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The Central AfricanMesoproterozoic Kibara belt in Katanga (DRCongo) forms ametallogenic province that hosts
a variety of granite-related mineralization, rich in cassiterite, columbite–tantalite, wolframite/ferberite, spodu-
mene and beryl. This mineralization is mainly present in pegmatites and quartz veins that are thought to be as-
sociated with the youngest granite generation in the Kibara belt (i.e., so-called “E-group” granite generation).
Manono-Kitotolo is one of the world's largest Sn, Nb–Ta and Li mineralized pegmatites, with a large resource of
spodumene, columbite–tantalite and cassiterite still remaining. Mineralized pegmatites have intruded along the
foliation in the Mesoproterozoic metasedimentary rocks and dolerites of the Manono-Kitotolo area. The pegma-
tites have been emplaced very late during the climax of the Kibaran orogeny, probably during the transition from
orogenic collapse to extensional tectonics, based on their structural position. The emplacement of the pegmatites
resulted in an intense alteration of the doleritic and metasedimentary host-rocks, resulting in muscovitization,
tourmalinization and silicification. A mineralogical and geochemical zonation typical for granitic pegmatites
has been identified that was affected by metasomatic/hydrothermal alteration, mainly albitization and
greisenization. The latter alteration is associated with the main phase of cassiterite mineralization. A first stage
with Nb–Ta, Li andminor Sn, however, already formed pre-alteration, directly associatedwith pegmatite crystal-
lization. 40Ar–39Ar muscovite dating of unaltered pegmatites resulted in ages of 938.8 ± 5.1 Ma and 934.0 ±
5.9 Ma. These ages are overlapping with the U–Pb age of the Nb–Ta mineralization (940 ± 5.1 Ma), also giving
new temporal constraints on the fertile E-group granite generation in the KIB. The 40Ar–39Ar muscovite age of
a mineralized greisen is 923.3 ± 8.3 Ma, which is younger but still partly within error of the 40Ar–39Ar ages of
the unaltered pegmatites. Based on the partial overlap in age, but also on field and paragenetic relationships
and the stable isotope composition of the fluids, this greisenization and associated cassiterite mineralization
can still be linked to the pegmatite crystallization.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Manono-Kitotolo is located in the Central African Kibara belt, which
forms together with the Karagwe-Ankole belt a Mesoproterozoic
geological structure (Tack et al., 2010) that extends from the southern
part of Katanga in theDemocratic Republic of Congo (DRC) to the south-
western part of Uganda (Fig. 1; Cahen et al., 1984). The two belts are
separated by a Rusizian basement rise that represents theNWextension
across Lake Tanganyika of the Palaeoproterozoic Ubende belt (SW
Tanzania). The Kibara belt (KIB) occurs in the Katanga province in the
southwest of the DRC, while the Karagwe-Ankole belt (KAB) comprises
Rwanda, Burundi, SW Uganda, northwestern Tanzania and the Kivu-
+32 (0) 2 769 5432.
ewaele).
Maniema region in the DRC (Fernandez-Alonso et al., 2012; Tack et al.,
2010). The Kibara belt forms a belt of Palaeo- and Mesoproterozoic
supracrustal units, mostly metasedimentary rocks with minor
metavolcanic rocks, intruded by voluminous Mesoproterozoic “S-type”
granitoid massifs and subordinate mafic bodies (Cahen et al., 1984;
Kokonyangi et al., 2001, 2004, 2006). The Kibara and Karagwe-Ankole
belts host a large metallogenic province that contains numerous
granite-related ore deposits, with the typical metal association of Sn–
W–Nb–Ta. The metals are dominantly present in pegmatites or quartz
veins (e.g., Dewaele et al., 2011; Pohl et al., 2013). Pegmatites can be
foundmineralized with Nb–Taminerals, cassiterite, amblygonite, spod-
umene, beryl, etc., whilemineralized quartz veinsmainly contain cassit-
erite or wolframite. During the last decade, renewed metallogenetic
research on the Sn, W and Nb–Ta mineralization in the KAB and KIB
has resulted in new insights in the formation of the granite related
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Fig. 1. Regional tectonic setting of the Kibara belt (KIB) and the Karagwe-Ankole belt (KAB) in Central Africa.
Modified after Brinckmann et al. (2001).
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mineralization in the Great Lakes area (e.g., Dewaele et al., 2011;
Goldmann et al., 2013; Hulsbosch et al., 2013, 2014; Lehmann et al.,
2014; Melcher et al., 2015; Pohl, 1994; Pohl and Günther, 1991; Pohl
et al., 2013).

Manono-Kitotolo is a very large rare-metal pegmatite located in the
northern part of the Katanga province of the Democratic Republic of
Congo, ~500 km NW of Lubumbashi, which has mainly been exploited
for cassiterite and columbite–tantalite (Bassot and Morio, 1989; Landa
et al., 1950; Thoreau, 1950). The Manono-Kitotolo deposit consists of
numerous open pit mines that extend over an area with a width of
800 m and that stretches over a distance of 15 km. From the start in
1915 until the stop of the exploitation in the mid 1980s, the deposit
has produced about 140,000 tonnes of cassiterite concentrate and
4500 tonnes of columbite–tantalite concentrate (unpublished archives
Géomines at the Royal Museum for Central Africa — RMCA). During
the last decades of exploitation, the production continuously dropped
not only due to technical problems, but also due to depletion of the
altered and easily exploitable near-surface portions, resulting in an in-
creasing importance of the unaltered pegmatite. The non-altered peg-
matite is estimated to have a resource potential of about 200,000
tonnes of cassiterite and 10,000 tonnes of columbite–tantalite concen-
trate (unpublished archives Géomines, RMCA), which would make
Manono-Kitotolo a world-class deposit. In addition, the spodumene po-
tential has been evaluated during the beginning of the 1980s and has
been estimated at 330,000 tonnes of Li (unpublished archives
Géomines, RMCA), which would make it the fourth largest lithium peg-
matite intrusion of the world. Prospection had also been carried out in
the larger vicinity of the Manono-Kitotolo quarries (Laterite Kitotolo
Nord, Flat Lukushi, etc.), where substantial reserves have been indicat-
ed. A borehole in the western part of the Kitotolo quarry has demon-
strated that the mineralized pegmatite continues to a depth of at least
100 m, and is still open towards depth.
In this study, we focus on the geology and the timing of the forma-
tion of the primary Sn, Nb–Ta and Li mineralization of Manono-
Kitotolo. This study of the Manono-Kitotolo deposit is largely based on
unpublished geological information available in the mining archives of
the companies that exploited the deposit in the past (Géomines,
Zairétain and Congoétain; mining archives Royal Museum for Central
Africa) and on the study of hundreds of rock and mineral concentrate
samples present in the rock andmineral collection of the RoyalMuseum
for Central Africa (RMCA). Due to logistical and security reasons, the
Manono-Kitotolo has been largely inaccessible during the last decades.
In addition, after the exploitation started, the main quarries have been
flooded which complicates the study of the unaltered pegmatites.

2. Geology of the Kibara belt

The Karagwe-Ankole belt and the Kibara belt (Tack et al., 2010) of
Central Africa formed and evolved between three pre-Mesoproterozoic
domains: the Archaean–Palaeoproterozoic Congo Craton to the west
and north, the Archaean Tanzania Craton to the east, and the Bangweulu
Block to the south (Fig. 1). Twodistinct segments are identified, separated
in the Democratic Republic of the Congo (DRC) by the north-western
extension of the Palaeoproterozoic Ubende belt (SW Tanzania) across
Lake Tanganyika. The northern segment or Karagwe-Ankole belt (KAB:
Rwanda, Burundi, Maniema and Kivu in the DRC) and southern segment
or Kibara belt (KIB: Katanga in the DRC) are treated as two separate, but
coeval belts (e.g., Tack et al., 2010).

TheMesoproterozoic Kibara fold belt (KIB) in Katanga consists dom-
inantly of Palaeo- and Mesoproterozoic metasediments, covered by
younger Neoproterozoic and Phanerozoic sedimentary rocks (Fig. 2;
Laghmouch et al., 2012), that have been intruded by different genera-
tions of granitic and mafic rocks. Although the KIB has been intensely
prospectedduring the last century, only the stratigraphyof the southern
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part of the belt (south of 8°S) has been studied in detail, while the
geology of the northern part (8°–5°S) is mainly known from remote
sensing studies (ERTS, 1981). This study could only discriminate be-
tween the major litho-geomorphological units: Phanerozoic deposits,
Neoproterozoic Bushimayian, undifferentiatedMesoproterozoic (Kibara),
undifferentiated Palaeoproterozoic (Ruzizian) and “basement” consisting
of undifferentiatedunits. The Palaeoproterozoic rocks of the Ruzizian Su-
pergroup consist of (mica-) schists, (quartzo-) phyllites, quartzites, am-
phibolites, hornblendite–amphibolite schists, graphite-rich schists,
phyllitic schists, meta-(?)arkoses and (migmatitic) gneisses (Cahen
and Lepersonne, 1967). These Ruzizian rocks are mainly found in the
northern part of the Kibara belt. Different stratigraphic successions
have been established for the Mesoproterozoic rocks of the Kibara Su-
pergroup (Cahen, 1954; Cahen and Lepersonne, 1967; Cahen et al.,
1984), which have been compiled and combined by Laghmouch et al.
(2012). The formal lithostratigraphy for the Kibara Supergroup com-
prises from bottom to top (Fig. 2): the Kiaora group, the Lufira (or
Nzilo) Group, the Mount Hakansson Group and the Lubudi Group,
each separated by an unconformity and/or a basal conglomerate. The
Kiaora Group is estimated to be 1700 to 4300 m thick and is character-
ized by (quartzo-) phyllites and schists, with quartzitic horizons and
with rhyolites at the top. The Lufira or Nzilo Group has a thickness be-
tween 2700 and 7000 m and is dominantly quartzitic, with locally
(quartzo-) phyllitic levels and an important sequence of doleritic lavas
and sills at the top. The Mount Hakansson Group is 1900 to 4000 m
thick and contains dark-colored slates and quartzites. The Lubudi
Group has a thickness of 600 to 1850m and consists of dark-colored ar-
koses and conglomeratic lenses, black graphitic shale with sandstone
levels and an upper part with limestones and dolomites.

