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Abstract: This paper reports the results from an investigation on petrogenesis and geochemistry of the Lemera granite
pegmatites in Kivu region of Karagwe-Ankole Belt, D. R. Congo and the related tin ore deposits. Seven granite
pegmatite samples were collected from outcrops and analyzed for bulk-rock geochemistry analysis using ICP-MS and
XRF spectrometry. The analyzed samples show a relative abundance of Al,O3 over Fe,O3(T) and MgO (12.95, 0.96,
and 0.16, all in wt.%, on average and respectively). The alumina saturation index ranges from 1.33 to 2.05. The
abundances of some important rare metals, as well as some related key parameters, are as follows: Sn ((1-138)x107%),
Ta ((0.20-0.60)x107°), Nb ((1-8)x107°), Cs ((1.20-3.20)x107%), Rb ((3—223)x107), Zr ((7-201)x107%), w(K)/w(Rb)
(150-272); w(K)/w(Cs) (9.06—23.3); w(Nb)/w(Ta) (3.33—14). The results indicate that the Lemera granite pegmatites
crystallized from a fertile, peraluminous, and S-type granitic magma through a fractional crystallization process in a late
to post-collisional setting. Mineralization of Sn and Zr of Lemera granite pegmatites is noticed.
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and Nb—Ta—Sn pegmatite- type mineralization at

1 Introduction

Pegmatites are highly coarse-grained crystalline
rocks that, in certain locations, include gigantic
crystals of quartz, feldspar, or mica, making this
felsic lithology stand out from the compositionally
identical granites [1,2]. The Karagwe-Ankole Belt
shows a co-occurrence of Sn—W quartz vein-type

several locations, which is a rare opportunity for the
investigation of the geochemical evolution and
elemental distribution throughout the transition
from magmatic to hydrothermal processes. Several
studies were conducted in the Karagwe-Ankole
Belt, which resulted in the proposal of models
regarding its tectono-magmatism and Nb—Ta—
Sn—W metallogeny, including the geochronological
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information of each magmatism and mineralization,
as well as the structural influence. Two sets of
models have been proposed regarding the tectonic
context related to each magmatism. The first model
suggested that the region was in an intracratonic
environment with the most significant anorogenic
event occurring at 1375 Ma and a compressional
deformation occurring at 1000 Ma, which is
thought to be an Irumide Orogen far-field
effect [3,4]. The Karagwe-Ankole Belt, on the other
hand, is interpreted by the second set of models as
an active margin associated with the Tanzania/
Bangweulu Block-Congo Craton convergence
around 1375Ma [5-7]. A recent study of the
granitic rocks of the Karagwe-Ankole Belt has
provided evidence pointing to tectonic evolution of
the belt during accretion-collisional tectonism [8],
which led to a more plausible tectono-magmatic
model that places the emplacement of anorogenic
garnet-biotite  granite  (A-type  granite) at
(1372+5) Ma, followed by a group of orogenic
granites (S-type granite), including two-mica
granites that were emplaced at (1369+5) Ma, late to
post-collisional muscovite granite and leucogranite
((1011+18) Ma to (976+11) Ma), and a younger
leucogranite ((614+9) Ma) related to a volcanic arc
setting. These S-type muscovite granites and
leucogranites obviously constitute the widely
documented Gs granitoids that were reported
by KLERKX et al [9], CAHEN et al [10],
FERNANDEZ-ALONSO et al [11] and TACK
etal [12].

In addition, some metallogenic studies
conducted in the belt suggest that the Kibaran Sn
granites (the above-cited muscovite granite and
leucogranite), the Nb—Ta—Sn pegmatites, and the
Sn—W quartz veins evolved spatiotemporally
as one integrated metallogenic system operated at
(980£20) Ma [13—19]. A recent study has reported
three generations of Sn mineralization, based on
SHRIMP U—-Pb dating of cassiterite [20]. The cited
study reported that the first generation occurred in
pegmatite (1145 Ma), while the second generation
and main mineralization occurred
veins and intra-pegmatitic greisen (1090-960 Ma),
followed by the third generation occurring in quartz
veins (530 Ma). It is noted that debates are still
ongoing among researchers regarding the role
played by magmatic fluid in carrying the metals
during magma evolution [21,22]. Despite the fact

in quartz

that tin mineralization has been experimentally
recognized to have a magmatic source [23], the
direct relationship between ore mineralization and
granitic formation remains a mystery in central
Africa. Some studies proposed that the tin
mineralizing veins are the result of crystalline
aliquots of the escaping evolved fluids from the
magmatic-pegmatite systems [18,24]. In contrast,
other authors reported that the Sn metal was taken
by the metamorphic hydrothermal fluids from the
magmatic rocks after crystallization [25,26].

Although there are several Proterozoic Sn
deposits under development in the Kibaran Belt
(Karagwe-Ankole and Kibara Belts) (Fig. 1),
particularly in the eastern D. R. Congo, only a few
researchers have focused on the petrogenesis and
geochemistry of pegmatites and their associated Sn
ore deposits in the Kivu region [27-30]. The
purpose of this investigation is to categorize the
Lemera granite pegmatites in order to understand
their genesis and evolution during the magmatic
fractionation, and put their mineralization potential
into evidence. We expect, at the end, to provide the
genetic link between the tin ore deposits, which are
quartz vein-types and the pegmatite-type, with
respect to the regional G4 granites (muscovite
granite and leucogranite) and the nature of the ores
carrying fluid.

