higajio discharge situated in Quaternary volcanio/prees.

The low temperature springs, Tingi, Sake, Kihirallgctively #11) and Kikingi (#63) occur on the ttowvestern
shore of L. Kivu. It is uncertain if they are heatender the Birunga volcanic field to emerge omear the lake
shore at the lower end of the local hydrologic ggat] or if the waters rise from depth along thedeo fault
limiting Kabuno Bay on the west. Published res(itg. by Tietze et al, 1980; Tassi et al, 2005wshuat L.
Kivu discharges large volumes of gé&nd CH, especiallyn Kabuno Bay. The CQs of juvenile origin. Katana
(#12) and Maziba (#56) occur near the northern @nithe Bukavu sector of S. Kivu volcanic field, pedbly
owing their location to the outer rift border faulNyangezi (#53) occurs near the southern edteedéva field.

Kitutu (#24) is situated near Mwenga. It is theyotthermal feature which may possibly be relatedthe
volcanism there. Of the other 22 reported thernmings in the Elila River basin, some may have lsimi
association while others may be expected to ocouthé graben marginal metamorphic or graben filling
sedimentary rocks. No information was availabldgtmse thermal springs.

Thermal Springs of the Sedimentary Basins

The only thermal spring for which the location atioates are known and that is believed to be sitbat an
area occupied by sediments is Mwalo (#69). It ce@uthe upper Luama River basin in the piedmoraaéa on
the northeastern side of the Luama half grabenintydras reported the occurrence of 17 other thesmihgs
in this river basin (#28, 29 and the #29a groud®ffeatures). The main course of Luama River igasid
within the extensive late Paleozoic and overlyingsiizoic graben filling sediments. Thus many offdaures
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may issue from these rocks. Two alternative modesubsurface hot water circulation may tentativbly
considered. Hot water may rise to the surface afaolys from a reservoir situated within the seditagey basin,
or, it may emerge from a thermal water outflow stowe originating from a heating and upwelling asdaated
under the high standing block of Ubendian metamiorgdtks lying to the northeast.

Pakundi spring (# 34) is reported to occur in thé&kuga River basin which is partly occupied by tlaens
sedimentary rocks. Waring also reports that 7 nafigd-16 and 21-24) and 27 un-named thermal spoogsr
in the Ulindi and Elila River basins. The courséshese rivers traverse similar sedimentary baamR. Luama.
Thermal springs may thus discharge from sedimentaas if they happened to be situated in closeipidy
with the rivers in their middle courses. Others negue from the metamorphic rocks which occupyupper
and lowermost parts of the river basins.

Thermal Springs of the Proterozoic Terrains

Many thermal springs, including half of those knotenissue at high temperature (#68: Pemba, 69:R2agza
and 70: Kiabukwa) occur in Proterozoic basememties. They rise from depth along crossing, riftniong
faults and emerge where the near-surface hydrologiditions allow them to occur. Pemba and Cap Banz
brine springs occur in Ubendian basement risingglteep reaching faults, as discussed in the éasgpaph of
2.3.2 above. Kiabukwa occurs in Panafrican temaiar the northwesters border fault of Moero rifteo

A number of the thermal springs which are describgdVaring as occurring in the Lowa (#10a groupléf
features), Luika (#30, 31), Luvua (#36-40) and taif{49-52) river basins as well as in the areasakes
Rutanzigi, Upemba and Tanganyika seem to all odousimilar terrains and under similar tectonic and
hydrologic controls. Those features which occuthe non-volcanic, rift shoulder area to the nortstnef L.
Kivu (#64-66) seem to occur in areas of Kibararebaant. Some of the thermal springs in these aregssaue
from Neogene sediments which may cover the baseroeks, as in Semliki River valley.

The thermal springs of Ruzizi valley (#17-20, 53 well as Mutambula and Uvira (#32, 33) occur in
Proterozoic metamorphic terraifihe hot waters issue from the border faults ofttigh standing metamorphics
lying to the west. It is presently unknown whetraternatively, the northernmost springs in thise@ssue from
hot water outflows from the Bukavu volcanic fietthe north.