The granitic intrusions in the Kibara fold belt have historically been
subdivided into five groups (A to E) based on deformation degree and
Rb–Sr dating (Cahen et al., 1984). Recent U–Pb SHRIMP dating indicates
the presence of only two main granite generations in the KIB
(Kokonyangi et al., 2001, 2004, 2006). The main granite generation A
to D, which makes the majority of the granitic bodies on the geological
map, has been dated at ~1381 ± 8 Ma (U–Pb SHRIMP zircon;
Kokonyangi et al., 2001, 2004, 2006). The E-granites (or “tin granites”)
have not been age-dated by U–Pb SHRIMP in the KIB, but Rb–Sr ages
of 977± 18Ma (MwanzaMassif) and 966± 21Ma (Mount Bia Massif)
(Rb–Sr whole rock and mineral separates ages; Cahen and Ledent,
1979) have been proposed, based on the recalculation of data of
Cahen et al. (1967, 1971). Intrusion of the E-granites is attributed to
post-collisional relaxation after the main deformation phase resulting
in the formation of the Kibara fold belt (Cahen et al., 1984;
Kokonyangi et al., 2001, 2004, 2006). This E-granite generation has
been interpreted as the parental granite for abundant pegmatites and
quartz veins that can be mineralized with rare metals (Cahen and
Ledent, 1979; Cahen et al., 1984) based on their non-deformed
leucocratic appearance, similar age and spatial relationship with the
mineralization. Several microcline, muscovite and lepidolite samples
from different pegmatite locations in Katanga (Manono, Sofwe and
Shienzi) have given a Rb–Sr age of 973±13Ma,whichhas been consid-
ered as the age of pegmatites in the KIB by Cahen and Ledent (1979),
also based on the recalculation of the data of Cahen et al. (1967, 1971).

Numerous geodynamic models exist for the Mesoproterozoic KIB
and KAB. These belts have been interpreted as: a collisional orogeny
(Kampunzu et al., 1986; Kokonyangi et al., 2004, 2006; Rumvegeri,
1991), as an intracratonic orogen with different periods of extension
and compression (Klerkx et al., 1984, 1987) and as an intracratonic ex-
tensional detachment structure, conditioned by transtensional strike-
slip reactivation of NW-trending shear zones in the Palaeoproterozoic
basement (Fernandez-Alonso and Theunissen, 1998). Thesemodels im-
plicitly consider that the Kibaran orogeny occurred in Central Africa in
late Mesoproterozoic times (1.4–1.0 Ga) and had a protracted character
(Cahen et al., 1984). Kokonyangi et al. (2001, 2004, 2006) suggest that
the A to D granites formed syn-deformational in a continental arc
setting at ~1380 Ma. This D1 deformation is preserved as an ENE–
WSW trending flow foliation S1 in the granitic rocks (Klerkx et al.,
1984, 1987; Kokonyangi et al., 2001, 2004). In the metasedimentary
rocks this S1 foliation is parallel to the S0 bedding. However, all granitic
and metasedimentary rocks have been overprinted by a second defor-
mation event (D2), characterized by NW–SE trending isoclinal meso-
and macroscale folds and reverse folds with associated S2 foliation,
interpreted as the climax of the Kibaran orogeny (Kokonyangi et al.,
2001, 2004, 2006). No age constraints are currently available for this
main deformation event, but U–Pb SHRIMP dating of metamorphic zir-
con overgrowths in the Kisele monzogranite gneiss give an age of
1079 ± 14 Ma, which could be considered as a maximum age
(Kokonyangi et al., 2004). This is largely consistent with a 1050 ±
50 Ma U–Pb yttrocrasite age in the Mandwe Granite gneiss
(Ebenhardt et al., 1956) and a ~1030 Ma U–Pb zircon age in the Fwifwi
leucomonzogranite (Cahen and Snelling, 1966).

However, Tack et al. (2010) have shown for the KAB that the prom-
inent tectono-magmatic event is a short-lived intraplate transtensional
anorogenic event at 1375 Ma related to the emplacement of a Large
Igneous Province (LIP)withwidespread granite and (ultra-)mafic intru-
sions. Compressional events occurred in the KAB at 1.0 Ga, as result of a
far-field effect of the collisional Irumide and Chipata-Tete (or Southern
Irumide) belts during Rodinia amalgamation (Johnson et al., 2005,
2007; De Waele et al., 2006, 2008, 2009). The morpho-structural re-
sponse in the KAB (and the KIB) to the distant Irumide Orogen, was ac-
commodated by displacement along the Ubende-Rusizi Belt (references
in Fernandez-Alonso et al., 2012). In the KAB, the metasedimentary
rocks were folded and thrusted as a result of reactivation of structures
in the underlying Palaeoproterozoic basement (Theunissen, 1988,
1989) and developed a S2 foliation, postdating the S1-fabric which is
related to the 1375 Ma Kibaran event (Tack et al., 2010). Post-
compressional relaxation (i.e., post-S2) gave rise to the emplacement
of the post-Kibaran Sn metallogenic province (new SHRIMP-age of
tin-granite emplaced in the WD at ca. 986 Ma (Dewaele et al., 2011;
Tack et al., 2010)). Subsequently during Gondwana amalgamation at
550 Ma, a second E to W directed compressional event affected the
KAB as a far-field effect of the distant East African Orogen, giving rise
to a pronounced squeezing of earlier structures, resulting in N–S
trending thrust sheets and imbricate structures (Dewaele et al., 2011;
Kabete et al., 2012; Rossetti et al., 2007).

3. Geological setting of the Manono-Kitotolo deposit

In theManono-Kitotolo area, detailed regional geological studies are
very limited. Ngulube (1994) observed two structural orientations,
interpreted to represent two deformation events. Firstly, there is a
S1 foliation parallel to the bedding S0, oriented N40–70°E in
the metasediments and in the foliated and porphyritic granite of
Manono. A second foliation S2, which is interpreted to be fold-related,
is oriented NW and intersects the S1 foliation. The D2 deformation
was not penetrative enough to obliterate the D1 structures. Therefore,
the latter orientations define the structural orientations in the area.
The rocks are also affected by a younger brittle fracturing, with diverse
orientations. Based on thepresence of S1 and S2, the rocks in the vicinity
of Manono-Kitotolo can be attributed to the Kibara Supergroup (cf.
Kokonyangi et al., 2004, 2006).

Three different types of granites have been identified in theManono
area byNgulube (1994; Fig. 3). Firstly, there are the gray colored foliated
andporphyritic granites (Lukushi, Kisudji and Pongo granite), which are
characterized by the presence of both a S1 and S2 foliation. The granites
are holocrystalline, inequigranular with phenocrysts of perthite,
microcline, plagioclase and quartz, and with porphyroblasts of domi-
nantly biotite and minor muscovite. In the Kisudji and Pongo granites,
mineralized pegmatites are described that follow the S2 orientation.
The second granite type is the migmatitic granite suite of Kazungu and
Mukishi-Mukusuke. These granites are dark to light gray and show a
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Fig. 3. Detailed geological map of the larger Manono-Kitotolo area.
Modified after Ngulube (1994).
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subequigranular migmatitic to (sub-) porphyric texture. Different folia-
tion directions have been identified in these granites. The granites are
holocrystalline, hypidiomorphic, slightly inequigranular with euhedral
microcline, perthite or plagioclaseminerals in amatrix of quartz, plagio-
clase, perthite, biotite and little muscovite. These migmatitic granites
are often crosscut by barren quartz veins and cassiterite-mineralized
small pegmatite veins. The third group of granites (Lukushi and M'Pete
leucogranite) is characterized by reddish, equigranular, hypidiomorphic
leucocratic crystal textures. They consist of quartz, microcline, plagio-
clase, perthite, muscovite and biotite together with abundant tourma-
line, garnet, and little chlorite or sericite. No foliation can be identified
in this granite type. At Lukushi, it can be observed that the leucogranites
also crosscut the foliated and porphyric granites. At this contact the
leucogranite can have an aplitic structure. They often contain miarolitic
cavities that arefilledwithminerals likemuscovite, and tourmaline. The
latter granites occur as small stocks in the immediate vicinity of the
Manono-Kitotolo quarry. No crosscutting quartz veins and pegmatites
are identified in these leucogranites. Mineralized pegmatitic zones
have been identified in the upper parts of these granites. Based on the
lack of cross-cutting foliation and the leucocratic texture in this third
group of granites, they are interpreted to have intruded post-
deformation and could be identified as E-type granites (Cahen et al.,
1984).
Fig. 2. Geological map of the Kibara belt and the surrounding Precambrian area, Katanga, Dem
indicated by the circle.
The Manono-Kitotolo deposit (Fig. 4A and B) consists of two main
zones that stretch over an area with a length of ~15 km and a width
of ~800 m: Kitotolo in the southwest and Manono-Kahungwe in the
northeast (Landa et al., 1950; Thoreau, 1950). The two exploited zones
are separated at a distance of 2 km by the artificial Lake Lukushi,
where, granite and spodumene-bearing pegmatites are exposed
(Bassot and Morio, 1989). In the Kitotolo sector, the pegmatites occur
in phyllitic or schistose rocks with some meta-sandstone levels, while
they crosscut metadoleritic rocks in the Manono-Kahungwe sector.
The general structural orientation in the metasedimentary rocks is
N30–60E (unpublished data mining archives RMCA), which has been
interpreted as the S1/S0 orientation. The dip of the bedding can vary be-
tween 50°S to sub-vertical. Both sectors contain different individual
pegmatite veins separated by metasedimentary or metadoleritic seg-
ments (Fig. 5A, B). The intruded pegmatites have a general orientation
of N40–60E and dips varying between 50°N to 50°S, but predominantly
subvertical (unpublished datamining archives RMCA). The contactwith
the metasedimentary rocks shows some small-scale folding due to the
intrusion of the pegmatites. The contact is, however, largely parallel to
the regional foliation orientation and the pegmatites are interpreted to
have intruded along the existing foliation planes. The individual pegma-
tite veins have been affected by important post-emplacement fractur-
ing, which often resulted in complex displacements between blocks.
ocratic Republic of Congo (Laghmouch et al., 2012). The location of Manono-Kitotolo is