2 Geological setting of Kibaran Belt

The Kibaran Belt refers to the Meso-
proterozoic Fold Belt, including the Kibara Belt
(KIB) and the Karagwe-Ankole Belt (KAB)
(Fig. 1(a)) [4]. From north to south, the Affrican
continent was shaped by three large Archean
cratons: the West-African Craton, the Congo Craton,
and the Kalahari Craton, all of which are illustrative
of an epoch older than 2500 Ma (Fig. 1(b)). When
these three crustal nuclei were assembled during the
reconstruction period, they provided clues to the
formation of the main fold belts that formed from
the Proterozoic to the early Paleozoic epochs. The
Ubende Belt and the Ruzizi Belt in Central Africa
represent the Paleoproterozoic (approximately
2000 Ma), whereas the Kibaran Belt (including the
Karagwe-Ankole Belt and the Kibara Belt) in
East-Central Africa and the Kamativi Belt in
Zimbabwe expose the Mesoproterozoic rocks. The
KAB is divided into two distinct structural domains:
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Fig. 1 (a) Schematic geodynamic map of Kivu region (modified from DELVAUX et al [13]); (b) Schematic map

of reconstructed Gondwana plate showing documented pegmatite provinces (modified from DILL [2] and KUSKY

et al [14]); (c) Approximate location of Lemera area on map of Africa

the western domain (WD) and the eastern domain
(ED), which are separated by a boundary zone of
aligned mafic-ultramafic layered complexes known
as the Kabanga-Musongati alignment [8,30]. A
recent study has reported the discovery of
Neoarchean crust within the Rusizian terrane of the
western domain of the KAB and suggested
consideration of an Archean basement in the cited
location [30]. The Pan-African Orogeny refers to
the following belts: the Damara Belt in Namibia;
the Arabo-Nubian Shield in the northeast of Africa;
and the Mozambique Fold Belt in the southeast of
Africa. All these belts were formed in the late
Neoproterozoic to early Paleozoic at (600—450) Ma
(Fig. 1(a)) [2,5,13]. Kibaran Belt (Mesoproterozoic)
separates the Congo  Craton (Archean-
Paleoproterozoic) from the Bangweulu-Tanzania
Block (Archean-Paleoproterozoic) (Fig. 1(a)). At
1375 Ma and approximately 1000 Ma, widespread
magmatism occurs throughout this region [5,8,31].
The (1417-1376) Ma magmatic events are usually
regarded as an active continental margin in the
southwestern part (Kibara Belt) [5,8,31,32],
whereas an intracratonic basin was hypothesized for
the northeastern part (Karagwe-Ankole Belt) [8,9,33].

The evolution of the Mesoproterozoic Karagwe-
Ankole Belt has been recently re-constrained with
multiple stages of magmatism from subduction to
collision [8]. As a result, its evolution is proven
to have occurred during the accretion-collision
tectonism in a continental margin.

The Kibaran Belt is mainly composed of
metasedimentary units, mostly metamorphosed
pelites, conglomerates and sandstones with minor
carbonate rocks. Large felsic and mafic rocks have
intruded these metasedimentary units [10].

The Lemera district is located in the Uvira
territory, South-Kivu province (eastern part of the
D. R. Congo) (Fig.2). The geological units of
Lemera are mainly composed of metamorphic rocks
(gneiss, migmatite, quartzites and schist) intruded
by granitoids (granites and pegmatites). The
granites, pegmatites, and aplites occur as dykes and
do not appear easily on the surface as an outcrop.
The granites intruded gneissic rocks, which were
altered and crossed by numerous quartz veins. The
veins were measured from 1 to 50 cm in width. The
main rocks in the region were subjected to at least
two phases of deformation, and the mineralization
was confined to folds plunging very shallowly
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Fig. 2 Schematic geological map of Lemera area

towards the N23°E. The Lemera tin deposit was
discovered in 2008, and the main mineral yet
exploited is cassiterite, which is mined by local
people involved in artisanal mining operations
within the strongly phyllitic alteration zone situated
adjacent to granite pegmatites.

The large metallogenic provinces hosted by
the Kibaran Belt are located in or adjacent to the G4
tin granites bearing the main metals of Sn—Ta—
Nb—W polymetallic deposits. These rare metals are
present in different styles of mineralization.
Primarily, the mineralization occurs in quartz veins,
lodes, and pegmatites, and the secondary
mineralization is present in alluvial and illuvial
deposits [20,25,26]. The G4 tin granites are typically
non-foliated and include both leucogranites and
muscovite granites with quartz, albite, and
muscovite as major minerals, adding to them the
accessory minerals of apatite, garnet, zircon, and
tourmaline. The Gy tin granites have a fractionation
trend character with a generally sub-alkaline to
peraluminous modal distribution [20,34]. The main
enrichments displayed by most G4 granitoids are Li,
Rb, Cs, U, B, Ga, Ge, Sn, and Pb [35]. The largest
Ta—Nb—Sn—W provinces are situated in the zoned
pegmatites and unzoned pegmatites with different
size types where much of the Sn mineralization
is more abundant in the greisen zones and
hydrothermal quartz veins [25].

The study in Ref.[27] is one of the rare
research works conducted in the region, which
reported an important enrichment in Ta ((27.50—
370.90)x107%), Sn ((238-2451)x10°) and Nb
((31.80—139.20)x107°) from the Numbi pegmatite
samples (Kalehe Territory, South Kivu Province,
D. R. Congo). It is worth noting that the majority
of the studies mentioned in the preceding
paragraphs were conducted in the Gatumba area
of Rwanda, which includes a well-developed
pegmatite field; thus, the Gatumba pegmatites are
the most studied and documented pegmatites in
Central Africa [18,28—30].

NAMBAIJE et al [20] classified the Sn
mineralization in the KAB into four types: (1) Sn
mineralization takes place in quartz veins within
micaschists, primarily within shear zones, which
characterize the majority of the recorded
mineralization; (2) Sn mineralization in quartz
veins that are restricted to quartzites and are
structurally regulated by faults in the host rocks;
(3) Mineralization of feldspar in intra-pegmatitic
greisen, which is abundant in the zone of contact
between pegmatite and amphibolite; (4) Sn
mineralization in kaolinized pegmatites intermingled
with Nb—Ta mineralization in pegmatites that host
Sn deposits and are more closely related to granitic
plutons than the quartz vein deposits.
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3 Samples and methods

The samples analyzed in this work were
collected from pegmatite outcrops within the
Lemera area, precisely along the Kakwende River,
the Kigunga road, and the Bwesho hill (Fig. 2).
Some representative photographs of the Lemera
granite pegmatites are presented in Fig. 3. Seven
samples were analyzed for bulk-rock major
geochemical composition. On fused glass beads,
XRF spectrometry was applied for the detection and
quantitation of major, minor, and some trace
elements in bulk-rock samples at Kyungpook
National University (Petrology and Mineralogy
Laboratory) using the Rigaku RIX 3000 system.
The beads were made by combining 1.8 g of
rock powder with 2.88 g of lithium tetra-borate
(Li2B40O7) and 0.72 g of lithium metaborate (LiBO,),
plus 0.05 g of 4.5% Li—Br solution.

