
G

P

T
b

L
M
a

b

c

d

e

f

a

A
R
R
A
A

K
K
K
M
C
1
C

0
d

ARTICLE IN PRESSModel

RECAM-3208; No. of Pages 22

Precambrian Research xxx (2010) xxx–xxx

Contents lists available at ScienceDirect

Precambrian Research

journa l homepage: www.e lsev ier .com/ locate /precamres

he 1375 Ma “Kibaran event” in Central Africa: Prominent emplacement of
imodal magmatism under extensional regime

. Tacka,∗, M.T.D. Wingateb,c, B. De Waeled, J. Meerte, E. Belousovaf, B. Griffinf, A. Tahona,
. Fernandez-Alonsoa

Department of Geology and Mineralogy, Royal Museum for Central Africa (RMCA), Leuvensesteenweg 13, B-3080 Tervuren, Belgium
Geological Survey of Western Australia, 100 Plain Street, East Perth, WA 6004, Australia
Tectonics Special Research Centre, School of Earth and Environment, University of Western Australia, Perth, Australia
SRK Consulting, 10 Richardson Street, West Perth, WA 6005, Australia
Department of Geological Sciences, University of Florida, 241 Williamson, Hall, Gainesville, FL 32611 USA
GEMOC, Department of Earth and Planetary Sciences, Macquarie University, NSW, Australia

r t i c l e i n f o

rticle history:
eceived 30 June 2009
eceived in revised form 15 February 2010
ccepted 22 February 2010
vailable online xxx

eywords:
aragwe-Ankole belt (KAB)
ibara belt (KIB)
esoproterozoic

oeval bimodal magmatism
375 Ma Kibaran event
entral Africa

a b s t r a c t

In previous literature, the “Kibara belt” has often been portrayed as a Mesoproterozoic belt trending NE
over 1300 km across the Central African Congo craton, from the Angola-Zambia-D.R.Congo border triple-
junction in the SW, through Katanga and Kivu-Maniema (DRC), Rwanda and Burundi, up to SW Uganda
and NW Tanzania in the NE. However, north of Katanga in the DRC, there is a clear break in continuity of
the thus-defined “Kibara belt”, cross-cut by Palaeoproterozoic (Rusizian) terranes, in structural continuity
with the NW-SE trending Ubende shear belt further south in Tanzania.

In this paper, we redefine the use of the term “Kibara belt” (“KIB”), restricting it henceforward to
the belt occurring SW of the Ubende-Rusizian terranes, i.e. in the Kibara Mountains type area of Katanga
(DRC). The other belt situated NE of the Ubende-Rusizian terranes and east of the Western Rift, previously
referred to as the “Northeastern Kibaran Belt” (NKB), is henceforward and for clarity reasons re-named
“Karagwe-Ankole belt” (“KAB”). In our re-definitions, we do not take into account the Kivu-Maniema
(DRC), because of its geological complexity apparent from satellite imagery and the lack of recent field
data, although “some continuity” of the KAB in Kivu-Maniema is obvious.

For the KAB, we document 10 new SHRIMP U–Pb zircon ages, in addition to new 40Ar/39Ar and laser-
ablation zircon Hf data, all of them obtained from previously already isotopically “dated” rock specimens.
Contrary to previous belief, magmatism in the KAB (and the KIB) is punctuated by the profuse emplace-
ment of bimodal intrusions between 1380 and 1370 Ma. Moreover, the occurrence of Palaeoproterozoic
basement within the KAB is confirmed. The prominent c. 1375 Ma bimodal magmatism in the KAB con-
sists of (1) the 350 km long Kabanga-Musongati (KM) alignment of mafic and ultramafic, Bushveld-type,
layered complexes, originating from an enriched lithospheric mantle source and (2) voluminous S-type
granitoid rocks with accompanying subordinate mafic intrusive rocks. Both coeval magmatic suites are
interpreted to have been emplaced under extensional regime in a regional-scale intra-cratonic setting.
During ascent the mantle-derived magmas have taken advantage of the regionally occurring crustal-scale
zone of weakness in the KAB, i.e. the rheological boundary between the Archaean craton of Tanzania, to
the east, and the adjacent Palaeoproterozoic basement (2.1 Ga mobile belt), to the west, both overlain
by Mesoproterozoic (meta)sedimentary rocks. The mantle-derived magmas initiated concomittantly and
under extension, large-scale crustal melting preferentially of the Palaeoproterozoic basement, and char-
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran event” in Central Africa: Prominent emplacement of bimodal magmatism
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamres.2010.02.022

acterised by the absence of a thick lithospheric profile in contrast to the nearby Archaean craton. Such
petrogenetic processes have intra-plate characteristics and are thus not associated with normal plate
boundary processes nor with their typical magmatism. On the contrary, they may include rift-related
packages, characteristically associated with successful or attempted, though unsuccessful, continental
break-up as was the case here.

In the KAB, later magmatic events occurred respectively at c. 1205 (A-type granitoids) and c. 986 Ma
(“tin-granites”). They represent minor additions to the crust.

∗ Corresponding author. Tel.: +32 2 769 5420; fax: +32 2 767 0242.
E-mail addresses: luc.tack@africamuseum.be, ltack@africamuseum.be (L. Tack).
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For decades the term “Kibaran” has been used to name the orogenic cycle and/or orogeny occurring in
(Central) Africa in “late” Mesoproterozoic times (1.4–1.0 Ga), which was considered to have a protracted
character. Here, we propose to restrict henceforward the term “Kibaran” only to the prominent tectono-
magmatic “event”, giving rise to the coeval c. 1375 Ma bimodal magmatism emplaced under extensional
regime. This “Kibaran event” pre-dates compressional deformation, reflecting far-field effects of global
orogenic events, external to the craton and possibly related to Rodinia amalgamation.
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. Introduction and new (re)definitions

The “Kibara belt” (or “Kibaran belt”) of Central Africa is defined in
xisting literature as a belt of Mesoproterozoic supracrustal units,
ostly metasedimentary rocks and minor metavolcanic rocks,

ntruded by voluminous S-type granitoid massifs and subordinate
afic bodies, also of Mesoproterozoic age (Cahen et al., 1984 and

eferences therein). It has often been portrayed as a single, con-
inuous orogenic belt that trends NE over some 1300 km from the
atanga region in the Democratic Republic of Congo (DRC) up to

he Ankole region in SW Uganda (Fig. 1a, see box after Brinckmann
t al., 2001; see also e.g. Kokonyangi et al., 2006; Buchwaldt et al.,
008).

However, from satellite imagery and derived products (e.g.
andsat, SRTM DEM), it is evident that there is a break in con-
inuity of the thus-defined “Kibara belt”. Indeed, the latter is
cross-cut” by the NW-trending Palaeoproterozoic Ubende belt of
W Tanzania extending along trend across Lake Tanganyika into
he Kivu-Maniema region of the DRC (Fig. 1b). There it has been

apped as Palaeoproterozoic “Rusizian” basement (e.g. Cahen and
nelling, 1966; Lepersonne, 1974; Lavreau, 1985; Fig. 1a). In the
ast 50 years, only limited fieldwork has been conducted in this
tructurally complex DRC region (Walemba, 2001; Rumvegeri et
l., 2004; Villeneuve and Guyonnet-Benaize, 2006 and references
herein).

The apparent paradox of Palaeoproterozoic “Ubende-Rusizian
erranes” cross-cutting the Mesoproterozoic “Kibara belt” results
rom repeated crustal-scale structural reactivation along the
bende-Rusizian terranes (Klerkx et al., 1998 and references

herein). Indeed, the Ubende belt itself consists of 2100–2025 Ma
igh-grade protolith (Theunissen et al., 1996), exhumed under
mphibolite-facies conditions in the 1950–1850 Ma time interval
Boven et al., 1999).

Previous attempts at reconstructing the orogenic history of the
Kibara belt” relied mostly on Rb–Sr and K–Ar whole-rock and min-
ral ages, and only a few bulk zircon ages (Cahen et al., 1984; Pohl,
994). Klerkx et al. (1984, 1987) envisaged a protracted, intra-
ratonic orogeny with successive extensional and compressional
hases, characterised by the intrusion of pulses of S-type granitoid
agma between c. 1330 and 1180 Ma (whole-rock Rb–Sr dating).

he same multi-phase time frame was adopted by Kampunzu et al.
1986), Rumvegeri (1991) and Rumvegeri et al. (2004), who viewed
he “Kibaran orogeny” in a subduction-collision setting. Tack et al.
1994) proposed a model that involved delamination of continental
ithospheric mantle and late-orogenic extensional collapse, based
n petrological studies of A-type granitoids and of mafic and ultra-
afic rocks, including two bulk zircon ages. Fernandez-Alonso and

heunissen (1998) advocated an intra-cratonic extensional detach-
ent model, conditioned by strike-slip reactivation (Theunissen,

988, 1989) of NW-trending shear zones in Palaeoproterozoic base-
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

ent, timed according to the multi-phase framework of Klerkx et
l. (1984, 1987).

The world-scale Central African Sn–Nb–Ta–W and Au metallo-
enic province, which was formed by the c. 970 Ma emplacement
f Sn-bearing granites and associated mineralisation hosted in peg-
© 2010 Elsevier B.V. All rights reserved.

matites and/or quartz veins (Cahen et al., 1984; Ikingura et al., 1992;
Pohl, 1994; Romer and Lehmann, 1995; Dewaele et al., 2007a,b,
2008) coincides with portions of the “Kibara belt”.

There is proficient confusion in literature with the descriptive
term “Kibara belt” and what it stands for. “Synonyms” like Kibaran
belt, Kibara belt sensu lato, Kibara belt sensu stricto and North-
eastern Kibaran Belt (NKB) have been used depending upon the
fact that authors took into account or not the hereabove explained
cross-cutting relationships in the “Kibara belt”.

