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ABSTRACT

The Kivu rift is part of the western branch of teast African Rift system. From Lake
Tanganyika to Lake Albert, the Kivu rift is setarsuccession of Precambrian zones of
weakness trending NW-SE, NNE-SSW and NE-SW. AiNéto NNE turn of the rift
direction in the Lake Kivu area, the inherited fauwre crosscut by newly born N-S fractures
which developed during the late Cenozoic rifting @ontrolled the volcanic activity. From
Lake Kivu to Lake Edward, the N-S faults show dtitateral en echelon pattern.
Development of tension gashes in the Virunga ard&ates a clockwise rotation of the
constraint linked to dextral oblique motion of daldblocks. The extensional direction was
W-E in the Mio-Pliocene and ENE-WSW in the Pleistioe to present time.

The volcanic rocks are assigned to three groupsh@leiites and sodic alkali basalts in
the South-Kivu, (2) sodic basalts and nephelinitgbe northern Lake Kivu and western
Virunga, and (3) potassic basanites and potaspicali@ites in the Virunga area. South-Kivu
magmas were generated by melting of spinel+gaheezdlite from two sources: an enriched
lithospheric source and a less enriched mixeddjtheric and asthenospheric source. The
latter source was implied in the genesis of théeitiz lavas at the beginning of the South-
Kivu tectono-volcanic activity, in relationshipstiviasthenosphere upwelling. The ensuing

outpouring of alkaline basaltic lavas from thed#pheric source attests for the abortion of the
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asthenorpheric contribution and a change of thiegifprocess. The sodic nephelinites of the
northern Lake Kivu originated from low partial mef of garnet peridotite of the sub-
continental mantle due to pressure release duvied sitiation. The Virunga potassic
magmas resulted from the melting of garnet peiéatith an increasing degree of melting
from nephelinite to basanite. They originated fratithospheric source enriched in both K
and Rb, suggesting the presence of phlogopitetenbbtal existence of a metasomatized
mantle. A carbonatite contribution is evidencethie Nyiragongo lavas.

New K-Ar ages date around 21 Ma the earliest vatcaativity made of nephelinites. A
sodic alkaline volcanism took place between 13%Mh at the western side of the Virunga
during the doming stage of the rift and beforeftirenation of the rift valley. In the South-
Kivu area, the first lavas were tholeiitic and adb#t 11 Ma. The rift valley subsidence began
around 8 to 7 Ma. The tholeiitic lavas were proginey replaced by alkali basaltic lavas
until to 2.6 Ma. Renewal of the basaltic volcanisappened at ca. 1.7 Ma on a western step
of the rift. In the Virunga area, the potassic aolism appeared ca. 2.6 Ma along a NE-SW
fault zone and then migrated both to the east ae=t,wn jumping to oblique tension gashes.

The uncommon magmatic evolution and the high dityea$ volcanic rocks of the Kivu

rift are explained by varying transtensional caaistis during the rift history.

1. Introduction

The Kivu Rift is the middle part of the westernich of the East African Rift systefRig.
1). This branch separated from the main rift to themof Lake Malawi and outlined a
westward curved path from Lake Rukwa to Lake Alb€Ente rift valley is discontinuous in
displaying a succession of deep lacustrine basidsauctural heights commonly overlain by
volcanic rocksij. e. from south to north: Rungwe volcanic area, Rukwa danganiyka
basins, South-Kivu volcanic area, Kivu basin, Vgarvolcanic area, Edward basin, Toro-
Ankole volcanic area, and Albert basin.

The East African rift system is commonly explairzesdthe result of one or two mantle
plumes beneath Afar and Kenyan Plateaux (EbingeiSéeep, 1998; Rogers et al., 2000;
Furman et al., 2006). It is assumed that the plateae dynamically supported by convective
activity in the underlying asthenosphere (Ebindexl e 1989), providing heat transfer for
partial melting of the sub-continental lithospheriantle. Numerous chemically distinctive,
but dominately alkaline sodic volcanic provincespéamed along the entire length of

extensional fracture systems across the EthyopidrKanyan domes. In return, the western
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wranch displays limited and localized volcanic proid with a great diversity of chemical
compositions including potassic lavas which are rarthe eastern branch. Moreover, the
time and space distribution of these various lafras) oversaturated to undersaturated, sodic
to potassic and per-potassic, is problematicalreamdly understandable. No “conventional”
timing of the magmato-tectonic evolution of the dan be evidenced. Which kind of rift may
provide such a diversity of magmatic rocks with leac time-related setting? What happened
in the western branch of the East African Rift eps?

To document this question, it is necessary to caimsthe volcano-tectonic evolution, to
comfort the geochemical data, and to obtain nunseage markers. Many years ago, we
sampled and studied all the volcanic rocks of thetlsKivu and Virunga areas (Pouclet,
1973, 1976, 1980; Pouclet et al., 1981, 1983, 18&trelot et al., 1989). We provided the
first significant age data set and discovered tbgiNIdjwi nephelinites, the oldest lavas of
the rift (Bellon and Pouclet, 1980). Since thatdjra lot of papers were published, some of
them providing new and accurate geochemical datar@nces therein in section 3).

In this study, we expose an updated synthesiseo¥dicano-tectonic features of the Kivu
rift on the base of unpublished maps of the Kivlkd.area, Kahuzi horst, Tshibinda Volcanic
Chain, Virunga area, and West-Virunga aregsg. 2 to §. We complete the analytical data
set if necessary for some badly known volcaniaesdfiable. 1) and investigate the
magmatological characteristics of the various uoicaeries on the base of a revised
nomenclature. We perform seventeen new K/Ar agesarementsTable 2) and improve the
geodynamical history of the Kivu rift. We discudmat the varying behaviour of the rift
tectonic constraints, the subsequent conditiomsagima genesis from heterogenous mantle

sources, and the role of carbonate metasomatism.

2. Volcano-tectonic features of the Kivu Rift

2.1. Background

The Kivu Rift is linked with a large lithospheriwsll centred in the Lake Kivu region. It
encompasses two volcanic areas: the South-Kivutarttee south, around the city of Bukavu,
and the Virunga area to the north, close to theafitGoma (Fig. 1). The main structural
features consist of interplayed two fault patteenstW-SE trending fault set and a NE-SW to
NNE-SSW trending fault set. Some of these faukkssraworked fractures of the Precambrian

crust which played as normal faults when a larddtigvent affected the eastern Congo. The
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NW-SE faults control the rift section from Lake Rukto north of Lake Tanganyika. They
are inherited from Palaeoproterozoic Rusizian ahdndian structural patterns. Clearly, the
rift extends along the Ubendian Belt, a promineW-SE crustal structural weakness
between the Archaean Bangweulu Block and the TaaZaraton (Boven et al., 1999; Tack et
al., 2010). The NE-SW faults dominate the Lake Kiggion. They belong to the
Mesoproterozoic Karagwe-Ankole Belt and are overtpd, to the west of Lake Kivu, by
NNE-SSW faults of the Neoproterozoic Itombwe Symatium which reoriented the rift
direction (Villeneuve, 1987: Villeneuve and Chorowi2004). At the NW to NNE turn of rift
direction, from Tanganyika to Kivu lakes, the tvemlt sets are crosscut by newly born N-S
fractures constituting a third set, which develodadng late stage of the rift tectonic process.
The rift is asymmetric. The western edge is lagget higher than the eastern edge, and east-
facing faults are more abundant than the west-§aoires. Similar half-graben structure is
described in the Tanganyika rift and explainedhgyftexural cantilever model (Kusznir and
Ziegler, 1992), implying isostatic response of litteosphere to a continental extension by
planar faulting in the upper crust. The E-W crustdknsion is estimated to be less than 16
km (Ebinger,1989a, b). The offset of the rift aretween the Tanganyika and Kivu lakes is
accommodated by oblique-slip transfer faults alivegRusizi valley. Besides, we explain the
southwestern segment of Mwenga by a southwestwaghpgation of the rift, based on age
dating of the basaltic lavas (see geochronologieetion).

The South-Kivu volcanic area is centred at thesingsof the NW-SE and NNE-SSW fault
sets in a classical accommodation zone (Ebingal,e1999). It consists of abundant lava
flows of olivine tholeiites and sodic alkali basaland of few trachy-phonolitic extrusions, all
being dated from late Miocene to Pleistocene. Thar\ga volcanic area is located at a
WSW-ENE dextral shift of the rift, and also in atammodation zone. It consists of eight
large strato- and shield-volcanoes, Nyamuragif@5@m), Nyiragongo (3,470 m), Mikeno
(4,437 m), Karisimbi (4,507 m), Visoke (3,711 mabByo (3,634 m), Gahinga (3,500 m),
and Muhavura (4,127 m), from south-west to nortsiddikeno and Sabinyo are the oldest
volcanoes and are dated, respectively, to late€tie and to Early Pleistocene. Nyiragongo
and Nyamuragira are presently active. The otheraraes were active from Middle
Pleistocene to recent time. Two different magmsuiites are displayed: leucite-bearing
basanites and evolved lavas at Nyamuragira, Kabisixisoke ro parte), Sabinyo, Gahinga
and Muhavura, and leucite-melilite nephelinites aagheline-leucitites at Nyiragongo,
Mikeno and Visokegro parte) (Pouclet et al., 1981, 1983, 1984). In additi@mnants of

basaltic lava flows, dated to Miocene, are preskatdhe upper western edge of the rift. They
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predated the major fault motion of the rift shouldad the building of the great volcanoes of
the main Virunga area (Pouclet, 1975, 1977).

2.2. Main features of the Lake Kivu and South-Kivu volcanic area

2.2.1. Tectonic pattern

The tectonic evolution of the Kivu rift is witneskby the Lake Kivu structural and
sedimentological features. Dating the sedimentapodition pattern is the best way for
defining the tectonic events. Oscillations of thetav level are related to climatic phases but
also to tectonic pulses and lava damming of outkeds these reasons, we draw the tectonic
map of the Lake Kivu of the Figure 2, after thehlyatetric map and the geophysical data of
Degens et al. (1973) and Wong and Von Herzen (1948 Kahuzi Mountain is another key
sector for timing the doming of the rift and thésidence of the rift valley, because it is the
source of the Lugulu flows, a large lava pile rumgndown to the west (Fig. 1). For that
reason, a field work was done and we draw a skaggh of the volcanic source area in the
Figure 3. The youngest volcano-tectonic activitykiplace in a western upper step of the rift,
east of the Kahuzi horst and built a chain of stvolian volcanoes. We mapped this chain in
the Figure 4, in order to illustrate its tectoretationships.

The Lake Kivu is made of a northern basin and tvestern and eastern basins. The
northern basin is a tectonic trough including 4006frtacustrine sediments. According to the
sedimentation rate, the basin may be dated baakdat 5 Ma (Degens et al., 1973). The
sediment substratum is at around 600 m of elevaliba mountainous edges reaching 3,000
m, the relative vertical motion is calculated &) m (Pouclet, 1975). The western and
eastern basins, on both sides of the Idjwi Islavete former valleys, with rivers flowing
down to the northern basin. These valleys weredfidoafter the damming of the lake
northern run-off, which resulted from building dktNyiragongo and Nyamuragira
volcanoes, in the late Pleistocene. The maximunemiavel reached 1,650 m, at the Bukavu
shelf level, ca. 10,000 years ago (Denaeyer, 1B6dclet, 1975, 1978). Then, it lowered in
furthering the excavation of the Rusizi canyon. Th&e Kivu southward overflow is
recorded in the Lake Tanganyika sediments at Qyd®P (Haberyan and Hecky, 1987) or
10,600 yr BP (Felton et al., 2007). The early Heloe high water level coincided with the
formation of sub-lacustrine flank volcanoes in Yheunga area, at the northern shore of the
lake. But this high level cannot explain the forimatof the under-water hyaloclastite vents of

South-Idjwi which are much older and thus related previous lacustrine basin (Pouclet,



171 1975, 1978). The present-day level of 1,462 mabikzed by the hydroelectric dam of

172  Bukavu.

173 The deep northern basin is crosscut by SW-NE tec&iaps (cross-section A-B, Fig. 2).
174  The southern part consists of an alternation ao$tisand basins trending SSW-NNE (cross-
175 section C-D). All the fractures play as normal fawlith horst uplifting, graben sinking, and
176 tilting of the steps. The western edge culminatéda@unt Kahuzi (3,308 m), which is a

177 Neoproterozoic intrusive complex of acmite- rieligelearing granite, syenite, and quartz-
178 porphyry microgranite, as well as the neighboutaunt Biega (2,790 m) (Ledent and

179 Cahen, 1965; Kampunzu et al., 1985). These intngsawe dated between 800 and 700 Ma,
180 according to the ages of neighbouring similar afieintrusions in the western edge of the
181 rift (Van Overbeke et al., 1996; Kampunzu et é98a).

182 The Kahuzi Mountain is the source area of importiants (Fig. 3). At its western and

183 southern feet, basaltic flows poured out in westivirection from a fracture system, in the
184 Miocene to Pliocene time. Four main lava flow uiite distinguished. Doleritic facies are
185 localized along NW-SE fractures, at the southersotath-western foot of the massif,

186 indicating the feeder sites. Heating of the Kalaueia by rising of this basaltic magma is

187 probably responsible for rejuvenation to 134 andvibof K-Ar ages of the Kahuzi rocks

188 (Bellon and Pouclet, 1980). At present, the Ludldws consist of a reverse topographic
189 relief of elongated hills. The lava flowed downtie west, but not to the east. They poured
190 out during the doming stage of the rift and preddlke formation of the rift because they are
191 cut by the major faults of the rift scarp. Indetedthe eastern foot of the Kahuzi heights, on
192 the Tshibinda step (Fig. 4), the Quaternary Tskidibasaltic flows overlie metasediments of
193 the Precambrian substratum, which is devoid of@dgr lava cover. We thus conclude that a
194 true rift valley did not exist across the swelttad Kahuzi lava flowing time, and lavas only
195 flowed down to the western slope of the dome.