Moreover, an inductively coupled plasma-
mass spectrometry (ICP-MS) experiment was
conducted at Activation Laboratories Ltd (Actlabs)

Granite pegmatite |

- ™

in Canada. This experiment was applied for the
detection and quantification of rare earth elements
(REE) and trace elements, using the Agilent Series
7500. Approximately 0.05 g of sample powder was
dissolved in solutions of HF + HCIO4 and then HF
doped HNO; + HCI through a series of heating and
evaporation stages to produce the sample. The
solution was diluted by a factor of 50000 after full
dissolution.

Aiming at constraining the relationship
among the Lemera granite pegmatites, the Gu
granites (Kibaran Belt), the muscovite granites and
the leucogranites (Karagwe-Ankole Belt/Rwanda),
representative bulk-rock compositions were collected
from NAMBAIJE et al [8], LEHMANN and
LAVREAU [34], and POHL and GUNTHER [36].
In addition, only seven representative samples of
the Gs granite were selected from the following
sites: Bukena, Kalima, Kirengo, Lutshuruk,
Madyakala, Makamba, and Mts Bia; while the
S-type muscovite granites and the leucogranites
were all selected from Rwandan sites in the
Karagwe-Ankole Belt.

K-feldspars

Feldspars

Fig. 3 Photographs of Lemera granite pegmatites: (a) Giant dyke of LCT granite pegmatites; (b) Hand specimen of

Lemera granite pegmatites; (c) Intrusion of granite pegmatites into meta-schist rocks along Kakwende River
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4 Results

4.1 Bulk-rock major oxides, classification and

origin of Lemera granite pegmatites

The distribution of the whole-rock major
oxides, expressed in mass fraction, of the analyzed
Lemera granite pegmatites samples is presented in
Table 1. The total alkali silica (TAS) diagram for
plutonic rock classification shows that the Lemera
pegmatites are in the range of granite [37], the same
range as the Gy granites that are representative of
tin-bearing granites in the Kibaran Belt and
the data were collected from LEHMANN and
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LAVREAU [34], and POHL and GUNTHER [36]
(Fig. 4(a)).

Furthermore, plotted on a ternary diagram of
Fe;0s3 (T), MgO, and ALOs, after RAHMAN [38],
all the samples fall into the field of S-type granites
(Fig. 4(b)). In the same way, the alumina saturation
index (A/CNK) of the Lemera granite pegmatites
ranges within 1.33—2.05, which confirms that these
granitic pegmatites crystallized from a mildly to
strongly peraluminous and fertile granitic melt
(A/CNK>1.0).

In addition, the plot of Fe:Os content and the
silica differentiation index displayed a negative
correlation from the G4 granites to the less evolved

Table 1 Bulk-rock major oxide distribution in Lemera granite pegmatites (all detected by XRF spectrometry) (wt.%)

Major oxide LEM1 LEM2 LEM3 LEM4 LEM5 LEM6 LEM7 Min.  Mean Max.
Si0; 73.84 76.42 73.82 73.04 76.82 82.1 80.14  73.04 76.60 82.10
ALO; 13.58 13.19 15.8 16.38 12.13 9.1 10.48 9.10 1295 16.38
MgO 0.18 0.18 0.31 0.07 0.06 0.15 0.16 0.06 0.16 0.31
Fe>05(T) 0.88 0.84 0.69 0.51 0.56 1.27 1.96 0.51 0.96 1.96
MnO 0.013 0.013 0.009 0.005 0.006 0.006 0.005 0.01 0.01 0.01
CaO 0.73 0.5 1.96 0.47 0.16 0.21 0.2 0.16 0.60 1.96
Na,O 2.75 3.75 4.92 8.88 2.05 3.15 3.91 2.05 4.20 8.88
K,O 6.16 4.49 0.83 0.1 6.94 1.23 1.31 0.10 3.01 6.94
TiO; 0.082 0.081 0.061 0.079 0.033 0.386 0.249 0.03 0.14 0.39
P>0s 0.05 0.05 0.04 0.03 0.05 0.06 0.05 0.03 0.05 0.06
*LOI 0.38 0.52 1.68 0.35 0.42 1.2 2.24 0.35 0.97 2.24
A/CNK 1.41 1.51 2.05 1.73 1.33 1.98 1.93 1.33 1.71 2.05

*LOI=Loss on ignition; A/CNK=w(AL203)/w(CaO+Na20+K20); Min=Minimum value; Mean=Arithmetic average; Max=Maximum value

16 '(a) Nepheline (b) 0
al 100
Syenite
o\\o 12+ Syenite
S 10} GE%
f / ,‘VL§LLMS
C)«?l 8 Tjolite <> rl:l_:/l_
é 6 LEM3
£ A ' Orewr
2 -
0 . . 100 A\ 0
65 75 85 0 25 50 75 100
W(Si0)/% W(ALO3)/%

Fig. 4 (a) TAS diagram (total alkali—silica), displaying classification of magmatic rocks based on total alkali and silica

abundance [37]; (b) Ternary diagram (after RAHMAN [38]) (The G4 granite, muscovite granite and leucogranite
samples were respectively collected from NAMBAIJE et al [8], LEHMANN and LAVREAU [34], and POHL and

GUNTHER [36])
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pegmatites, and afterwards the iron oxides suddenly
increased from the less evolved pegmatites to more
evolved pegmatites (Fig. 5(a)). In contrast, TiO»
content was low in the Gy granites and increased
readily from the less evolved pegmatites towards
the most evolved pegmatites (Fig. 5(b)). Moreover,
the K2O content of both Gy granites and Lemera
pegmatites exhibited two different trends when
plotted against SiO, content (Fig. 5(c)). Some
samples showed higher K,O content, and others had
lower K>O content in both G4 granites and Lemera
pegmatites. Besides, we noticed that most Gu
granites had a higher phosphorous content compared
to the Lemera granite pegmatites (Fig. 5(d))

4.2 Bulk-rock trace and rare earth element
compositions and geodynamic context
The statistics of some important whole rock
trace elements of the Lemera granite pegmatites is
listed in Table 2. The contents of tin (Sn) and
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zirconium (Zr) are found in the range of (1.00—
138.00)x10°® and (7.00—201.00)x107°, respectively.
The compositional variation of some trace elements
throughout the magmatic fluid evolution is
presented in Fig. 6.