For the sake of clarity, we will use henceforward the name
“Kibara belt” (“KIB”) only for the part occurring SW of the Ubende
belt – Rusizian basement extension, i.e. in the Katanga region of the
DRC, which includes the Kibara Mountains type area (Fig. 1a). For
the part to the NE of this extension, and east of the Western Rift –
in line with our contention that this part is distinct from the KIB as
just redefined hereabove – we adopt on the basis of nomenclature
precedence the name “Karagwe-Ankole belt” (“KAB”) (Fig. 1a). This
name has been used historically to designate the Mesoproterozoic
belt in respectively the Karagwe (NW Tanzania) and Ankole (SW
Uganda) regions (see Cahen et al., 1984, and references therein).
The KAB corresponds to the NKB as defined by Tack et al. (1994).
In view of the lack of recent field data and the stratigraphic and
structural complexity that is apparent from satellite imagery, the
Kivu-Maniema (DRC) region, north of the Ubende belt – Rusizian
basement extension and west of the Western Rift, is left undefined
for now although “some continuity” of the KAB in Kivu-Maniema
is obvious but not a topic of the present article.

Following the above reformulated definitions, the terms “Kibara
belt” (KIB) and “Karagwe-Ankole belt” (KAB) – written as proper
name and not as adjective – will be used henceforward in a purely
descriptive and geographic sense (Fig. 1a).

In this paper, we present new Sensitive High Resolution Ion
Microprobe (SHRIMP) U–Pb zircon ages, 40Ar/39Ar and laser-
ablation zircon Hf data for the KAB, which shed new light on the
evolution of the latter during the Meso-Neoproterozoic.

A companion-paper (Fernandez-Alonso et al., in preparation) is
devoted to new data pertaining to the evolution of the sedimentary
basin of the KAB, including the GIS-based geological compilation
map with revised, belt-wide lithostratigraphy (see also Fernandez-
Alonso, 2007) and provenance analysis data obtained from SHRIMP
on detrital zircons. The paper also reviews the Proterozoic intra-
cratonic history under extensional and/or compressional regimes
of both the KAB and the KIB (Fig. 2), and summarises the differences
between both belts.

2. Structural domains of the Karagwe-Ankole belt (KAB)

Tack et al. (1994) defined an alignment of mafic and ultramafic
layered igneous complexes and smaller bodies of A-type grani-
toid rocks, preferentially emplaced in a 10–35 km-wide “boundary
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

zone” (Fig. 3), between two structurally contrasting domains in the
KAB: a Western Domain (WD) and an Eastern Domain (ED).

The WD is composed of deformed, greenschist- to amphibolite-
facies Mesoproterozoic metasedimentary rocks and subordinate,
inter-layered metavolcanic units, intruded by numerous, exten-

dx.doi.org/10.1016/j.precamres.2010.02.022
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Fig. 1. (a) Sketch map of the two distinct “Karagwe-Ankole belt” (KAB) and the “Kibara belt” (KIB), as redefined in this paper (modified after Cahen and Snelling, 1966
and including various earlier names, see text). Note the general predominant NE–SW trend of both belts, clearly interrupted by the NW–SE trending Ubende belt-Rusizian
basement high; “Ki Mt”: Kibara Mountains type locality; “M” = Mitwaba town; Elisabethville = Lubumbashi town; box cutting the KAB and KIB: region covered by (b); box
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fter Brinckmann et al., 2001: general sketch map of the Kibaran belt, often – wr
ynthetic Aperture Radar (SAR) mosaic image of the box area in (a) showing the pr
arked by the Ubende belt-Rusizian basement.

ive massifs of S-type granitoid rocks and subordinate mafic rocks
Fig. 3). In W Rwanda, preliminary data suggest that the WD
s underlain by a crystalline basement of Palaeoproterozoic age
Cahen et al., 1984). Contacts between the S-type granitoid rocks
nd the metasedimentary rocks or crystalline basement are intru-
ive or tectonic with no reported unconformity.
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

The ED is characterised by the fading away towards the
ast of both deformation and metamorphism (Tack et al., 1994).
tarting with a basal conglomerate, the ED unconformably over-
ies Archaean gneissic basement of the Tanzania craton or the
alaeoproterozoic Ruwenzori fold belt, the latter including the
– represented as one single and continuous belt (see also Cahen et al., 1984). (b)
nt structural and physiographic break in continuity between the KAB and the KIB,

Buganda-Toro Supergroup (Cahen et al., 1984; Master et al., 2008;
Fig. 2). In contrast to the WD, the ED is devoid of S-type granitoid
rocks and of Sn–Nb–Ta–W and Au mineralisation.

The arc-shaped “boundary zone” between WD and ED, outlined
by the 350 km-long alignment of the Kabanga-Musongati (KM)
mafic and ultramafic layered complexes (Deblond, 1994; Tack et
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

al., 1994; Figs. 3 and 4), marks the contact between two rheologi-
cally contrasting basement domains of the KAB: (1) lithosphere of
the Palaeoproterozoic Ubende – Rusizian terranes, underlying the
WD, and (2) Archaean lithosphere of the Tanzania craton, overlain
unconformably by the ED sediments.

dx.doi.org/10.1016/j.precamres.2010.02.022
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Fig. 1.

. Geological framework of the Karagwe-Ankole belt (KAB)

.1. Palaeoproterozoic basement

In the WD of Rwanda, Fernandez-Alonso and Theunissen (1998)
ere able to discriminate granitoid rocks, interpreted as younger

ntrusions, from granitic gneisses and migmatites considered as
lder basement rocks. Earlier studies, based on reconnaissance
eochronological data or on structural and/or metamorphic char-
cteristics observed during field mapping, had already repeatedly
nvoked the presence of Rusizian basement in W Rwanda, e. g. near
he town of Butare (Figs. 3 and 4; Cahen et al., 1984, and references
herein; Lavreau, 1985; Baudet et al., 1988; Theunissen et al., 1991).

.2. S-type granitoid rocks

A large volume of two-mica granites occurs in both the KAB
nd KIB (Cahen et al., 1984 and references therein). Past studies
f these rocks by various authors in various countries using var-
ous methodologies (K–Ar, Rb–Sr, bulk zircon U–Pb)–have led to
onfusing and/or contradictory classifications in the corresponding
iterature (Table 1).
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

In the KAB, S-type granitoid rocks occur only in the WD (Tack
t al., 1994). Most past attempts at dating them used the Rb–Sr
eochronometer (Burundi: Klerkx et al., 1984, 1987 – Rwanda:
érards and Ledent, 1970; Lavreau and Liégeois, 1982 – NW Tan-
ania: Ikingura et al., 1990). Only Cahen et al. (1984) reported
inued).

preliminary bulk-zircon U–Pb ages for granitoids in Rwanda and
Burundi (Table 1).

In Burundi, Klerkx et al. (1984, 1987) linked structural observa-
tions of the granitoid rocks to their Rb–Sr ages, interpreted to reflect
magma emplacement. A “Kibaran orogeny” was thus envisaged to
comprise successive extensional and compressional phases, each
characterised by the intrusion of syn-deformational S-type gran-
itoids, spaced in time at c. 1330 Ma (granite ‘Gr1’; type-massif:
Rumeza; extensional, early-orogenic, pre-D1; Fig. 5, point 2), c.
1260 Ma (granite ‘Gr2’; type-massif: Mugere; extensional, syn-
orogenic, syn-D1; Fig. 5, point 3), and c. 1180 Ma (granite ‘Gr3’;
type-massif: Kiganda; compressional, syn-orogenic, syn-D2; Fig. 5,
point 5). According to these authors, the protracted extensional
phase D1 was marked by bimodal magmatism, as indicated by the
presence of gabbros in association with the Gr1–3 granitoid rocks.

The petrology of the Gr1, Gr2 and Gr3 granitoid-types points
to emplacement at shallow depths of 5–10 km (Fernandez-
Alonso, 1985; Fernandez-Alonso et al., 1986; Fernandez-Alonso
and Theunissen, 1998). Mineralogy and whole-rock geochemistry
indicate limited modal or geochemical compositional variations:
syeno-monzogranites predominate with minor granodiorite and
quartz-diorite. Characteristic minerals are quartz, microcline, pla-
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

gioclase, muscovite and biotite in variable amounts. Accessory
minerals include apatite, zircon, and sporadic rutile, garnet, tour-
maline and opaques. The rocks have a calc-alkalic to slightly alkalic
character and a large spread of Mg/(Mg + Fe) ratios. They are pera-
luminous with generally high quartz-content, and correspond to

dx.doi.org/10.1016/j.precamres.2010.02.022
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Fig. 2. Regional setting of the Karagwe-Ankole belt (KAB) in its Proterozoic and Archaean framework (in Fernandez-Alonso, 2007 after CGMW, 1986–1990; compare also with
Fig. 1a, box after Brinckmann et al., 2001); note the NW–SE trending Ubende belt-Rusizian basement high marking the SW limit of the KAB and showing a break in continuity
between the KAB and the Kibara belt (KIB). The region in green, north of the Rusizian basement (blue colour) and west of the Western Rift, is obtained from (successive)
map compilations that lack new field data for more than 50 years. Its extent is probably (largely) overestimated. In this paper (see text), it is left undefined for now, and its
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omplex relationship to the KAB is not a topic of the present article. Lakes are name
nd B: Bangweulu; Ka and Kab: respectively Kapalagulu and Kabulyanwele layered
ext). (For interpretation of the references to colour in this figure legend, the reader

radiometric high-K group (Fernandez-Alonso and Theunissen,
998). Trace element geochemistry and Sr-isotopes point to a
igh degree of crustal contamination. Overall low REE-contents

ndicate only a limited differentiation trend. Based on the near-
dentical petrological characteristics, similar parental magmas are
uggested, reflecting partial melting of a variably proportioned
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

ixture of supracrustal metasedimentary rocks and crystalline
asement rocks of presumably Palaeoproterozoic age.

The S-type granitoid rocks are systematically associated with or
nclose subordinate mafic intrusive rocks. The petrological char-
cteristics of the latter have received only limited attention in
r their initial: A: Albert; E: Edward; V: Victoria; K: Kivu; T: Tanganyika; M: Mweru
ous complexes; Ru. b.: Palaeoproterozoic Ruwenzori fold belt (see explanations in
erred to the web version of the article.)

the past (Ntungicimpaye, 1984; Tack et al., 1984; Ntungicimpaye
and Kampunzu, 1987, and references therein; Nzojibwami, 1987;
Nahimana, 1988). They mostly form rather small bodies and
pods in the granitoid rocks. The rocks are mainly coarse-grained,
amphibole-bearing dolerite or gabbro. Clinopyroxene has been pre-
served in some gabbros that show MORB affinities (Nzojibwami,
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

1987). Nahimana and Tack (unpublished data) confirm the common
occurrence of clinopyroxene-gabbros in part of the Gr1 Rumeza
granite massif.