196 The rift valley initiated in the latest Miocene.dtaf the western higher steps, Late

197 Miocene lavas are preserved in the Kavumu lowlahdre they are partly overlain by the
198 Tshibinda Quaternary flows (detailed in the follagisection). They widely flooded to the
199 Lake Kivu and to the Bukavu and Bugarama grabemgaso poured out in the SSW

200 segment of the rift, the Mwenga graben (Figs. 12nd he western basin of the Lake Kivu is
201 the continuation of the Bukavu Graben. The Idjiansl is the northern prolongation of the
202 Mushaka horst that separated the Bukavu and BugaRBitare grabens. There is not a single
203 rift valley. However, the deepest part locateshim ¢astern basin of the lake, where the main

204 rift axis can be assumed to be, in the continuaticthe Bitare-Bugarama Graben (Fig. 1).
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Fault associated mineral hot springs are abundr@ant2). Many of the faults are more or less
presently active as illustrated by the Frebuar0®8 earthquake along the Luhini Fault (Fig.
4).

2.2.2. Volcanic activity

The South-Kivu volcanic activity mainly consistefdbasaltic flow piling from fissural
eruptions, in the Late Miocene to Late Pliocenet(lR.6 Ma; Kampunzu et al., 1998b). In
the Pleistocene, a renewed strombolian volcanigigchas built the chain of Tshibinda
(Bellon and Pouclet, 1980) (Fig. 4). In the stackea field, the old volcanic vents can be
localized by their feeder dykes and by interbedugdclastic materials, which locally gain a
few metres in thickness. Occurrences of intercdltgphra are common, but well-preserved
scoria cones are absent or limited to the recembifgla volcanic chain. Some metre-sized
basaltic dykes are present in the western (Cortg) sind eastern (Rwanda side) upper steps
and also in the Mwenga area. They are trendingtdlME-SW. These features are consistent
with linear basaltic eruptions along cracks fringégth small scoria cones. Trachy-phonolitic
extrusions are only known in the Bukavu Grabem artd close to the upper-Rusizi canyon.
They are dated from 6.14 Ma to 5.05 Ma (Pasteads ,€1989). In this area, we number five
decametre- to hectometre-sized bodies, which ietfudlower basaltic pile and are overlain
by flows of olivine basalt and hawaiite.

The Pleistocene chain of Tshibinda consists of moosewell-preserved scoria cones and
lava flows (Fig. 4). The chain is named after tisiibinda site, in its southern end, where the
first scoria cones were discovered (Meyer and Beywd957). The cones are set at the border
of the Tshibinda step, at the eastern foot of thbugi upper shoulder. The chain is 33 km-
long in a SSW-NNE direction, from Tshibinda to Legta. During our mapping, we
numbered sixty strombolian cones, 50- to 150 m-higbst of them are opened and have
supplied lava flows. A few flows run to the west following the slope of the tilted step, but
most of them came down the fault scarp and sp@adrtls the eastern lowlands. A
prominent feature is the alignment of vents aloB& $NW fractures (N 160° trend) in the
Tshibinda and Tshibati sectors. This fracture systeconsistent with a NE-SW left-lateral
strike slip constraint, and an ENE-WSW extensiatiain. We dated the Tshibinda chain
activity from 1.9 to 1.6 Ma (Bellon and Pouclet8D3. Younger ages have been suggested

but not proved (Pasteels et al., 1989).

2.3. Main features of the Virunga volcanic area
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2.3.1. Tectonic pattern

The Virunga volcanic area is located between theil&ind Edward lakes on a structural
height or shoal between two troughs (Fig. 5). Tértiouation of this shoal beneath the
Nyiragongo and Nyamuragira volcanoes is based dimsatological, volcanological and
geophysical evidence (Pouclet, 1975). Its leverages 1,200 m, while the nearest higher
topographical Mount Muhungwe rift edge reaches @99 Thus, the relative vertical motion
of the rift floor is around 1,800 m. Subsidencehaf Lake Kivu bottom reached
approximately 600 m below the shoal level.

The tectonic pattern is linked to right lateralfsbf the rift axis between Kivu and Edward
lakes, which is underlined by the SW-NEngo, Muhungwe, andRutshuru faults.
However, motion along these faults is dominantlgtigal. This motion is evidenced by the
uprising of sedimentary terraces at the foot offtbego scarp to the west, and along the
Rutshuru Fault to the east as shown in the Figuliéése terraces contain Early to Middle
Pleistocene littoral sediments of the Lake Edwaieey recorded an uplifting of 1,000 m
along the Tongo Fault, and of 500 m along the RutsFault (Pouclet, 1975). Taking into
account a vertical motion of 500 m before the ERtBistocene sediment deposition, the total
vertical motion of the Tongo Fault is calculatedward 1,500 m. The south-eastern side
registered a vertical motion of 1,000 m at the Mdwe Fault. This motion in evidenced
along the N-XKisenyi Fault, in the continuation of eastern border of the LEkai northern
trough. Meanwhile, at the eastern end of the Vieuagga, vertical displacements are limited
to a few hundred of metres along N-S and SSE-NNultfa

The structure and nature of the volcanic substratrgrconstrained by the trends of the
volcano-tectonic framework and the compositionhaf Yolcanic xenoliths. In the Virunga
area, underlying cliffs moulded by lavas can exp&ime major topographic uneven
differences. It is the case for the N-S west-faciogrp between the Karisimbi-Mikeno
volcanoes, in the upper eastern side, and the §bymgo-Nyamuragira volcanoes, in the
lower western side. This scarp is in the contimmratf Rwandese east-Kivu Fault (Fig. 1) and
is connected with the eastern fault of the Kirmdisentary terrace (Fig. 5). It is named the
“Virunga Fault”. This fault has right-lateral en echelon segmeassshown by shift of the
Kirwa Fault to the fault of the low Rutshuru tereaé\ sub-parallel less important scarp
separates the Mikeno to the Karisimbi-Visoke, anlihked to a fault at the north-western
border of the Precambtian substratum, south oRtitshuru Fault. It is named th#ikeno

Fault”. A third scarp is located between Sabinyo andi@gd To the lower southern flank of
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Nyiragongo, a transverse WNW-ESE scarp is merdéited to a fault between the Virunga
shelf and the northern basin of Lake Kivu.

Two types of volcanic fractures are distinguish@oime fractures show radial distribution
on the flank of the largest volcanoes. But mangslare aligned independently of the
volcano building shape. A SW-NE trend of fractuasates in the prolongation of the east
fault of the M'Buzi peninsula. It reveals a majauft between Nyiragongo and Nyamuragira,
the “Kameronze Fault’, which is ascertained for many reasons. Firgtig, M'Buzi block is
extended below the lava cover, according to gratrimdata (Evrard and Jones, 1963).
Secondly, the xenoliths of Nyiragongo consist, lgolef granite rocks, while those of
Nyamuragira are made of metashales, quartzitesimacaschists. Thus, the two volcanoes
were emplaced in two geologically different stepthe rift floor. Thirdly, there is a
deepening of focal depth of tectonic earthquakas fwest, in the Nyamuragira area, to east,
in the Nyiragongo area (Tanaka, 1983). Fourthlg,KAmeronze fractures have provided
original lava, the rushayite, an ultrabasic oliviteh melilitite, which is unknown in the rest
of Virunga. This rare lava could be originated frardeep cumulate zone of the Nyiragongo
magma chamber or from an independent reservoirdiseassion in section 3.4.). Thus, the
Kameronze Fault separates the low granitic stéyyafigongo to the upper meta-sedimentary
step of Nyamuragira. The two neighbouring volcartwesge very different lava compositions.
Their different setting in two distinct crust conpaents may explain their different way of
magma feeding. A SSW-NNE fracture set is partlthiem continuation of the Kameronze
Fault to the north-east. But, its related eruptieaets produced Nyamuragira-type lavas. An
important SW-NE fissural complex is located betw¥&oke and Sabinyo. In the same
direction, main fractures crosscut the Mikeno, ¥escand Sabinyo edifices. This complex is
linked to a SW-NE major fault emplaced betweenNtieeno NW-base and the Karisimbi-
Visoke step, parallel to the Muhungwe Fault of rifteedge.

Undeniably, the most important present-day fraceystem is the great NNW-SSE
fracture zone or weakness zone of Nyamuragiractiosiscuts the caldera and the shield
volcano, reaching 20 km in length (Pouclet andéviduve, 1972; Pouclet, 1976, 1977). In
many parts, this tectonic zone is a trench, 19tm3vide and 20 to 30 m deep, limited by
two parallel sub-vertical fractures. It is assaeihivith slightly parallel secondary fissures, on
the NNW and SSE upper flanks. It extended from Ny&amira to the Nyiragongo area,
across the Kameronze Fault, with large fissuréseaNNW flank of this Nyiragongo. This

tectonic system, having an axial direction of N 2L5%n be considered as a mega tension
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gash. In the NNW flank of the Nyamuragira caldénare is a spectacular fan-shaped
succession of fissures where thirteen eruptive tsweok place since the year 1900.

In addition, the Nyamuragira shield is crossed b8 Mwlts. In the northern wall of the
caldera, a N-S fault shows a two metres-displacéwofahe lava pile and is intruded by a
dyke. The fault motion has occurred after the isgttip of the initial summit cone, but before
the caldera collapse (Pouclet, 1976). In the SWeuflpnk, a N-S fault was active during the
1938 eruption that drained a large volume of laganfthe caldera. The western flank of the
shield displays a morphological lowering of 30 . A less important lowering of the SSE
flank is due to a N-S fault associated with the I€ammze Fault. Important N-S fractures also
concern the southern flank of Nyiragongo. They wesponsible for draining of the caldera
lavas during the dramatic 1977 and 2002 eruptiBostier, 1978; Komorowski et al., 2002).
It is concluded that the N-S fractures, not onlgteolled the structural pattern of the Virunga
substratum (Virunga and Mikeno faults), but alsamypd present-day important role in the

tectonic constraints triggering volcanic eruptions.

2.3.2. Volcanic activity

The Volcanic activitypegan in the Late Miocene. The oldest lavas areepved as
residual basaltic flows, above the western edgeeBishusha-Tongo area as depicted in
Figure 6. They are dated between 12.6 and 8.6 MHgiBand Pouclet, 1980; Kampunzu et
al., 1998b). They predated the 1,500 m verticalionadf the Tongo fault system, and then,
the rifting process and the main volcanic actiwtyhe Virunga area (Pouclet, 1977). For
these lavas we use the term “pre-Virunga” magneatitvity because there is an important
time gap and a drastic difference of compositionvben these Miocene lavas and the
Quaternary Virunga lavas. We numbered and samptkxten of scattered outcrops of
basaltic rocks at small hills in the Bishusha aatmyve and along the Mushebele scarp, and
above the Tongo scarp (Fig. 6). They belong tcediiffit dissected and highly eroded lava
flows, as it is attested by the various petrogreghtompositions (olivine basalt, basanite,
hawaiite, mugearite, benmoreite) and frequent dadd@extures of the mafic rocks. The lava
setting is controlled by NW-SE and NNW-SSE fracgitbe same directions that were used
by the two recent Mushari fractures of satellitgpgions of Nyamuragira. No field
relationships between the flows, in term of sucoessrder, can be inferred. In addition, a
thick blanket of tephra coming from the numerousiyragira flank eruptions overlies the

entire area.
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At the middle flank of Mount Mushebele, an olivinasalt lava flow seems to be overlain
by a hawaiite flow that crops out at the top of sharp. However, the hawaiite is dated at
12.6 = 0.7 Ma (Bellon and Pouclet, 1980) and thealiaat 10.8 + 1.7 Ma (Kampunzu et al.,
1998b). The 12.6 Ma age was questioned becausatingite being at a higher altitude than
the basalt must be younger (Kampunzu et al., 1988gre is an alternative explanation: The
two lavas are separated by an important normat &and the hawaiite was tectonically
displaced above the basalt.

The other lavas of the west Virunga area are thesdwalley flows and the Pinga flows
(Fig. 1). The Mweso flows poured out in the Mok&ay. Their source is hidden by the
recent flows of Nyamuragira (Fig. 6). The lavaseexted along 32 km in the valley, from
Mokoto to the NNW end of the flow system. Our samgpkhows that the petrographical
composition remains constant: olivine basalt withrophenocrysts of skeletal olivine and
aggregated phenocrysts of diopside and labradévitde Pinga area, residual basaltic flows
are pointed out in the Pinga village and 35 km wéshis village, in the Oso valley, (De La
Vallée-Poussin, 1933). These lavas cannot belotigetd/Iweso flow, for topographical
evidences, but recalls the Numbi lava for theirtemsposition out of the rift. More accurate
studies are needed for precising their petrographied chemical compositions.

The volcanic activity of the Virunga main area begath Mikeno, in the middle part of
the shelf between the Kivu and Edward troughs. Vbisano was active around 2.6 Ma and
maybe until 0.3 or 0.2 Ma (Guibert et al., 1973)eld age of Sabinyo, the second oldest
volcano, is only attested by its erosional feasimnglar to that of Mikeno. Its base is totally
covered by lavas from Gahinga and Visoke. It wavaa@round 0.1 Ma (Bagdasaryan et al.,
1973; Rancon and Demange, 1983; Brousse et al3; F8®yers et al., 1998). Thus, the
erosion of Sabinyo may be recent and due to violeltiano-tectonic activities. Gahinga and
Muhavura are dated between 0.29 and 0.03 Ma (Raampd®emange, 1983; Rogers et al.,
1998), but recent activities are suspected (Broasak, 1983). Visoke consists of two
superposed stratovolcanoes (Ongendangenda, 1982pper one is as old as 0.08 Ma
(Bagdasaryan et al., 1973). Its last eruption i&718roduced the adventive cone of Mugogo
on the lower north flank (Verhaeghe, 1958). Karlsiiis made of a shield volcano overlain
by two successive upper flank large cones (De Multig85). It is dated between 0.14 and
0.01 Ma (De Mulder et al., 1986: De Mulder and EBEte1986). Nyiragongo and
Nyamuragira emplaced since 12 ka on the lower siefiee Virunga shelf (Pouclet, 1978).