In Fig. 7, tectonic discrimination diagrams of
the studied samples and those of the assumed
parental granites are presented. All of the granite
pegmatite samples, the leucogranite samples, and
the majority of the muscovite granite samples
fall into the field of a volcanic arc setting
(Figs. 7(a, b, €)). Moreover, the Yb-normalized plot
of Th and Ta indicates an active continental margin
for all the studied pegmatite samples (Fig. 7(c)). It
is worth noting that all the granite samples collected
from literature, the Lemera granite pegmatites as
well, fall in the range of peraluminous leucogranites
associated with collisional zones, based on the
w(Ta)/w(Zr) and w(Zr) discriminating parameters
(Fig. 7(d)). In addition, one leucogranite sample
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Fig. 5 Harker diagrams of Lemera granite pegmatites and G4 granites (The arrow displays the major increase and/or
decrease throughout the fractional crystallization from the G4 Kibaran tin granites to the Lemera granite pegmatites. The
G4 granite, muscovite granite and leucogranite samples were respectively collected from NAMBAIJE et al [8],
LEHMANN and LAVREAU [34], and POHL and GUNTHER [36])
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Table 2 Statistics of bulk-rock compositions of rare earth (REE, Y and Sc), trace and other rare elements in Lemera
granite pegmatites

Element type Element Number of Content/10°° Detection ]?et.ecti()g
sample Min Mean Max method limit/10
La 7 4.10 11.51 26.30 ICP-MS 0.1
Ce 7 9.60 22.93 55.20 ICP-MS 0.1
Pr 7 1.20 2.49 5.88 ICP-MS 0.05
Nd 7 4.60 9.24 21.90 ICP-MS 0.1
Sm 7 1.10 2.06 4.20 ICP-MS 0.1
Eu 7 0.19 0.62 0.93 ICP-MS 0.05
Gd 7 0.70 1.76 3.40 ICP-MS 0.1
Rare earth Tb 7 0.20 0.27 0.50 ICP-MS 0.1
elements,
¥ and Se Dy 7 0.50 131 2.60 ICP-MS 0.1
Ho 7 0.10 0.25 0.50 ICP-MS 0.1
Er 7 0.20 0.63 1.30 ICP-MS 0.1
Tm 7 0.06 0.13 0.20 ICP-MS 0.05
Yb 7 0.10 0.57 1.30 ICP-MS 0.1
Lu 7 0.05 0.11 0.20 ICP-MS 0.01
Y 7 2.00 6.33 13.00 XRF 1
Sc 7 1.00 2.60 6.00 XRF 1
Be 7 1.00 1.40 2.00 XRF 1
Ga 7 10.00 12.86 16.00 ICP-MS 1
Rb 7 3.00 105.14 223.00 ICP-MS 2
Cs 7 1.20 1.88 3.20 ICP-MS 0.5
Sn 7 1.00 32.71 138.00 ICP-MS 1
Sr 7 52.00 94.29 179.00 XRF 2
Ba 7 9.00 277.00 411.00 XRF 2
Zr 7 7.00 71.00 201.00 XRF 2
Ta 7 0.20 0.33 0.60 ICP-MS 0.1
Nb 7 1.00 3.33 8.00 ICP-MS 1
Trace and b 7 0.50 2.28 5.50 ICP-MS 0.2
other rare
clements W 7 8.00 9.00 10.00 ICP-MS 1
Th 7 3.00 6.09 9.50 ICP-MS 0.1
Bi 7 0.40 0.40 0.40 ICP-MS 0.4
Tl 7 0.20 0.42 0.70 ICP-MS 0.1
\% 7 7.00 13.67 24.00 ICP-MS 5
Ni 7 <20 <20 <20 ICP-MS 20
Mo 7 <2 <2 <2 ICP-MS 2
U 7 0.80 1.47 2.00 ICP-MS 0.1
Cr 7 20.00 36.67 60.00 ICP-MS 20
Co 7 2.00 2.00 2.00 ICP-MS 1
Pb 7 21.00 93.00 307.00 ICP-MS 5
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Fig. 6 Compositional variation of trace elements in Lemera granite pegmatites and Gs granites, showing behavior
(incompatible/compatible with given crystallizing mineral) of trace elements throughout magmatic fluid evolution (The
Gy granite, muscovite granite and leucogranite samples were respectively collected from NAMBAIJE et al [8],
LEHMANN and LAVREAU [34], and POHL and GUNTHER [36])

falls in the range of a late to post-collisional setting.
In our results
continental margin.

summary, suggest an active

The Lemera granite pegmatites are slightly
richer in LREE (light rare earth eclement) and
depleted in HREE (heavy rare earth element)
(Fig. 8). It is to be noticed that the majority of the
Lemera granite pegmatite samples displayed a
positive Eu anomaly (only a few samples presented
a slight negative Eu anomaly), this
characteristic was also displayed by the
leucogranite rocks of the KAB. Conversely, a
majority of the G4 granite samples showed a
noticeable negative Eu anomaly, as did some
samples of the muscovite granites of KAB, whilst
some G4 granite samples displayed no Eu anomaly.

and

5 Discussion

5.1 Petro-geochemistry of Lemera granite

pegmatites

The Lemera granite pegmatites, G4 granites,
as well as muscovite granites and leucogranites
suggest that they are all related to and are of S-type
origin. This is sustained by the total alkali—silica
diagram (TAS) and the ternary diagram of Fe,Os,
MgO, and ALO; presented in Fig. 4. S-type
granites are documented to be sourced from the
melting of metamorphosed sedimentary rocks
and/or sedimentary rocks or supracrustal rocks
(Fig. 4(b)) [41]. As a result, pegmatitic rocks that
fall within the range of S-type granites also reflect
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Fig. 7 Tectonic discrimination diagrams constraining geodynamic setting of G granites and Lemera granite
pegmatites (WPG: Within plate granite; ORG: Ocean ridge granite; COLG: Collisional granite; VAG: Volcanic arc
granite [27,39,40]. The G4 granite, muscovite granite and leucogranite samples were respectively collected from
NAMBAIE et al [8], LEHMANN and LAVREAU [34], and POHL and GUNTHER [36])