The S-type granitoids of the WD form extensive sill-like bod-
ies, elongate massifs and/or domes. They are typically porphyritic

dx.doi.org/10.1016/j.precamres.2010.02.022
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ig. 3. Sketch map of the Karagwe-Ankole belt (KAB) and regional framework (slig
ithin the KAB: WD (Western Domain) separated from the ED (Eastern Domain)
ltramafic layered complexes; K: Kabanga massif; M: Musongati massif; B: Butare
eferred to the web version of the article.)

nd exhibit flow textures and parallel arrangements of feldspar
henocrysts that are interpreted as primary magmatic fabrics.
bserved contacts with metasedimentary host rocks are either

ntrusive or mylonitized.
In Central and SW Burundi, the S-type granitoid bodies are sliced

p by late N–S trending, E-verging, steep inverse fault zones.
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

.3. Mafic and ultramafic magmatism

Rumvegeri (1991) and Rumvegeri et al. (2004) interpreted the
KM alignment” as remnants of an oceanic suture within the Wilson
odified after Tack et al., 1994; Fernandez-Alonso, 2007); note structural domains
oundary zone, comprising the Kabanga-Musongati (KM) alignment of mafic and

. (For interpretation of the references to colour in this figure legend, the reader is

cycle-model, proposed by Kampunzu et al. (1986). However, work
carried out in the framework of the UNDP mineral exploration pro-
grammes in Burundi (1970s and later), the Kabanga Nickel Project
in Tanzania (Gosse, 1992; Evans et al., 1999, 2000) and PhD research
in Burundi (Deblond, 1993, 1994; Tack et al., 1994; Deblond and
Tack, 1999; Duchesne et al., 2004) has demonstrated unequivocally
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

that the mafic-ultramafic intrusions of the KM alignment (Fig. 3)
are Bushveld-type layered igneous complexes. They display cumu-
late fabrics, magmatic layering and differentiation, mantle–derived
magma types, Ni–V–Ti–Fe–PGE-mineralisation and contact meta-
morphism aureoles in host rocks. Airborne geophysics confirm that

dx.doi.org/10.1016/j.precamres.2010.02.022
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Fig. 4. Contrast-enhanced Total Magnetic Intensity (TMI) map of the Kabanga-Musongati alignment (data from the aeromagnetic compilation by African Magnetic Mapping
Project). WD: Western Domain; BZ: Boundary Zone (as defined by TMI), overlapping broadly with the “boundary zone” in Fig. 3 (see also Tack et al., 1994); ED: Eastern
Domain; But: Butare town (and exposed Palaeoproterozoic block). Green: mafic/ultramafic layered complexes of the KM-alignment with names of the five complexes north
of Kabanga (serial number: 1–5: after Evans et al. (2000): – 1: Burigi – 2: Ruiza – 3: Kibamba – 4: Kanyautenge – 5: Luhuma – 6: Kabanga – 7: Mulemera – 8: Nyabikere – 9:
Waga – 10: Mukanda-Buhoro-Musongati – 11: Rutovu – 12: Nkoma “hidden” body (not outcropping; further explanations of regional setting in Tack et al., 1992). Blue: region
covered by gabbro-noritic sills intrusive in the Bukoba Group (Fernandez-Alonso, 2007; Fernandez-Alonso et al., in preparation); B and K refer to the tabular siliciclastic
rocks of the Bukoba Group, respectively the former “Bukoba Sandstone”- and “Kavumwe” lithostratigraphic units, now ranked as Formations (Fernandez-Alonso, 2007);
40Ar/39Ar emplacement ages of sills are from Deblond et al. (2001); see also Table 2 and Fig. 5. Reddish-pink: region of elongated bodies of Gitega-Makebuko-Bukirasazi (GMB)
A-type granitoid rocks. Dashed black line: Outline of elliptical aeromagnetic structure, coinciding with gravimetric structure. Brown reddish dots: enhancement of contact
between BZ and WD, marking the indentor palaeomorphology of the Archaean Tanzania craton (see also Figs. 3 and 5), with indentor angle at northern tip of massif 9 (Waga);
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ote that the gravimetric structure outlined by dashed black line coincides with th
mygdaloidal basalts: c. 795 Ma Continental Flood Basalts (CFB) of the Neoproterozo
etting in Deblond et al., 2001). Solid black lines: Faults. Note that in the WD, the
n text) although in subordinate volumes, and which also may intrude as small b
eferences to colour in this figure legend, the reader is referred to the web version o

he KM layered complexes are in continuity to the NE with a set of
tructurally higher emplaced mafic sills, including those located
1) north of the Kabanga massif (Evans et al., 2000) and (2) in the
ukoba Group (Fernandez-Alonso, 2007; Fernandez-Alonso et al.,

n preparation) of the ED (Figs. 3 and 4). The KM intrusive bod-
es have been emplaced under extensional regime in flat-lying
edimentary rocks in an intra-cratonic basin (Evans et al., 2000).
ntrusive contacts with the metasedimentary host rocks show con-
act metamorphic aureoles.

The geochemical characteristics of the KM complexes are those
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

f tholeiitic E-type MORB magmas with local crustal assimilation
nd tectonic setting affinities of Continental Flood Basalts (CFB).
wo types of parental magma influxes have been invoked to form
he various bodies of the KM alignment: a picritic batch and a

ore evolved batch, geochemically broadly similar in composi-
ntor palaeomorphology. Yellow: region covered by younger Kabuye-Gagwe (K-G)
lagarazi-Nyamuri (formerly, Bukoba) Supergroup (further explanations of regional
rocks, which are omnipresent within the S-type granitoid rocks (see explanation

into the metasediments, are not indicated on this map. (For interpretation of the
article.)

tion to the magma of the Bushveld Main Zone, both batches being
derived from an enriched lithospheric mantle source (Duchesne et
al., 2004). Bulk zircon U–Pb data for the Mutanga amphibole-norite
of the Musongati massif (Fig. 5, point 8) returned an intercept age
of 1275 ± 11 Ma (Tack et al., 1994).

In Central and SW Burundi, the KM intrusions are locally dis-
sected by an imbricate structure of N–S trending, E-verging, steep
inverse fault zones.

3.4. A-type granitoid rocks
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

In Burundi, granitoid rocks with alkaline affinities occur as a
short N–S alignment of three small elongate massifs, referred to
as the Gitega-Makebuko-Bukirasazi or “GMB alignment” (Tack et
al., 1994; Fernandez-Alonso, 2007; Fig. 4; Fig. 5, point 10). The

dx.doi.org/10.1016/j.precamres.2010.02.022
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Fig. 5. GIS-based “Geological Map of the Mesoproterozoic Karagwe-Ankole belt (KAB) of Fernandez-Alonso (2007), encompassing a surface of c. 7 square degrees;
superposed: localisation of geochronology samples discussed in text: (1) Orthogneiss of the Butare area, SW Rwanda (sample Ki16; SHRIMP); (2) Granite “Gr1” of the Rumeza
massif, Burundi (sample 63.865; SHRIMP); (3) Granite “Gr2” of the Mugere massif, Burundi (sample Ki6684; SHRIMP); (4) Migmatitic paragneiss of the Mugere complex,
Burundi (sample Ki21; SHRIMP); (5) Granite “Gr3” of the Kiganda massif, Burundi (sample Ki1; SHRIMP); (6) Granite of the Muramba massif, Burundi (sample Ki14; SHRIMP);
(7) Granite of the Kilimbi-Muzimu massif, Rwanda (sample Ki20; SHRIMP); (8) Mutanga amphibole norite of the Musongati massif, Burundi (sample DB1; SHRIMP and
40Ar/39Ar); (9) Hornblende granophyre of the Rutovu massif, Burundi (sample A114; 40Ar/39Ar); (10) Granite “Gr4” of the Bukirasazi massif, Burundi (sample LT7; SHRIMP);
(11) Granite “Gr5” of the Kasika massif (Itombwe region), DRC (sample Ki22; SHRIMP); (12) dolerite sill in the Bukoba Group (Fernandez-Alonso, 2007; Fernandez-Alonso
et al., in preparation), formerly “Kavumwe” lithostratigraphic unit, 40Ar/39Ar ages in Deblond et al. (2001); (13) dolerite sill in the Bukoba Group (Fernandez-Alonso, 2007;

dx.doi.org/10.1016/j.precamres.2010.02.022
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Table 1
Comparison of the three emplacement ages for intrusive rocks in the KAB (first column) obtained by SHRIMP and 40Ar/39Ar dating (this paper: see respectively, c. 1375,
c. 1205 and c. 986 Ma) with earlier scattered “Kibaran ages”, obtained by various authors at various times and in various countries by Rb–Sr method or bulk zircon
(=italic figures; asterisk refers to a Burundi sample); note that all earlier “ages” converge to the three emplacement ages obtained in this paper; also note the confusing
terminologies for the “Kibaran” granitoids of: (1) Katanga (DRC): A, B, C, D and E-types; (2) Rwanda: G1, G2, G3 and G4-types; and 3) Burundi: Gr1, Gr2, Gr3, Gr4 and
Gr5-types; see in particular the distinct “G” and “Gr” terminologies (and apparent “ages”) between adjacent Rwanda and Burundi. Finally, note also the three following
bulk zircon ages (Cahen et al., 1984, p. 191) for a “Kibaran” granite (including already the “oldest” age of 1370 Ma!): (1) two discordant zircon fractions from a granitoid
near Gitarama (Rwanda) yielded Concordia intercept ages of 1348 and 63 Ma (reported without uncertainties); (2) four zircon fractions from a granitoid rock near Gatsibo
(Rwanda) defined intercept ages of 1317 ± 67 and −358 ± 440 Ma and a mean 207Pb/206Pb age (i.e. assuming zero-age Pb loss) of 1362 Ma; (3) two zircon fractions of the
Nyamurungu granite in Burundi defined intercept ages of 1370 and 14 Ma; the latter are “recalculated” ages (after Ledent, 1979), as a result of change in value of adopted
decay constants. The Nyamurungu granite forms part of the Gr1 type Rumeza granite massif (Fig. 5, point 2), as defined by Klerkx et al. (1984, 1987).
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Recent ages of Kokonyangi et al. (2004a, 2006) for the KIB are omitted as they matc
(this paper).