Nyiragongo is a combination of three stratovolcand®m south to north: Shaheru,
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Nyiragongo main cone and Baruta. Shaheru, theviaistano of the complex, may be as old
as 0.1 Ma (Demant et al., 1994).

3. Geochemical composition of lavas

Numerous geochemical analyses of South-Kivu andnga lavas are available from the
literature, though their accuracy is highly var@ablrace element and isotopic data are
provided by Mitchell and Bell (1976), Vollimer anaiy (1983), Hertogen et al. (1985),
Vollmer et al. (1985), De Mulder et al. (1986), Aapt (1987), Auchapt et al. (1987),
Marcelot et al. (1989), Toscani et al. (1990), Dat& al. (1994), Rogers et al. (1998),
Furman and Graham (1999), Platz et al. (2004) drak@barti et al (2009a). These data are
reviewed and, when necessary, completed by newsa®(Table 1). The analytical set is
used to discuss the petrological features and #grmato-tectonic relationships dealing with
the rift formation and evolution. South-Kivu basalierived from a heterogeneous lithosphere
mantle source by variable degrees of melting (Aptkeaal. 1987; Furman and Graham,
1999). Both the leucite-basanite and leucite-nepitelseries of Virunga resulted from
moderate or small amount of partial melting of rj@anet-lherzolite lithospheric and/or
asthenospheric mantle, with contribution of carlib@#or the more alkaline series (Pouclet,
1973; Furman and Graham, 1999; Chakrabarti e2@09a).

In the South-Kivu and Virunga area, it has beemshim the section 2 that volcanism and
doming preceded the rifting, with the Kahuzi and-piirunga basalts. Asthenospheric
upwelling caused uplift of the lithosphere and jarnelting of various sources. However, to
document that model, we have to clarify some inirig questions, because the geochemical
data from literature are, in many cases, incomgatenot representative, and sometimes
inexact. The questions concern the early and tateity of South-Kivu, the poorly known
volcanism of North-ldjwi between South-Kivu and diga, and the early activity of Virunga.

What is the composition of the earliest volcanickin South-Kivu? Is it really tholeiitic?
It is necessary to ascertain the existence, theaagkethe tectonic location of true tholeiites, in
one hand, and the timing of the rift formationthe other hand. The Quaternary South-Kivu
Tshibinda volcanoes erupted simultaneously withesdfinunga volcanoes. Their basaltic
composition is close to that of South-Kivu lavashaWis their place in the South-Kivu
magmatic evolution? The early Miocene North-ldjawds are the oldest dated lavas of the
Kivu rift. They are not tholeiites but nephelinit&§hat is their magmato-tectonic meaning

between the South-Kivu and Virunga areas? The Miegee-Virunga lavas predated the rift
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formation, and may be contemporaneous with thé $iosith-Kivu activities. They are very
different from the Quaternary Virunga lavas. Ttegimposition, tholeiitic to alkaline, is a
matter of debate. What is the true compositiorhefgre-Virunga lavas? Is it similar to that of

the South-Kivu? And, finally, what is the origin tbfe original features of the Virunga lavas?

3.1. South-Kivu lavas

South-Kivu lavas mainly consist of alkali basaltsl dholeiites. The first question deals
with the true composition of tholeiites and thegaming in the rift evolution. Then, we revise
the composition and the nomenclature of the vanmlsanic rocks. Most of the activities are
dated in the Miocene and Pliocene, but a renewalroed during the Pleistocene in the
Tshibinda site. New analytical data are provideadddoetter constrain this last magmatic

event.

3.1.1. The tholeiite question

Tholeiite lavas have been pointed out at diffepants of the South-Kivu volcanic area and
in the pre-Virunga field, with various ages. Theg gery important in the debate about the
tectono-magmatic history of the rift. But, examioatof these lavas is problematic. Many
“tholeiites” have been defined on the basis ofrth@jor element composition (low
abundance of alkali elements), without mineraloiggcguments. As they are always more or
less altered, in having high loss on ignition, tikeuld be former alkali basalts secondary
depleted in alkali elements. It is tritely verifidtht altered olivine-rich basalt may display
oversaturated norm composition. In addition, @ssertain for tholeiites by Pasteels and
Boven (1989) that many K-Ar ages are questionahle,to alteration (loss of K and/or Ar)
and to magmatic argon excess. This tholeiite prob&ads to three questions: 1) Are there
true tholeiites? 2) Is there a space distributibtinoleiites from the border to the rift axis? 3)
Is there a time relationship in the tholeiite aticalh basalt production?

The criteria for defining true tholeiites are theimeral content, crystallization order, and
major and trace element composition. Early oliphenocrysts are absent. Calcic plagioclase
crystallizes before sub-calcic pyroxene. For tkason, the tholeiitic doleritic facies displays
intersertal texture. Olivine only exists as resicarad corroded xenocrysts. There is a single
pyroxene of sub-calcic augite composition, or twexisting pyroxenes that are augite and

ferrous hypersthene. The norm calculation givegbér amount of quartz and more than
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10% hypersthene. Trace element pattern of conahémtleiites exhibits moderate
enrichment of the most incompatible elements. Haresivine-tholeiites contain
microphenocrysts of ferrous olivine and partly systallizing plagioclase and augite leading
to intergranular or sub-ophitic textures in dolerfacies. Their norm composition is saturated
with variable amount of hypersthene. The most ingatible elements are slightly more
enriched than for tholeiites.

On the basis of these mineralogical and geocheroitatia, examination of the South-
Kivu lavas indicates that true tholeiites are pne¢se five sites: West-Kahuzi, South-Idjwi and
Mushaka horst, Bitare-Buragama graben, lower-Rysaithern continuation of the
Bugarama graben), and Mwenga. Olivine-tholeiites@esent at the same sites, plus the
Bukavu graben. The answer to the question of spaddime distribution is more
complicated. Tholeiites are localized along theaiis, but also at distant fields, though they
are concentrated close to the rift axis. Concerttiegchronological setting of tholeiites
versus alkali basalts, tholeiites are everywheezlain by alkali basalts, but the transition is
diachronic. For instance, at the Mwenga site, iliekeare younger than the alkali basalts of
Bukavu. On the whole, tholeiites predated alkadights, and, for that reason, they crop out in
the most eroded topographical landscapes. Bechesrdsion process is variable, the

distribution of tholeiites is not known for all tlwelcanic area.

3.1.2. Composition of lavas

To display relative abundances and features oétitiolrocks compared with alkaline
lavas, a set of representative and accurate cheamadyses is provided in Table 1. Poorly
described and altered lavas are eliminated. Thanttés precaution, we adopt a normative
classification slightly modified from Green (1969): quartz-bearing and hypersthene-rich
tholeiite, 2) olivine-tholeiite containing olivirend more than 15% hypersthene, 3) olivine
basalt containing olivine and less than 15% hyperst, 4) alkaline-basalt with 0 to 5%
nepheline, 5) basanite with 5 to 15% nepheline,@mkphelinite having more than 15%
nepheline. Classification of the South-Kivu, Noltliwi, and Pre-Virunga lavas is
accomplished using a tetrahedral diagram of nokmairoportions of Qtz, Hy, Ol, Ne+Le,
and Ab+Or Fig. 7). Compared with the tetrahedral diagram of Yodet &illey (1962),
diopside is replaced by albite + orthose becausal#tali amount is more significant than the
calcium content, and the alkali abundance cannshben only by feldspathoids. True

tholeiites plot in the Qtz — Hy — Ab+Or triangle. the Ol — Hy — Ab+Or triangle, olivine-
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tholeiites are discriminated to olivine basaltsHyynormative amount of more than 15 %. In
the Ol — Ne — Ab+Or triangle, the alkali basalashnite and basanite - nephelinite limits are
determined by Ne normative amounts of 5% and 18%pectively. In this triangle, some
basanites of the Mwenga site are characterizedgbyMgO contents (9-12 wt %). They are
rich in olivine, although being not cumulative. Thiey are termed “Mg-basanites”.

Trace element data of the new analyses (Tableelg@npleted by those of Auchapt
(1987), Auchapt et al. (1987), Marcelot et al. @R&nd Furman and Graham (1999). In the
Primitive Mantle normalized incompatible elemenisgdam Fig. 8A) tholeiites and olivine-
tholeiites are moderately fractionated in the ligite earth elements. Their La/Yb ratios range
from 8 to 13 and from 10 to 15, respectively. They not enriched in Ba and Th, and are
poor in Rb. Similar patterns are exhibited, witbrgmsing trace element abundances and rare
earth element fractionation, from tholeiites tovimle basalts (15<La/Yb<30), alkaline-basalts
(20<La/Yb<35), basanites (25<La/Yb<40), and Mg-Inétes (40<La/Yb<50). As already
suggested by Auchapt et al. (1987), Marcelot gf18i89) and Furman and Graham (1999),
this is consistent with varying degree of partia&lting of a lithospheric mantle source, which
decreases from tholeiites to Mg-basanites, as sliigwthe Yb vs. La/Yb diagranfig. 9A).
Auchapt (1987) has calculated the source compasditam a set of tholeiitic and basanitic
lavas of the Mwenga area. A first source, modeyaatiched, (C1Table 3) can be assumed
for most of the lavas. A second less enriched (€2, Table 3) is suitable for lavas that are
poor in the most incompatible elements.

Having tested the accuracy of the Auchapt's resuléscalculated the degrees of partial
melting after the reverse method and the sourceposition C1, for all the South-Kivu mafic
lavas and using light rare earth elements (LREE.dMained the following values: tholeiites
and olivine-tholeiites = 15 to 7%, olivine- and @ike-basalts = 6 to 4%, basanites and Mg-
basanites = 3 to 2%. However, to get consistenpadfal melting degrees between large ion
lithophile elements (LILE) and high field strengtlements (HFSE), it is necessary to
increase the bulk partition coefficient of heavseraarth elements (HREE), particularly in the
basanite case implying the presence of garneeisadlrce. This assertion is supported by
increasing HREE depletion from alkaline-basaltbdsanites characterized by increasing
values of TR/Yby normalized ratio from 1.78 to 2.27 locating theltmg column in the
garnet stability field. Indeed, due to the residyeinet effect, the dYby melt ratio passes
beyond 1.8 at the spinel-garnet transition (Furetaal., 2004; Rooney, 2010).

Batch melting is calculated for the enriched so@teand the less enriched source C2;

results are shown in the La/Sm versus Sm/Yb diadFagn 9B). Melt curves are drawn for
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508 spinel-lherzolite, garnet-lherzolite, and a 50:5&tare of spinel- and garnet-lherzolite.

509 Modal compositions of spinel-lherzolite (olivine%3 OPX 27%, CPX 17%, spinel 3%) and
510 garnet-lherzolite (olivine 60%, OPX 20%, CPX 10%rmet 10%) are after Kinzler (1997)
511 and Walter (1998). Mineral/melt partition coeffiote for basaltic liquids are after the

512 compilation of Rollinson (1993). Tholeiites may baesulted from ca. 10% of partial

513 melting of spinel-lherzolite from a moderately ehed source. But, globally, South-Kivu
514 magmas may be generated by melting of spinel+gé#taetolite, from enriched source

515 between the C1 and C2 calculated compositionsy@aguncreasing amount of garnet, from
516 tholeiites to basanites. Hence, melting took pladée spinel-garnet transition zone at depth
517 surrounding 80 km. The more abundant garnet coimteht basanite source locates its

518 melting in the lower part of the transition zonarti’al melting degree of the C1 source

519 decreases from 20% to 5%, from basalts to basaaitasg the 50:50 spinel+garnet-lherzolite
520 curve. Lower degrees of partial melting (8% to 2#)l lower amounts of garnet are

521 determined with the C2 source. But, the large dspa of plots suggests compositional

522 heterogeneities and/or mixing in the melted sources

523 Contribution of these different sources has toeséed by using all the incompatible

524 elements. However, chemical bias may be due tdairogntamination and assimilation. This
525 latter process can be evidenced in the Nb/Yb verblgb diagram Eig. 10). Crustal effect is
526 suspected in the case of thorium enrichment ure ket magmatic processes. In this diagram,
527 all the lavas plot in the Mantle array along thetiphmelting vector. No particular Th-

528 enrichment is visible, precluding perceptible calisssimilation. In addition, Sr-isotopic data
529 of Furman and Graham (1999) do not display Sr atmusgattern. Hence, the chemical

530 scatter only resulted from magmatic processesttandnalytical data, namely the

531 incompatible element values, can be used to disoagmatic patterns of the different lava
532 suites.