Thermal Springs of the Archean Terrain

Fourteen thermal springs (#1-9, 59-63) are repddentcur in areas of rifted Archean basement &t the
south, west and north of the Ruwenzori Mountaifi$ie northern group (#1-4) are reported to occuthin
vicinity of L. Albert but at unknown locations. Twaf these (#1 and 2) are described as hot andreuuGoda
(#3) is reported to issue petroleum with its thdrweter, which co-occurrence of the two fluidseésniniscent of
Kibiro thermal spring area on the Ugandan sideheflt. Albert rift zone. The southern group (#5-9;638) are
in the Semliki valley and are all reported to béfwsous. The highest temperature, 570C, was medsate
Mutsora while for the rest of the #59-63 group temapures range 39-430C. No thermal water dischaigeis
reported. No information is available for the #5tfb-group except for the location of Mutwanga (f9)e area
found to the west of the Rwenzori Mountains isw lging rift floor which is drained by R. Semlikihich flows
from L. Rutangeri to L. Albert in the north-norttetaGranted that temperatures are lower, the tactmmd
hydrologic setting of this group is similar to tlkeost Buranga in the Bundibugyo area of Uganda (Armmason,
1994).

Other thermal springs of Unknown Affiliations

Tshapona (#35), the westernmost known thermal gprirD.R.C., occurs in a region of Mesozoic sediteen
Kibimbi, Lufubu and Piani Mimba (#25-27) occur indémbo area near the Lualaba River. The area irpd
of sediments which range in age from late PaleomniQuaternary. However, Piani Mimba (#27) is réporto
issue from achiest (Kibaran?). Kasongo appearettotated about 100kms to the southeast of Kiboarb
about 20kms east of Lualaba River. However, Warggprted it as occurring in Elila River basin, whiis
situated more than 200kms to the north.

These five areas are the westernmost places ofnéhespring occurrence, far removed from the Mitumba
Mountains region of high geothermal anomaly. It rbayspeculated that they owe their temperaturesutstal
heat sources: either radioactive heat sources enutiderlying basement rocks, or, exothermic diatiene
processes taking place in the sediments which roaydome of them.

DISCUSSION

The information that was available for this studgswinsufficient to support conclusive interpretasio The
principal source for hydrothermal feature occureen@as Waring (1965) who based his work on Belg@amees
dating from 1879-1936. The available more receriorination was bare on details. There had been a
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professional paper on the thermal springs of D.RYCA. Le Bail and M. Buchstein which was preseraethe
International Geological Congress in 1969 under ttthe “Les sources thermales et thermo-mineralesad
republique democratique du Congo.”. The effortottake a copy was not successful.

In spite of these shortcomings, a discussion offitiéings of this study is believed to be useful fiescribing
the picture which arose from it and for proposinglanations for the surface expressions of the wtitse
geothermal situation. The testing and improvemdrthese explanations and the provision of answerthé
uncertainties expressed by this study can provideading point for the systematic study of the rogdermal
manifestations.

It is evident that thermal spring occurrence intBias D.R.C. is associated with a variety of litrgitotypes.
Overall, there is no fundamental distinction in theneses of the thermal springs which is attridatdab
lithologic affiliation. A shared feature among ttieermal springs is the combined control of fauttdaics and
shallow subsurface hydrology on their regionalrihstion and individual occurrences.

The thermal springs which occur in the Archeanasriat and Quaternary volcanic terrains are the b&ttewn
groups as they occur in the northeastern partefctiuntry in areas of high population density arctv are
also the less challenging to field surveys by gewosists from Kivu and elsewhere. Together thegeeb&nown
thermal springs make up about 20% of the reportedber of thermal springs in D.R.C. More of thes&620
occur in areas of Archean basement than in tho§guaternary volcanism. The least known thermaksgsriare
those which occur on the western flank of the MidanMountains which is highly dissected by the nwusr
rivers which descend toward Lualaba River, aressdampopulated and difficult of access. Howevertoading
to Waring's sources, about 50% of the thermal griof the country occur in these river valleys. theo 30%
occur in the river and lake basins of Katanga andi& valley. Thus about 80% of the thermal spring®.R.C
occur in areas made up of faulted Proterozoic mettphic or Phanerozoic sedimentary rocks. A largenioer
of the known, most dynamic hydrothermal featuresuoin these terrains rather than in the volcaieici§. This
is convincing evidence of the fact that magmatidt tnensported to, and stored in, the upper cmsly account
for the heating of only a few, if at all, of the drgthermal features. Thus, magma storage in thdogha
subsurface is not essential for the occurrenceigdf Bnergy thermal spring activity in Eastern D.Ra@d, by
extension, for engendering and maintaining the lggratal systems which they may indicate to existhia
subsurface.