Fig. 4.A. Detailed geologicalmap of the pegmatites in theManono-Kitotolo quarries, based on unpublished archives of Géomines (RMCA). B. Simplified cross-sections through theKitotolo
zone, indicating the presence of different pegmatite bodies crosscutting metasediments. Location of the cross-sections is indicated on figure A.
Based on unpublished archives of Géomines (RMCA).
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Superficial weathering resulted in the alteration of the pegmatite.
The average thickness of the eluvial cover is ~8 m and consists either
of brownish sandy or clayey–sandy, loose laterites, crumbly laterites
or even hard laterites. This weathering can extend to a depth of 80 m
in theManono sector and obscures the identification of themineralogy,
structure and zonation of the primary pegmatites. It should be men-
tioned that in boreholes in the Kitotolo quarry, mineralized pegmatite
has been found to a depth of at least 100 m, and the deposit is still
open towards depth. Based on this vertical continuity, the exceptional
dimension of the Manono-Kitotolo pegmatites and the regional miner-
alogical homogeneity, Bassot andMorio (1989) concluded that the peg-
matites form part of a granitic cupola system and are located in the
upper part of the parental granite. They considered that Manono-
Kitololo formed by the crystallization from residual magmatic fluids in
Fig. 5. A. Contact between pegmatite (P) and metasedimentary rocks (Me), with high-angl
the upper part of an upwardly differentiated granitic pluton. It occurs
as a sheet-like pegmatitewith disseminatedmineralization in the cupo-
la of the granite system (cf Variscan Sn mineralization in France and
Germany; Černý et al., 2005). However, this model has been questioned
by Dill (2015) who states that Manono-Kitololo pegmatites exhibit uni-
directional growth zones frombottom to top, whichmakes it hard to ac-
cept that a parallel injection took place for the entire dimension of the
Manono-Kitotolo pegmatites.

4. Petrography and paragenesis of the Manono-Kitotolo pegmatites

The intrusion of the different pegmatite bodies in metasedimentary
rocks and metadolerites at Manono-Kitotolo resulted in an intense al-
teration of limited width, which is typically identified by the increase
e foliation. B. Different pegmatite veins (P) cross-cutting metasedimentary rocks (Me).



Fig. 6. A. Altered host-rock with tourmaline (T) andmuscovite (Musc). B. Altered host-rock with biotite (B) andmuscovite (Musc). C. Fine-grained border zone of pegmatite, with quartz,
microcline, albite andmicas. D. Fine-grainedwall zone of pegmatite consisting of quartz, microcline, albite andmicas. E. Intermediate zone of pegmatite withmicrocline (Mi), albite (Alb)
and muscovite (Musc). F. Intermediate zone of pegmatite with spodumene (Spod), albite (Alb) and quartz (Q).
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of tourmaline (Fig. 6A). Themetadolerites arefine-grained and are often
crosscut by small quartz veinlets.Microscopically, they dominantly con-
sist of quartzwith little feldspar, biotite, tourmaline, muscovite and iron
oxides. The metadolerites can be completely recrystallized to a biotite-
rich rock. This biotite has often been strongly influenced by retrograde
chloritization. The metasedimentary host-rocks are mainly micaschists
or phyllites, which show a well-developed foliation. These rocks domi-
nantly consist of quartz, tourmaline, muscovite and/or biotite (Fig. 6A
and B), but often staurolite and iron oxides can be identified. The latter
minerals often formed parallel to the foliation orientation.

Internal zonation, typically observed in granitic pegmatite dikes
(Cerny, 1991; London, 2014), is obscured by the lack of colored min-
erals, the degree of weathering and the dimension and orientation of
pegmatite veins (Bassot and Morio, 1989). The study of the zonation
of the primary pegmatites is further complicated since the quarries
have been flooded after the termination of the industrial exploitation
about 30 years ago. Although the exact location of the studied samples
is unknown, it is attempted to position the different samples in the typ-
ical zonation scheme of pegmatites (Cameron et al., 1949; London,
2008, 2014) based on their mineralogical composition, grain size and
morphology. Based on this theoretical classification, the pegmatite sam-
ples can bedivided into a border zone, awall zone, an intermediate zone
and the core. This not necessarily implies that all these zones are always
present and well-developed. However, for the ease of the description
we will use the general zonal terms described in the literature
(Cameron et al., 1949; London, 2008, 2014). A zonation has been de-
scribed at Manono-Kitotolo (Bassot and Morio, 1989; Landa et al.,
1950; Ngulube, 1994; Thoreau, 1950) in the past and observed in
hand specimens in this study.

The border zone is formed by a fine-grained millimeter-scale mass
with a granitic texture, and is mainly composed of quartz, muscovite,
microcline and albite (Fig. 6C). Some isolated grains of green-colored
beryl can be identified. This border zone is identified in samples that
contain parts of the host-rock, indicating that the samples define the
pegmatite-hostrock margin. They are historically been called “aplite
albitique” (Landa et al., 1950; Thoreau, 1950). The next zone inwards,
“the wall zone”, consists of coarser grained quartz, microcline, albite
and micas (Fig. 6D). Again some beryl has been identified. Themineral-
ogy is identical to the border zone, but the grain size of the minerals is
coarser, but still millimeter-size. Both columbite–tantalite and cassiter-
ite can be found in samples from thewall zone. Since the border zone is
in general only some centimeters thick, the wall zone can be studied in
the same samples. The intermediate zone is characterized by a large in-
crease in crystal size and contains quartz, spodumene, petalite, micro-
cline, albite and micas (Fig. 6E and F). Different mineralogical subtypes
can be identified in the intermediate zone based on the dominant min-
eral present. The K-feldspar subzone consists dominantly of orthoclase
and microcline, with little albite, quartz and muscovite. The relative
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abundance of orthoclase and microcline can vary largely. Columbite–
tantalite and cassiterite crystals have been identified in samples from
this subzone. In the spodumene subzone, the main minerals are quartz
and spodumene, with minor amounts of K-feldspar, muscovite, apatite
and opaque minerals (iron oxides, columbite–tantalite and cassiterite).
The spodumene crystals often have different colors (green, pink, beige),
are often fractured and associated withmuscovite. The latter subzone is
historically called the zone of “pegmatites à colonnes” (Landa et al.,
1950; Thoreau, 1950), due to the large, prismatic spodumene crystals
(Figs. 6F, 7A). In the albite subzone, the dominant mineral is albite
with minor quartz. Cassiterite has been identified in these rocks. The al-
bite crystals in these rocks have a larger centimeter to decameter crystal
size compared to the cleavelandite and saccharoidal albite of the later
albitization. However, the rocks in the albite subzone have also been
submitted to later albitization and greisenization. The albite-
spodumene subzone consists predominantly of albite, with spodumene,
quartz, and little muscovite. Columbite–tantalite mineralization is iden-
tified in these rocks. The quartz subzone consists dominantly of quartz
and lepidolite, and little spodumene and albite. A typicalmonomineralic
quartz zone (Cameron et al., 1949; London, 2008, 2014) has not been
identified and has not been described in the literature (Landa et al.,
1950; Thoreau, 1950). Norton (1983) described a pegmatite core that
is essentially made of lepidolite, plagioclase, quartz and microcline.
Samples with such a mineralogical composition have been identified
atManono-Kitotolo and could be considered as core zone of the pegma-
tites (cf. Ngulube, 1994).

The primary mineralogy of the different pegmatite zones has been
submitted to an intense alteration, dominantly albitization followed
by greisenization. The intensity of albitization can vary largely through-
out the pegmatitic bodies. In some samples, the primary pegmatitemin-
eralogy with e.g., orthoclase (Fig. 7B) and spodumene can still be
observed, while in other samples they are completely overprinted and
only some quartz remains in the albitized rock (Fig. 7C). During the
Fig. 7. A. Spodumene (Spod) in pegmatite. B. Partly albitized zone (Alb) in pegmatite. C. Albitiz
large crystals of muscovite (Musc), cassiterite (Cass) and quartz (Q).
first stage of albitization, saccharoidal albite formed, which is preceded
by the formation of cleavelandite. Rutile, cassiterite and columbite–
tantalite seem to predate the albitization. The second important alter-
ation phase is muscovitization (the so-called “poches de greisen”). The
pegmatitic rocks have been altered to a mixture of centimeter-size
quartz, muscovite and cassiterite (Fig. 7D). This process of
greisenization is often not fully pervasive and primary feldsparminerals
can still be identified. Not all greisen samples are mineralized. The cas-
siterite which precipitated during greisenization has a larger grain size
– often with crystals of cm size – than the cassiterite formed prior to
the alteration. Columbite–tantalite seems not to be associated with
the greisenization.