533 To test the behaviour of incompatible elementgiite diagrams have been carried out.
534 Results are illustrated irigure 11 with three selected diagrams. La versus Yb diagram
535 shows data scatter between two partial meltinge=ira low-Yb and high-La curve, and a
536 low-La curve (1 and 2, Fig. 11A). The lack of sfigant Yb increase is due to garnet effect,
537 mainly in basanites, which are the most LILE-ereitland-HREE-depleted lavas. The high-
538 La curve evolves from basanites to olivine basatis can be related to the enriched C1

539 source. The low-La trend characterizes tholeiites ®ome olivine basalts; it may be inherited
540 from the less-enriched C2 source (3), as suggedtede (Fig. 9B). Fractional crystallization

541 s limited to few tholeiites and olivine basalte€salso Fig. 10A). The Ba versus La diagram
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542 displays a high-Ba curve, a low-Ba curve and agrinediate high-Ba and high-La pattern (1,
543 2 and 3, Fig. 11B). Nb versus Zr diagram showsaado curve, a high-Zr curve and an

544  intermediate trend (1, 2 and 3, Fig. 11C). It inaloded that high-Ba and low-Zr values

545 (trend # 1) agree with the enriched source C1 amdbast displayed in the Tshibinda

546 Volcanic Chain. Low-Ba and high-Zr values (treng@)#observed in tholeiitic lavas, comply
547  with the C2 less enriched source. Thus, the dosdolece model can be assumed.

548 Intermediate trends and scattering of plots arda@xgd by varying contributions of the two
549 sources.

550 Existence of two source components is inferred fBmNd isotopes (Furman and Graham,
551 1999). The lavas define a Sr-Nd isotope array betveehight***Nd and low?”#%Sr end-

552 member and a lo#***Nd and higff"®%Sr end-member. The latter end-member

553 characterizes Tshibinda lavas, and complies wighCh enriched source, that is the main
554  source of these lavas. Further isotope featurégdimy the East Africa data by Furman and
555 Graham (1999) indicate that this end-member beltmgise continental lithospheric mantle
556 (CLM). In return, the isotopically depleted end-ni®mis allotted to sub-lithospheric source.
557 Its isotope values correspond to an asthenospimantle source much more depleted than the
558 C2 source and close to the FOZO composition adinedeby Stracke et al. (2005). Then, the
559 C2 composition is not an end-member, but probalshpaure of asthenospheric and

560 lithospheric (C1) components.

561 In short, diversity of South-Kivu magmas resultsnfrinterplay of three parameters: 1)
562 mixing of two source components, a lithospheridadmad component and a sub-lithospheric
563 (asthenospheric) less enriched or depleted compa®evarying degree of partial melting as
564 a function of melt depth; 3) modal compositiontod tnelted source with varying amount of
565 garnet. It is concluded that the South-Kivu magmease generated in the sub-continental
566 mantle at depth surrounding 80 km (spinel-garraatgition zone) with important degree of
567 partial melting for tholeiites, and slightly bel®@ km, with low degree of partial melting for
568 basanites. Olivine- and alkaline-basalts were predwnder intermediate conditions. It can
569 be assumed that the magma genesis was initiategveglling of asthenospheric hot material
570 and by decompression linked to extensional tectagane of the rift area.

571

572 3.1.3. The Tshibinda Volcanic Chain

573

574 According to previous chemical data (Meyer and Berel957; Pouclet, 1976; Guibert,
575 1977; Villeneuve, 1978; Kampunzu et al., 1979; &ekhnd Pouclet, 1980; Pasteels et al.,
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1989), the lavas of the Tshibinda Volcanic Chai¥C) share the composition of olivine
basalt and alkaline-olivine basalt similar to tbhthe Mio-Pliocene alkaline lavas (Fig. 7).
However, on the base of four samples from southe¥olcanic chain, Furman and Graham
(1999) emphasize significant differences in soraedrelement abundances between the
Tshibinda lavas and the other South-Kivu lavash@igrh/Nb, Nb/Zr, Ba/La, Ba/Nb), while
Sr and Nd isotope ratios show that Tshibinda ld@es an end-member in the South-Kivu
suite.

To better document the chemical data, we carri¢chew analyses along the chain (Table
1, Fig. 4). Compared with the South-Kivu alkaliagds, the TVC lavas are significantly less
enriched in less mobile HFS elements, but relativebre enriched in Ba (Fig. 8B). These
features are exposed in the Nb versus Zr and Bauséra covariation diagrams of Figure 11.
Tshibinda magma resulted from 4 to 2.5% of partialting of the C1 lithospheric source as
discussed above (Fig. 9B). HREE fractionation ointlow amount of garnet (Fig. 8B).
Indeed, the Tl'Yby ratio ranges from 1.41 to 1.85, the higher vat@sesponding to the
more alkali basalts. The source melted in uppezlleisithe spinel-garnet transition zone.
Chemical variations along the chain can be expthimeincreasing of melting degree from
south (Tshibinda volcanoes) to the middle part {@ath volcanoes). However, in the northern
part of the TVC, the Leymera volcanoes, which ateaster a volcanic gap of 8 km (Fig. 4),
show different chemical (Fig. 11) and isotopicattees (Furman and Graham, 1999). The
Leymera lava has more Zr, less Th, and is isottlpidapleted. This feature is close to the
depleted end-member attributed to upwelling astiehere, which is absent in the rest of the
TVC. This strong difference in a single magmatiemvexemplifies heterogeneity of the

sources that resulted from mingling of asthenosphmobs dispersed in the lithosphere.

3.2. North-ldjwi lavas

To the northern tip of Idjwi Island, two decamesiged outcrops of maftic lava are
situated on a hill above the Lake Kivu shore and small island, two miles from the
mainland. These outcrops are residues of an olthuat cover. The rock, a nephelinite,
displays an intergranular texture with microphegsts of olivine and diopside in a
nepheline-rich groundmass. Compositionally, thekrie highly undersaturated and sodic-
rich (Bellon and Pouclet, 1980; Marcelot et al.899Table 1; Fig. 7). Similar nephelinitic
lava occurs on the upper western edge of thanithe Numbi area (Fig. 1) (Agassiz, 1954).

But, unfortunately, we were not able to sampledhmscrops. The Primitive Mantle
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normalized incompatible element patteling( 12 shows high incompatible element
abundances and strong fractionation (64<La/Yb<e6dicating low degree of melting of an
enriched source. This source is clearly relatatieaarnet-lherzolite mantle (Figs. 9, 11A)
complying with high values of the Tbrby ratio from 2.41 to 2.50. The partial melting
degree is calculated at 2%.

Structural position of these nephelinites is pecuh the Kivu Rift, far north to the South-
Kivu volcanic area, and south to the Virunga aregolnd the Lake Kivu. The nephelinites
have been K-Ar dated at 28 Ma (Bellon and Poud@80). A new K-Ar age shows that the
lavas are ca. 21 Ma (also see forward, geochromabgection). Consequently, the first
volcanic activity related to the western branclthef rift was nephelinitic, and took place
somewhere between the South-Kivu and Virunga aeebm)g time before the rifting and the
Lake Kivu formation.

3.3. Pre-Virunga lavas

The Middle Miocene Pre-Virunga lavas consist ofritisnbered flows roosted on the
western edge of the rift. Flows are cut by the Mimse and Tongo faults (Fig. 6). First
petrographical and chemical data allocated thesesla basaltic alkaline and sodic series
(Denaeyer, 1960; Pouclet, 1976). But, some othalyaas were used to assume the presence
of olivine-tholeiites (Kampunzu et al., 1983, 19%88hich is not supported by petrographical
data. However, it is fitting to discard altered gd@s having high loss on ignition and
displaying a false tholeiitic norm composition. kigicriteria given above in the South-Kivu
section, all the suspected lavas are olivine basaltl not tholeiites. We performed new
analyses in the Bishusha and Tongo sectors (Fitalélie 1). All the lavas belong to a sodic-
rich basanite series highly fractionated in thatligare earth elements (44<La/Yb<49), Nb,
Th, and Ba (Fig. 12). The convenient source mugjdseet Iherzolite (Fig. 9) taking into
account high value of the Tbrby ratio of 2.92. This source may be the same than th
lithospheric source of South-Kivu, but with smaltertial melting degrees of 4% to 2%.

In the Tongo sector, the new analyses confirm thegnce of mugearite and benmoreite
evolved lavas, and thus the occurrence of crustarvoirs where differentiation processes
could have worked. This implies a focusing of agldéasting source melting.

An intriguing question is the initial geographicis$tribution of Pre-Virunga lavas.
Present-day location of these lavas is limited éstern upper step of the rift, west of Tongo

Fault. Similar old lavas are totally lacking in thastern edge, namely in the Muhungwe area.
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But one may assume that such lavas may have poutexbove the lower steps of the rift,
presently overlain by the recent Virunga volcandigisis the case, these lavas must have
been sampled by the numerous eruptions of Viruagd,may be collected as xenoliths, like
any basement rocks, in the Quaternary Virunga latéeshave investigated the 107 flank and
parasitic cones of Nyamuragira, many flank congsysfagongo, and the Nyamuragira and
Nyiragongo calderas. All our collected xenolithsdleding the cognate xenoliths) only
consist of quartzites, shales, and micaschistsariNyamuragira sector and of granite in the
Nyiragongo sector. No Pre-Virunga-like basalts waampled. Only one sample of basaltic
lava has been found in 1959, as ejected blockeinrther pit of Nyiragongo. Petrography of
this sample was done by Sahama (1978), but witlioyichemical analysis. The origin of this
“basalt” remains questionable. It is concluded thatPre-Virunga magmatic activity was
restricted to the west part of the rift, betweerahd@ 9 Ma and before the rift valley
formation. Volcanic activity of the Virunga areaad the rift axis only began in the late
Pliocene.

To the west of the rift, close to Pre-Virunga lagvhg Mweso lava flow has run along the
valley, from south-east to north-west (Figs. 16)5,This flow highly post-dated the Pre-
Virunga lavas that crop out at the hilltops. lbigerlain by recent flows from Nyamuragira
parasitic events. Poor chemical data are avaifablthis lava flow (Table 1). However, its
alkaline content is close to that of the neighbogiflyamuragira lavas that belong to a

potassic basanite series, and is very differettiecsodic series of Pre-Virunga lavas.

3.4. Virunga lavas

Virunga lavas exhibit many outstanding compositiaugeh as high-potassium content
shared with lavas of north part of the Kivu Rifttire Toro-Ankole volcanic area, but
unmatched by any other lavas of the East Africdt) Bkxcept some nephelinites and
melilitites of North Tanzania. In this section, @ugalyzed rocks are distributed according
their petrographical features in a simplified nociature. The geochemical groups are

defined and the question of their magma sourcdscissed.

3.4.1. Magma compositions

Virunga lavas are characterized by a potassic magsignature, but range in two

contrasting series: a leucite basanite series dgukc#e-melilite nephelinite series, illustrated
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by the two currently active volcanoes, Nyamuragmd Nyiragongo. Because the
nomenclature of potassic lavas was imprecise anfiisimg, we proposed a simplified
taxonomic system (Pouclet, 1980, b; Pouclet efl8B]1, 1983, 1984) that has been adopted
in most of the following studies of the Virunga dav We use the K-prefixed rock names of
the sodic series commonly known in the internaticoanmunity: K-basanite, K-hawaiite, K-
mugearite, K-benmoreite, and K-trachyte. Limitdle# terms are defined by the
differentiation index (DI) of Thornton and Tuttl&960) values of 35, 50, 65, and 80. The
more mafic terms (DI < 25) enriched in phenocrystigine and/or pyroxene, are named K-
limburgite and K-ankaratrite, respectively. The &shnite and K-hawaiite correspond to local
terms of porphyritic kivite and kivite, respectiyellhe feldspathoid-rich lavas are named
after their main mineral contents: olivine melitti olivine nephelinite, nepheline melilitite,
melilite-leucite nephelinite, leucite nepheliniggyd nepheline leucitite.

The leucite basanite series is located at Nyamaralgarisimbi, old Visoke, Sabinyo,
Gahinga, and Muhavura. It is suspected at Shaf&rileucite-melilite nephelinite series is
located at Nyiragongo, Baruta, Mikeno, and youngo¥e. Various compositions of these
volcanoes are depicted by the Primitive Mantle radized trace element diagranisd. 13.
Chemical data are given by Hertogen et al. (19BB)Mulder et al. (1986), Marcelot et al.
(1989), Toscani et al. (1990), Rogers et al. (19B2pers et al. (1998), Platz et al. (2004),
Chakrabatrti et al. (2009a), and by new analyseBI€TH).

Nyamuragira lavas are characterized by moderatetenent of large ion lithophile
elements (LILE; La/Yb = 25-34), slight Sr-negataseomaly, and HREE depletion with
Tb/Yby ratios ranging from 1.95 to 2.24 (Fig. 13A). Aletmobile LILE are equally
moderately enriched, including Rb. This last featdistinguishes the Nyamuragira-related
western lavas of Kamatembe (N46) and Mushari (N&2) the Pre-Virunga lavas (Table 1;
Figs. 5 and 6). These two successive magmaticitesiyPre-Virunga and W-Nyamuragira)
came from very different sources (Figs. 12 and 18%mpared to Pre-Virunga lavas, the
Nyamuragira lavas are less enriched in LILESs wliih ioticeable exception of Rb. The
basanitic volcanoes Karisimbi, early Visoke, Sabingahinga, and Muhavura share the same
trace-element patterns with Nyamuragira (Fig. 13BQugh their evolved lavas are normally
more enriched in the whole incompatible elements.

Nyiragongo lavas are much more enriched in incorbfgaélements than Nyamuragira
lavas (Fig. 13C). Their La/Yb ratios range fromtd38 in the olivine nephelinites, 54 to 69
in the nephelinites and leucitites, and 63 to 7héemelilitites. They are depleted in HREEs

with Th/Yby ranging from 1.93 to 2.86. A peculiar featurehis prominent depletion in Hf.

21



712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745

The other leucite nephelinite volcanoes, Barutkdvlo and young Visoke, share similar
composition (Fig. 13D). It is worth noting that nfietes are the most enriched in
incompatible elements. Leucite-rich leucitites st (and K) enrichment and Ti (and Mg,
Fe) depletion, but also high Hf depletion.