the composition of the source material, which is
derived from a metasedimentary source after having
undergone a partial melting [42]. In the same way,
the alumina saturation index (A/CNK) of the
Lemera granite pegmatites ranges within 1.33—2.05,
which confirms that these granitoids are mildly to
strongly peraluminous and crystallized from a
fertile granitic melt (A/CNK>1.0). Further, the
mass fraction ratio of CaO to Na,O (w(CaO)/
w(Na,O)) is within the ranges of 0.05-0.40 and
0.05—0.39, respectively, for the Lemera granite

pegmatites and the G4 granites. This ratio is in the
same interval as the values reported by NAMBAIJE
et al [8] for the S-type granites of the KAB, which
suggests that the melts could have derived from
fluid-fluxed partial melting of metapelites. The
mass fraction ratio of Rb to Sr (w(Rb)/w(Sr)) ranges
within 0.06—3.14 and 1.18-34.35, while that of Rb
to Ba (w(Rb)/w(Ba)) is in the interval of 0.19-0.54
and 0.26—30.71, for the Lemera granite pegmatites
and the Gy granites, respectively. These values
suggest clay-rich source rocks [43].
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Moreover, the Harker diagram (Figs. 5(a) and
(b)) implies that the onset of Fe—Ti oxide minerals
such as rutile and ilmenite is similar to the behavior
observed in Fig. 6(i), where Sn content increases
significantly from the less evolved pegmatites to the
more evolved pegmatites. This infers that the latter
are likely to contain a sufficient quantity of
cassiterite compared to the less evolved pegmatites
of the Lemera area. However, in order to know
which elements bear Sn element during the
crystallization process, we have plotted the ratio of
w(Ti)/w(Sn) against w(SiOz) (Fig. 9(a)). The only
Ti-bearing phase in reduced plutons is ilmenite, and
the crystallization of the ilmenite is likely to have
fostered the concentration of Sn as the magma
was fractionating. Therefore, it is noteworthy to
conclude that ilmenite and rutile accessory minerals
are likely the main tin-bearing elements during the
solidification of the Lemera granite pegmatites,
since titanite does not crystallize in reduced granite
pegmatites [44].

The behavior of phosphorous during the
crystallization of magma depends on calcium
activity [45], which somehow can be higher in
peraluminous melts to form apatite or lower
because the calcium that would crystallize the
apatite minerals by consuming the phosphorous
element was removed during the early
crystallization of plagioclase [46]. Additionally, in
more evolved pegmatites where the calcium is
veritably lower, apatite cannot crystallize in such an
environment. Thus, phosphorous and oxide elements
might be incorporated into the alkali feldspars of

the Lemera granite pegmatites (Figs. 5(c) and
(d)) [47]. The onset of anorthoclase minerals and
alkali feldspars in the Lemera granite pegmatites
explains the negative and positive correlation
observed in Figs. 6(a) and (b), respectively, since
Rb and Cs elements are incompatible in plagioclase
and compatible in the K-feldspars or either in the
K-bearing minerals such as mica [22].

Further, Ba expressed a reverse correlation in
Fig. 6(c) where the negative slope implies the
crystallization of plagioclase because Ba is
incompatible with plagioclase minerals. Specifically,
the positive correlation displayed in intermediate
samples might be due to the onset of calcic
plagioclase because Ba seems to be incompatible
with calcic plagioclase; finally, the decreasing slope
means that Ba is incorporated into the alkali
feldspars within the most evolved pegmatites [46].
Crystallization of feldspar minerals defines the
decrease of Sr content as SiO; content increases
from the Gs granites towards the less evolved
pegmatites. Afterwards, within the more evolved
pegmatites, Sr content remains constant in the
entire crystallization process (Fig. 6(d)), which
infers that the more fractionated Lemera pegmatites
contain high Rb content. This assumption is the
characteristic of leucogranites, granite pegmatites
and silicic rhyolites [21].

Next, the onset of either the niobium rutile
minerals or the ilmenite minerals explains the
inflection of Nb element (Fig. 6(f)) [48]. Zirconium
and Hf may behave as identical twins during the
magmatic crystallization process [49]. The w(Zr)/
w(Hf) ratio readily remains intact through the entire
fractionation trend (Fig. 9(b)), suggesting that Hf
minerals do not crystallize during the magmatic
differentiation process of pegmatites because of
their low abundance in the continental crust [50,51].
Hence, these two elements (Zr and Hf) occurred
together with zirconium into zircon accessory
minerals. Consequently, the onset of zircon mineral
crystallization defined the positive inflections
displayed by Zr and Hf elements in Figs. 6(g)
and (h).

In addition, it is noted that the retention of
feldspars in the source rocks during the partial
melting is plausible to explain the negative Eu
anomaly and the positive Eu anomaly by the
fractionation of quartz, plagioclase, and K-felspar
during the pegmatite crystallization.
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Fig. 9 (a) Variation diagram of w(Ti)/w(Sn) ratio versus
w(SiO2) (The linear curve of the samples from Lemera
granite pegmatites shows a negative linear correlation,
with w(Ti)/w(Sn) values decreasing from the less
evolved pegmatites to the more evolved pegmatites);
(b) Diagram of w(Zr)/w(Hf) ratio versus w(SiO),
inferring behavior of Zr and Hf during Lemera
granite pegmatites crystallization; (c) Diagram of w(Zr)
versus W(ALO3;)/W(TiO,), indicative of the relative
variation trend in temperature of melting [50] (The Gs
granite, muscovite granite and leucogranite samples were
respectively collected from NAMBAIJE et al [8],
LEHMANN and LAVREAU [34], and POHL and
GUNTHER [36])

5.2 Tectono-magmatism context of Lemera

granite pegmatites

The tectonic diagrams of the studied samples
suggested an active continental margin as the
prominent setting (Fig. 7). This has been supported
by the most recent research conducted in the
KAB [8]. The regional tectono-magmatic models
proposed by recent research and sustained by
geochronological, structural, and petrological data,
suggest the emplacement of the Gs granites,
muscovite granites, and leucogranites, as well as the
Numbi pegmatites and the Gatumba pegmatites,
from (1011+18) Ma to (976£11) Ma, in a late to
post-collisional setting, and are associated with the
D2 orogenic event (1078 Ma). The latter consisted
of a continental collision during the final stage of
Rodinia assembly [8,27]. Moreover, NAMBAIJE
et al [20] reported shearing and reverse faulting
structures that are associated with the main episode
of Sn mineralization occurring from 1090 to