Experience from within the region includes thatnfrohe better studied high temperature and highhdige

thermal springs issuing in areas of no volcanitvagtof any age: the Buranga and Kibiro thermaliisg areas
in Uganda. Experience from other parts of the wdrdludes that from the Basin and Range tectorowipce

of the Western United States (Edmiston and Bet®84) which shows that Recent volcanism is eithseat or

of small volume and unrelated to the heating ofrthemerous medium and high temperature geotherlalsfi
that have been successfully developed in the redida thus argued here that, while the questibtoowhat

extent various modes of magmatism may be involneldeiating hydrothermal fluids should be addresskiew
exploring for geothermal resources in the volcdigtds of Eastern D.R.C., emphasis should alsoisengto

exploring areas of high energy hydrothermal agtiiritthe non-volcanic areas.

Crustal tectonic conditions which develop over oegi of active tumescent mantle-crust interactiane gse to
high temperature conditions in the upper crust.ededt waters which circulate in such crustal regipick up
heat from conductively heated crust, by the flughiri any residual heat transferred to country rodksng
magma ascent to the surface, and by mixing withviaddtile components which are released during lmant
degassing. These may give rise to hydrothermalufeston the surface which may be associated with
geothermal resources in the subsurface which magcbeomically exploitable.

Based on the information that was available fos #iudy, thermal springs at eight named and twoamed
areas are either described as “hot” or reportetsdoe at higher than 500C temperature. Howeves; thd

locations of the eight features that are listedafle 2 could be determined. It is possible thatcme complete
inventory would identify other high temperature totthermal features. A full inventory of these featuin the
whole of D.R.C. is essential and should be caroieidin due course in order to create the basic liasa which
is needed for use in geothermal resource developmen

However, the aim of the present exercise is tordmrit to expeditious progression toward the idiatiion of
areas of most promising geothermal resource demedap prospect. It is thus found useful to focussen
attention on starting with the existing state obwtedge of the high temperature thermal springs proposed
that this knowledge should be expanded by the velip study of the known features and others that bea
found to share their tectonic and hydrologic sgtin

The eight thermal springs occur in terrains ocadifig the four lithologic units discussed under &ve. They
may thus be considered to be representative of biga temperature and high discharge springs whialy be
found under the same or similar natural conditietsewhere and which may be included in the sugdeste
studies. Table 2 is compiled with these objectaed scope in mind.
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Table 2 Areas of the hottest known and related thermahgactivities in Eastern D. R. C.

No. Main thermal springs Unknown but possibly relatedthermal spring areas

54, 55 Mahyuza and Kankule None

58 Mayi ya Moto Waring’s Kabusi volcano

61 Mutsora Others in R. Semliki and L. Albert riftslres

68, 69 Pemba and Cap Banza None others known

70 Mwalo The eastern_most of: 18 springs in R. Luama badrinXR. Elila basin
and Pakundi in R. Lukuga basin

71 Kiabukwa 1_7 name_d and 10 un-nam_ed thermal spring areas\una.and Lufira
river basins and Upemba rift

The high temperature thermal springs of the volcarareas

The Kankule-Mahyuza group

Vikandy’'s map of the area shows that the thermahgp occur near the southwestern shore of L. Khear
Bukavu, where Ruzizi River leaves the lake to fewuth to L. Tanganyika.

Mahyuza, lies close to the lake shore and has sewbat lower temperature (660C) than Kankule springs
(720C) most likely due to cooling by mixing with Idowater infiltrating from the lake. The springsopguce
near-neutral (pH 7.3) waters with TDS concentratiofless than 1,500ppm. The dominant ions areaoihtd
HCO; with the respective concentrations being about&@i0800ppm. No travertine deposition is reported.

Their geologic setting indicates that the springsyrbe located closest to the focal area of geothlewater
upwelling in the Bukavu lava field which is morentelly situated than the other parts of the voicdield.
Quaternary volcanism concentrated along the westesmn rift border fault. Small volume Holocene valtism
occurred at Tshibinda situated about 15kms distancéhe southwest and at a higher level of the lloca
hydrologic gradient. Rancon and Demange (1983)rtepat some of the volcanic rocks in Bukavu area a
products of differentiation from alkaline parent gnza. However, the small volume of the volcanic ook
Quaternary age and, as discussed above, the paafcigruptive centers which are made up of magma
differentiation products preclude the possible texise of a significant magmatic heat source.