In Virunga lavas, HREE depletion points to low degof partial melting with residual
garnet in the source. By using similar approach fioathe South-Kivu lavas, the magmatic
source of the Virunga lavas may be a garnet petédwith low or no content of spinefFig.

14). The nephelinitic magma originated from lower iegof partial melting than the
basanitic magma.

Both K and Rb enrichments suggest the presenchklofippite in the source (Furman,
2007), while low to moderate values of the K/Rliorg70-174 in K-basanite series and 117-
202 in K-nephelinite series) preclude an amphili@aring sourcegs emphasized by
Chakrabarti et al. (2009a and b). In the Ba/RIRESr diagram of Furman et al. (2006),
elevated Rb/Sr ratios may indicate phlogopite ob@aatite metasomatism. High values are
recorded in the K-basanite series (Rb/Sr = 0.06)0€xcluding the crustal contaminated
evolved lavas analyzed by De Mulder et al. (1988) lay Rogers et al. (1998), while the
values of the K-nephelinite series are moderatéSRb 0.04-0.09). Zr/Hf ratios (41-47) of
the K-basanites are consistent with low partialtimelof a garnet-clinopyroxene bearing
mantle source (Dupuy et al., 1992; Chakrabartl.ePA09a) and do not indicate carbonate
contribution. A phlogopite contribution is retainfmt K-basanites. Very high Zr/Hf ratios in
the Nyiragongo leucite-nephelinites and leucit{i&sHf = 47-94) may be a consequence of
carbonatite metasomatism (Dupuy et al., 1992). iésvghat high Zr/Hf values are due to Hf
depletion Fig. 15). This implies contribution of a Hf-poor componémthe Nyiragongo
source. According to analytical data of Andradalef2002), Zr- and Hf-contents in
carbonatites display very large range of valuesratids. This is explained by heterogeneities
in the mantle source that are amplified by very tiegrees of partial melting of the
carbonatite melt. Hf-poor carbonatites with sugeordritic Zr/Hf ratios occurred in Brazilian
and Namibian Cretaceous complexes, and in the @ddiengai volcano of Tanzania (Fig.
15) (Andrade et al., 2002). In the Quaternary caaltite lava of Fort-Portal in the Toro-
Ankole volcanic area, northern end of Western Rk, Zr/Hf ratio is 78 (Eby et al., 2009). In
the Namibian Kalkfeld Carbonatite Complex, asseclatephelinites exhibit Zr and Hf
contents close to those of Nyiragongo nephelir{fgs 15). In this Complex, the carbonatite
melt contribution to nephelinitic magma has beemalestrated (Andrade et al., 2002). It is

concluded that the Nyiragongo nephelinitic magmaiied with a carbonatite melt.
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In summary, K-basanite lavas originated from mgli a garnet- and phlogopite-bearing
source. According to both garnet and phlogopitbistg fields in the mantle, the melt depth
must be between 80 and 150 km (Chakrabarti e2@09a). K-nephelinite series may be
derived from the same source, with lower partialtimg degree. But, in the Nyiragongo area,
this magma has been contaminated by a carbonateormmt. The questions are: what is the
origin of this component, and why very neighbouniadcanoes, Nyamuragira and
Nyiragongo, may exhibit very different chemical quosition, only one being contaminated?
Chakrabatrti et al. (2009a) suggest two distinctimglof a very distant heterogeneous plume.
This model needs two different channelling in aneng distance for the spatially adjacent
volcanoes, and also for the other Virunga volcan®bss, it seems to be an improbable
process. It is useful to re-examine the questiah®irunga heterogeneous source, because

until now, there is no convincing model.

3.4.2. The carbonatite deal and the sources of Virunga volcanoes

Carbonate metasomatism in Nyiragongo lavas is @mypothesis for the Virunga magma
genesis to explain high alkali and lithophile el@tn&ontents. Some authors also underline the
possible contribution of the crust, without or witlirbonatite (Higazy, 1954; Holmes, 1965;
Bell and Powell, 1969). Others favour the role ch#bonatite melt (Dawson, 1964) or a
volatile transfer (Sahama, 1973). Petrological gsed ruled out the crust contribution
(Pouclet, 1973). The isotopic studies gave decidata. Th isotope ratios are consistent with
carbonate metasomatism beneath Nyiragongo accamMglliams and Gill (1992). Nd, Sr,
and Pb isotope systematics of Nyiragongo nephesinitply that a previous fluid
contamination and LILE enrichment of the source da=irred around 500 Ma ago (Vollmer
and Norry, 1983; Vollmer et al., 1985) or betwe&0 @and 850 Ma (Rogers et al., 1992). The
style of enrichment could be common metasomatisimablyile fluid or, more probably, melt
addition before and during magma genesis (Rogeak, €t992; Williams and Gill, 1992).

Fluid and solid inclusions in Nyiragongo melilitseisows that the lava was in equilibrium with
a carbonatitic liquid (Louaradi, 1994). The oppaity of carbonatitic enrichment is
supported by neighbouring occurrence of the nepéealyenite-carbonatite intrusive complex
of Lueshe dated at 619 + 42 Ma by Van Overbeké ¢1996) and at 558 + 11 by Kramm et
al. (1997). We discard the 822 + 120 Ma date ahanzu et al. (1998a) having a bad mean
square of weighted deviatddSWD). Coincidently, large flakes of biotite dewpkd close to

cancrinite-bearing syenite, in the Lueshe pyroahitich sévite, display a K-Ar age of 516 +
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26 Ma (Bellon and Pouclet, 1980). The Lueshe cormigsl@associated with, at least, four
alkaline syenitic intrusions of similar Late Neognwzoic ages, in the neighbouring west-
Virunga area (Kirumba, Bishusha, Fumbwe, Nurig, 16). The cancrinite- and sodalite-
bearing syenite of Kirumba is partly rimed withhantfringe of ankeritic carbonatite.
Occurrence of pyrochlore in the alkaline syenitélambi suggests a close association with a
carbonatite body. Hence, alkaline fluids have comtated many parts of the sub-continental
mantle in the Virunga area at the time of the caahite-syenite magmatic activities.

We tentatively locate the potassium-enriched maleeath the Virunga volcanic system
as a function of magma fingerprints of the différeplcanic activities. This mantle extends
WSW-ENE from the south-western and western smédlarmes: Nahimbi, Rumoka,
Rushayo, Suri-Turunga and Muvo (Nh, Rm, Rs, St, Whkich are the sites of the most
primitive magmas (K-limburgites and olivine-melilis or “rushayites”) fed by independent
tectonic drains unrelated to the tectonic systeth@fgreat volcanoes, to the north-east
Bufumbiro Bay (Bf) small volcanoes of primitive kv (K-limburgites or “ugandites” and K-
ankaratrites or “murambites”), which were direddy by their own drains with no magmatic
relationships to the neighbouring Muhavura (Fig. Ttis mantle source area includes the
more enriched carbonate core extending from NyimggeBaruta to Mikeno and Visok&he
Virunga volcanism began after the uplift of the Ww@®ngo) and east (Muhungwe) borders,
and the sinking of the Kivu and Edward basins datednd 5 Ma. We assume that the early
activity took place along the SW-NE oblique zonghaf anomalous mantle underlining the
offset of rift axis, because the Mikeno emplacethemiddle part of this zone ca. 2 Ma.

The melting depth increased from the western @difift edges (1) to the upper-middle
steps (2) and the lower step (3) of the rift valigth the following magma genesis: 1) pre-
Virunga sodic basalt, 2) potassic basanite of Nyagita and eastern volcanoes, and 3)
potassic nephenilite of Nyiragongo, Mikeno and ¥esoHence the metasomatised mantle
was melted at the deepest level of magma genetie dfirunga area. Similar melting is
exhibited in the northern part of the Kivu rift, ime Toro-Ankole volcanic area characterised
by highly alkaline, potassic and carbonated la\egohg the kamafungite series. The
kamafungite magma genesis implied important coutidn of the potassium-rich and
carbonatitic component from very deep metasomassedce (Rosenthal et al., 2009).

In the eastern rift, the most K-enriched alkaliaeals are located in northern Tanzania
where the rift valley becomes poorly defined inidevzone overlapping the boundary of the
Archaean Tanzanian craton and the Palaeo and Neapzoic Ungaran and Mozambique

belts. Volcanoes emplaced on the craton and thebiimed craton margin and exhibit K-
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nephelinites and melilitites similar to the Virungaes, and also carbonatites similar to the
Toro-Ankole ones (Le Bas, 1981, 1987). A carboratietasomatism has been evidenced
from mantle xenoliths originated from the lithospbe&raton root (Rudnick et al., 1993).
Isotopic compositions suggest that the metasomaitmarred recently. The carbonatite was
generated either by melting lithosphere that hawive carbonated by asthenosphere-derived
melts, or directly from the asthenosphere in reteghip with the mantle plume heating.

In the Kivu rift, isotope data suggest an oldebocaatitic event, may be Neoproterozoic
(Vollmer and Norry, 1983; Vollmer et al., 1985; Fag et al., 1992). But, we cannot exclude
the contribution of a volatile-rich transfer frotrethot upwelling asthenosphere. In the Toro-
Ankole field, Nd, Sr and Hf isotope arrays sugdest time-spaced enrichments of the
source: a potassic alkaline silicate metasomatisiiaer a carbonate-rich metasomatism
(Rosenthal et al., 2009).

To comply with these data, we conclude that theidigion of geochemical variations in
the Virunga area is explained by zoning of a lifleere enrichment that has occurred during
a Neoproterozoic alkaline magmatic event and byctmribution of plume-related hot and

fluid-rich asthenospheric components.

4. Geochronology and history of the rift

4.1. Previous data

Reliable K-Ar geochronological data are providedBagdasaryan et al. (1973), Guibert et
al. (1975), Bellon and Pouclet (1980), Rancon aathBnge (1983), De Mulder (1985), De
Mulder and Pasteels (1986), Pasteels et al. (188d)Kampunzu et al. (1998b). Some Ar/Ar
ages of the Sabinyo and Muhavura volcanoes weeersat by Rogers et al. (1998).

There is a consensus about a three stages voktanycof the South-Kivu area. Activity
began around 10 Ma with outpouring of tholeiited afivine-tholeiites. While this tholeiitic
production seems to decline, the magma evolven tdkali basaltic composition, around 8
Ma. A new rising alkaline activity, the second &atpok place between 7 and 4 Ma. These
Miocene to Pliocene activities supplied the mairt pathe basaltic pile of the South-Kivu
area. The third stage consists of strombolian emnptof the Tshibinda Chain, in the early
Pleistocene. Around the Virunga area the Pre-Viauatfivity is dated between 13 and 9 Ma.
Activities of the Virunga main volcanoes are daftean 2.6 Ma to present time (see section
2.3.).
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The northernmost volcanic area of Toro-Ankole, m@ast of Lake Edward, is
approximately dated to the Late Quaternary, witheaccurate ages between 50 and 10 ka
after Boven et al. (1998).

4.2. New K-Ar age data

We display a new set of 17 whole rock K-Ar deterations (Table 2). Samples locate
from north and south of Idjwi Island, Bitare-Bugawa graben, Bukavu graben (Cyangugu-
upper Rusizi), and western upper edge of theFif.(17).

We paid a special attention to the Idjwi Island vehee previously obtained very old ages
(Bellon and Pouclet, 1980) not supported by furtadies (Pasteels and Boven, 1989;
Pasteels et al., 1989).

The small outcrops of nephelinite lava were samplath of Idjwi Island. They are
residues of an old flow cover (see abowgjst dating yielded 28 + 1.4 Ma, a rather old age
that has been declared “not reliable” by Kampurizal.g1998b). Enrichment of radiogenic
argon may be suspected. A new measurement (LKd#gaires 19.98 + 1.00 Ma. One another
sample (BK8) of the same lava gives a similar g#0®7 + 0.56 Ma. According these new
data, an early Miocene nephelinitic activity isy®d. It took place between the South-Kivu
area and the Virunga area, before the birth of tlee Kivu (dated ca. 5 Ma) that separates
the two areas.

The southern Idjwi Island is partly covered witblgiitic and alkali basaltic flows
belonging to the South-Kivu volcanic area. Thoésipoured out over the crystalline
basement and are overlain by alkali basalts. Ingl&oes, tholeiitic flows are linked to
accumulations of hyaloclastites that are remnainisder-water volcanic cones. They are
also few small outcrops of diatomite-rich lacusrateposits that are dated to the early
Holocene by their diatom composition. These lapbdéds were produced when the Lake
Kivu has reached its highest level, between 108ka B.P., before the digging of the Rusizi
canyon (Pouclet, 1975) and thus are not relatéldetdnyaloclastites. New ages measurements
of tholeiite flows yield ages of 10.30 + 0.35, 9:66.48, 8.76 + 0.44, 7.73 + 0.30 and 6.62 +
0.66 Ma (BK14, 19, 15, 36 and 7, respectively).aMali basalt (BK-18) overlying the
tholeiites is dated at 7.07 £ 0.51 Ma.

Finally, what could be the true age for this thitieactivity? An analytical study of argon
behaviour in similar tholeiitic lavas from Southyad has been conducted by Pasteels and

Boven (1989). Apparent ages were obtained from 639 Ma. The authors concluded to
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the presence of excess argon and discarded theaglds. They dated to 4.1 Ma a sample of
alkali basalt overlying tholeiites, and suggesteat tholeiite activity may be as young as 5
Ma. It is known that sample preparation for K-Aa@rses cannot totally eliminate
xenocrystic fragments of the substratum that caugen gain leading to old apparent ages.
Conversely, alteration is responsible for potassama radiogenic argon losses that likely
make the ages younger. Unfortunately, South-Kiwletiites are rich in vitreous groundmass
containing most of the potassium and radiogeniorargnd this groundmass is easily altered.
So, young ages are not more credible than therwd.olraking up to 7.07 Ma the age of the
overlying (fresh and not vitreous) olivine bastit South-ldjwi tholeiites must be dated
between 10.3 and 7 Ma, owing to our new datings.