The columbite–tantalite and cassiterite mineralization in the
Manono-Kitotolo pegmatite has been observed in the unaltered border
and intermediate zone of the pegmatite, where they occur as dissemi-
natedminerals. Columbite–tantalite clearly formed prior to themetaso-
matic alteration. Columbite–tantalite is the major carrier of Nb and Ta,
with minor thoreaulite, wodginite and tapiolite and other Nb–Ta min-
erals present (e.g., Buttgenbach, 1933; Kristiansen, 2001). Cassiterite is
much less abundant in pegmatitic rocks that have not been affected by
the metasomatic alteration. The largest cassiterite crystals and the
highest concentrations are found in the greisenized samples. Colum-
bite–tantalite and cassiterite can be found in albitized samples
(Fig. 7C), but there is no petrographic indication that these minerals
precipitated during the albitization. They are, therefore, considered as
remnants of the primary unaltered pegmatite composition. Nb–Tamin-
erals represent in general 5–10% of the cassiterite concentrates (unpub-
lished archives Géomines, RMCA).

Spodumene clearly formed prior to the metasomatic alteration. The
relative proportion of spodumene in certain zones of the pegmatite can
reach 25%. The supergene alteration of spodumene often resulted in the
reduction of the Li-concentration (Aderca, 1950; Thoreau, 1950). Acces-
sory minerals that have been described for the Manono-Kitotolo
ed zone (Alb) in pegmatite with cassiterite (Cass). D. Greisenized zone in pegmatite with



Table 1
Major element composition of mica varieties collected from the internal zone of theManono-Kitotolo pegmatites. Detailed description of the differentmuscovite and lepidolite samples in associationwith the identified internal pegmatites zones and
alteration assemblages is given in the text.

Nr. 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Sample RG 16811 RG 16729 RG 5826 RG 9699 RG 15992 RG 16005 RG 8337 RG 8337 RG 3113 RG 16727 RG 16747 RG 16777 RG 16958 RG 16775

Subzone Border Wall Intermediate:
K-feldspar

Intermediate:
K-feldspar

Intermediate:
spodumene

Intermediate:
albite–spodumene

Intermediate:
K-feldspar

Intermediate:
K-feldspar

Border Wall Cassiterite
greisen

Cassiterite
greisen

Barren greisen Quartz

Metasomatism / / / / / / Albitization Albitization Greisenization Greisenization Greisenization Greisenization Greisenization /

Compositiona Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Lepidolite

SiO2 (wt.%) 47.89 46.87 46.56 47.53 47.46 46.90 49.97 49.43 46.79 47.25 58.64 46.44 45.81 55.47
TiO2 0.03 0.01 0.26 0.03 0.03 0.04 0.04 0.04 0.05 0.03 0.04 0.03 0.02 0.01
Al2O3 35.80 35.89 33.60 33.49 34.73 33.70 32.99 32.56 37.14 33.57 28.12 34.82 37.40 25.65
FeOT 1.23 0.82 4.03 2.27 1.73 2.97 2.38 2.34 0.78 2.70 1.15 1.58 0.66 0.04
MnO 0.04 0.03 0.05 0.27 0.30 0.27 0.19 0.18 0.06 0.36 0.12 0.20 0.16 0.39
MgO 0.24 0.13 0.61 0.06 0.04 0.04 0.09 0.09 0.10 0.03 0.06 0.10 0.05 0.03
CaO 0.01 0.53 0.01 0.01 0.17 0.09 0.02 0.02 0.01 0.01 0.01 b0.01 b0.01 b0.01
Li2Ob 0.17 0.05 0.05 0.58 0.18 0.49 0.11 0.11 0.57 0.61 0.23 0.52 0.20 3.75
Na2O 1.08 1.15 0.48 0.54 0.92 0.62 1.32 1.30 0.93 0.56 0.52 0.66 0.75 0.37
K2O 9.37 9.16 10.66 10.13 9.85 10.32 9.15 8.93 9.72 10.20 7.96 9.91 10.17 9.02
P2O5 0.03 0.39 0.02 0.03 0.16 0.10 0.04 0.03 0.03 0.02 0.03 0.04 0.05 0.03
F 0.54 0.22 0.21 n.d. 0.56 1.19 0.37 0.37 n.d. n.d. 0.68 1.24 0.61 4.05
Cl 0.00 0.00 0.00 n.d. 0.01 0.01 0.01 0.01 n.d. n.d. 0.01 0.00 0.01 0.02
H2Oc 4.32 4.42 4.39 4.49 4.26 3.92 4.40 4.35 4.59 4.50 4.43 3.89 4.25 2.67
O_F,Cl 0.23 0.09 0.09 0.00 0.24 0.50 0.16 0.16 0.00 0.00 0.29 0.52 0.26 1.71
Total 100.56 99.59 100.84 99.44 100.16 100.16 100.90 99.60 100.77 99.84 101.71 98.91 99.87 99.79

Structural formula on the basis of 22 O atoms
Si 6.27 6.22 6.22 6.34 6.29 6.27 6.54 6.55 6.11 6.30 7.40 6.21 6.06 7.24
Al (IV) 1.73 1.78 1.78 1.66 1.71 1.73 1.46 1.45 1.89 1.70 0.60 1.79 1.94 0.76
(Z) 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Al (VI) 3.80 3.83 3.51 3.61 3.71 3.57 3.63 3.63 3.82 3.58 3.58 3.71 3.88 3.19
Ti 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe2+T 0.13 0.09 0.45 0.25 0.19 0.33 0.26 0.26 0.09 0.30 0.12 0.18 0.07 0.00
Mn 0.00 0.00 0.01 0.03 0.03 0.03 0.02 0.02 0.01 0.04 0.01 0.02 0.02 0.04
Mg 0.05 0.03 0.12 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.01
Li 0.09 0.03 0.03 0.31 0.10 0.27 0.06 0.06 0.30 0.33 0.12 0.28 0.11 1.32
(Y) 4.08 3.98 4.14 4.22 4.05 4.21 3.99 3.99 4.23 4.26 3.85 4.21 4.09 4.56
Ca 0.00 0.07 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Na 0.28 0.30 0.13 0.14 0.24 0.16 0.33 0.33 0.23 0.15 0.13 0.17 0.19 0.09
K 1.57 1.55 1.82 1.72 1.66 1.76 1.53 1.51 1.62 1.74 1.28 1.69 1.71 1.50
Rb 0.02 0.02 0.03 0.04 0.05 0.05 0.03 0.04 0.04 0.04 0.04 0.05 0.05 0.13
Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
(X) 1.86 1.94 1.97 1.91 1.98 1.98 1.90 1.88 1.90 1.93 1.45 1.93 1.97 1.75
OH 3.78 3.91 3.91 4.00 3.76 3.50 3.85 3.84 4.00 4.00 3.73 3.47 3.74 2.33
F 0.22 0.09 0.09 0.00 0.23 0.50 0.15 0.16 0.00 0.00 0.27 0.52 0.25 1.67
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
feala −3.65 −3.73 −3.02 −3.32 −3.48 −3.21 −3.34 −3.35 −3.72 −3.23 −3.44 −3.51 −3.79 −2.98
mglia −0.04 0.00 0.10 −0.30 −0.09 −0.26 −0.04 −0.04 −0.28 −0.32 −0.11 −0.26 −0.10 −1.93

a Composition of mica varieties based on feal = octahedral (FeT + Mn + Ti − AlVI) versus mgli = octahedral (Mg–Li); Tischendorf et al. (2001).
b Calculated from Li–F and Li–Rb2O relationships of Tischendorf et al. (1997).
c Calculated from stoichiometric considerations; Tindle and Webb (1990).
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Table 2
Trace element composition of mica varieties collected from the internal zone of theManono-Kitotolo pegmatites. Detailed description of the differentmuscovite and lepidolite samples in associationwith the identified internal pegmatites zones and
alteration assemblages is given in the text.