-type granitoid massifs include subordinate syenites and mafic
ocks, which define a geochemical differentiation trend with the
ranites. Parental magmas have depleted asthenospheric man-
le signature (Duchesne et al., 2004). A bulk U–Pb zircon age of
249 ± 8 Ma was obtained by Tack et al. (1994) for the Bukirasazi
ranite (Fig. 5, point 10), significantly older than the whole-rock
b–Sr ages (see Table 1) of 1137 ± 39 Ma (Tack et al., 1990) and
125 ± 25 Ma (Klerkx et al., 1987). The latter had been used by
lerkx et al. (1987) and Theunissen (1988, 1989) to constrain a
hase of “late-Kibaran transpression”, in which the A-type gran-

toid rocks represent syn-deformational (syn-D2′ ) “Gr4” granites.
Contacts with the metasedimentary host rocks are either tec-

onic or intrusive. Where intrusive, locally developed contact
etamorphic aureoles can be observed. Like the KM intrusions, the
MB rocks are affected by an imbricate structure of N–S trending,
-verging steep inverse fault zones.
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

.5. Neoproterozoic magmatism and mineralisation

Several episodes of magmatism and/or mineralisation indicate
epeated, localised reactivation of earlier structures within the KAB
uring the Neoproterozoic (Tack et al., 2002b, 2006). The origin

ernandez-Alonso et al., in preparation), formerly “Bukoba Sandstone” lithostratigraphic u
For interpretation of the references to colour in this figure legend, the reader is referred
own c. 1375 Ma ages in the KAB. See also Fig. 5 for localisation of analysed samples

and emplacement of the Neoproterozoic “tin granites” and related
mineralisation(s), referred to as “post-Kibaran” by Cahen et al.
(1984) and Pohl (1994), are poorly constrained. Renewed research
is devoted to metallogeny and timing of emplacement of the min-
eralisation event(s) of this economically important metallogenic
province (Dewaele et al., 2007a,b, 2008; Kokonyangi et al., 2008).

4. New geochronological data of the Karagwe-Ankole belt
(KAB)

We present ion microprobe SHRIMP U–Pb zircon ages for ten
different rocks, all of which have previously been isotopically dated
by either Rb–Sr or bulk zircon U–Pb methods (Tables 1 and 2). All
mean ages in the text are quoted with 95% confidence intervals.
Analytical procedures are detailed in Appendix 1. Zircon charac-
teristics and data are listed respectively in Table 3 and Table S1.
We also present 40Ar/39Ar data on primary hornblende for two
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

samples of KM layered intrusions (Musongati and Rutovu massifs).
Analytical data for the samples/splits are given in Appendix 2
and individual results are listed in Table S2. Finally, laser-ablation
zircon Hf data of five samples (respectively, 1 Palaeoproterozoic
basement, 3 S-type granitoid rocks and 1 “tin” granite) are given.

nit, 40Ar/39Ar ages in Deblond et al. (2001); compare also with data in Tables 1 and 2.
to the web version of the article.)

dx.doi.org/10.1016/j.precamres.2010.02.022
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Table 2
Overview of analysed samples with new isotopic ages (this paper: serial numbers 1–11; see Fig. 5 for localisation) and of two 40Ar/39Ar ages in Deblond et al. (2001, serial
numbers 12–13, see Fig. 5); locality names, comparison to previous classification(s) and “age” data in bibliographic references: (1): (Deblond et al., 2001); (2) (Cahen et al.,
1984); (3) (Briden et al., 1971); (4) (Klerkx et al., 1984);(5) (Tack et al., 1994); (6) (Tack et al., 1990); (7) (Cahen and Ledent, 1979); (8) (Ikingura et al., 1990); (9) (Lavreau and
Liégeois, 1982); (10) (Ledent, 1979); new ages are SHRIMP zircon 207Pb/206Pb ages, except where (*) indicates 40Ar/39Ar age (all ages reported with 95% confidence limits);
last column: list of RG-numbers referring to RMCA (Tervuren, Belgium) sample collection and archives.

Serial number
(Fig. 5)

Sample
number
(this paper)

Locality name and
previous
classification

New isotopic
ages (Ma)
(this paper)

Previous “age” data
(Ma)

RG-number of RMCA
(Tervuren) sample
collection

1 Ki 16 Butare pre-Kibaran basement 1982 ± 6 1920 (2) 71177

2 63,865 Rumeza Gr 1; S-type 1383 ± 17 1370 (2) 63865
1335 ± 25 (10)

3 Ki6684 Mugere Gr 2; S-type 1379 ± 10 1261 ± 25 (4) 141979
4 Ki21 Mugere migmatitic paragneiss 1380 ± 12 160906
5 Ki1 Kiganda Gr 3; S-type 1371 ± 7 1185 ± 59 (4) 161566

6 Ki14 Muramba S-type 1380 ± 6 1324 ± 23 (8) 144875
1279 ± 65 (4)

7 Ki20 Kilimbi-Muzimu S-type 1373 ± 6 1111 ± 39 (9) 145716

8 DB1 Musongati amphibole norite 1374 ± 14 1275 ± 11 (5) 161332
1365 ± 2 (*)

9 A114 Rutovu hornblende granophyre 1368 ± 18 (*) 155535

10 LT7 Bukirasazi “Gr 4”; A-type 1205 ± 19 1249 ± 8 (5) 155479
1137 ± 39 (6)
1124 ± 32; 1125 ± 25 (4)

11 Ki22 Kasika tin granite 986 ± 10 976 ± 10 (2;7) 71157
951 ± 12 (7)

12 Mo92 “Kavumwe” mafic sill 1360 ± 20 (*) (1) ca. 1010 (2) 161280
1
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13 Mo89 “Bukoba Sandstone” mafic sill

nalytical procedures are described in Appendix 3 and data are
isted in Table S3. The locations of all analysed samples are shown
n Fig. 5. Moreover, their “RG”-numbers of storage in the RMCA
Tervuren, Belgium) reference collections with accompanying field
rchives are given in Table 2.

.1. Palaeoproterozoic basement

.1.1. Orthogneiss of the Butare area, SW Rwanda (sample Ki16)
Sixteen analyses were conducted during a single session: they

nclude 6 analyses of high-U rims and 10 analyses of zoned zircon
with and without rims; details in Table 3 and Table S1). Nine anal-
ses of zoned zircons are concordant to slightly discordant (<5%)
nd indicate slightly dispersed 207Pb/206Pb ages around 1980 Ma
Fig. 6a). The highly discordant position of one analysis (5c) is con-
istent with substantial recent Pb loss. Four 207Pb/206Pb ratios (3, 4,
and 10) agree to within analytical precision and yield a weighted
ean age of 1982 ± 6 Ma (MSWD = 0.82). Analyses of high-U zircon

ims are near-concordant to moderately discordant and indicate
wide range of 207Pb/206Pb ages, from 1929 to 997 Ma, consis-

ent with variable amounts of Pb loss. The zoned zircons probably
ormed during igneous crystallisation of the orthogneiss protolith
t about 1982 Ma. The zircon rims could be late magmatic in origin,
r conceivably formed during a post-magmatic (but no younger
han 1929 Ma) metamorphic event. The rims subsequently under-
ent at least one episode of radiogenic Pb loss, possibly during the
esoproterozoic, probably facilitated by radiation damage due to

heir high U-contents.

.2. S-type granitoid magmatism
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

.2.1. Granite ‘Gr1’ of the Rumeza massif, Burundi (sample
3.865)

Seventeen analyses were conducted of 17 zircons (Table 3). The
ata range from concordant (two analyses) to strongly discordant
340 ± 9 (*) (1)

379 ± 10 (*) (1) 812 ± 30 (3) 161278
355 ± 10 (*) (1) 815 ± 30 (3)

(Fig. 6b). A strong inverse correlation (R = 0.91) between 206Pb/238U
age and 238U concentration indicates that the discordance is due to
loss of radiogenic Pb. Excluding the two high-common-Pb analyses
(#7, 10), the data are a good fit to a discordia and define an upper
intercept age of 1383 ± 17 Ma, regarded as the crystallisation age
of this Gr1 granite.

4.2.2. Granite ‘Gr2’ of the Mugere massif, Burundi (sample
Ki6684)

Twenty-four analyses were conducted of 24 crystals (Table 3).
Although most analyses lie close to concordia (Fig. 6c), several
are slightly normally discordant, and nine are strongly discordant.
Regression of the data (excluding the most discordant analysis, #7)
yields a discordia (MSWD = 0.9) with intercepts at 1382 ± 10 and
321 ± 40 Ma. Because it is likely that these zircons have experienced
some recent as well as ancient Pb loss, our preferred estimate of
age is based on 12 analyses less than 5% discordant, which yield a
weighted mean 207Pb/206Pb age of 1379 ± 10 Ma (MSWD = 0.73).

4.2.3. Migmatitic paragneiss of the Mugere complex, Burundi
(sample Ki21)

Twelve analyses of 12 zircons were conducted during a single
session (Table 3). Slightly discordant analyses for three zircons (#1,
7, 8) indicate 207Pb/206Pb ages of 1981, 2494, and 2439 Ma. These
grains are interpreted as xenocrysts, and their 207Pb/206Pb ages
as minimum estimates of their crystallisation ages. The remaining
nine data range from concordant to strongly discordant (Fig. 6d).
The degree of discordance varies with U and Th content, implying
that discordance is due to radiogenic Pb-loss, facilitated by radia-
tion damage. Analyses #6 and 12 are 47 and 65% discordant, highly
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

enriched in U and Th, and also have the highest corrections for
common Pb. Discordia regressions, both including and excluding
analyses #6 and 12, yield lower intercepts within error of 0 Ma,
indicating that Pb loss in these zircons was ‘geologically recent’.
Excluding the two highly discordant points (#6, 12), seven analyses

dx.doi.org/10.1016/j.precamres.2010.02.022
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Table 3
Characteristics of analysed zircons in samples from the Karagwe-Ankole belt (KAB).