The significance of the rifting and magmatic depef@nt in S. Kivu area seems to be less in its piedeior
spawning significant magma storage in the shallobsarface, but more in its potential for installiachigh
temperature regime in the upper crust without $icamt contribution by magmatic mass and heat partsfrom
sub-crustal sources. This region may be considirdsk the exception in the Western rift in thaisisituated
over a sufficiently high standing mantle temperatsiructure which serves as a hot plate which mmisthigh
upward thermal conduction through the overlyinghtigid lithosphere and as a source region for theatgpw
leaking mantle volatiles as well as the small vatgsnof melt. Apart from heating conductively andvoyatile
fluid upwelling, the area may also contain resicugdt that is released to the country rocks by naagsng to
feed the Holocene volcanic eruptions at Tshibindd kjiwe. Circulating ground water may flush thsored
heat over extended periods of time and sustaimthlesprings.

Mayi ya Moto
The occurrence of these hydrothermal featuresdiserete tectonic, volcanic and hydrologic settiegds the
study of the features with a straightforward steytmodel which links them with the subsurface ragibeated
in connection with the activity of the presumablylbétene age Mayi ya Moto volcanic center and the
hydrologic system maintained by Lakes Kivu and Rg&i and River Rutshuru. Although the thermal wate
and steam output (natural heat energy releasejkisowvn, it appears that the hydrothermal activigymualify
as one of the most importawicanic field related activities of the Westerft. rHochstein (2000) reported that
both hot water and steam discharges. Another spBitgngola (#10) which Waring reports as occurrimghis
river basin is at an unknown location.

Mayi ya Moto hydrothermal features occur along gomaast-facing fault against which a within-rifbist is up-
thrown in the west. The main body of Mayi ya Motoanic center is situated on the horst while tveer part
of its eastern flank has been downthrown by thé.fiilseems obvious that this structure contrbsémergence
of the thermal water at the surfadéne springs occur in the western part of the RutslRiver basin. The river
starts in the uplands of the area of Rutshuru tamehthe eastern rift shoulder and flows north Int®utangeri.
Ground water conditions in the area mirror the aegfdrainage pattern and are determined by théslefe
Lakes Kivu and Rutangeri which respectively stamcelavations of 1,460 and 910 m a.s.l. Becausetsof i
impoundment in the north by the Birunga volcan&ldisince the Pleistocene, L. Kivu has stoppedndrgi
northward into L. Rutangeri and the Nile River gyst However, there is a north-sloping ground wgtadient.
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This subsurface hydrologic regime may be thoughietdavorable for the recharge of any subsurfacthgemal
reservoir that may be associated with the Mayi yatdvhydrothermal features. An outstanding quesifon
whether thermal springs occur on the southern stiolce Rutangeri, being products of the northwdtdhing of
thermal water from Mayi ya Moto area along thisiméd ground water gradient.

Vikandy et al (2008) reported some major ion chaiamalyses data. The field survey team does reshge
have been equipped to carry out on-site volatilmanent analyses. Additionally, a number of key ponents
were not reported: SiO2, GOCG;, H,S, and CH4. It is not known if the wide rangesha teported chemical
concentrations are due to sampling at differentcasior during different seasons. However, alhefdurveyed
thermal springs surveyed are reported to be ricB@p, and this presumably includes those at Mayi yadviot
However, travertine deposition, common among WasRift thermal springs, is not reported, perhapsde
absent due to low Ca concentration.

The pH of the thermal spring waters ranges 7.9994.8The lower range of temperatures reported, 94.5
96.40C, are at the approximate boiling temperatfirgater for the elevation of the springs (aboG0OD, m. asl).
The reported 1000C temperature represents supebhigats significance is currently unknown. Laborgt
analyses results show high concentrations of Na7@®2,745ppm), HC®(3,400-5,096 ppm), Cl (1,070-
1,140ppm) and SQQ400-590 ppm). Ca and Mg concentration s are lespectively 1-9.6 and 0.9-2.0ppm). The
higher of the above concentrations together withuwéry low concentrations of F, Br, Nk comparison with
Na and K show the waters to be of peripheral ctiardgo primary NaCl type waters and are of meteorigin.
Na/K geothermometer values of 163-1770C were caledlwhich are within the range for thermal springs
such chemical compositions.