To document the question of initial tholeiitic atty of South-Kivu area, tholeiites from
the on-land southern prolongation of South-Idjwids (RW86, 87) have been analyzed by
one of us (H.B.) and age results were listed inddlat et al., (1989). Respectively, the
following results are obtained: 8.97 £ 0.45, andd2} 0.57. These results are consistent with
previous age data of tholeiites from upper Rudi@i@ to 7.6 Ma; Pasteels et al., 1989), and
from the western edges (8.2 to 6.9 Ma; Kampunal.e1998b).

Additional alkali basalts were dated in the midglet of the rift (Fig. 17): Bugarama
graben (RW88, 83) 10.63 £ 0.53 and 7.75 + 0.39 &na, upper Rusizi area (RW90, 89, 82,
81) 8.10 £ 0.40, 7.68 £ 0.38, 7.18 £ 0.36, and & 8332 Ma. Of important are the lavas of
the Kahuzi fracture zone, which are cross-cut leytfain faults of the western upper steps. A
dating (MM2) gives 8.19 + 0.40 Ma (Figs. 1, 3).

4.3. Geodynamical history of therift

Taking into account the revised and the new dataddition to the previously published
data (Bagdasaryan et al., 1973; Guibert et al.51Béllon and Pouclet, 1980; Pasteels and
Boven, 1989; Pasteels et al., 1989; Kampunzu e1298b) there is a total of 67 K-Ar ages
for South-Kivu, pre-Virunga, and Mikeno lavakaple 4). We exclude the post-1 Ma young
lavas. These ages are plotted on a histografigure 18

The earliest volcanic event happened around 21nMlasi North-ldjwi, close to the future
axis of the rift, and likely, to the western sidgg 19. It is assumed that most of the lavas of
this first activity are hidden by the South-Kivudaiirunga lavas. These early Miocene lavas
are strongly alkaline and nephelinitic and resuftech a very low partial melting of mantle

source. At that time, the rift valley did not exéstd no swell is evidenced. A large outcrop of
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old nephelinites is located west of the Lake Kistose to an alkaline syenite intrusion
(Numbi, Fig. 16) belonging to the Neoproterozoiomgyenic alkaline activity already
checked in the Kahuzi area, and west of the Viruipa alkaline intrusions are set along a
NNE-SSW striking line named “the Neoproterozoic \Wfezss Line” (Fig. 19A). It is
postulated that the initial volcanic activity oktKivu Rift, as well as the Pre-Virunga early
activity was drained by such an inherited fractzoge.

We indicate that, in the Kivu Rift, volcanism begaontemporaneously with that of the
Kenya Rift ca. 23 Ma (Hendrie et al., 1994) andaiithern Ethiopia ca. 21 Ma (George and
Rogers, 2002), though the earliest magmatism oé#tstern rift is dated at 45 Ma in the main
rift Ethiopia (George et al., 1998). Our data figatibommon belief that the Western Rift
volcanism began 5-10 m.y. after the Kenya Rift aaism.

Pre-Virunga volcanic activity took place betweenat®l 9 Ma. It is located in the
Neoproterozoic Weakness Line, and controlled by SE/faults oblique to the rift axis
(Fig.19A). The Tongo Fault was not yet active. Bestence of a crustal magma chamber
beneath this volcanic field is attested by the ougb evolved lavas. The composition is
alkaline sodic and indicates a low degree of mgltihthe source.

At ca. 11 Ma, tholeiitic volcanism was emplacedha South-Kivu, along the South-Idjwi
— Bitare-Bugarama structure, parallel to the risgFig. 19). Flows poured out along a
north-south fracture system. Besides, the 8.2 MauKiaflow (MM2) to the edge of the upper
step ran down to the west. This flow direction ctiegpwith the existence of a swell and with
the absence of a rift graben. However, the thataihderwater hyaloclastites and flows of
South-Idjwi, which are dated around 8 Ma, invollie existence of a lacustrine basin. It must
be assumed that a first, though limited grabenfaased along the rift axis, at ca. 8 Ma.

Afterwards, the tholeiite magma contribution desezhuntil 5 Ma, but was no longer
restricted to the rift axis. Last tholeiitic lavasured out on the western upper Kahuzi step and
on the Mwenga area where they are overlain bydc8& Ma alkaline lavas (Fig. 19). In the
same time, since 10.6 Ma or 8.5 Ma, an alkalinemeagroduction resulted from less partial
melting of a heterogeneous source. The activity leated along the Bugarama north-south
tectonic axis, and then, along the N-S and NNE-3&Wling faults of the whole area. The
most significant basaltic supply is dated betweam® 7 Ma. The alkali basalt lava flew
down above the western steps of the rift. Theialomconformity above the tholeiites in the
Bugarama graben confirm that the rift valley wasated around 8 Ma. Subsidence of the
northern basin of Lake Kivu began ca. 5 Ma. Betweamd 5 Ma, extrusion of evolved lavas

(trachyte-phonolite), into and close to the Bukgvaben, pointed to the ponding of alkaline
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950 magma into crustal reservoirs in a limited areaeA% Ma, volcanic activity decreased and
951 migrated to the south-west tectonic zone of Mweungi# 2.6 Ma, in correlation with the

952 decreasing of the partial melting degree of thec®which produced Mg-basanites. Such a
953 timing and the magmatic feature are consistent avitift propagation in the Mwenga branch.
954 The last activity, around 1.7 Ma, has built theibstda Chain at the edge of Mount Kahuzi.
955 Its alkaline lavas imply a new and moderate degfewelting of a similar source.

956 Consequently, a thermal anomaly was persistingibeie higher western part of the rift in
957 the Lake Kivu area. More recent eruptions (posditly Pleistocene) in the Tshibinda Chain
958 and Rwandese shore lake have been assumed byl®aste (1989) and by Ebinger

959 (1989a). However, new accurate chronological deganeeded to improve the temporal
960 constraints of these latest eruptions.

961 In the Virunga area above the shelf between lakes &nd Edward, volcanic activity was
962 initiated along a SW-NE fracture zone at the Mikanea, ca. 2.6 Ma (Guibert et al., 1975),
963 and then propagated to the SW at the Shaherupahé NE at the early-Visoke, early-

964 Karisimbi, Sabinyo, Gahinga and Muhavura until tb Bla (Bagdasaryan et al., 1973,;

965 Rancgon and Demange, 1983; Rogers et al., 19983cknt time, volcanism occurred

966 simultaneously in the eastern side at young-Vis#&legisimbi and Muhavura (Rangon and
967 Demange, 1983; De Mulder, 1985; Rogers et al., 19981 in the middle area, at Baruta.
968 Lastly, eruptions were focused in the middle Virarag Nyiragongo, and to the west at

969 Nyamuragira.

970

971 7.Conclusions

972

973 This study addresses the tectonic pattern, volaaak compositions, and age dating of the

974  Kivu Rift in the western branch of the East Afridaiit system, with the aim of improving the
975 history of the rift and deciphering the relationshbetween the volcano-tectonic pattern and
976 the conditions of magma genesis.

977 The rift resulted from stretching of the contindithosphere that produced thinning and
978 passive upwelling of hot asthenosphere. The tectioamework evolved with linking of fault
979 segments inherited from weakness zones of the leageand with development of isolated
980 basins in the rift axis. Rising of the top of thetreenosphere with thinning of the lithospheric
981 mantle initiated the decompressional driven pamialting of the lithosphere and

982 asthenosphere, successively. This first pre-rifbithg stage is portrayed with the 21 Ma

983 nephelinites of North-1djwi, the 13-9 Ma alkalinadalts of West-Virunga, and the 11-8 Ma
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tholeiites of South-Kivu. At that time, no faultasps were developed and the rift valley was
not yet created, though a small lacustrine basstekin the South Idjwi area owing to the
occurrence of hyaloclastites. The magma composlitigically evolved from highly alkaline
to moderately alkaline and to sub-alkaline withr@asing amount of lavas, in relationships
with increasing degree of partial melting and miarportant contribution of the
asthenospheric component. The N-S and NNW-SSE vkt fertile fractures suggests an
E-W strain field direction.

But, in the following stage, the magma productitopped in the Virunga area and
completely changed in South Kivu with the outpogrof alkaline basalts, as soon as 8.5 Ma.
The partial melting decreased and was limitedttm$ipheric mantle. One may note the lack
of voluminous flood basalts, a salient componerihefextensional rifting evolution in the
Ethiopian-Somalian branch of the East African fihen, the rift valley was created and the
lake basins subsided, namely around 5 Ma for tl lKavu. This indicates the cessation of
the extensional process and the cooling of the nlyidg mantle, as proved by the decreasing
degree of partial melting of the late Pliocene Mgdmnites of the Mwenga branch. The
extrusion of differentiated lavas between 6 andaiiithe Bukavu graben, points to magma
storage into crustal reservoir, and to the nonterte of an opened fissural system.

Again, the Kivu rift evolution completely changedh@n a new highly alkaline and potassic
volcanism appeared in the Virunga site around 2a6 Mom that time until now, this event is
controlled by a transtensional constraint and fienong of a tension gash with an ENE-
WSW extensional displacement. This constraint ééfié¢¢he South-Kivu and induced a
moderate melting of the lithosphere in the TshibhiMblcanic Chain during the Pleistocene.
In the Virunga area, the magmas tapped a deep ersmitce previously enriched by
carbonated metasomatism. The success of the noeltigtion is explained by the high
volatile content of the mantle source which faatkd the melting. In the same structural
context, a normal mantle would not melt. In retuh® presence of a metasomatized mantle is
the effect of a former Proterozoic magmato-tectevient which created the structural
weakness zone reactivated and used by the Kivurtigreby, the existence of the
outstanding Virunga volcanic province is not reddijtuitous.

The history of the Kivu rift is not a smooth rungiof a standard rift development. It is
strongly dependent on space and time distributi@hcianging of the surrounding driving
forces in the African plate. Meanwhile, no accuiaerelations can be evidenced with the
eastern branch of East African Rift. Further stediad age datings are needed to attempt a

more comprehensive model of the East African mag#tettonic evolving constraints.
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1350 Yoder, H.S., Tilley, C.E., 1962. Origin of basalagmas: an experimental study of natural
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1352

1353 Caption

1354

1355 Fig. 1 - Tectonic pattern of the western branch of the é&tasAfrica rift system in the Lake
1356 Kivu region, after Pouclet (1976) slightly modifiddap of the South-Kivu and Virunga
1357 volcanic areas. Volcanoes of Virunga: Nyamuragia yiragongo (Ny), Mikeno (M),
1358 Karisimbi (K), Visoke (V), Sabinyo (S), Gahinga (@nhd Muhavura (Mh).

1359

1360 Fig. 2 - Tectonic map of the Lake Kivu and altitude of sféps in metres. This new map is
1361 drawn after the bathymetric map and the geophysiata of Degens et al. (1973) and
1362 Wong and Von Herzen (1974), which were acquiredndumwo cruises of the Woods Hole

1363 Oceanographic Institution in 1971 and 1972. Thewater volcanoes were discovered
1364 using echo sounder and magnetometer records. AdECa@, interpreted cross-sections in
1365 the northern and southern basins, respectively-I&tustrine volcanoes of the northern
1366 lake side are linked to the Late Pleistocene agtofi Virunga during the high level stage
1367 (Pouclet, 1975). The South-Idjwi sub-lacustrinecamloes are much older (Miocene), see
1368 section 4.2. Mineral hot springs deposited thiekértine terraces or sinters in the

1369 Holocene. The up-lifting points are localized usiogographical data. They mark the
1370 westward and eastward tilting of the horst stap#hé west side and the east side,

1371 respectively.

1372

1373 Fig. 3 -Geological sketch map of the Mount Kahuzi areanshg the birth of tholeiitic

1374 Lugulu flows (new map). The MM2 basaltic lava igethat 8.19 + 0.40 Ma (new dating,
1375 Table 2). This lava flow westward poured out during doming stage of the Kivu Rift,
1376 before the rift valley formation. Igneous intrussoswre dated to Neoproterozoic and consist

1377 of quartz-porphyry microgranite in Mount Kahuzi amidacmite-riebeckite-bearing

1378 granites and syenites in the other areas (rehandxt).

1379

1380 Fig. 4 -Map of strombolian cones of the Tchibinda Volca@lwain (new map) and location
1381 of the analysed lavas. The CRSN "Centre de Rechsreh Sciences Naturelles”, formerly
1382 IRSAC “Institut pour la Recherche ScientifiqueAsinique Centrale” is located at Lwiro.
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Sample numbers refer to analysed rocks (Tableul)) dBts are dated samples: TB4 = 1.9
Ma; MM1 =1.7 Ma ; KT1 = 1.6 Ma (Table 4); MM2 =1® Ma (Table 2).

Fig. 5 -Map of the Virunga Volcanic area locating the Flloaternary volcanic activities

after Pouclet (1977) completed with the recentamwic centres. Main edifices:
Nyamuragira (N), Nyiragongo (Ny) and its two “eld#others” Shaheru (Sh) and Baruta
(B), Mikeno (M), Karisimbi (K) and its older crageBranca (Br) and Muntango (Mt),
Visoke (V), Sabinyo (S), Gahinga (G), and MuhaviMh). Lithology of the surrounding
substratum is specified. Red dots, flank or patasgnes; red diamonds, historical

parasitic activities.

Fig. 6 -Map of the Bishusha-Tongo area (new map). Outcobpise Miocene lavas.