Sample Size (�m) Aspect ratio Shape Clarity Colour Character in
cathodoluminescence images

Interpretation

Ki16 50–350 1:1–3:1 Euhedral Clear to turbid Yellow to dark brown Concentric oscillatory
zoning; some homogeneous
dark-CL rims

Magmatic zircon. High-U
rims are probably
late-magmatic, but possibly
metamorphic

63.865 50–300 1:1–3:1 Sub- to euhedral Clear to turbid Colourless to dark brown Concentric oscillatory zoning Magmatic zircon
Ki6684 100–600 1:1–6:1 Euhedral Clear Pale brown Concentric oscillatory

zoning; some rounded cores
Magmatic zircon; some
inherited cores

Ki21 100–300 1:1–5:1 Euhedral Clear Colourless to pale yellow Concentric oscillatory
zoning; some zoned irregular
cores with dark zoned rims

Magmatic zircon; some
inherited cores

Ki1 100–500 2:1–6:1 Euhedral Clear to opaque Pale brown to dark brown Concentric oscillatory
zoning; some zoned or
unzoned cores

Magmatic zircon; some
inherited cores

Ki14 100–200 1:1–5:1 Euhedral Clear Colourless to pale yellow Concentric oscillatory
zoning; some zoned or
unzoned cores

Magmatic zircon; some
inherited cores

Ki20 100–500 1:1–3:1 An- to euhedral Clear to turbid Colourless to dark brown Concentric oscillatory
zoning, truncated by younger
rims

Magmatic zircon with
metamorphic rims

DB1 40–100 1:1–3:1 Sub- to euhedral Clear Colourless Concentric oscillatory zoning Magmatic zircon
LT7 100–200 1:1–3:1 Sub- to euhedral Clear to opaque Colourless Concentric oscillatory zoning Magmatic zircon
Ki22 100–350 1:1–3:1 Sub- to euhedral Clear to turbid Colourless to dark brown Concentric oscillatory

zoning; some dark-CL rims;
mottled and irregular
textures common

Magmatic zircon; possibly
younger rims

Fig. 6. U–Pb analytical data for zircons from (a) Butare orthogneiss sample Ki16, (b) Rumeza granite sample 63.865, (c) Mugere granite sample Ki6684, and (d) Mugere
migmatitic paragneiss sample Ki21. The preferred age for each sample is shown with 95% confidence limits. In each case, analyses not included in calculating the preferred
age are shown with filled squares; analyses of xenocrystic zircons are shown with diamond symbols. In (b), the IDTIMS result of Ledent (1979) is shown.

dx.doi.org/10.1016/j.precamres.2010.02.022
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inset, Fig. 6d), yield 207Pb/206Pb ratios that agree to within ana-
ytical precision and yield a weighted mean age of 1380 ± 12 Ma
MSWD = 1.43). We consider this result to represent the time of
ircon crystallisation.

.2.4. Granite ‘Gr3’ of the Kiganda massif, Burundi (sample Ki1)
Nineteen analyses were conducted of 19 zircons (Table 3). Most

rystals exhibit euhedral concentric zoning and several contain
nhedral to euhedral, homogeneous (unzoned) cores. One core
as sampled (described below). For all other analyses, cores were

voided. Although the majority of analyses are concordant, the dis-
ersion of several analyses around the main group suggests that
hese zircons have experienced minor amounts of recent and/or
ncient loss of radiogenic Pb. Five analyses are excluded from
alculation of the mean age (Fig. 7a): three that are >5% nor-
ally discordant, one (#9) that has very high 238U concentration

3720 ppm) and is strongly reversely discordant, and one (#12)
hat yields a highly imprecise 207Pb/206Pb age of 1287 Ma. The

207 206
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

eighted mean Pb/ Pb age of 1371 ± 7 Ma (MSWD = 0.46) for
he remaining 13 analyses is taken as the best estimate of the age of
he Gr3 zircons. A single analysis (#5) of a large homogeneous core
ielded a slightly normally discordant result with a 207Pb/206Pb age
f c. 2600 Ma. The core is interpreted as a xenocryst.

ig. 7. U–Pb analytical data for zircons from (a) Kiganda granite sample Ki1, (b) Muramb
mphibole norite sample DB1. The preferred age for each sample is shown with 95% con
re shown with filled squares; analyses of xenocrystic zircons are shown with diamond s
 PRESS
arch xxx (2010) xxx–xxx

4.2.5. Granite of the Muramba massif, Burundi (sample Ki14)
Nine analyses were conducted on 8 zircons during a single ses-

sion (Table 3). Five analyses form a concordant group (Fig. 7b) with
a weighted mean 207Pb/206Pb age of 1380 ± 6 Ma (MSWD = 0.87).
The mean does not change when the two significantly discordant
analyses are included, consistent with these two zircons to have
undergone geologically recent Pb loss. The age of 1380 ± 6 Ma is
therefore taken as the best estimate for the crystallisation of zircon
in sample Ki14. The two remaining analyses (#1, 3) define near-
concordant 207Pb/206Pb ages of 1460 and 1525 Ma, and presumably
represent xenocrysts.

4.2.6. Granite of the Kilimbi-Muzimu massif, Rwanda (sample
Ki20)

Twelve analyses were conducted on 12 zircons, including two
rims, during a single session (Table 3). The data range from
concordant to slightly discordant (Fig. 7c). A concordant group
of 5 analyses indicates a weighted mean 207Pb/206Pb age of
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

1373 ± 10 Ma (MSWD = 1.26). Three analyses (#2, 4, 9) are slightly
younger at about 1325 Ma, and two others (#1, 6) are about 7%
discordant (#1 is also very imprecise). We consider the weighted
mean age of 1373 ± 10 Ma for the concordant group of five analyses
to be the best estimate of the time of zircon crystallisation, and the

a granite sample Ki14, (c) Kilimbi-Muzimu granite sample Ki20, and (d) Mutanga
fidence limits. In each case, analyses not included in calculating the preferred age
ymbols. In (d), the IDTIMS results of Tack et al. (1994) are shown.

dx.doi.org/10.1016/j.precamres.2010.02.022
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utanga amphibole norite sample DB1. The equation of the best-fit regression
ine is shown; R, Pearson’s correlation coefficient. Error bars are 1�; (b) Degree of
iscordance ([1 − 206Pb/238U age/207Pb/206Pb age] × 100) versus 238U concentration.

ve younger or more discordant results to represent zircons that
ave undergone radiogenic Pb loss. Two rim analyses, #3 and 8,
rovided 207Pb/206Pb ages of 964 and 967 Ma, respectively. Their

ow Th/U of 0.03 is typical of metamorphic zircon, and their mean
ge of 966 ± 11 Ma is considered to be a reliable estimate for crys-
allisation of zircon rims during a metamorphic event affecting the
ranite.

.3. Mafic and ultramafic magmatism

.3.1. Mutanga amphibole-norite of the Musongati massif,
urundi (sample DB1)

Forty-four analyses were conducted of 44 zircons during three
nalytical sessions (Table 3). A similar pattern and degree of dis-
ersion is apparent in the results from each session. Although the
ajority are highly dispersed and both normally and reversely dis-
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

ordant, there is a main group of concordant analyses at c. 1370 Ma
Fig. 7d). Apparent ages are correlated inversely with U (and Th)
oncentration (Fig. 8a), indicating loss of radiogenic Pb. Low-U anal-
ses are mainly normally discordant, whereas high-U analyses tend
o be reversely discordant (Fig. 8b). The high dispersion is inter-
 PRESS
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preted to result from the combined effects of recent and/or ancient
loss of radiogenic Pb in most zircons and enhanced sputtering of
Pb relative to U due to radiation-induced microstructural changes
(metamictisation) in high-U zircons (McLaren et al., 1994). The best
estimate of the age of DB1 zircons is based on the group of 14 anal-
yses that have 207Pb/206Pb ages >1350 Ma and are less than 5%
discordant (Fig. 7d). These data yield a weighted mean 207Pb/206Pb
age of 1374 ± 14 Ma (MSWD = 0.43), regarded as the crystallisation
age of the amphibole-norite.

Two splits of primary hornblende, separated from the same
amphibole-norite sample DB1, were analysed for their 40Ar/39Ar
content (Table S2). The first split yielded a single release total gas
age of 1372 ± 25.7 Ma, while the second split yielded a total gas
age of 1380 ± 3.2 Ma (Fig. 9a). The second split showed a well-
defined plateau over the final 44% of the gas with an apparent
age of 1365 ± 2.1 Ma (MSWD = 0.75) and a slightly older integrated
age of 1378 ± 5.2 Ma (MSWD = 11.2). Because of the extremely high
radiogenic yield of the release steps, meaningful isochrons could
not be generated. The Ca/K ratio in the hornblende is shown in
Fig. 9b. There is only minor alteration of the hornblende and the
preferred age for the Mutanga hornblende is taken as the plateau
age of 1365 ± 2.1 Ma.