The petrogenetic affiliations of the products of yiga Moto volcanic center are not knowit.is thus not
possible to evaluate the likely heating mechanisnttfe hydrothermal fluids.

The Sedimentary Basin Hosted Thermal Springs: Mwalod Others.

Mwalo was reported by Hochstein (2000, 2005) as afnie important areas of hydrothermal activityieth
were distinguished from other features by springperature and total heat energy output being reéispde
higher than 750C and 3 MWt. There is no specifiobrimation on the characteristics of the thermalrgpr
activity or on its geologic setting. Resort willugt be made to regional and generalized considaesfior
justifying the view that Mwalo may be the site efykhydrothermal activity.

The three major rivers: from north to south UlinBljla and Luama drain the region of the thermaipfifted
block of Ubendian metamorphic rocks, the higheshding range of the Mitumba Mountains. This redias a
concentration of higher temperature springs and fmyconsidered to be a regionally anomalous zone of
hearting. Together, the three river basins accfaurthe occurrence of a reported total of 54 thérspaings. The
Locations of only three of these, Kitutu, KilengadaMwalo, are known and they are all located in upger
reaches of the river basins. The distribution eftepiake epicenters indicates that many of thecttras which
control the river valleys are active. These strieguhave potential for hosting thermal water flavd,aunder
hydrologic influence, may give rise to widesprehdrinal spring occurrences, by a westward flushihthe
high subsurface heat flux taking place in the east.

The regional drainage pattern in Eastern D.R.Cwshbat the high topographic gradient descendingid R.
Lualaba imposes a steep subsurface hydrologic emadt that direction. The prevalence of high sufase
temperatures under the high standing block infefrenh its geotectonic setting, suggests that thenrheating
areas of the hydrothermal features lie toward tst.dt can be inferred from the above that theeeasost
thermal; springs would be closer to their arealeasfting and would be the hottest. Those lying tdvihe west
may be expected, at least mostly, to emerge afutface from subsurface hot water outflow strucdrem the
east. The upper reaches of some of the river basmsituated in sediment filled basins in faulRrdterozoic
basement and the easternmost thermal springs reag fsom the sedimentary rocks. Any high tempeeatur
thermal springs which may be thus situated wouldehpotential for high flow from aquifers which may
sometimes be permeable and have large lateral ®aten Many of the thermal springs may share amil
characteristics and it would thus be useful toycaut a survey of this group of thermal springschh@ppear to
constitute a distinct generic type.

In the above generalized scheme, thermal springitgcat Mwalo offers one of the most promising rsitag
points for the study of the geothermal resource®aated with the river basins which traverse sediary
rocks in their upper reaches. The reported largeralaheat output at Mwalo indicates the prevaleoichigh
permeability in the zone of hot water ascent tostiindace and the existence of a voluminous sowgi®n in the
subsurface. Its occurrence in an area of sedimenitdifl in a reactivated half graben structure raakit
attractive in that there is a possibility for thastence of a high temperature hot water resersyggtem within
the sedimentary sequences. There is also the fitgsith such a reservoir system being replenishéth hot
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water as active faulting would keep channels ofdflascent open and facilitate the rise of deeputating
geothermal waters to these levels.

High Temperature Thermal Springs of the Proterozdietamorphic Terrains

Cap Banza and Pemba brine springs

RIGFC (1982) quote a temperature of 960C, pH 64 i, concentration of about 210ppm for Cap Banza
thermal spring (#68). It issues 1 I/s of NaCl typater along faults which define a narrow horst Jhis
disposed in the N-S direction and projects into tlethern part of L. Tanganyika from the D.R.C.esid
Tiercelain et al (1993) report the occurrence di-Bcustrine hydrothermal chimneys topped by vent€ap
Banza where aragonite and pyrite deposition isitaplace. At Pemba (#67), located to the northay Banza,
Springs issue NaHCOtype waterwhich deposits iron sulfide minerals. Temperatusésip to 103°C were
measuredChemical geothermometers yield temperatures ahdept 79 and 219°C respectively for Cap Banza
and Pembalsotope data from the GQeleased at the two sites show the gabe of juvenile origin. The
hydrothermal fluids emerge where TRM and Ruzizndrdaults cross. Hydrothermal fluids characteratic
emerge above or at the levels of cold water badiiesto the low densities induced in them by therexalansion
and their usually dilute chemical contents. The ZZzaand Pemba brines issue below lake level beasHubeir
high density which is due to their high dissolvesh@nal contentThese brines are typical of to ore transporting
and depositing primary magmatic fluids. They ar phecursors of near surface geothermal fluidschvhesult
from the mixing of these parent fluids with muchger volumes of meteoric waters in the sub-surface.
Thermodynamic evolutionary processes modify themgioal chemical and physical characteristics dyrineir
circulation and mixing in the subsurface.