960 Ma in the KAB. These compressional-
deformational structures support the above-
mentioned collisional  setting. Because the
forementioned granitoids have shown strong
chemical  composition and  spatiotemporal

relationships with the Lemera granite pegmatites
that are studied in this work, we infer that the
pegmatites were emplaced in a late to post
collisional setting (Figs. 10(a, b)). The volcanic arc
setting, suggested by some diagrams in Fig. 8, for
all of the analyzed granite pegmatite and
leucogranite samples, and the majority of the
muscovite granite samples, could be explained by
the fact that late to post collisional magmatism may
involve materials from diverse sources, including
older granites (e.g., S-type granite emplaced in a
volcanic arc setting). This possibility needs to be
further studied for evidence.

5.3 Genesis of Lemera granite pegmatites and its

related tin ore deposits

The evidence of chemical and spatiotemporal
relationships  between the Lemera granite
pegmatites and the Gs granites confirms that the
likely mechanism of emplacement of the studied
pegmatites is fractional crystallization of a granitic
melt. Here, the fertility of the granitic melt, the
degree of fractional crystallization, as well as the
enrichment of rare metals, especially Sn, are
discussed. The fertility of the parental granitic melt
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has been established earlier in this study, based on
the alumina saturation index A/CNK and the
ternary diagram of Fe;O; (T), MgO, and AlOs.
Therefore, this section focuses on rare element
proxies.

Tables 3 [52,53] and 4 display the ranges of
rare elements in the upper-continental crust as well

Lithosphere /.
S, :
2 NSGranulite

Asthenosphere

Mantle
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as those of typical pegmatitic fertile granite (bulk
rock), which helped to further categorize the
fertility of the granitic melt that evolved towards
the Lemera granite pegmatites and to assess the
enrichment level of rare metals. Moreover, the mass
fraction ratios of w(K)/w(Rb), w(K)/w(Cs), and
w(Nb)/w(Ta) are widely used as fertility indicators
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Fig. 10 Tectono-magmatism model of granitoids of Karagwe-Ankole Belt, including Lemera granite pegmatites (after
NAMBAIE et al [8]): (a) D1 orogenic event, emplacement of S-type two-mica granite and contemporaneous A-type
garnet-biotite granite ((1380—1360) Ma): Accretion during early stage or Rodinia Assembly; (b) D2 orogenic event
(~1078 Ma), emplacement of late to post-collisional S-type tin granites ((1011-976) Ma) and probably the Lemera
pegmatite analyzed in this study: Continental collision during final stage of Rodinia Assembly

Table 3 Bulk-rock compositions of rare elements in crustal rocks and pegmatites [52,53]

Average content

Internal pegmatitic granite

Separation

Rare of upper Fine—grainéd Pegmatiti.c Sodic aplite rapids pluton
element continental leucogranite leucogranite
crust/107 Mean/ Range/ Mean/  Range/ Mean/ Range/  Mean/ Range/
10°° 10°¢ 10°° 10°¢ 10°° 10° 10°° 10°
Be 3 4 0.5-61 27 0.5-604 6 1-34 62 3325
Cs 3.7 8 0.5-39 14 0.5-51 16 0.2-67 48 11.8-172
Ga 17 38 10-81 20 10-90 9 45-73 36 21-94
Li 20 81 1-1400 51.7 6288 82 7-324 235  71-1629
Nb 25 24 1-81 18 1-135 - 45-138 66  32-120
Rb 112 305 33-1050 473 32-5780 169 9-559 890 341-1240
Sn 5.5 9 1-44 19 1-112 13 2-25 62  10-652
Ta 2.2 4.5 2-8.5 2.7 0.5-8 - 3—435 19 6.6-29.7
w(K)/w(Cs) 7630 11000 794-78400 7880 246—38500 3020 166—-14900 852 35-1526
w(K)/w(Rb) 252 159 42-418 165 13-576 85 24-332 34 0.5-51
w(Nb)/w(Ta) 11.4 5 0.1-11.9 .71 0.1-7.17 - 0.32-0.62 45 0.9-6.9




1886

Rub’son N’nahano-Ruhindwa HERITIER, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1873—1892

Table 4 Bulk-rock compositions of rare elements in Lemera granite pegmatites

Rare  Pegmatitic leucogranite Content of analyzed samples/10°°

clement  contentrange/l0° [ EM] LEM2 LEM3 LEM4 LEM5 LEM6 LEM7 Min  Mean  Max
Be 1-604 — 1 2 1 — 1 2 1.00  1.40 2.00
Ga 19-90 13 13 15 16 10 11 12 1000 1286  16.00
Rb 32-5775 188 145 37 3223 68 72 3.00 105.14 223.00
Cs 0.5-51 22 16 32 - 19 12 12 120 1.88 3.20
Y 3-102 2.3 4 5 2 5 13 13 200 633  13.00
Sn 1-112 4 5 2 3 1 76 138 1.00 3271  138.00
Ti 100-4300 991.6 485.6 365.6 473.6 197.8 2314 1492 197.80 902.89 2314.00
Sr 1-495 8 77 179 52 91 69 103 52.00 9429  179.00
Ba 6-900 411 318 115 9 410 299 377  9.00 277.00 411.00
Zr 1-77 20 22 55 7 32201 160  7.00  71.00 201.00
Ta 0.5-8 02 02 03 03 02 06 05 020 033 0.60
Nb 1-135 1 1 1 2 — 8 7 1.00  3.33 8.00

of the parental granite [53]. The average values of
these elements in a fertile granite are supposed to be
lower than the average values of the upper-
continental crust (Table 3). The Lemera granite
pegmatites have shown lower values than the
upper-continental crust for all the above-mentioned
ratios, except w(K)/w(Cs), which show a slightly
higher average value. Further, the average mass
fraction ratio of Nb to Ta (w(Nb)/w(Ta)) of the
analyzed samples is inferior to height, which
confirms the fertility of the granitic magma that
evolved towards the studied pegmatites [53].
Furthermore, the ranges of selected rare elements of
the studied Lemera granite that are displayed in
Table 4 verify the inference stated above regarding
the fertility of the granitic melt. Indeed, the ranges
of all the selected rare elements are in the respective
intervals of pegmatitic leucogranites. It is worth
noting that Sn and Zr show some values beyond the
interval. This is also supported by the rare element
mass fraction ratios, presented in Table 5.