Nr. 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Sample RG 16811 RG 16729 RG 5826 RG 9699 RG 15992 RG 16005 RG 8337 RG 8337 RG 3113 RG 16727 RG 16747 RG 16777 RG 16958 RG 16775

Subzone Border Wall Intermediate:
K-feldspar

Intermediate:
K-feldspar

Intermediate:
spodumene

Intermediate:
albite–spodumene

Intermediate:
K-feldspar

Intermediate:
K-feldspar

Border Wall Cassiterite
greisen

Cassiterite
greisen

Barren greisen Quartz

Metasomatism / / / / / / Albitization Albitization Greisenization Greisenization Greisenization Greisenization Greisenization Greisenization

Composition* Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Muscovite Lithian
muscovite

Muscovite Muscovite Lepidolite

Cr 1.3 0.9 1.3 2.3 5.1 4.5 6.6 6.7 3.8 1.3 5.2 0.6 1.3 1.3
Co 0.86 b0.40 0.90 b0.40 b0.40 b0.40 0.95 0.93 0.76 b0.40 0.75 b0.40 b0.40 b0.40
Ni 2.6 1.7 1.4 1.4 3.2 3.4 3.9 4.8 2.0 4.5 3.4 1.0 1.6 1.2
Cu 10 6.7 4 21 13 2 25 29 14 44 b1.8 b1.8 2.1 2.2
Zn 92 87 202 576 548 584 418 414 185 849 340 839 331 184
Ga 76 72 209 133 148 165 121 121 115 120 123 114 122 123
Ge 6.2 6.3 3.0 7.2 7.6 7.4 6.9 6.5 6.6 6.8 6.6 6.5 7.1 17.4
Rb 1954 2322 2747 4561 5415 5242 3774 3819 4503 4762 4159 5776 5810 14,573
Sr 43 57.9 4.5 1.2 14.0 3.1 1.6 1.7 13 0.85 0.71 0.35 1.2 0.22
Y 6.20 0.62 1.16 0.72 0.16 0.13 0.33 0.35 1.84 0.22 0.07 0.25 0.10 0.29
Zr 10.2 b0.09 8.1 0.2 164 0.9 4.7 5.4 3.7 10.6 b0.09 b0.09 b0.09 10.0
Nb 95 84 489 189 153 230 196 195 57 131 141 113 83 97
Sn 501 377 73 702 733 768 673 651 611 685 1633 794 916 323
Cs 100 151 91 386 370 367 230 231 256 383 238 597 297 2511
Ba 426 321 75 14 16 6 44 45 64 16 3 5 13 11
La 2.17 b0.01 0.05 b0.01 b0.01 b0.01 b0.01 b0.01 0.60 b0.01 b0.01 b0.01 b0.01 b0.01
Ce 5.25 0.43 1.68 0.13 0.06 0.02 0.36 0.34 2.26 0.09 b0.01 0.12 0.06 b0.01
Pr 0.82 0.07 0.17 0.04 0.02 0.02 0.05 0.05 0.25 0.04 b0.01 0.02 b0.01 b0.01
Nd 3.77 0.29 0.72 0.23 0.07 0.03 0.24 0.23 0.98 0.21 b0.01 0.05 0.02 0.03
Eu 0.26 0.87 0.02 0.02 b0.01 0.02 0.04 0.04 0.06 0.02 b0.01 b0.01 b0.01 b0.01
Sm 0.92 0.08 0.31 0.08 0.01 0.01 0.06 0.07 0.26 0.06 b0.01 0.02 b0.01 0.02
Gd 0.99 0.08 0.25 0.07 0.03 b0.01 0.07 0.07 0.22 0.03 b0.01 0.03 0.01 0.02
Dy 0.98 0.11 0.22 0.08 0.02 0.04 0.06 0.06 0.32 0.05 0.01 0.04 0.02 0.04
Ho 0.36 0.02 0.03 0.02 b0.01 0.02 0.01 0.01 0.06 0.02 b0.01 0.01 b0.01 0.01
Er 0.56 0.05 0.09 0.05 0.01 0.02 0.03 0.03 0.17 0.03 b0.01 0.01 b0.01 0.03
Yb 0.48 0.05 0.09 0.03 0.05 0.03 0.02 0.02 0.17 0.02 b0.01 0.01 b0.01 0.03
Lu b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01
Hf 1.2 0.23 1.2 0.28 14 0.27 0.84 0.68 0.29 0.45 0.22 0.14 0.10 0.83
Ta 125 103 38 70 122 70 121 117 79 48 66 55 41 194
W 13.0 12.2 4.5 36.9 20.7 34.5 27.7 28.2 6.5 29.6 11.5 14.2 7.9 17.2
Pb 31 33 3.4 8.4 8.3 6.4 13.8 11.2 15.4 6.4 3.7 3.5 5.8 7.5
Th 2.78 1.04 1.01 0.07 6.1 0.57 0.95 0.92 0.94 0.71 1.01 0.11 0.07 0.27
U 2.2 1.77 0.21 0.43 10 0.89 2.0 2.0 0.40 0.75 0.14 0.10 0.13 0.19
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pegmatites (Aderca, 1950, Bassot and Morio, 1989; Thoreau, 1950), but
not identified during this study, are fluorite, zircon, thoreaulite, arseno-
pyrite, pyrite, ilmenite and traces of autunite (or uranocircite).

5. Mineral geochemistry

5.1. Mica compositional data

The composition of micas associated with different assemblages of
the internal pegmatite zonation at Manono-Kitotolo have been ana-
lyzed by inductively coupled plasma optical emission (ICP-OES) at the
division of Geology (KU Leuven) for their major elements (Table 1)
and by mass spectrometry (ICP-MS) at the geochemistry department
(RMCA) for their trace element composition (Table 2).Muscovite sheets
have been microscopically hand-picked, powdered and dissolved by an
adapted lithium metaborate flux procedure, with the exception for the
Li-analyses. The latter have been calculated based on the known rela-
tionships with the mica's Rb2O and F content (Tischendorf et al.,
1997). Detailed sample preparation, analytical and standardization pro-
cedures, togetherwith obtained analytical precision and accuracy, of the
OES and MS analyses are given in Hulsbosch et al. (2014). Halogen (F
and Cl) analyses of micas have been performed by ion chromatography
(Table 1). Halogens were extracted from powderedmica samples using
the pyrohydrolysis technique described by Balcone-Boissard et al.
(2009; and references therein). Powdered sample (100 mg) was
mixedwith V2O5 (300mg) and placed in a ceramic crucible. The sample
was directly introduced into a quartz combustion tube and heated at
1100 °C through a H2O-vapor stream. The halogen-containing (as halo-
gen acids) H2O-vapor by hydrolysis was condensed via a cooling system
and trapped in a vial containing a 10mlNaOH solution. After the extrac-
tion, F and Cl anionswere determined by liquid chromatographyusing a
Dionex ICS 2000 ion chromatograph with an Ion Pac AS18 (Dionex) an-
ionic column. Fluoride and chloride standard solutions were used for
ion chromatography calibration. Reported detection limits in rock sam-
ples were ~20 ppm for both elements (Balcone-Boissard et al., 2009).
Analytical precision of the halogen analyses is calculated by repeated in-
dependent sample preparation and amounts to 2–6% RSD for F analysis
and between 10–25% RSD for Cl analysis. The accuracy is controlled by
comparing the results on the international reference standards AGV-1
and NIST610 with the recommended values, and is found between
3–12% RSD for F analyses and below 22% RSD for Cl analyses.

Mica varieties for geochemical analyses have been sampled along
the different zones of the Manono-Kitotolo pegmatite systems
(Tables 1 & 2). Two samples (RG 3113 and RG16811) have been collect-
ed from the exocontact, border zone between a schistose metapelitic
host-rock and the pegmatite. Sample RG 3113 is, moreover, affected
by late-stage muscovitization (greisen). Samples RG 16727 and RG
16729 are collected from the wall zone; the former sample showing
signs of muscovitization. The unaltered K-feldspar subzone of the inter-
mediate zone is represented by samples RG 5826 and RG 9699; while
samples RG 8337a and RG 8337b are intensely albitized aliquots of the
K-feldspar subzone. Sample RG 15992 is collected from the spodumene
subzone of the intermediate zone and sample RG 16005 from the albite-
spodume subzone, and as such characterized by albitization. Sample RG
16775 is a lepidolite mica from the most evolved, quartz-rich zone of
the pegmatite. Sample RG 16958 is an immature and barren greisen
showing relict K-feldspars which are partly affected bymuscovitization.
Samples RG 16747 and RG 16777 are mature greisens, entirely com-
posed of quartz, muscovite and mineralized in cassiterite.

Micas in the Manono-Kitotolo pegmatite system present relatively
small variation in texture and composition. Mica sizes changes from
medium in the primary pegmatite units (border, wall, intermediate
and quartz core zone) to coarse in the secondary greisen units. All struc-
tural formulae for the mica have been calculated with a trioctahedral
structure on the basis of 22 oxygens to enable comparison between the
mica varieties (cf. Roda-Robles et al., 2012; Table 1) The compositions
are classified based on the feal (octahedral FeT + Mn + Ti − AlVI) vs.
mgli (octahedral Mg–Li) discrimination plot for trioctahedral micas of
Tischendorf et al. (2001). The micas belong compositionally to
muscovite–lepidolite series of the Al-mica class. With the exception of
the lepidolite mica variety, occurring in the quartz core zone, all ana-
lyzed micas belong to the muscovite variety. These muscovites present
a continuous compositional trend for some major and trace elements
from the border to the intermediate zones, with a decrease in the Al
andMg contents and a gradual increase in the F content. In the primary
and greisen zones of theManono-Kitotolo pegmatite system, a continu-
ous evolution from muscovitic to lepidolitic compositions can be
observed.