4.3.2. Hornblende-granophyre of the Rutovu massif, Burundi
(sample A114)

This hornblende-granophyre (Deblond, 1993, 1994) is a local
differentiate of the Rutovu massif. A total of 5 splits of primary
hornblende were analyzed (Table S2). Plateau ages are defined
where the total amount of gas released over three or more steps
with overlapping ages is more than 40%. Total gas ages of the
splits ranged from 1351 ± 3.7 to 1398 ± 3.0 Ma (average 1366 Ma;
Table 1; Fig. 10a–e). With the exception of split #3, the Ca/K ratios
of the hornblende was fairly constant (see Fig. 10f). Split 3 also
showed the clearest evidence for excess argon at high laser powers.
Only two splits (Rutovu-1-88% and Rutovu-2-45%) yielded plateau
ages of 1363 ± 7.4 (MSWD = 4.68) and 1386 ± 2.4 Ma (MSWD = 0.96;
Fig. 10a and b). In cases where plateau criteria where not met, inte-
grated ages were obtained over the nearly flat portion of the release
spectrum. Integrated ages for splits 1–5 are as follows: Rutovu-
1, 1363 ± 7.4 Ma (MSWD = 4.68; Fig. 10a); Rutovu-2, 1373 ± 4.7 Ma
(MSWD = 7.26; Fig. 10b); Rutovu-3, 1360 ± 3.5 Ma (MSWD = 3.28;
Fig. 10c); Rutovu-4, 1372 ± 3.8 (MSWD = 4.61; Fig. 10d) and Rutovu-
5, 1350 ± 5.6 Ma (MSWD = 3.27; Fig. 10e). With the exception of
split #1, excess argon clearly was observed in all the release spectra
to varying degrees. Fig. 11a shows a frequency histogram for appar-
ent ages when more than 1% of the gas was released (cumulative
39K). The mean age from all steps is 1357.9 ± 19.5 Ma (95% confi-
dence). The most radiogenic release steps are shown in Fig. 11b
and these range from 1360.8 Ma (RUT-3) to 1386.2 Ma (RUT-2).
The average of the most radiogenic steps is 1373.5 ± 9.6 Ma (1�).
Because of the extremely high radiogenic yield of the release steps,
meaningful isochrons could not be generated. Fig. 12a–e shows
plots of apparent age versus 37Ca/39K ratios for each of the Rutovu
splits. Split 3 shows the largest spread in 37Ca/39K ratios suggest-
ing some alteration of the grain (Fig. 12c). Although not shown,
38Cl/40Ar ratios also indicate only small variability with the excep-
tion of split #3. The 40Ar/39Ar age of the Rutovu hornblendes is
estimated to lie between 1350.4 ± 5.6 (integrated age from split
#5) and 1386 ± 2.4 Ma (plateau age from split #2). We assign an
age of 1368.2 ± 17.8 Ma for the Rutovu hornblendes.
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

4.4. A-type granitoid rocks

4.4.1. Granite ‘Gr4’ of the Bukirasazi massif, Burundi (sample LT7)
Fifteen analyses were conducted of 15 zircons (Table 3). Most

data are within error of concordia (Fig. 13a). Two analyses (#7,

dx.doi.org/10.1016/j.precamres.2010.02.022
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Fig. 9. (a) Musongati sample: stepwise gas release plot for split #1 and single release age data for splits #1 and 2 (b) 37Ca/39K stepwise release plot for Musongati split #1.

Fig. 10. (a) Stepwise gas release plot for Rutovu split #1; (b) Stepwise gas release plot for Rutovu split #2; (c) Stepwise gas release plot for Rutovu split #3; (d) Stepwise gas
release plot for Rutovu split #4; (e) Stepwise gas release plot for Rutovu split #5; (f) 37Ca/39K stepwise release plot for each of the splits (colour coded). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of the article.)

dx.doi.org/10.1016/j.precamres.2010.02.022
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ig. 11. (a) Frequency histogram of apparent ages for the Rutovu splits 1–5 wher
adiogenic gas fraction from each of the Rutovu splits.

1) are >5% normally discordant, indicating minor recent Pb loss,
nd one (#4) is more than 5% reversely discordant. The remain-
ng data yield weighted mean 207Pb/206Pb and 238U/206Pb ages of
205 ± 19 Ma (MSWD = 0.47) and 1207 ± 11 Ma (MSWD = 1.02). The
ore precise 238U/206Pb result (1205 Ma) is our preferred estimate

or the age of crystallisation of this A-type granite.

.5. Tin-granites

.5.1. Granite ‘Gr5’ of the Kasika massif, Itombwe region, DRC
sample Ki22)

A total of eleven analyses were conducted on 11 zircons
uring a single session (Table 3). Concentrically zoned and
omogenous, medium CL domains were analysed. Seven analyses

orm a near-concordant group (Fig. 13b) with a weighted mean
07Pb/206Pb age of 986 ± 10 (MSWD = 1.40). Three zircons, #4, 8,
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

nd 9, which yielded near-concordant 207Pb/206Pb ages of 1885,
068, and 1312 Ma, respectively, are interpreted as xenocrysts.
hese three zircons exhibit high Th/U ratios (0.73–1.13) rela-
ive to the other zircons (0.02–0.19). We regard the 207Pb/206Pb
ge of 986 ± 10 Ma for the coherent, near-concordant group of
ulative argon release in each step was 1% or more. (b) Apparent ages of the most

seven analyses as the best estimate for the crystallisation age in
sample Ki22.

4.6. Laser-ablation zircon Hf data

For five of the SHRIMP-dated granitoid rocks we present
laser-ablation zircon Hf data. Analytical procedures are detailed
in Appendix 3 and data listed in Table S3. The analysed rocks
include: (1) the Rusizian basement orthogneiss of the Butare area
(sample Ki16); (2) two c. 1375 Ma S-type granitoid rocks, the
Muramba (Ki14) and the Kilimbi-Muzimu massifs (Ki20); (3) the
c. 1375 Ma migmatitic paragneiss of the Mugere complex (Ki21)
and (4) the post-Kibaran, c. 986 Ma tin-granite of Kasika (Ki22).
The data show clearly that the Rusizian orthogneiss (Ki16) has a
juvenile signature with εHf(T) ∼ 0, i.e. similar in composition to the
Chondritic Uniform Reservoir (CHUR) (Fig. 14a). The TDM model
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

ages, however, indicate average crustal residence times (calculated
from depleted mantle values) of up to 2.4 Ga (Table S3), indicat-
ing some participation of early-Palaeoproterozoic crust in the
generation of the Butare orthogneiss. The two c. 1375 Ma S-type
granitoid rocks (Ki14 and Ki20) and the migmatitic paragneiss

dx.doi.org/10.1016/j.precamres.2010.02.022


Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

ARTICLE IN PRESSG Model

PRECAM-3208; No. of Pages 22

16 L. Tack et al. / Precambrian Research xxx (2010) xxx–xxx

Fig. 12. (a) Plot of 37Ca/39K versus apparent age for each release of split #1. (b) Plot
of 37Ca/39K versus apparent age for each release of split #2. (c) Plot of 37Ca/39K versus
apparent age for each release of split #3 (d) Plot of 37Ca/39K versus apparent age for
each release of split #4 and (e) Plot of 37Ca/39K versus apparent age for each release
of split #5.

Fig. 13. U–Pb analytical data for zircons from (a) Bukirasazi granite sample LT7, and
(b) Kasika granite sample Ki22. The preferred age for each sample is shown with 95%

confidence limits. In each case, analyses not included in calculating the preferred
age are shown with filled squares; analyses of xenocrystic zircons are shown with
diamond symbols. A single highly discordant analysis is not shown. In (a), the IDTIMS
results of Tack et al. (1994) are shown.

(Ki21) show a more ancient signature with εHf(T) between −5 and
−9. These negative values suggest significant participation of older
crustal material in the generation of these granitoids, as would be
expected from S-type granitoids which are, essentially, derived
from crustal melts. TDM model ages are in the range 2.4–1.6 Ga,
indicating a significant average crustal residence time for these
rocks. The data are consistent with the derivation of the 1375 Ma
suite of granitoid rocks largely through the re-melting of the c.
2.0 Ga Rusizian basement in the region.

The c. 986 Ma tin-granite (Ki22) has a very variable, but always
negative εHf, indicating derivation from the reworking of older
crustal material, with highly variable participation of juvenile melt.
TDM model ages are in the range 2.5–1.7 Ga, suggesting similar
crustal contaminants as in the 1375 Ma granitoid suite. Overall, the
Hf-isotopic data support the recurrent reworking (i.e. at c. 1375
and c. 986 Ma) of the KAB’s Palaeoproterozoic basement, with only
limited addition of juvenile, mantle-derived components.

5. Discussion of the new results
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

5.1. Palaeoproterozoic basement

The presence of Palaeoproterozoic basement in the WD of SW
Rwanda is confirmed by the c. 1982 Ma magmatic crystallisation

dx.doi.org/10.1016/j.precamres.2010.02.022
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ig. 14. (a) εHf versus emplacement age plot for samples from the KAB; (b) Hfi vers
o colour in this figure legend, the reader is referred to the web version of the articl

ge of the Butare orthogneiss (sample Ki16). A c. 1929 Ma late mag-
atic and/or metamorphic event in the same gneiss, evidenced by

wo high-U zircon rim overgrowths, is in line with the timing of
xhumation under amphibolite conditions of the high grade meta-
orphic Ubende belt (Boven et al., 1999). Note that Gérards and

edent (1970) mention a bulk-zircon U–Pb age of 1940 ± 30 Ma,
btained on two zircon fractions of another orthogneiss sample
rom the Butare area (Nyamirama, sample RG 71.221).

Two zircon cores with slightly discordant 207Pb/206Pb ages of
494 and 2439 Ma were identified in the migmatitic paragneiss of
he Mugere complex (sample Ki21). They suggest derivation from
ither detrital successions with early-Palaeoproterozoic compo-
ents or underlying early-Palaeoproterozoic basement.

One zircon core from ‘Gr3’ sample Ki1 gave an age of c. 2600 Ma.
t is derived either from underlying Archaean basement or from
alaeoproterozoic basement that includes reworked detrital mate-
ial derived from an Archaean source.
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

.2. S-type granitoid magmatism

Our SHRIMP U–Pb data firmly constrain all of the analysed S-
ype granitoids (samples 63.865, Ki6684, Ki21, Ki1, Ki14, Ki20) in
he WD of the KAB to a short time interval around a weighted
placement age plot for samples from the KAB. (For interpretation of the references

mean of c. 1376 ± 5 Ma, calculated from the six new ages. This
invalidates the concept of distinct melting batches and succes-
sive intrusions over a protracted period of time, on which all the
existing “Kibara belt” models were founded (see Section 1 and the
references therein).