The rare elements and their related parameters
presented in Tables 4 and 5 are also widely
used to evaluate the degree of fractional
crystallization [52,54,55]. Sr, Ti, Ta, Ba, Sn, Ga,
Nb, Y, Li, Cs, Rb, and Be contents generally
increase with the evolution of fractional
crystallization, while w(Zr), w(K)/w(Cs), w(K)/
w(Rb), w(Nb)/w(Ta), w(Ba)/w(Rb), w(Zr)w(Hf),
w(Zr)/w(Sn), and w(Zr)/w(Y) generally decrease
with the evolution of fractionation [52,55]. During

the fractionation of granitic melts, the first products
that are yielded are barren granite pegmatites,
followed by mineralized granite pegmatites owing
to the enrichment of incompatible elements and
volatile components into the residual melt during
the evolution of fractionation processes [46,54,56].
CERNY and ERCIT [57] proposed a degree of
fractionation of >99% of the parental melt for the
most fractionated units of up to >100x107° Ta (the
less fractionated unit of which contains <1x107® Ta).
In the Karagwe-Ankole Belt, the Gatumba pegmatites
are the most documented and well-studied
pegmatites. Previous studies have divided the latter
into 4 zones regarding the degree of fractional
crystallization, which include Zone-1 (biotite zone:
0—-69% of crystallization), Zone-2 (two-mica zone:
69%—92% of crystallization), Zone-3 (muscovite
zone: 92%—-98% of crystallization), and Zone-4
(mineralized zone: >98% of crystallization). Zone-4
is mainly enriched in Nb, Ta, and Sn [28]. Based on
the content range of Ta of the Lemera granite
pegmatite samples analyzed in this study, which is
from 0.20x10°% to 0.60x10°°, we infer that they
belong to the less fractionated pegmatites of the
region. This is further supported by the ranges of
most of the mass fraction ratios presented in Table
5, which are at least close to or beyond the upper
limits of typical fertile granites (e.g., w(Nb)/
w(Ta), w(K)/w(Cs), and w(K)/w(Rb)). The Numbi
pegmatites (pegmatite veins), which are located in
the Congolese part of the Karagwe-Ankole Belt, in
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Table 5 Ranges of fertile granite and fractionation indicators of Lemera granite pegmatites [52,55]

Fertile granite

Content of analyzed samples/107°

Ratio 6 Min Mean Max
contentrange/10° [ EM1 LEM2 LEM3 LEM4 LEM5 LEM6 LEM7

w(K)/w(Cs) 1600—-15400 23245 23257 2153 8509 9.063 1121 - 9.06 9716 23257
w(K)/w(Rb) 42-270 272 252 186 151 208 150 - 150.00 203.17 272.00
w(K)/w(Ba) 48—-18250 124 117 599 922 140  34.15 - 34.15 94.54 140.00
w(Nb)/w(Ta) 0.1-7.17 5 5 333 6.66 - 13 14 333  7.83 14.00
w(Rb)/w(Sr) 1.6—185 2.7 186 0.2 0 3.1 0.9 0.7 0 27.66 186.00
w(Zr)/w(Hf) 14-64 40 36 32 - 35 36 35 32.00 35.67 40.00

the same administrative province as the Lemera
study area (Lat. 1.75°-2.00° and Long. 28.75°—
29.00°), that suggest a more
advanced degree of fractionation w(Nb)/w(Ta)=
(0.27-115)x107¢ (0.77x107° average), w(K)/w(Rb)=
(14.61-67.00)x107°, w(Ta)=(27.5-370.9)x10°,
w(Sn)=(56-2451)x10"°, and w(Nb)=(53.7-139.2)x
10°% [57]. The relationship between the Numbi
pegmatites and the Lemera granite pegmatites is
worth further study.

In addition, the samples collected along the
Kakwende River (LEM1, LEM2, LEM3, LEM4,
and LEMS), which are considered the less evolved
Lemera granite pegmatites based on the Harker
diagram (showing the evolution of Fe;O;, TiO,
K,0, and P,Osagainst SiO) and the compositional
variation of trace elements presented in Figs. 5 and
6, respectively, exhibit significantly lower contents
of Sn ((1-5)x107°), and Zr ((7-55)x107%) (Table 4)
compared to the more evolved pegmatites of the

show values

Lemera study area, which show the enrichment in
Sn and Zr, compared to the upper-continental
average values (Table 3), and the typical fertile
pegmatitic leucogranite (Table 4) (W(Sn)=(76—138)x
107® and w(Zr)=(160—201)x10"°). The enrichment
of Sn, Hf, and Zr in the more evolved pegmatites
could be attributed to fractional crystallization. This
is corroborated by the evolutionary trend of Ta
content, which increases, and the evolutionary
trends of w(K)/w(Cs) and w(K)/w(Rb) that decrease
from the Kakwende River samples towards the
Kigunga sector samples. However, the mass
fraction ratio of Nb to Ta (w(Nb)/w(Ta)) that is
supposed to decrease with fractional crystallization,
presents an increasing trend, which needs to be
further studied using specific mineral chemistry.
Relying on the pegmatite classification scheme

proposed by CERNY and ERCIT [57] using
petrogenetic and geochemical characteristics and
updated by BRADLEY et al [58], the Lemera
granite pegmatites belong to the lithium—cesium—
tantalum (LCT) family and are linked to the rare
element class pegmatites. The evidence discussed
above, including the inferred characteristics of the
granitic melt from which they crystallized (e.g.,
peraluminous, S-type granitic melt, and fertile
granitic melt), supports this. The diagram of
w(AlO3)/ w(TiO,) versus w(Zr) suggests a lower
melting temperature, as well (Fig. 9(c)). It can be
assumed that their crystallization occurred at a low
temperature in a relatively short time [58]. This is
also a characteristic of typical LCT pegmatites.
However, the low abundances of Cs, Ta, and Be
suggest that they belong to the less evolved zone of
the LCT pegmatitic field.