The deposition of metal sulfides and carbonatékeste features is analogous to mineral sulfide sigpo from

deep geothermal well discharges at Gale le KomthénAsal Rift in Djibouti. Asal rift is the most adnced
stage of EARS development. Mantle melt is estimatedndergo crystallization at about 4-5kms defithe

mineral content of the brine there is attributedttte exsolution of the volatile magma componentsifiyg

water) together with metals which do not readilyirgfo silicate mineral formation during magma cajttation.

The segregated fluids leak upwards along fractubedl. holes reduce the confining lithostatic preisss on the
fluid and allow it to expand and rise. Mineral dejtion occurs when brine density is reduced byirfmgpiupon

pressure release on brine entry into the geothewallor upon its venting at the surface, in anglég the
natural processes of ore transport and depositm primary magmatic fluids. The Banza and Pemliaebr
occur under favorable natural tectonic conditiddsep reaching faulting allowed the buoyant riséhtosurface
of the primary magmatic fluids in a region of thickust. Asal rift and the northern L. Tanganyikih zone are
the only two known zones of the EARS where primanipes reach the surface. The differences in the of
minerals that are deposited at Banza, Pemba andafesattributable to their initial chemical comfiimhs as
well as to the different brines having differendlyolved during their rise from depth, including ithiaternal

chemical thermodynamic evolutions and, in the adghe former two features, their interactions withll rocks
and thermophylic microbial action.

The significance of the Banza and Pemba brines mgipect to geothermal resource development dad&no
themselves or in the structures along which theg to the surface. Their mode and places of oawcerenake
resource exploitation by drilling logistically imgetical. Similarly to the situation in the Asaltyithe primitive
chemistries of the brines are likely to render thehallenging for direct utilization in economic pemw
generation. Such fluids are economically explogafdr power generation where they are found lowenrd
along their evolutionary paths. They are thus pta#y important for their potential for spawningmoitable
derivative geothermal resources and for the infoionawhich they may provide regarding the geothérma
conditions in the larger area of Northern L. Tangea® The brines rise along Ruzizi and TRM strueturThe
importance of these structures as possible condaoitshe primary brines into the adjacent areas rhay
important if, by mixing with meteoric waters in tkaebsurface, the brines generate derivative higipégature
geothermal fluids suited to economic exploitatitnmay be queried whether the numerous thermahgpri
which discharge to the west of Northern L. Tangkayinay have genetic relations with such deeply camlr
primary fluids.

Kiabukwa

Kiabukwa (#70) has the distinction of having beka site of the earliest geothermal power plant fiicA but
which has stopped operating at some unknown tintedrpast. It is reported to have had a generatmacity
of 200kW. Although no other information is availatdn the resource, the fact that it had been dpedlin the
past renders it significant.
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Thermal Springs of the Archean Terrain: Mutsora an@thers

As pointed out in 3.4.4 above, the 14 reportedntia¢rsprings which occur in this part of EasternRIQ.
respectively share some of the hydrothermal flindracteristics of Kibiro, in the case of the nonthgroup, and
the tectonic and hydrologic settings of Burangathia case of the southern group. These situatioesept
opportunities for the exchange of experiences witigh benefit the study of Mutsora and the regiatteer
thermal springs.

CONCLUSIONS AND RECOMENDATIONS

The findings of the study encourage the conclusi@t a number of thermal spring areas in EasteR@.
warrant further study. It is recommended that thie domplement of basic data on the hydrotherméviies
which is essential for gaining greater certaintyhaf prospectivity of these areas should be c@tbchn order of
priorities is also proposed among these areas basedeed for geothermal power development and the
likelihood of success in satisfying that need.