5.2. Trace elements distributions in mica

Alkalimetal concentrations and ratios are proven evolutionary prox-
ies for the degree of differentiation of individual pegmatites and of re-
gional pegmatite groups (e.g., Černý and Burt, 1984; Jolliff et al., 1987,
1992; Hulsbosch et al., 2013, 2014). In order to evaluate the alkali
metal distribution, the different zones of the Manono-Kitotolo pegma-
tite system have been classified as primary (or unaltered) if they have
not been affected by late-stage albitization or muscovitization metaso-
matic events (i.e., secondary or altered assemblages). K/Rb vs. Rb and
Rb vs. Cs in muscovite from Manono-Kitotolo (Fig. 8) show a progres-
sive evolution from unaltered, primary assemblages starting from the
border zone (exocontact), wall zone, intermediate K-feldspar subzone,
intermediate spodumene subzone towards lepidolite from the quartz-
rich zone. A comparable evolution trend is evidenced from the K/Cs
vs. Cs ratios (Fig. 8B), except for sample RG 5826 from the intermediate
K-feldspar subzone, which shows an atypical low Cs content for Central
African pegmatites (cf. Hulsbosch et al., 2014). Alkali metal contents of
altered muscovite associated with albitized zones and of secondary
muscovite from greisens vary significantly compared to the concentra-
tions in their unaltered counterparts. For the K-feldspar subzone, Rb
concentrations in muscovite from albitized assemblages are relatively
constant or have a slight tendency to increase compared to the musco-
vites of theunaltered K-feldspar subzone (Fig. 8A&C);while Cs concen-
trations of muscovite associatedwith albitization are overall lower than
primary muscovite of unaltered subzones (i.e., RG 9699; Fig. 8B & C).

6. 40Ar–39Ar dating

Muscovite crystals from three samples have been selected for
40Ar–39Ar age dating, two from the unaltered intermediate zone of the
pegmatites and one from a cassiterite-mineralized greisen. A first mus-
covite sample was taken from the K-feldspar intermediate zone and
consists of microcline, albite, muscovite and quartz (RG 9699). The sec-
ond sample is from the spodumene-intermediate zone and contains
spodumene, muscovite, albite and quartz (RG 15993). The ages obtain-
ed on these samples should allow to determine the age of the crystalli-
zation of the pegmatites, and the associated columbite-tantalite (and
primary cassiterite generation) mineralization, prior to themetasomat-
ic alteration. These muscovites are millimeter to centimeter large. Mus-
covite has also been sampled from a mineralized “greisen” (RG 3554),
which allows determination of the age of the metasomatic alteration
and the associated secondary cassiterite mineralization. The muscovite
flakes of the “greisens” are in general centimeter-scale crystals.

Some of the muscovite crystals have a brown coating composed of
Fe-oxides at the edges of the crystals. The muscovite has been crushed
gently and only pure muscovite sheets larger than 1 mm have been
hand-picked for further analysis. The separates were weighed, wrapped
in Al foil and vacuum-encapsulated in quartz vials with the neutron flux
monitor Hb3gr (t = 1073.6 ± 5.3 Ma; Jourdan et al., 2006). Nuclear ir-
radiation was carried out on position B2W of the SAFARI-1 reactor at
Pelindaba, South Africa, using a time integrated fast neutron flux of
~2 × 1018 n cm2. The J value determined from Hb3gr was 0.01034 ±



Fig. 8.Alkalimetal trends inmuscovite from the different internal zones of theManono-Kitotolo pegmatites: A) K/Rb versus Rb, B) K/Cs versus. Cs and C) Rb versus Cs. Detailed description
of the different muscovite samples in association with the identified internal pegmatite zones and alteration assemblages is given in the text.
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0.00010 (2σ). Themuscovite samples were analyzed by the Ar–Ar step-
heating technique using anMS1mass spectrometer at the University of
Manchester, equippedwith a Baur–Signer ion source and a Faraday col-
lector. The irradiated samples were heated in a Ta-resistance furnace
over the temperature interval of 500 to 1600 °C, using 30 min heating
steps. During heating, Ar was purified using a Zr–Al getter at 450 °C.
Raw isotope data were corrected for mass discrimination (calibrated
using atmospheric argon), radioactive decay and neutron interference.
Further experimental details are given by Burgess et al. (2004). Ar–Ar
ages were determined from age spectra, using the ISOPLOT/Ex 3.23 soft-
ware (Ludwig, 2003), and all data are reported at the 2 σ level of
uncertainty. The age spectra are plotted in Fig. 9.

Muscovite crystals from the microcline–albite–muscovite–quartz
pegmatite (RG 9699) show a plateau age of 938.8 ± 5.1 Ma (54.3% of
the released 39Ar) (Fig. 9A), while the muscovite from the spodu-
mene–muscovite–albite–quartz pegmatite (RG 15993) (Fig. 9B) results
in a plateau age of 934.0 ± 5.9 Ma (53.7% of the released 39Ar). These
ages overlap within error. The muscovite from the greisenized mineral-
ized sample gives a plateau age of 923.3± 8.3Ma (51.6% of the released
39Ar) (Fig. 9C), which is within error similar to the spodumene–musco-
vite–albite–quartz pegmatite sample, but younger than the microcline–
albite–muscovite–quartz pegmatite sample.

7. Stable isotopes

The stable isotopic composition of a quartz sample of a spodumene–
muscovite–albite–quartz pegmatite (RG 15993) and quartz and cassit-
erite from a mineralized greisen sample (RG 3554) has been deter-
mined at the Scottish Universities Research Centre (SUERC) in East
Kilbride, Scotland. Hand-picking of cleaned grains ensured that nomin-
eral impurities were present. All separates were analyzed for δ18O using
a laser fluorination procedure, involving total sample reaction with
excess ClF3 using a CO2 laser as a heat source. Reproducibility is around
0.3‰ (1σ). Results were reported as per mil (‰) deviations from the
Vienna Standard Mean Ocean Water (V-SMOW) standard. Samples of
quartz and cassiterite were selected for measurement of inclusion
fluid δD. Although handpicking ensured that mineral separates were
pure, it was unavoidable that different fluid generations were sampled.
The technique involves decrepitation of fluid inclusion under vacuum
using bulk samples (N600 mg quartz) following the technique of
Fallick et al. (1987). Data are reported in δDnotation as permil (‰) var-
iations from Vienna Standard Mean Ocean Water (V-SMOW). Repro-
ducibility of this procedure is around 5‰.

The δ18O value for the quartz sample of a spodumene–muscovite–al-
bite–quartz pegmatite is +10.5‰ V-SMOW, while the δD value is
−73.8 V-SMOW. The δ18O and δD values of the quartz sample of the
mineralized greisen are +8.2‰ V-SMOW and −64.7‰, respectively.
The δ18O and δD values of the cassiterite sample of this greisen are
+3.5‰ V-SMOW and−78.7‰ V-SMOW, respectively. If isotopic equi-
librium is considered between the quartz and cassiterite of the greisen
sample, a temperature of 500 °C–550 °C can be calculated (cf.
Alderton, 1990; Zheng, 1991; Zhang et al., 1994). Temperatures of
500 °C and more have been proposed for magmatic fluids involved in
pegmatite systems (e.g., Ruggieri and Lattanzi, 1992; Sirbescu et al.,
2008; Thomas and Spooner, 1988; Thomas et al., 2003). Melt inclusions
have been observed in quartz from greisenized samples by Cryns
(2013), which could be an indication for this high temperature of for-
mation. However, microthermometric study of a mineralized greisen
by Cryns (2013) indicated the predominance of numerous secondary
low temperature (ThTot of 120–265 °C) H2O–NaCl–(MgCl2–CaCl2) fluid
inclusions which are certainly not magmatic in origin. In addition, the
main cassiterite stage present in the greisens is, based on petrographic
observations, clearly not a primary magmatic liquidus phase, but crys-
tallized later during metasomatic alteration. These metasomatic fluids
are generally interpreted as lower temperature fluids (between 250
and 450 °C; e.g., Kontak and Kyser, 2009; Stemprok, 1987).



Fig. 9. 40Ar–39Ar spectra of muscovite samples. A. Albite–microcline–muscovite–quartz pegmatite (RG 9699), B. Spodumene–muscovite–albite–quartz pegmatite (RG 15993).
C. Greisenized mineralized sample (RG 3554).
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By using 550 °C and 350 °C as estimates of the temperature of forma-
tion, the ambient isotopic composition of the fluid from which the
quartz and cassiterite formed can be calculated (Table 3; Zhang et al.,
1994; Zheng, 1991). In a δ18O–δD isotope diagram (cf. Hoefs, 2009),
the values of the quartz of the spodumene–muscovite–albite–quartz
pegmatite and the quartz and cassiterite of the mineralized greisen for
a temperature of 550 °C plot in the field typical for primary magmatic
water (Fig. 10). The value of the quartz from the mineralized greisen
also falls in the area where there is an overlap of the magmatic and
metamorphic field (Fig. 10). For a temperature of 350 °C, the values
of the quartz of the spodumene–muscovite–albite–quartz pegmatite
and the cassiterite of the mineralized greisen still fall in the
magmatic field, while the value of the quartz from themineralized grei-
sen falls between the field of the primary magmatic/metamorphic field
and the meteoric water line (Fig. 10). This corresponds to the
microthermometric data of Cryns (2013) that indicated the massive
presence of low-temperature secondary fluid inclusions. This all indi-
cates that there is no isotopic equilibrium or cogenetic origin between
the quartz and cassiterite from the mineralized greisen and that the
temperature of 550 °C cannot be used as an estimate of the formation
temperature.
8. Discussion

The Manono-Kitotolo deposit consists of different pegmatite veins
that were emplaced along the foliation in metasedimentary rocks and
dolerites (Ngulube, 1994). Two structural orientations have been iden-
tified in the Manono-Kitotolo area by Ngulube (1994) that have been
linked to two regional deformation events (Kokonyangi et al., 2001,
2004). A dominant S1 foliation, parallel to the bedding S0, formed
during deformation in a continental arc setting (D1), and has been
intersected by a second S2 foliation formed during the D2 deformation
of the Kibaran orogeny. This latter deformation compressive event is
interpreted as the climax of the Kibaran orogeny at ~1 Ga
(Kokonyangi et al., 2001, 2004, 2006), characterized by regional devel-
opment of NW–SE trending isoclinal meso- and macroscale folds and
reverse folds, resulting in crustal thickening. The D2 deformation was,
however, not penetrative enough to obliterate the D1 structures,
resulting in D1 structures that determine the structural orientation in
theManono-Kitotolo area (Ngulube, 1994). The pegmatites are posteri-
or to the S2 foliation. Based on this spatial relationship, it can be con-
cluded that the Manono-Kitotolo pegmatites were emplaced very late
during this deformation event, possibly during the transition from



Table 3
The stable isotopic composition of a quartz sample of spodumene–muscovite–albite–quartz
pegmatite (RG 15993), and quartz and cassiterite from a mineralized greisen sample (RG
3554). The ambient isotopic composition of the fluid from which the quartz and cassiterite
formed has been calculated for 550 °C and 350 °C (Zhang et al., 1994; Zheng, 1991).