Altitudes of the Tongo uplifted Pleistocene tersacemetres.

Fig. 7 - Qtz-Ab+Or-Hy-OIl-Ne combined ternary diagrams af &ivu basaltic lavas. Data

after Meyer (1953), Meyer and Burette (1957), Dgeaet al. (1965), Denaeyer (1972),
Pouclet (1976), Guibert (1977), Villeneuve (19#ampunzu et al. (1979, 1983, 1998b),
Bellon and Pouclet (1980), De Paepe and Fernanttarsé (1981), Kanika et al. (1981),
Lubala (1981), Lubala et al. (1982, 1984, 1987%;Kland De Paepe (1983), Auchapt
(1987), Auchapt et al. (1987), Marcelot et al. @Q&asteels et al. (1989), Furman and
Graham (1999), and new analyses (Table 1). Normatdmenclature: T, tholeiite (Qtz);
OI-T, olivine-tholeiite (Ol and > 15% Hy); OI-B, isine basalt (Ol and < 15% Hy); Alk-B,
alkali basalt (0.01% < Ne < 5%); Bs, basanite (5%e<< 15%); Neph, nephelinite (Ne >
15%).

Fig. 8 - Primitive Mantle normalized incompatible elemeiggitam of the South-Kivu

tholeiitic and alkali basaltic lavas. Tholeiiticchbasaltic areas drawn after the analytical
data set. New analyses of (A) Miocene lavas, andP(Bistocene lavas of the Tchibinda

Volcanic Chain from Table 1. Normalizing valuessafSun and McDonough (1989).

Fig. 9 -Yb vs. La/Yb and La/Sm vs. Sm/Yb diagrams for dateing the enrichment of the

source and the partial melting degrees of mantiecgo (A) The Yb vs. La/Yb diagram
indicates an increase of partial melting, from bésa to tholeiites, and/or varying

enrichment of sources compared with the averaget@iB source. (B) Batch melting of
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the enriched source C1 and of the less enrichedesdl. Melt curves are drawn for
spinel-lherzolite, garnet-lherzolite and a 50:5&Mmnie of spinel- and garnet-lherzolite.
Modal compositions of spinel-lherzolite (olivine®3OPX 27%, CPX 17%, spinel 3%)
and garnet-lherzolite (olivine 60%, OPX 20%, CPXd @arnet 10%) are after Kinzler
(1997) and Walter (1998). Mineral/melt partitiorefficients for basaltic liquids are after
compilation of Rollinson (1993). Tholeiites may kaesulted from ca. 10% of partial
melting of spinel-Iherzolite from a moderately ehied source. Basaltic and alkaline lavas
resulted from lower degrees of partial melting (1@2%) of a spinel- and garnet-
Iherzolite mixture of varying amount of spinel agarnet.

OIB, Primitive Mantle, N-MORB, and E-MORB compositis are from Sun and
McDonough (1989).

Fig. 10 -Nb/Yb vs. Th/Yb diagram to test crustal contamratSame symbols as for Figure

9. OIB, Primitive Mantle, and N-MORB compositiongdrom Sun and McDonough
(1989). All the lavas plot in the mantle array,qghoeling any perceptible crustal

contamination.

Fig. 11 -(A) La vs. YD, (B) Ba vs. La, and (C) Nb vs. Ziveoiation diagrams. Same symbols

as for Figure 9. Tsh, Tshibinda Volcanic Chain; L.émymera; PM, partial melting

curves; FC, fractional crystallization; trend #dw-Yb, high-La, high-Ba, and low-Zr
curves evolving from basanites to olivine basatwiched source); trend # 2, low-La, low-
Ba, and high-Zr curves characterizing the tholgidad some olivine basalts (less enriched
source); trend # 3, intermediate high-Ba and higtpattern, and intermediate Nb and Zr
feature (intermediate or mixed source). The patiéthese trends attests for the
contribution of two sources. The trend # 1, begiosed by the Tshibinda Chain lavas,
derived from an enriched source. The trend # Z/ddrirom a less enriched source. These
two sources are documented by isotopic studiestésge The enriched source is
lithospheric, while the less enriched source cambed lithospheric and asthenospheric
materials.

Fig. 12 -Primitive Mantle normalized incompatible elemerdgtiam of North-Idjwi and Pre-

Virunga lavas. These sodic-rich lavas are morditraated than the basaltic lavas of

South-Kivu. Normalizing values after Sun and McDoglo (1989).
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Fig. 13 -Primitive Mantle normalized incompatible elemeizgtam of (A) Nyamuragira
lavas compared with South-Kivu lavas, (B) the ottesanitic volcanoes of Virunga, (C)
Nyiragongo lavas compared with Nyamuragira lavasd, @) the other leucite-nephelinitic

volcanoes of Virunga.

Fig. 14 -La/Sm vs. Sm/Yb diagram of Virunga mafic lavastdBamelting of the enriched
source C1. Melt curves as in Figure 9. The Virungagma can be originated from a
garnet- and a few spinel-bearing Iherzolite soufte degree of partial melting is higher

for the basanite magma than for the nephelinitem@agame symbols as for Figure 13.

Fig. 15- Zr/Hf vs. Hf diagram of mafic lavas of Virungdf and Zr/Hf chondritic values of
K-basanites of Nyamuragira, Karisimbi, and east@ioanoes are consistent with partial
melting of common mantle. High Zr/Hf ratios in tNgiragongo lavas imply the
contribution of Hf-poor carbonatite component, lagvegn by the Namibian nephelinite-

carbonatite association. Same symbols as for Fig8ire

Fig. 16- Inferred location of the metasomatized and caabed mantle in the sub-lithospheric
mantle of the Virunga area, after geochemical sigea of the Plio-Quaternary volcanoes.
Normal mantle is suspected below the Miocene vadcarea.

Small red stars are the eruptive centers of thd prositive lavas unrelated to the magma
chambers of the large volcanoes (St, Suri-TurudMyg;Muvo; Nh, Nahimbi; Rm,
Rumoka; Rs, Rushayo; Bf, Bufumbiro). Large stahesLueshe carbonatite. Circled stars
are Late Neoproterozoic intrusions of nephelirggenites (N, Numbi; F, Fumbwe; B,
Bishusha; K, Kirumba).

Fig. 17 - Location of the new geochronological data inlth&e Kivu and South-Kivu

volcanic area. Data in Table 2.

Fig. 18- Histogram of all the geochronological data. \&nii activity initiated south of the
future Lake Kivu trough, at 21 Ma, with alkalinedso nephelinite. It evolved to sodic
basanite in the Pre-Virunga region, between 13%kt&. A distinct tholeiitic volcanism
appeared in the South-Kivu region at 11 Ma, anatogiressively replaced by alkaline
activity until the last pulse in the Tshibinda Qihaa. 1.7 Ma. The oldest activity of the
Virunga area is dated at 2.6 Ma in the Mikeno votca
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Fig. 19- Geographical distribution of the volcanic adivi
(A) Data from 21 to 9 Ma. The initial activity i€phelinitic and is limited to the middle part

of the future Lake Kivu. In the Virunga area, tifevalley did not exist during the Pre-
Virunga activity. In the South-Kivu area, the aitfivs tholeiitic and located along N-S
fractures of the future rift axis. Late Neoprotaigzalkaline intrusions: L, Lueshe; K,
Kirumba; B, Bishusha; F, Fumbwe; N, Numbi; Kz, KahuiBg, Biega. The layout of these

intrusions suggests a structural weakness line.

(B) Data from 9 Ma to Present. In the Virunga aeedivity began ca. 2.6 Ma in the middle of

the oblique rift segment. In South-Kivu, activitgtended to the whole area along N-S and
NNE-SSW fractures and changed from tholeiitic tcalhe between 8.5 and 5.9 Ma.
Activity occurred to the south-west along the NE-8%¢ttures of Mwenga, ca. 5.8 to 2.6
Ma, and, finally, to the west, in the Tshibinda @©haa. 1.7 Ma.

Table 1 -New analyses and analyses of dated samples fromeMaet al. (1989). Alk-B,

alkali basalt; OI-B, olivine basalt; Bs, basanhg-Bs, sodic basanite; Benm, benmoreite;
H, hawaiite; Mug, mugearite; Neph, nephelinitetiileiite.

Analytical method and laboratory: H = atomic absiorpspectrometry (AA) for the major
elements and instrumental neutron activation (INAAY X-ray fluorescence (XRF) for
the minor elements at the University of Halifax (@éa); O = inductively-coupled plasma
spectrometry (ICP-OES) at the analytical laboratdrthe University and CNRS of
Orléans (France); P = atomic absorption spectronatthe Department of Petrography-
Volcanology of the University of Paris-Sud; T = XRFthe Musée Royal de I'Afrique
Centrale of Tervuren (Belgique).

Ages are from Tables 2 and 4.

Table 2 -New K-Ar geochronological analyses. Most of poiassargon ages were

measured at the “Université de Bretagne OccidéenitaBrest (France) on grains of
whole-rock, 0.3 to 0.15 mm in size, obtained afteishing and subsequent sieving of the
solid samples. One aliquot of grains was powdemnexhiagate grinder for chemical attack
of around 0.1 g of powder by 4 cc of hydrofluora@da before its analysis of K content by
AAS (Atomic Absorption Spectrometry). A second atig of grains was reserved for
argon analysis. About 0.7 g to 0.8 g of grains weyated and fused under vacuum in a

molybdenum crucible, using a high frequency gener&eleased gases during this step
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were cleaned successively on three quartz tragsioang titanium sponge when their
temperature was decreasing from 800°C to the arnbrex) during 10 minutes; at the final
step the remaining gas fraction was ultra-purifisthg a Al-Zr SAES getter. Isotopic
compositions of argon and concentrations of radiamargon’’Ar” were measured in a
stainless steel mass spectrometer with a 180° gepaned a permanent magnetic field.
Isotopic dilution was realized during the fusioepstusing precise concentrations #r
buried as ions in aluminium targets (Bellon et H#.81). Ages are calculated using Steiger
and Jager's (1977) constants and errors, follotfiagequation of Mahood and Drake
(1982).

Table 3 -Trace element composition of the South-Kivu magmarces according to Auchapt
(1987).

Table 4 —K-Ar geochronological data for the Lake Kivu ateaas (Western Branch of the
East African Rift) excluding the post-1 Ma lavagf&ences: 1, Bagdasaryan et al. (1973);
2, Guibert et al. (1975); 3, Bellon and Pouclet3@9 4, Pasteels and Boven (1989); 5,
Pasteels et al. (1989); 6, Kampunzu et al. (199Bkthis work.
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Tablel

Location
#

Kahuzi

B
819
44.00
228
1448
1333
016
1019
1083
253
01
090
175
10145

21

Bukavu
e

Bs
7
45.43
207
1457
1046
010
866
1093
356
124
016
251
10038
E
17

Bukavy Upper-Rusiz
e Rwao
Bs  Bs AKB

718 768

4645 4565 4762
204 206 233
1380 1445 1435
1080 1085 1150
018 020 015
861 717 670
1090 1154 1066
367 363 300
185 16 135
087 100 086

15 108 136
10012 9014 9988
ECRPE R
us2 1107 80
2w
24 243 235
125 170 137

1038 1340 08
43 49 49
w6 142 106
o6 11 702
s 107 152
650 672 609
04 15 103
304 331 304
1 o121 120
24 278 281

037 044 040

Table 1 (continued 1)

Table 1 (continued 2)

Table 1 (continued 3)

Table 1 (continued 4)

Table 1 (continued 5)