Candidate Prospects of High Priority

The priority areas are Mayi ya Moto, Kankule-Mahgwnd Mwalo and are the candidate targets whithigt
stage seem to offer better prospects for the desgoaf exploitable geothermal reservoirs and atsoimportant
from the point of view of need for geothermal poweneration, if possible.

Situations allowing, it is recommended that pretfiary field and laboratory works be carried out ¢stitgg of
geologic observations in the field and recordingoifiditions of thermal spring activity and theimgaing for
chemical analyses. In addition to these generisgjentific due diligence surveys which apply tothhee areas,
it is recommended that studies be made in eachtadarify issues that are specific to it as folfo

Mayi ya Moto
A volcanic petrogenetic study should be carried twtdetermine if significant and sustained magma
differentiation takes place at shallow crustal Hefpom which may be concluded that a geothermabues
which is associated with a shallow magma body keatce may exist. This will involve the samplingyofung
lava flow and pyroclastic units for major and tra&tement analyses.

The Mwalo-Bukavu-Kalemi Region

Two approaches are proposed for this region: &)ifipaly addressing the two high temperature tharepring
areas and, b) combining this with a preliminaryleagon of the regional context in which they occur

Mwalo

Mwalo is a potentially attractive prospect, posgituigether with other thermal springs which ocauluama
graben, not only because of its favorable attriguteut also because its position in the regionetotec
framework renders it important. An evaluation ot teedimentary stratigraphy which may influence the
occurrence and character of the thermal watermasittn of sediment thickness, and determinatiorthef
character of contact areas with the metamorphiks@®uld be of specific interest at Mwalo.

Kankule-Mahsyuza

Research on the volcanism of Bukavu area has prdwitpod quality data which should be viewed in itiéta
the geothermal implications. Similar work shoulddagried out for the volcanic field in Mwenga areapecially
in light of the integrated regional approach pramb®elow. Structural continuity between L. Kivu ati
middle basins of Elila and Luama rivers justifiee adoption of an overall view of a unified geothal system.

Regional Survey

The regional approach is based on the perceptipressed in the last paragraph of 3.3.2 and encaepdke
region described in 2.2 above. If that perceptian be shown to be viable, a regional focal geothéregime
centered on the uplifted Ubendian terrain may gise to the thermal springs which occur in the Riy#lila
and Luama river basins and to those found alongwistern coast of L. Tanganyika's northern basims T
approach, while giving individual emphasis to tiedy of Mwalo and Kankule areas, would also involkie
sampling of all of the thermal springs for chemiaaklyses and the cursory assessment of their gjecdod
hydrologic settings. This will contribute to thettee understanding of the hydrothermal feature®odl interest
by viewing them in theirs regional context, at #agne time that it clarifies the regional geotherragime.
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The Lower Priority High Temperature Thermal Springreas

Mutsora

The thermal springs of the region of Archean baseénre North Kivu share a number of characteristacsl
geologic associations with those of the Buranga ldifro thermal springs in Uganda. The active dfftu
progress exploration work in these Ugandan prospesas may produce results which work in North Kéau
learn from. It is believed to be useful to delag thvestigation of the region of Mutsora area uhidt time, also
with a view to deploying effort more gainfully ihe high priority areas.

Kiabukwa

For reasons given under 4.3.3 above, Kiabukwa neagdmsidered technically attractive. However, beeats
region is one of the most industrially developediRR.C., it is expected that hydro-electric powenegration is
well developed and there may not be a justificafmmgranting priority to developing geothermalaasces in
the region in the short term.
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Appendix. The known thermal springs of D.R.C.

Reported Location, Coordinates* ) .
No. Feature Name Temp. OC o . Observations; chemical features
District | Province Long. Lat.
1 Kaswa "Hot" Deposits of sulfur
2 Mount Laba "Hot" 1. Vicinity of L. Sulfurous
3 Goda Albert Water and petroleum
4 Pandju Saline
5 Zumbia (Kwanjwa?)
6 Molinglingo
7 Katuka 2. Similiki River
valley Sulfurous
8 Vyatungo
9 Mutwanga 29.750 0.351
10 | Bitagoha 3. Rutshurd  N. Kivu
10a | Un-named: 14 springs 4. Lowa River basin
11 Tingi/ Sake/ Kihira 30 29.041 -1.571
12 Katana (Kakondo) 5. L. Kivu volcanic area | 28.833 -2.225 | Travertine deposit
13 Luiro
13a| Un-named: 1 spring 60 -do- Nr Kabusi volcang Free CQ, large travertine deposit
14 Nyaluindja
15 Lualatshi . ) Sulfurous
6. Ulindi River basin
16 Lubuka
16a | Un-named: 8 springs
17 Luwangi
18 Luvungi . 29.027 -2.871
- 7. Ruzizi River valley
19 Mokindwa
20 Minyove
21 Mount Kasongo 28.430 -3.543
22 Pene Kabonde
23 Tchavula 8. Elila River basin
24 Kitutu 28.100 -3.280
24a | Un-named: 19 springs
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Appendix. The known thermal springs of D.R.C. (Guunéed)