Sample number Mineral Paragenesis δ18OSMOW δDSMOW

Measured 550 °C 350 °C

RG 3554 Quartz Greisen 8.2 5.7 2.6 −64.7
RG 3554 Cassiterite Greisen 3.5 7.7 7.4 −78.6
RG 15993 Quartz Pegmatite 10.5 8 4.9 −73.8
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orogenic collapse to extensional tectonics. No exact ages are available
for this deformation phase in the Kibara belt. The U–Pb SHRIMP dating
of metamorphic zircon overgrowths in the Kisele monzogranite gneiss
give an age of 1079± 14Ma, which could be considered as amaximum
age of the compressive deformation (Kokonyangi et al., 2004). This is
largely consistent with a 1050 ± 50 Ma U–Pb yttrocrasite age in the
Mandwe Granite gneiss (Ebenhardt et al., 1956) and a ~1030 Ma U–
Pb zircon age in the Fwifwi leuco-monzogranite (Cahen and Snelling,
1966). A minimum age for the D2 deformation event could be deduced
from the Rb–Sr age of the E-granites (977±18Ma in theMwanzaMas-
sif and 966 ± 21Ma in the Mount Bia Massif; Cahen and Ledent, 1979),
since these are unaffected by D2 structures and are attributed to post-
collisional relaxation in the KIB (Cahen et al., 1984; Kokonyangi et al.,
2001, 2004, 2006).

The Manono-Kitotolo pegmatites have been related to the Lukushi
and M'Pete leucogranites that are reddish equigranular, hypidiomorphic
and contain abundant tourmaline (Ngulube, 1994). No foliation has
been described in this granite generation, compared to the gray colored
foliated and porphyric granites and migmatitic granites in the same
area. These leucogranites also crosscut the foliated and porphyric gran-
ites and occur in the immediate vicinity of theManono-Kitotolo quarry.
In addition, no crosscutting quartz veins and pegmatites are identified
in these leucogranites and mineralized pegmatite-like rocks have
been identified as cupolas in the upper part of these leucogranites
(Ngulube, 1994). Therefore, this third group of leucocratic granites is
interpreted to have intruded post-deformation and could be considered
to be E granites (cf. Cahen et al., 1984). This younger E-granite genera-
tion has in general been considered to be the parental granite of the
pegmatite and quartz vein mineralization (cf. Cahen and Ledent,
1979; Kokonyangi et al., 2001, 2004, 2006), mainly based on their
Fig. 10. δ18O–δD plot of the calculated fluid composition of the pegmatite samples from
Manono-Kitotolo. Data of Kasika from Dewaele et al. (2007). The global meteoric water
line, the composition of seawater and the range of isotopic compositions formetamorphic,
magmatic and organicwaters are indicated (cf. Sheppard, 1986;Hoefs, 2009). Kasika is sit-
uated in the eastern part of the DRC and has been dated by Tack et al. (2010) at 986 ±
10 Ma, and is, therefore, a confirmed G4-granite.
similar age and spatial relation withmineralized pegmatites and quartz
veins. However, these Lukushi and M'Pete leucogranites should not
necessary be considered as the direct parental granites, since pegmatite
melts can originate from deeper granitic sources (Dill, 2015).

Petrographic analysis suggests that the columbite–tantalitemineral-
ization formed during crystallization of the pegmatites. Columbite–
tantalite minerals primarily form during the emplacement of pegma-
tites and not through post-pegmatitic hydrothermal processes because
of their low hydrothermal solubility (Linnen, 1998; London, 2008; Van
Lichtervelde et al., 2007). It is, therefore, expected that the ages of
columbite-tantalite should be similar to the ages of the muscovite asso-
ciated with the unaltered microcline–albite–muscovite–quartz pegma-
tite (938.8 ± 5.1 Ma) and the spodumene–muscovite–albite–quartz
pegmatite (934.0±5.9Ma). This is confirmedbyU–Pb dating of colum-
bite–tantalite grains that has been performed on crystal fragments from
two concentrates from Manono-Kitotolo by conventional TIMS
(Melcher et al., 2015), and which gave upper intercept ages of
940.2 ± 5.1 Ma and 947.0 ± 2.8 Ma. A younger U–Pb age on colum-
bite–tantalite overlaps with the Ar–Ar ages obtained on the muscovites
of the unaltered pegmatites. The 945–930 Ma time range is therefore
considered as the larger period duringwhich the pegmatites and the as-
sociated Nb–Ta–Sn and Li mineralization formed.

Crystallization of a single pegmatite body in a granite–pegmatite
system spans only a short time interval (London, 2014; Sirbescu et al.,
2008;Webber et al., 1999). If the columbite–tantalite U–Pb dates reflect
the primary crystallization age of the minerals and by inference em-
placement of the pegmatites, then the dates for E-granites should be
similar. However, the U–Pb and Ar–Ar ages (945–930 Ma) obtained
for the unaltered pegmatites and Nb–Ta–Sn–Li mineralization reported
in Melcher et al. (2015) and this study, respectively, are about 40 Ma
younger than the Rb–Sr ages mentioned for the so-called parental
E-type granites (977 ± 18 Ma in the Mwanza granite, 966 ± 21 Ma in
the Monts Bia granite) and the pegmatites (973 ± 13 Ma) by Cahen
and Ledent (1979). This time span exceeds most cooling periods of
granite–pegmatite systems (London, 2014; Sirbescu et al., 2008;
Webber et al., 1999). It should, however, be mentioned that the Rb–Sr
ages have been obtained fromamixture ofwhole-rock andmineral sep-
arates and often rehomogenized older tectonized granites have been
analyzed (Cahen and Ledent, 1979). In addition, the postulated pegma-
tite age of Cahen and Ledent (1979) of 973± 13Ma has been calculated
based on six different microcline, muscovite and lepidolite samples
from different locations in Katanga (Manono, Sofwe and Shienzi),
which questions the valor of this age. This implies that the older Rb–Sr
ages reported in literature should be treatedwith care and does not nec-
essarily represent the real age of the parental E-type granites. The recent
U–Pb TIMS (Melcher et al., 2015) and Ar–Ar data (this study) could in-
dicate that an age of ~945Mamay be considered for the E-type granites
associated with the Nb–Ta–Sn mineralized pegmatites in Manono-
Kitotolo area in Katanga (DRCongo).

The Rb–Sr E-type granite and the pegmatite ages reported by Cahen
and Ledent (1979), however, correspond with the U–Pb SHRIMP G4-
type granite age in the Karagwe-Ankole belt, reported by Tack et al.
(2010). The G4 granites in the Karagwe-Ankole belt are considered as
the analogues of the E-type granites in the Kibara belt (Tack et al.,
2010). They are the parental granites for the mineralized pegmatites
and quartz veins in the Karagwe-Ankole belt (Cahen and Ledent,
1979; Dewaele et al., 2011; Tack et al., 2010). In this belt, recent U–Pb
dating (Brinckmann and Lehmann, 1983; Dewaele et al., 2011;
Melcher et al., 2015; Romer and Lehmann, 1995) reported pegmatite
and Nb–Ta mineralization ages that overlap with the reported ages for
the G4-granite. However, younger U–Pb and Ar–Ar ages were also ob-
tained and were interpreted to be possibly caused by a metasomatic/
hydrothermal overprint due tomore recent tectono-metamorphic events
thatmodified the isotopic systemof the columbite–tantalite and themus-
covites (Dewaele et al., 2011; Gérards and Ledent, 1976; Ikingura et al.,
1992). In the Karagwe-Ankole belt, the Ar–Ar spectra are, however,
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largely disturbed and did not show plateau ages, which is not the case for
Manono-Kitotolo. In addition, no major tectonic event is known that af-
fected theManono-Kitololo area after ~1000Ma (Cahen et al., 1984), dif-
ferent to the case for the Karagwe-Ankole belt where an Ar–Ar plateau
age of 593 ± 0.3 Ma was obtained, reflecting the influence of Pan-
African tectono-thermal processes in the Western Rift area (Dewaele
et al., 2011). Based on these two latter arguments, a younger metamor-
phic hydrothermal recrystallization history for the newly obtained Ar–
Ar ages on muscovites in this study and the U–Pb ages of columbite–
tantalite of Melcher et al. (2015) minerals is not retained for the Kibara
belt.