South-idjwi Location South-Idjwi Bitare am Location Tshibinda Location Tshibinda Chain North-Idjwi Bishusha Tongo Location  Tongo Mueso Wyssuragira. Location
BT B4 BKIS  BKID K0 # Koo KIS RWss RWST RWSS RWss MM TBa  TB#  TBa# ok ke kT2 KT kT2 KT A s B N0 NSTS NS N NS # NS NSTIQ) NTI@) NSST  NAS  NBAL  Nadsa  NGSS N4 NSSE
3 »o Method o Po M To Methd po To o Method To b0 w PO Method ® o To b b0 P Method
T oAKB T Bs  Bs NaBs Bs Rock B OB OB NaBs OB AkB AkB AkB AkB AkS Rock  AkB OFB Neph Neph Neph NaBs NaBs Haw Haw NaBs Rock Bs Mug Benm OLB KBEBs KBs KBs KB KBs Rock
662 1030 876 956 Age(Ma) 773 707 897 1142 775 1063 17 19 Age(Ma) 16 Age (Ma) 1908 2097 89 Age(Ma) Age (Ma)
5022 5003 49.41 5091 5144 SO2 5264 4623 5257 4968 4660 4390 4658 4567 4684 4850 SO2 5000 4898 49.42 4563 4630 4601 4699 4682 SO2 4572 4780 4241 4276 4297 4730 4392 4784 4690 4535 SO2 4413 5316 5786 4893 4624 4542 4503 4601
19 169 224 203 158 TI02 163 201 157 150 212 287 18 153 153 146 TI02 107 117 117 187 208 151 146 148 TO2 149 146 166 177 160 140 150 148 TiOBS 153 104 113 238 275 355 275 316 271 273 TO2
1540 1542 1470 1441 1499 AR03 1549 1512 1398 1375 1410 1494 1508 1404 1356 1276 A203 1350 1355 1492 1440 1650 1560 1508 1541 ARO3 1567 1566 1198 1168 1215 1467 1612 1387 1619 1750 A203 1572 1698 1010 1517 1553 1506 1273 14.94
1001 1073 1364 1219 1148 Fe2031 1236 1255 1086 1326 1095 1288 1021 1241 1120 1061 Fe203t 971 1057 1067 1054 1383 1085 1076 Fe203t 1100 1078 1050 1047 087 1136 1156 1727 1162 1083 Fe203t 1108 827 441 1251 1112 1277 1138 1258
015 017 017 014 015 MO 011 020 014 030 021 018 02 017 018 019 MnO 015 016 013 022 019 020 017 019 MO 020 019 016 017 016 004 010 003 021 003 MaQ7 ODE2 004 020 003 003 003 003 008 MnO
613 630 652 674 577 MgO 547 924 690 700 840 880 1023 908 887 956 MgO 998 1068 923 963 696 920 1018 ©36 MO 1036 980 1241 1211 1244 597 635 4366 MgBOS 652 336 136 724 776 562 989 637 B854 1115 MgO
984 1015 686 ©35 913 Ca0 911 @87 823 886 1070 985 938 1212 1150 1090 Cad 1008 1010 1036 991 933 1060 1001 1027 Ca0 984 975 1355 12900 1323 1143 114ELIBA%RO B8L 1002 544 427 829 1012 1077 1113 1008 1097 1185 CaO
252 265 320 277 268 Na20 243 305 264 261 345 333 324 265 352 384 Na20 278 256 272 414 301 238 279 287 Na20 261 275 357 364 349 444 427 AQ7 aZ66 880 N4GO 528 241 329 283 259 256 317 212 Na20
028 030 055 045 020 K20 030 099 095 062 122 140 136 121 160 106 K20 112 114 104 109 115 121 100 112 K20 097 090 069 087 102 050 087 096 145 149 K20 4005 2865 316 250 270 251 268 187 K20
019 013 039 010 004 P205 021 054 024 024 089 095 054 040 070 055 P205 052 044 043 060 094 084 036 046 P205 041 041 044 114 105 017 044 007 525 DIB FRSY 056 006 000 006 006 008 007 032 P205
255 290 Lol 1 Lol 216 o031 420 207 171 L0 242 177 237 200 212 402 319 B4 LDBO 284 275 273 067 077 021 118
10029 10021 10058 10097 100.43 Total 10140 10001 9922 ©99.45 9915 10009 10111 10050 10059 100.37 Told 10107 99.66 10061 9887 10053 10015 10269 10109 100.96 10045 Tolal 10069 10136 99.74 9961 10010 10130 9988 10L66 99.10 9976 Total  99.03 99.89 10076 100.18 100356 100.17 99.86 90,
8 Rb 25 27 16 0 36 50 50 Rb s 2 62 35 Rb 2 2w 56 Rb o 104 Rb
255 s 53 254 247 1050 702 725 772 70 s 500 405 s02 720 s 682 1620 1650 1004 1400 s 1890 940 s
27 Y £ s s 2 0w v 4 2 2 £ v 2 28 £ 36 v 3 a1 Y
101 z 162 210 282 165 3 145 zr 16 104 2 157 2 166 192 190 260 273 2 265 207 z
21 Nb 62 00 67 &8 3 % Nb 65 62 101 o5 Nb 74 20 120 74 Nb 237 124 No
150 Ba 640 %6 614 1012 1123 1100 Ba 751 740 1200 802 Ba 733 1311 1209 1770 1482 Ba 1710 1250 Ba
25 HE 37 30 27 42 58 38 30 31 HE 25 21 a7 a1 HE 36 32 2 HE 40 69 HI
13 Ta a7 39 42 Ta 35 a9 40 Ta 40 69 76 Ta 59 Ta
2 T 66 6 3 95 47 12 13 1 Th o8 98 1 12 T o1 168 16 20 221 ™ 173 13 T
175 La 455 275 203 8l2 454 708 73 7 la 481 456 L1 622 La 51 135 120 137 141 La 132 878 La
22 ce 852 504 381 151 043 110 123 121 ce 780 741 130 119 ce 805 %2 25 289 257 ce 266 169 ce
39 pr 87 126 125 Pr a1 142 126 Pr o8 273 302 Pr 166 Pr
155 Nd 251 181 172 591 463 401 406 402 Nd 258 249 465 402 Nd 200 021 913 1020 842 N 930 545 Nd
39 sm 64 453 411 964 1020 72 730 73 sm 46 443 73 70 sm 59 1280 127 135 1160 sm 1270 103 sm
14 Eu 21 148 146 280 3271 20 210 21 Eu 15 145 22 21 Eu 18 377 38 39 332 Eu 310 33 Eu
46 = 62 54 54 cd 52 63 55 cd 54 80 a7 cd 85 cd
08 T 095 078 075 105 135 087 0s8 087 Th 07 o062 11 09 ™ 084 107 11 18 105 ™ 100 12 T
45 oy 59 48 49 Dy 38 61 a8 oy 40 56 57 oy 61 Dy
21 255 220 2 240 285 24 250 24 b 22 200 27 24 Yo 22 200 20 28 307 Yo 300 26 Yo
m 035 035 038 040 040 m 031 m 031 044 w 041 m

Nyamuragia
2w

KBs  KBs
4655 4454 SO2
310 337
1395 1078 ARO3
1125 1271 Fe203t
008 018
679 750
1044 1070
286 280
282 200
034 057
09 10019 9944 Tota
89 80
87 a73
E)
w05 218
1B 100
1106 1079
63 60
61
2 10
703 668
1472 1380
147
529 564
100 947
31 2
84
11 085
59
23 22
034

4588

1453
1363

101

4490

1355
1280

a1 e27



Table2 Whole rock K-Ar age dating
. Sample Fused K,0 PAr 0 w0 Age (Ma)
Location 4 Rock type mass (g) (wi%) (10_7 cc/g) Ars/“Ar 1o
North-Idjwi BK8 Nephelinite 0.7137 1.46 9.82 42.6 20.79 56
0.7094 1.46 10.04 57.9 21.21 +0.52
Mean age 20.97 £ 0.56
North-Idjwi LKA4 Nephelinite 1.0160 1.27 8.23 50.7 19.98.90
Bitare RW87 Tholeiite 1.0108 0.55 2.03 27.0 11.42 £ 0.57
Bugarama RW88 Basanite 1.0023 1.25 4.29 52.7 10.63 £ 0.53
South-Idjwi BK14 Tholeiite 0.7007 0.43 1.43 28.4 10.30.23®
South-Idjwi BK19 Tholeiite 1.0049 0.68 2.10 27.8 9.56 4®.
Bitare RW86 Tholeiite 1.0009 0.90 2.61 37.3 8.97 £ 0.45
South-Idjwi BK15 Tholeiite 1.0145 0.66 1.87 19.3 8.76 44.
Kahuzi MM2 Alkaline basalt 1.0171 0.87 2.23 41.1 7.92 210.
0.7039 0.87 2.38 38.6 8.47 +0.24
Mean age 8.19 £ 0.40
Upper Ruzizi RW90 Olivine basalt 1.0130 0.76 1.99 26.6 0&D.40
Bugarama RW83 Basanite 1.0115 1.15 2.88 39.8 7.75+£0.39
South-Idjwi BK36 Tholeiite 0.7154 0.38 0.95 16.5 7.73 3.
Upper Ruzizi RW89 Alkaline basalt 1.0022 1.20 2.98 32.7 68 0.38
Bukavu RW82 Basanite 1.0072 1.56 3.62 44.3 7.18+0.36
South-Idjwi BK18 Alkaline basalt 0.7101 1.00 2.28 10.8 774€0.51
South-Idjwi BK7  Tholeiite 0.7007 0.43 0.92 9.7 6.62 + 0.66
Bukavu RW81 Basanite 1.0086 1.45 2.96 43.0 6.33+0.32



Table3 Trace element composition of the South-Kivu magma sources

C1 C2
Sr 51 45
Y 7.5 7.2
Zr 19 25
Nb 3.3 3.3
Ba 38 26
Hf 0.48 0.62
Th 0.52 0.26
La 3.80 2.33
Ce 7.10 5.05
Nd 3.10 2.90
Sm 0.84 0.80
Eu 0.30 0.30
Tb 0.16 0.16

Yb 0.67 0.66



Table4
Locatior

North-1djwi
North-1djwi
Bishushi
Tongc

Bitare
Bishushi
Bishushi
Bishushi
Bugaram
South-Idjw
Tongc
Lower-Rusiz
Bugaram
Bishushi
Bishushi
South-Idjw
Bishushi
East-Cyanguc
Bitare

Tongc
South-Idjw
W-Bukavt
East-Cyanguc
Upper-Rusiz
Kahuz
Kahuz
Upper-Rusiz
Upper-Rusiz
Mushaki
Bugaram
South-Idjw
Upper-Rusiz
Burund
Upper-Rusiz

K-Ar geochronological data for the Lake Kivu aragd:

Sample: Rock type Age
BK8 Nephelinite 20.97 £ 0.5
LKA4 Nephelinite 19.98 + 1.0
N37Z Hawaiite 12.6 0.
TRK4 Benmoreitt 11.8 +0.¢
RW87 Tholeiite 11.42 +0.5
TR44 Ol-Tholeiite 11.0+0.!
TR5C OI-Tholeiite 10.8+1.
TR5 Ol-Basal 10.7 £ 0.
RW8¢ Basanit 10.63 + 0.5
BK14 Tholeiite 10.30+0.3
TRK2z Benmoreitt 10.2 +0.
27  Tholeiite 10.0 £ 2.(
17  Tholeiite 10.0 £ O.¢
TR1k Hawaiite 9.9+1.;
TR1z Basanit 9.7+1.:
BK19 Tholeiite 9.56 + 0.4
TR24 Mugearite 9.2+ 1.(
14  Ol-Tholeiite 9.0 = 0.¢
RW8€ Tholeiite 8.97 £ 0.4!
N37¢ Basanit 8.9+0.t
BK15 Tholeiite 8.76 £ 0.4
1 Alk-Basall 85+0.!
20  Tholeiite 8.4 +0.:
Ol-Basal 83+1.C
AK256 Alk-Basali 8.2+0.
MM2 Alk-Basalt  8.19 + 0.4
RW9C Ol-basal 8.10 £ 0.4
26  Tholeiite 8.0+1.(
3 Basanit 7.99 +0.2
RW8: Basanit 7.75+0.3!
BK36 Tholeliite 7.73 £0.3l
RwW8E Alk-Basall 7.68 +0.3i
28 Tholeiite 7.6+1.¢
Ol-Basal 7.6 0.t

Ref.

7
7
3
6
7
6
6
6
7
7
6
5
5
6
6
7
6
5
7
3
7
5
5
1
6
7
7
5
5
7
7
7
5
1

Locatior Sample:
Burund 19
South-Idjw 18
West-Bukavi 2
Upper-Rusiz RwW82
South-Ildjw BK18
Bukawvt BK24
Kahuz AK486
Upper-Rusiz 11
South-Idjw BK7
Upper-Rusiz 12
Upper-Rusiz Rw81
Upper-Rusiz 10
Upper-Rusiz 22
West-Bugaram 9
Bugaram 13
Upper-Rusiz 5
Kahuz RTL218C
Mwenge K157
Upper-Rusiz 25
Upper-Rusiz 23
Upper-Rusiz 4
Upper-Rusiz 21
North-Mushak 7
Bugaram 15
Upper-Rusiz 24
Mwenge K40
South-ldjw 1-84-3C
NW-Bukavt 6
Mwenge K58
Mikenc

Tshibinde TB4
Tshibinde MM1
Tshibinde KT1

Rock type

Tholeiite
Tholeiite
Basanit
Basanit:
Alk-Basall
Basanit
Ol-Tholeiite
Alk-Basall
Tholeiite
Hawaiite
Basanit
Hawaiite
Benmoreit
Hawaiite
Hawaiite
Basanit
Ol-Tholeiite
Ol-Basal
Trachyte
Trachyte
Basanit
Phonolite
Hawaiite
Hawaiite
Trachyte
Alk-Basall
Ol-Basal
Basanit
Basanit
Trachyte
Basanit
Basanit
Ol-Basal

Age

7.6%0.!
7.6 0.0
7.3%0.:
7.18 £ 0.3
7.07 £0.5.
7.00 £0.3!
6.90 £ 0.3!
6.7%0.!
6.62 = 0.6
6.45 £ 0.9
6.33+£0.3.
6.2+0.
6.14 £ 0.3
6.06 £ 0.2
59%0.!
59%0.
59%0.:
58+1.
574 £ 0.2
5.74 £ 0.0!
57%0.
57%0.:
5.65+0.2
56%0.
5.05+0.
42 +1.
41 +1
4.06 +0.2.
26%1.¢
26%0.
1.9+0.:
1.7+0.:
1.6 £0.

Ref.
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Fig. 7
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Fig. 8

1000

-
o
o

rock / Primitive Mantle

10 [

rock / Primitive Mantle

10 [

South-Kivu basaltic lavas

South-Kivu
tholeiitic lavas

Bs

B BK24, 24'
B RW82
® RW83,88

® RW86, 87
A BK14

100 |}

Rb Ba Th Nb Ta La Ce Pr

Sr Nd Sm Zr Hf Eu Gd Ti

B

Tshibinda Volcanic Chain

Basanite A MM1, TB4' TB4a, KT26
Alkaline Basalt A KT14
Olivine Basalt A KT1,KT1', KT8

Dy Y Yb

Rb Ba Th Nb Ta La Ce Pr

Sr Nd Sm Zr Hf Eu Gd Ti

Dy Y Yb



Fig. 9
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Fig. 13A, B
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Fig. 13C, D
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Highlights

The pre-rift doming stage of the Kivu rift (East African Rift system) is dated at 21 Ma by
nephelinites.

Tholeiite lavas initiate the extensional stage between 11 and 9 Ma.

In the Pliocene, alkali basalts indicate decreasing of the extensional process and cooling of the
mantle.

Quaternary renewal of the activity in the Virungais linked to a tension gash with an ENE-
WSW extension.