Temp. Reported Location, Coordinates* .
No. Feature Name . . Reported chemical features
oC District | Province Long. Lat.
25 | Kibimbi 9. Lualaba River basin, near22:93? | -3.937
26 Lufubu Kibombo. Piani Mimba issues 25.93? -3.93? | Saline
27 | Piani Mimba (Pene Sibo) from schist TDS: 33,360 ppm 55%NaCl, 11% Ca@%CaSQ
28 Basikabusi
. . . Sulfurous
29 Basimakule 10. Luama River basin
29a | Un-named: 15 springs
30 Muesse . . .
) 11. Luika River basin

31 Kilenga 28.031 -3.908
32 Mutambula 50 12. NW L. Tanganyika

; - . Sulfurous
33 Uvira 44 Uvira S Kivu 29.129 -3.406
34 Pakundi 13. Lukuga River basin
35 Tshapona 14 R. Lomami/ Luembe 24.31) -7.183
36 Kisabi 29.181 -8.044 ,

Saline
37 Luona
38 Mbalai 15. Luvua River basin
39 Sanga
40 Luiboso
41 Rutuku 29.314 -6.219
42 Kayungwa
43 Kakonta 16. South L. Tanganyika Saline
44 Kianza (Near Tampa) 29.905 -8.055
45 N'Ganza
46 Kafungwe
47 Katapena Sulfurous
17. L. Upemba area

48 Konkula
48a | Un-name:10 springs
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i istri Coordinates*
No. Feature Name Temp. | Reported Loca_ltlon, District Reported chemical features
oC Province Long. Lat.
49 Moashia
50 Tanda Mukola i ) )
) 18. Lufira River basin
51 Kashiba
52 Basumba
52.a| Un-named: Several sprs c 60 Manjakito fault Much free CQ
53 Nyangezi (Nya Ghezi) 40 #2. Walungu 28.871 -2.650
54 Mahyuza 66 28.841 -2.244
55 Kankule 1 & 2 72 #3-5, 12 S Kivu 28.836 -2.249
56 Maziba 40 Kabare 28.8 -2.1
57 Muganzo
58 Mayi ya Moto 95 #6. Rutshuru 29.350 -0.900 | pH: 8.0-8.9, Na (HGQI-SO,) type water; Je=163-177°C
59 Kambo 40 #7. Kasindi 29.670 0.063
60 Masambo 43 ) 29.696 0.181
#8, 9. Beni
61 Mutsora 57 ) 29.742 0.306
N. Kivu
62 Mbau . 29.140 0.390
o #10, 11, Beni?
63 Kikingi 29.570 0.540
64 Kisuma 39 #15. Masisi 28.880 -1.600
65 Nyabugezi ?
66 Kalieri Katale ? ?
67 Pemba 103 ) 29.092 -3.95 NaHC&type water; massive sulfide deposifz k=219°C
NW. L. Tanganyika - -
68 Cap Banza (Manza) 96 29.27 -3.97 NaCl type water; aragonite depositiqg;=179 °C
69 Mwalo > 75 Upper Luama River basin 28.185 -4.248
70 Kiabukwa > 75 South of L. Moero 28.266| -9.917 Site of 8K geothermal power plant during the 1950s

*Note: Some coordinates are approximate, excepthiose quoted from Mambo Vikandy et al (2008). @hwmay be those of nearby places with the same sasi¢hose of the
thermal springs. There may also be more than caeeph D.R.C. with the same name, e.g. Kasongo

Sources: # 1-52a: Waring (1965); 11, 33, 53-66: laikandy S. et al (2008); 58, 67-70: Hochst&000); 69: RIGFC (1982); 67 & 68: Tiercelin e(&993).
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