Petrographically, the main part of the cassiterite mineralization
formed during metasomatic alteration, the so-called greisenization.
This greisenization is confined to the pegmatite bodies, which allows
us to interpret the pegmatites and the metasomatic alteration as a
closed system (Pirajno, 2010). The intensity of greisenization is not
everywhere as pervasive, resulting in greisen pockets. Based on petro-
graphic observations it is clear that the greisenization and the associated
cassiterite mineralization did not form from a primary magmatic
liquidus phase, but from a later metasomatic fluid, altering the primary
mineral assemblage. Greisen systems are defined to result from com-
plex late- to post-magmatic metasomatic processes by volatile-rich so-
lutions that affect and take place within a nearly consolidated granite/
pegmatite mass (Pirajno, 2010). These volatile-rich fluids are generated
during the crystallization of the granitic/pegmatitic fluid by the concen-
tration of H2O, other volatiles and incompatible elements that remain
excluded from the consolidatingmass. Fluid inclusion studies of greisen
deposits generally confirm the magmatic origin of the hydrothermal
fluids, although there are cases which have been interpreted by mixing
ofmagmatic andmeteoricwater (Pirajno, 2010). Depending on the type
of greisen, the nature of the greisenizing fluids can vary fromhigh (600–
400 °C and N40 wt.% NaCl eq) to low (~200 °C, 10–15 wt.% NaCl eq)
(Roedder, 1984). Although the stable isotope composition of the sam-
ples analyzed during this study should be handled with care due to
the presence of numerous secondary non-magmatic low temperature
fluid inclusions in the quartz from the greisen (Cryns, 2013), the compo-
sition of the cassiterite of the mineralized greisen could still reflect a
magmatic origin and indicate a close relation between pegmatite/
magmatic crystallization and greisenization. As mentioned above, com-
plete crystallization of a single pegmatite body in a granite–pegmatite
system occurs over a short time interval (London, 2014; Sirbescu
et al., 2008; Webber et al., 1999), implying a similarity in age between
pegmatite crystallization and greisenization. The muscovite sample
from the mineralized greisen shows a well-defined plateau age at
923.3±8.3Ma. This age is younger than theAr–Ar age for the unaltered
microcline–albite–muscovite–quartz pegmatite, but partly overlaps
within error with the age of the spodumene–muscovite–albite–quartz
pegmatite.

Muscovites in albitized units were initially formed during pegmatite
crystallization and subsequently affected by the late-stage albitization
fluids (cf. Kontak and Kyser, 2009; Dewaele et al., 2007, 2011). In con-
trast, muscovite of greisenization units were newly formed, precipitat-
ing directly from fluids related to greisenization (cf. Stemprok., 1987;
Dewaele et al., 2011). As such, both fluid-driven, metasomatic events
have the potential to redistribute the initial magmatic Rb and Cs signa-
ture of micas. Micas affected by albitization metasomatism show a Cs-
depletion compared to their counterparts from unaltered units of the
some pegmatite zone. This is consistent with the higher fluid/mineral
compatibility of Cs compared to Rb (London, 2005). Fluid-driven
albitization causes namely a preferential enrichment of Cs in the meta-
somatic (albitization) fluid which consequently results in a relative in-
crease of the Rb/Cs ratio in micas from albitization units. Greisen
muscovite samples are characterized by overall high-endRb and Cs con-
centrations (Fig. 8). In contrast to the altered muscovites from
albitization zones, the greisenmuscovites are clearly secondary in para-
genesis, crystallizing directly from the metasomatic (greisenization)
fluid. These late-stage greisenization fluids are extremely enriched in
Rb and Cs by excessive fluid-fractionation (cf. Stemprok, 1987;
Hulsbosch et al., 2014), and consequently also their precipitation prod-
ucts. Lepidolite (sample RG 16775) is extremely enriched in Rb and Cs
(Fig. 8). Their genesis in zoned granitic pegmatites is still debatable:
1) primary, non-replacing lepidolite has been reported (e.g., Brown
andWise, 2001; Antunes et al., 2007) and interpreted as crystallization
products from a residual melt; 2) secondary lepidolite can also be ob-
served and formed by the action of late F-bearing aqueous fluids
(London, 2008). In zoned pegmatites most of the secondary lepidolite
appears as irregularmasses, probably as a result of a greisenization pro-
cess (Roda-Robles et al., 2012). Nonetheless, lepidolite assemblages, ei-
ther primary or secondary, are typically found close to pegmatite cores
which are the latest units to consolidate.

Evaluation of the Zn, Sn, Nb, Ta, andWcontent inmuscovite (Fig. 11)
can act as a preliminary exploration vector for thesemetals in the differ-
ent internal pegmatite zones of the Manono-Kitotolo deposits (i.e., the
border zone or exocontact, wall zone, intermediate K-feldspar subzone,
intermediate spodumene subzone and lepidolite from the quartz-rich
zone). Zn and Sn (Fig. 11A &B) rise progressively from the primary to
the albitized zones, culminating in the greisenized zones. Lepidolite
units are low in Zn and Sn. Nb is significantly enriched in the unal-
tered K-feldspar subzones of the intermediate zone (Fig. 11C),
while Ta and W show no preferred enrichment in one of the zones
analyzed (Fig. 11D & E).
9. Conclusion

The Manono-Kitotolo pegmatites have been emplaced late during
the Kibaran orogeny, probably during the transition from orogenic col-
lapse to extensional tectonics. Different pegmatite veins were injected
along the foliation resulting in deposits that extends over a zone of
more than 15 km long andwith awidth of ~800m, forming the Kitotolo
deposit in the southwest and the Manono-Kahungwe deposit in the
northeast. The Manono-Kitotolo pegmatites have been linked to the
reddish Lukushi and M'Pete leucogranites that have been interpreted
as examples of the E-type granites in the Kibara belt. This granite gener-
ation has been considered as the parental granite of the raremetal min-
eralization due to their largely similar age and spatial relation. However,
this does not implies that the Lukushi andM'Pete leucogranites are spe-
cifically the parental granites of the Manono-Kitotolo pegmatites as
pegmatite melts can originate from deeper granitic sources.

The emplacement of the granitic pegmatites along the foliation in
the surrounding metasediments and dolerites resulted in an intense
alteration, characterized by muscovitization, tourmalinization and silic-
ification. Although obscured by the lack of colored minerals and the
high degree of intense weathering, an internal zonation with a border
zone, a wall zone, an intermediate zone and core can be established
based on the mineralogical composition, grain size and morphology of
the samples investigated. The intermediate zone could be divided in dif-
ferent subzones due to the dominance of a specific mineral (e.g., K-
feldspar, spodumene). This zonation has been defined as an evolving
differentiation trend, as is indicated by the K/Rb vs. Rb and K/Cs vs. Cs
ratios inmuscovite,which showa progressive evolution fromunaltered,
primary assemblages starting from the border zone (exocontact), wall
zone, intermediate K-feldspar subzone, intermediate spodumene sub-
zone towards lepidolite from the quartz-rich zone. Intensemetasomatic
alteration characterized by albitization and subsequent greisenization
overprinted the primary magmatic zonal assemblages with the forma-
tion of albitized units and greisenized zones. Petrographical and geo-
chemical observations indicate that Nb–Ta minerals and spodumene
formed prior to the metasomatic alteration and preferentially in the
K-feldspar subzones of the intermediate zone,while themain cassiterite
mineralization could have formed prior and during the later metaso-
matic alteration, culminating in the greisen units.



Fig. 11.Metal enrichment trends inmuscovite collected from the border zone or exocontact, wall zone, intermediate K-feldspar subzone, intermediate spodumene subzone and lepidolite
from the quartz-rich zone; together with albitized and greisenized zones of the Manono-Kitotolo pegmatites: A) Zn, B) Sn, C) Nb, D) Ta and E) W. Detailed description of the different
muscovite samples in association with the identified internal pegmatites zones and alteration assemblages is given in the text.
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The columbite–tantalitemineralization has been previously dated at
940.2± 5.1Ma and 947±2.8Ma by U–Pb TIMS. The younger U–Pb age
overlaps with the Ar–Ar muscovite ages of the unaltered microcline–al-
bite–muscovite–quartz pegmatite (938.8 ± 5.1 Ma) and the spodu-
mene–muscovite–albite–quartz pegmatite (934.0 ± 5.9 Ma). Since no
major post-1000 Ma deformation event is known in the Manono-
Kitotolo area and since the Ar–Ar data of the pegmatite samples show
proper plateau ages and based on the stable isotope composition, no in-
dication for more recent metasomatic hydrothermal resetting are con-
sidered. Therefore, the period between 945 and 930 Ma is interpreted
as the time range during which the pegmatites, and the primary mag-
matic Nb–Ta–(Sn)–Li mineralization, formed at Manono-Kitotolo.
Since the crystallization of a pegmatite bodies in a granite–pegmatite
system spans only a short time interval, this period should also be the
age of the parental granites of theManono-Kitolo pegmatites. However,
graniteswith such an age have not yet been described in the Kibara belt.

Greisenization has been defined as the result of complex late- to post-
magmaticmetasomatic processes by volatile-rich solutions that affect and
take placewithin a nearly consolidated granite/pegmatitemass, but a late
magmatic origin of the fluids is still preferred. Due to the short period of
crystallization of the pegmatite system, a similar but slightly younger
age, based on paragenetic arguments, is expected between the pegma-
tites and the greisens. The stable isotope composition of the cassiterite
of the mineralized greisen in this study could still reflect a magmatic ori-
gin. However, themineralized greisen (923.3±8.3Ma) has an Ar–Ar age
which is younger than the age of the unalteredmicrocline–albite–musco-
vite–quartz pegmatite (938.8±5.1Ma), butwhichpartly overlapswithin
errorwith the age of the spodumene–muscovite–albite–quartz pegmatite
(934.0 ± 5.9 Ma).
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