5.3. Mafic and ultramafic magmatism

The 1374 ± 14 Ma SHRIMP age of the Mutanga amphibole-norite
sample (DB1) raises questions with respect to the earlier obtained
1275 Ma bulk-zircon U–Pb age (Tack et al., 1994). However, the
1374 Ma validity as emplacement age is confirmed by the 40Ar/39Ar
cooling ages (see paragraph here below) and by the 1403 ± 14 Ma
SHRIMP U–Pb age for the Kabanga North mafic-ultramafic massif
(Maier et al., 2007), which can be considered similar within error
limits.

Indeed, hornblende 40Ar/39Ar data from the same Mutanga
sample and from the Rutovu sample (A114) suggest these intru-
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

sions cooled below the blocking temperature for hornblende
at respectively c. 1365 Ma and 1368 Ma. Deblond et al. (2001)
reported similar 40Ar/39Ar ages for dolerite sills and dykes,
emplaced into sedimentary rocks of the Bukoba Group of the ED
(Fernandez-Alonso, 2007; Fernandez-Alonso et al., in preparation;

dx.doi.org/10.1016/j.precamres.2010.02.022
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ee Figs. 3, 4 and 5, and Table 2). A dolerite sill in the Kavumwe
ormation (Burundi; Fig. 5, Table 2) produced cooling ages of
360 ± 20 Ma (plagioclase) and 1340 ± 9 Ma (hornblende). A sill

n the Bukoba Sandstone Formation (Tanzania; Fig. 5, Table 2)
eturned hornblende plateau ages of 1379 ± 10 and 1355 ± 10 Ma.
ncidentally, these data confirm earlier claims of a Mesoproterozoic

inimum age for the Bukoba Group sedimentary succession of the
D (Tack et al., 1992; Tack, 1995). Moreover, they are in agreement
ith the proposed genetic link (Fig. 4) between the KM mafic and
ltramafic layered intrusions and the sills of gabbro to gabbronorite
omposition to the E (NW Tanzania and E Burundi), which were
mplaced at a higher structural level (Evans et al., 2000; Tahon et
l., 2004).

Finally, palaeomagnetic data from samples of five massifs of the
M alignment (including the dated Musongati and Rutovu massifs),
s well as the dated sills of the Kavumwe Formation (Figs. 4 and 5),
ndicate similar poles (Meert et al., 1994a,b).

An unpublished average 40Ar/39Ar plateau age of 1358 ± 13 Ma
as obtained on biotite from the Kapalagulu (or Mibango) lay-

red igneous complex (Theunissen et al., personal communication,
ig. 2), which is located along the northern margin of the Ubende
elt, less than 150 km south of the KAB. This complex intrudes
he Itiaso Group (Wadsworth et al., 1982), which is exposed in

local basin (Klerkx et al., 1998). Maier et al. (2007) report a
HRIMP U–Pb zircon crystallisation age for the Kapalagulu com-
lex of 1392 ± 26 Ma. Like the KM alignment in the boundary zone
etween the WD and ED of the KAB, the Kapalagulu complex
as emplaced in a major crustal feature, marking the rheological

oundary between two types of lithosphere: the Palaeoprotero-
oic Ubende shear belt and the Archaean of the Tanzania craton.
lthough not dated, similar petrology and mineralisation doc-
mented for the Kabulyanwele complex some 100 km SE of
apalagulu along the Ubende trend, suggest a similar structural
etting (Fig. 2; Hester et al., 1991).

The new and existing SHRIMP U–Pb and 40Ar/39Ar data con-
train the KM mafic and ultramafic intrusive magmatism to the
ame c. 1375 Ma time frame as the S-type granitoid magmatism
nd associated subordinate mafic bodies, emplaced in the WD of
he KAB. Together, both magmatic suites represent a prominent,
oeval, bimodal magmatic event – with clear compositional gap –
aking place at c. 1375 Ma. Emplacement of the KM mantle-derived

agmatism (Fig. 4, see elliptical aeromagnetic-gravimetric thermal
nomaly), originated from an enriched source, possibly old sub-
ontinental lithospheric mantle (Tack et al., 1994; Duchesne et al.,
004). This requires opening of crustal-scale structural features, i.e.
n extensional regime. Hence it did not occur during a compres-
ional event, for which moreover there is no geological evidence
t the time of emplacement. The extension mechanism itself is
ebatable but falls out of the scope of this paper: intra-lithosphere
antle bulging and underplating versus externally imposed ascent

f asthenospheric plume. Anyway, we propose that underplating
antle melts, which supplied the KM magma chambers, provided

he heat, necessary to trigger lower crustal melting in the WD base-
ent and thus generate the coeval voluminous S-type granitoid
elts (Henk et al., 1997). The shallow emplacement depths of the

atter at or near the basement/cover interface suggest the absence
f a thick lithospheric profile in the underlying Palaeoproterozoic
asement, a feature to be expected for this basement under exten-
ion.

.4. A-type granitoid rocks
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

The 1205 ± 19 Ma SHRIMP U–Pb zircon age of the Bukirasazi
ample (LT7) is interpreted to represent the granitoid’s emplace-
ent age. Like with the Mutanga amphibole-norite sample (DB1),

t raises questions about the earlier obtained 1249 Ma bulk-
 PRESS
arch xxx (2010) xxx–xxx

zircon age (Tack et al., 1994). Note that a granite massif in NW
Burundi (Cibitoke-Kaburantwa; “CK”) returned contemporaneous
bulk-zircon U–Pb ages of 1210 ± 3 and 1212 ± 2 Ma for respectively
coarse- and fine-grained facies (Brinckmann et al., 1994, 2001),
demonstrating that c. 1205 Ma magmatism in the KAB was not
restricted to the GMB alignment. The petrography and mineralogy
of the CK granite are very similar to those of the Bukirasazi rocks,
for which a deep-seated, depleted asthenospheric mantle-derived
origin was proposed (Tack et al., 1994).

Meert et al. (1994a) reported 40Ar/39Ar age determinations for
the Mukanda-Buhoro massif in the KM-alignment (Fig. 4). Biotite
plateau ages from 1220 ± 2 to 1226 ± 4 Ma, or integrated ages of
1212 ± 4 and 1214 ± 3 Ma, were obtained on drill core samples of
mafic veinlets, cross-cutting the magmatic layering of the massif.
Two phlogopite-calcite pairs from the same samples had previously
yielded a Rb–Sr date of 1236 ± 70 Ma (Tack et al., 1990). Deblond
(1995) contended that these veins are not late pegmatitic mem-
bers of the Mukanda-Buhoro massif, but are related to a set of
lamprophyre dykes that display co-magmatic affinities with the
GMB A-type granitoids. He therefore proposed a genetic relation-
ship with the latter, a hypothesis which the close agreement of
40Ar/39Ar dates for the mafic veinlets and the SHRIMP age for one
of the GMB massifs appears to confirm.

While error limits on the earlier bulk-zircon U–Pb ages for the
Mutanga and Bukirasazi samples allowed the possibility of some
type of genetic link between the KM and GMB emplacement events
(Tack et al., 1994), the SHRIMP data demonstrate unequivocally that
emplacement of the GMB magmas in fact post-dates that of the KM
complexes by c. 170 Ma.

5.5. Tin-granites

In contrast to earlier ages, which dated tin mineralisation rather
than the emplacement of a tin granite body (Cahen et al., 1984;
Pohl, 1994; Romer and Lehmann, 1995), we report a crystallisa-
tion age of 986 ± 10 Ma for the Kasika granite (Itombwe region,
DRC). The emplacement appears to have been followed closely by a
regional metamorphic event, as evidenced by the 966 ± 11 Ma low
Th/U rim overgrowths on zircon from the Kilimbi-Muzimu S-type
granite in Rwanda (sample Ki20). Unfortunately, no rims could be
dated in the Kasika granite itself. However, the occurrence of two
xenocrysts of Palaeoproterozoic age in the Kasika sample supports
its derivation through partial melting of much older crustal mate-
rial, in line with the Hf data that suggest a variable, but significant
crustal component in the Kasika granite.

6. Recent data for the Kibara belt (KIB)

The most recent field mapping and laboratory work in the Kibara
belt (KIB) has been carried out in the Mitwaba square degree sheet
(SDS), which includes the Kibara Mountains type area (Fig. 1a;
Kokonyangi, 2001; Kokonyangi et al., 2001a,b, 2002, 2004a,b, 2005,
2006). The general setup is similar to the KAB with S-type granitoid
rocks and minor associated mafic rocks (metagabbro and amphibo-
lite) intruding supracrustal metasedimentary rocks. SHRIMP U–Pb
zircon age determination on five samples of the Mitwaba grani-
toid rocks show that they were emplaced over a short period of
time around the mean of 1381 ± 8 Ma (Kokonyangi et al., 2004a).
Geochemical data suggest that the granitoid rocks have almost sim-
ilar compositions, but were derived from different sources through
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

similar petrogenetic processes. TIMS U–Pb single zircon igneous
crystallisation ages on two samples of mafic-intermediate com-
plexes associated with the granitoid rocks show that the former are
coeval (c. 1.39–1.38 Ga; errors not given) with the granitoid rocks
(Kokonyangi et al., 2005).

dx.doi.org/10.1016/j.precamres.2010.02.022
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One of the inherited zircon cores of the studied granitoid rocks
eturned a U–Pb age of 1929 ± 21 Ma, alluding to the presence of
alaeoproterozoic basement, although inheritance from a younger
etrital source cannot be ruled out.

Three SHRIMP measurements on metamorphic zircon over-
rowths gave an age of 1079 ± 14 Ma, which has been interpreted
s dating the main tectono-metamorphic event that shaped the
orpho-structural trend of the KIB (Kokonyangi et al., 2004a). If

onfirmed elsewhere in the KIB, this would mean that compres-
ional deformation (or at least one such event) post-dates the
oeval bimodal magmatic event by about 300 Ma, shifting this com-
ressional event to the time frame of the Southern Irumide collision
Johnson et al., 2006).

Tin and columbite-tantalite (coltan) mineralisation, such as
eported in the KAB, also occurs in the Mitwaba SDS.