Based on the Sn and Zr
throughout the assumed fractional crystallization,

enrichments

among the samples collected along the Kigunga
sector, which are significantly in contrast with the
Kakwende River samples, we conclude that the
Lemera region has two geochemical evolutionary
signatures (Fig. 11), which are: (1) the less
fractionated pegmatitic signature that typifies the
samples collected along the Kakwende River,
which do not record any mineralization; (2) the
more fractionated pegmatitic which
characterizes the samples collected near the
Kigunga sector where mineralization of Sn and Zr

signature,

is noticed.

It is worth noting that the terms “less
fractionated” and “more fractionated” are used in
order to compare the Sn mineralized Lemera granite
pegmatites to the barren Lemera granite pegmatites.
Furthermore, the above-discussed evidence shows
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Fig. 11 Metallogenic model for development of Nb—Ta—
Sn pegmatite-type and Sn—W quartz vein-type deposits
in Lemera area (after HULSBOSCH [59]) (Lithium
enrichment was omitted from the pegmatite zone,
because it was not studied in this work)

that the Sn mineralization, which is noticed in
samples collected near the Kigunga sector, is likely
to have occurred during the second generation
and the peak of Sn mineralization in the KAB
(1040960 Ma) [20]. Moreover, accessory minerals
such as ilmenite and rutile are likely the main
tin-bearing minerals during the solidification of the
Lemera granite pegmatites.

5.4 Comparative analysis of lemera granite
pegmatites, Gatumba pegmatites and
Numbi pegmatites
A brief discussion regarding the fractionation

degree of the Lemera granite pegmatites compared

to the Gatumba pegmatites and the Numbi
pegmatites is presented. Thanks to its remarkable
well-developed regional the Gatumba
area for the

zoning,
pegmatite field is a first-class
investigation of granite—pegmatite differentiation
processes [17]. The four zones that make up the
field were presented in the previous section. Here,
selected indicators of fractionation listed in Tables
4 and 5 are used for the comparison of the
above-cited pegmatites of the Karagwe-Ankole
Belt. All the pegmatites forementioned are likely
products of the fractional crystallization of a

peraluminous S-type granitic melt (G4 granite),
which are similar to other granitic rocks in South
China [60—63]. They are connected tectonically
and temporally, based on the results discussed
in this study and some others
research [18,27].

As stated in the previous section, it is widely
accepted and proven that the ratios of w(K)/w(Rb)
and w(K)/w(Cs) decrease throughout fractional
crystallization because the residual melt becomes
continually enriched in Rb and Cs and depleted
in K during the magmatic crystallization of
pegmatites [46]. The ratio of w(K)/w(Rb) is plotted
against w(Cs) and w(RD), respectively, in Figs. 12(a)
and (¢).

These diagrams place the Lemera granite in
the location occupied by the pegmatites of Zone-1
to Zone-3 in the Gatumba pegmatite field [17],
while the Numbi pegmatites fall in the range of the
Gatumba mineralized pegmatite (Zone-4). This
supports the inference of the previous section of
lower fractionation degree for the Lemera granite
pegmatites. Moreover, the diagrams of the ratios of
w(Zr)/w(Hf) and w(Nb)/w(Ta) against w(Zr) and
w(Ta), respectively, confirm as well that the
Lemera granite pegmatites belong to a less evolved
zone of the pegmatite field, while the Numbi
pegmatites are highly fractionated (Figs. 12(b) and
(d)). Furthermore, from the comparison discussed,
we infer that the Lemera granite pegmatites and the
Numbi pegmatites are members of pegmatite fields,
and further studies are suggested in order to
understand the extension of those fields or the
possible connection of both pegmatites, in case they
constitute the same large field.

In addition, this study is limited to whole rock
geochemical analyses, thus further studies on
mineral chemistry are required in order to elucidate
the mineralization of Sn in the pegmatites that show

in previous

characteristics of the less fractionated pegmatitic
zone, based on the scale proposed by CERNY and
ERCIT [57] on the one hand, and on the other hand,
based on the values of the following values
w(Nb)w(Ta), w(Zr)/w(Hf), w(K)/w(Rb), w(K)/w(Cs),
w(Ta), w(Nb), and w(Cs), compared to those of a
well-studied and developed pegmatite field (the
Gatumba pegmatites), as well as the Numbi
pegmatites, both located in the of Karagwe-Ankole
Belt.
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Fig. 12 Diagrams of w(K)/w(Rb) versus w(Cs) (a), w(Zr)/w(Hf) versus w(Zr) (b), w(K)/w(Rb) versus w(Rb) (c) and
w(Nb)/w(Ta) versus w(Ta) (d) (The data of the Gatumba pegmatites, Numbi pegmatites, muscovite granites and
leucogranite pegmatites of the KAB are collected from NAMBAIJE et al [8], OYEDIRAN et al [27], LEHMANN and

LAVREAU [34], POHL and GUNTHER [36], respectively)

6 Conclusions

(1) The analyzed Lemera granite pegmatites
samples show a relative abundance of Al,Os over
Fe,O3 (T) and MgO (12.95 wt.%, 0.96 wt.%, and
0.16 wt.%, respectively). The SiO, content ranges
from 73.04 wt.% to 82.10 wt.%, while the total
content of Na;O and KO ranges from 4.38 wt.% to
8.99 wt.%. The alumina saturation index (A/CNK)
ranges from 1.33 to 2.05. The abundances of some
important rare metals, as well as some related key
parameters, are determined.

(2) The Lemera granite pegmatites crystallized
from a fertile, peraluminous, and S-type granitic
magma through a fractional crystallization process.
Furthermore, the spatiotemporal and chemical

relationships with the G4 granites (assumed parental
granite) were established, while their emplacement
has been constrained in a late to post-collisional
setting, probably related to the documented
magmatism occurring at 1011-976 Ma, based
on the chemical composition of rare element
proxies.

(3) The Sn and Zr mineralization led to a
zonation of the Lemera granite pegmatite, which
has been sustained by the trend of some fractional
crystallization proxies. This local fractional
evolution distinguishes the less fractionated
pegmatitic signature that typifies the samples
collected along the Kakwende River. Ilmenite and
rutile are likely to be the main tin-bearing minerals
during the solidification of the Lemera granite
pegmatites.
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