. Tectonic setting of the 1375 Ma magmatic event

In the KAB voluminous emplacement of the coeval 1375 Ma
imodal magmatism has been ascribed to extension. During ascent
he mantle-derived magmas have taken advantage of the regionally
ccurring zone of weakness in the lithosphere, i.e. the rheolog-
cal boundary between the Archaean craton of Tanzania, to the
ast, and the adjacent Palaeoproterozoic basement (2.1 Ga mobile
elt), to the west. Moreover, the mantle-derived magmas initi-
ted concomittantly large-scale, crustal melting preferentially of
he Palaeoproterozoic basement under extension and characterised
y the absence of a thick lithospheric profile in contrast to the
earby Archaean craton. Such petrogenetic processes have intra-
late characteristics and are thus not associated with normal plate
oundary processes nor with their typical magmatism. On the
ontrary, they may include rift-related packages, characteristically
ssociated with successful or attempted, though unsuccessful, con-
inental break-up as was the case here.

Intra-plate characteristics of the KAB are further evidenced by
he proven occurrence of Palaeoproterozoic basement (this paper)
s well as by the lack of remnant oceanic crust, ophiolites or juvenile
olcanic arc type magmatic rocks.

In the KIB, a continental margin arc setting has been sug-
ested for the mafic-intermediate igneous rocks of the Mitwaba
DS based on the geochemistry of these rocks (Kokonyangi et al.,
004a, 2005, 2006), implying the subduction of oceanic lithosphere
ntil c. 1.38 Ga. However, this compressional model is hampered
y the absence of ophiolite remnants and deep marine deposits.
n the contrary, the metasedimentary successions of the Mit-
aba SDS record shallow-water, terrigenous deposition, more in

eeping with an intra-cratonic basin or shallow marine, proxi-
al conditions. Geochemical characteristics of the Mitwaba S-type

ranitoid rocks show strong similarities with highly peraluminous
ranitoid rocks of the Hercynian and Lachlan Fold Belts, the latter
eing known to result from significant heating at time of extension
Collins, 1996).

Felsic components of bimodal magmatism can display quite
ariable isotopic and trace element characteristics, because such
elsic magmas are derived from partial melting of lower crust.
herefore, these magmas will inherit some of the geochemical char-
cteristics of the protolith (Bryan et al., 2002). Their parameters
an therefore not be regarded as unique identifiers of the setting
nd origin of the magmatism. Geochemical characteristics of S-type
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

ranitoids, extracted from e.g. a protolith with strong juvenile pat-
erns, will reflect first of all their source(s) of derivation and the

elting and crystallisation history of the protolith melts. Thus, they
annot be used in a straightforward manner to assess the tectonic
egime under which the granitoid rocks were formed.
 PRESS
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Finally, the S-type granitoids of both the KAB and the KIB show
no temporal nor spatial zonation. Hence no simple genetic rela-
tionship may be established between different granitoid types and
successive collisional geodynamic environments.

It must be observed that Kokonyangi’s extensive recent work
in the KIB is in line with Kampunzu et al. (1986), Rumvegeri
(1991) and Rumvegeri et al. (2004), who viewed the “Kibaran
orogeny” in a subduction-collision setting, based essentially on
geochemical grounds. Kampunzu (2001) and Kokonyangi et al.
(2007) even envisaged a continuous 3000-km long “Kibaran oro-
genic system”, encompassing several Mesoproterozoic segments
of a belt, wrapped around the southern African Kaapvaal craton
and throughout the Central African Congo-Tanzania-Bangweulu
cratonic blocks. Based on recent single-zircon geochronological
data, De Waele et al. (2003) indicated that a direct correlation
between Mesoproterozoic terrains among both cratonic blocks
appears unlikely (see also De Waele et al., 2009 and references
therein).

Finally, it is worth noting that - apart from the bimodal mag-
matic rocks in the KAB and the KIB – another large coeval bimodal
magmatic unit, i.e. the Cunene Anorthosite Complex of SW Angola,
was emplaced at the SW margin of the Congo craton at the same
time (Mayer et al., 2004; Drüppel et al., 2007 and references
therein). The Cunene Complex lies some 1200 km to the SW of the
KIB and about 2100 km from the KAB.

8. The need for redefining the term “Kibaran”

For decades, the term “Kibaran” has been used to identify or
describe the “orogenic cycle” occurring in Central Africa in Meso-
proterozoic times (1.4–1.0 Ga; Cahen et al., 1984 and references
therein). Based on radiometric ages of S-type granitoid magma-
tism and regional geological data, this “Kibaran orogenic cycle”
was considered to have a protracted character with a “culmina-
tion from before 1370 Ma to 1310 Ma” (Cahen et al., 1984, p. 194),
followed by late-Mesoproterozoic phases. The Neoproterozoic “tin
granites” and related mineralisation(s) of c. 970 Ma were referred
to as “post-Kibaran” by Cahen et al. (1984) and Pohl (1994).

The term “Kibaran” was subsequently exported to other parts of
Africa to denote any orogenic event, shown by radiometric dating to
fall within the same prolonged time span. Such chronostratigraphic
(mis)use of the term has introduced a lot of semantic confusion and
debate among geoscientists working in Africa. In more recent times,
the term has even become linked to the global chain of c. 1.0 Ga
collisional events (“Grenvillian”), leading to the amalgamation of
the Rodinia supercontinent (Tack et al., 1995, 2002a,b, 2006, 2008;
Kampunzu, 2001; Kokonyangi et al., 2006; De Waele et al., 2006;
McCourt et al., 2006; Eglington, 2006; Becker et al., 2006; Hanson
et al., 2006; Li et al., 2008).

The single-zircon U–Pb data, presented in this paper and in
Kokonyangi et al. (2004a, 2005), demonstrate that the coeval
bimodal magmatism in both the KAB and the KIB took place in a
very short time span around 1375 Ma.

In view of the preceding, the hitherto-adopted concept of a
“Kibaran” orogeny or orogenic cycle, affecting the KAB and the KIB
contemporaneously over a prolonged time span during the sec-
ond half of the Mesoproterozoic, can no longer be maintained. We
therefore propose to restrict the future use of the term “Kibaran”
to the c. 1375 Ma “tectono-magmatic event”, corresponding to
the prominent emplacement of the bimodal magmatism under
t” in Central Africa: Prominent emplacement of bimodal magmatism
es.2010.02.022

intra-cratonic regional-scale extensional stress regime as described
herein.

Based on the intra-cratonic (intra-plate) nature of the KAB and
the KIB, it can be argued that post-“Kibaran event” compressional
deformation, including folding and thrusting within both belts,

dx.doi.org/10.1016/j.precamres.2010.02.022
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ust reflect far-field effects of global orogenic events, external to
he craton. Results in progress on this topic will be addressed in
he forthcoming companion paper (Fernandez-Alonso et al., 2009,
n preparation).

. Conclusions

The peculiar structural setting of the redefined (this paper)
Karagwe-Ankole belt” (KAB) and of the “Kibara belt” (KIB), sep-
rated by Palaeoproterozoic terranes (Ubende belt – Rusizian
asement), is fundamental to the understanding of the geody-
amic, magmatic and mineralisation history of both redefined
esoproterozoic belts. The new age data for the KAB and the

IB completely modify the timing and duration of the “Kibaran
rogeny”. In the light of new SHRIMP U–Pb zircon, 40Ar/39Ar
nd laser-ablation zircon Hf data, the multi-phase Rb–Sr based
ime frame, on which previous geodynamic interpretations of
oth belts had been based in the last decades, has to be
iscarded.

The c. 1982 Ma magmatic crystallisation age of the Butare
rthogneiss protolith indicates that, at least in SW Rwanda, Palaeo-
roterozoic basement is exposed within the WD of the KAB.
oreover, the presence of xenocrystic components of Palaeopro-

erozoic age in later felsic magmatic rocks supports the idea that
ost, if not all of the WD, and possibly of the KIB is underlain by

alaeoproterozoic basement.
The c. 1375 Ma unequivocally dated coeval bimodal magmatic

vent in the KAB, documented in the bulk of our paper, is indicative
f intra-cratonic regional-scale emplacement under extensional
tress regime. During ascent the mantle-derived magmas originat-
ng from an enriched lithospheric source have taken advantage of
he regionally occurring crustal-scale zone of weakness in the KAB,
.e. the rheological boundary between the Archaean craton of Tan-
ania, to the east, and the adjacent Palaeoproterozoic basement
2.1 Ga mobile belt), to the west, both overlain by Mesoproterozoic
meta)sedimentary rocks.

Moreover, the mantle-derived magmas initiated concomittantly
arge-scale, crustal melting preferentially of the Palaeoprotero-
oic basement under extension and characterised by the absence
f a thick lithospheric profile in contrast to the nearby Archaean
raton.

The short-lived but prominent c. 1375 Ma “tectono-magmatic
vent” has intraplate characteristics, is rift-related and indicative
f attempted, though unsuccessful continental breakup in the case
f both the KAB and the KIB. In future, the use of the term “Kibaran”
hould be restricted only to this “tectono-magmatic event”. Fol-
owing this “Kibaran event”, A-type granitoid rocks have been
mplaced very locally in the WD of the KAB at c. 1205 Ma, followed
y tin granites – one intruded at c. 986 Ma – which gave rise to the
orld-class Sn-metallogenic province overprinting large areas of

oth the KAB and the KIB.
The range of magmatic suites reported for the KAB, together

ith recent data on granitoid and mafic-intermediate rocks of the
itwaba SDS in the KIB, make it unlikely that significant magmatic

uites have been overlooked. Remarkable similarities exist thus
etween the two belts, especially for the timing of emplacement
f (1) the S-type granitoid rocks and associated subordinate mafic-
ntermediate igneous rocks (bimodal magmatism) and (2) the tin

ineralisations. Note, however, that no mafic and ultramafic lay-
red complexes, nor A-type granitoid rocks have been identified up
Please cite this article in press as: Tack, L., et al., The 1375 Ma “Kibaran even
under extensional regime. Precambrian Res. (2010), doi:10.1016/j.precamr

o now in the KIB.
Compressional deformation reflecting far-field effects of global

rogenic events, external to the craton, post-dates the c. 1375 Ma
Kibaran event” and is consistent with the proposed time-frame for
odinia amalgamation at c. 1.0 Ga.
 PRESS
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