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Abstract: The Kibara belt (KIB) in the Maniema province hosts orebodies bearing cassiterite-wolframite,
which are associated with equigranular to pegmatitic late Mesoproterozoic (1094–755 Ma) granites and
Sn-W bearing quartz veins that cut through metasedimentary country rocks. Alteration assemblages of
muscovite-quartz (±topaz-fluorite-tourmaline) occur in the granites, and muscovite-sericite-quartz
occurs in Sn-W quartz veins. Petrographic analyses, including cathodoluminescence (SEM-CL) on
cassiterite grains, reveal two types of cassiterite: yellow transparent cassiterite (lighter under SEM-CL:
type I) and dark translucent cassiterite (darker under SEM-CL: type II). These types are organized in
micro-textures as oscillatory (growth) zones and replacement zones (type II replaces type I). Unlike
cassiterite, wolframite is texturally homogenous. LA-ICP-MS results reveal that type II cassiterite is
relatively enriched in Fe, Al, Ga, In, As, Pb, Zn, and U, whereas type I is enriched in V, Ti, Zr, Ta, Hf,
and Nb. Contrasting Ce anomaly values in the cassiterite types suggest a transition of redox potentials
during the Sn precipitation. Fluid inclusion assemblages (FIAs) in quartz, fluorite, and cassiterite are
dominantly aqueous, liquid- or vapor-rich, and rarely carbonic-bearing aqueous inclusions. These
often texturally coexist in a single “boiling” assemblage in granites. Raman spectroscopy on the
bubble part of fluid inclusions in quartz and cassiterite shows various gas species, including CO2,
CH4, N2, and H2. Boiling assemblages in the granites suggest that fluid phase separation occurred at
about 380–610 bars, which is about 1–2 km (lithostatic) or 3–5 km (hydrostatic) in apparent paleodepth.
FIAs in the granites show ranges of salinities of 4–23 wt.% (NaCl equivalent) and homogenization
temperatures (Th) of 190–550 ◦C. FIAs hosted in cassiterite displayed distinctively lower and narrower
ranges of salinities of 2–10 wt.% and Th of 220–340 ◦C compared to the FIAs hosted in quartz in the
granites (salinity of 4–23 wt.%, Th of 190–550 ◦C) and the quartz veins (salinity of 1–23 wt.%, Th of
130–350 ◦C). This suggests a less salinized and cooler fluid during the cassiterite precipitation. We
suggest that magmatic-derived Sn-W bearing fluids be mixed with less saline and cooler aqueous
fluids, possibly meteoric water, during the major cassiterite and possibly wolframite depositions in
the KIB. This is based on (1) temperature and salinities, (2) hydrothermal alterations, (3) cassiterite
micro-textures, and (4) trace element distributions.

Keywords: kibara belt; cassiterite; wolframite; ore micro-textures; CL; LA-ICP-MS; trace elements;
fluid inclusions

1. Introduction

Granites and related (intra-) perigranitic fluid processes create critical metal deposits
such as Sn, Nb, Ta, W, and REE [1–8]. The Kibara belt (KIB) leucogranites originated from
crustal partial melting processes called “anatexis” [9–12] during the Kibaran collisional
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event [12,13]. Sn-W mineralization occurrences are typically associated with differen-
tiated leucogranites [14]. Incipient post-magmatic processes such as fluid exsolution,
fluid-rock interactions including alteration [15], metasomatic reactions, and fluid-fluid
mixings (magmatic-meteoric) [16] significantly contribute to critical metal mobility and
enrichment [4,17]. These syn- and post-granitic fluid processes govern the chemistry of
granite (associated pegmatites) and country rocks [14,18]. The evidence of these magmatic-
hydrothermal fluid processes can be found in secondary mineral phases through alterations
and fluid inclusions [12,19].

Cassiterite and wolframite contain substantial amounts of trace elements, including
In, Ga, and REE [20–23]. SEM cathodoluminescence (CL) techniques offer micro-textural
information on minerals such as cassiterite [24] and their geochemistry [25]. Nespolo
and Souvignier (2015) and Wille (2018) described micro-textural features in cassiterites,
including cracks, elbow twinning, and oscillatory zonation, by SEM-CL. This reveals
the presence of alternating darker and brighter CL zones. These cassiterite textures can
be linked to the incorporation of trace elements such as Ti, Fe, Nb, Ta, and W in the
cassiterite [20,25–28].

Research on fluid inclusions provides data on the pressure-temperature-composition of
mineralizing fluids using microthermometry [16,29–32], Raman spectroscopy for gas species
content [33] and their quantities [34–36], and LA-ICP-MS microanalyses [16,32,37–43]. Sn
precipitation processes in granite-related Sn-W deposits have been modeled [15], which shows
that multistage and progressive fluid-rock interactions offer efficient control over massive
cassiterite precipitation. A fluid inclusion study of the Yankee Lode Sn deposit [16] revealed
that cassiterite precipitation was associated with fluids of varying salinities (+trace elements)
and temperatures. These findings suggest that the mixing of magmatic and meteoric origin
fluids is one of the primary factors controlling the massive precipitation of high-grade Sn.Minerals 2023, 13, x FOR PEER REVIEW 3 of 39 

 

 

 
Figure 1. A simplified tectono-magmatic map of African rare-element pegmatite and rare-metal 
granite provinces. Colors are related to age provinces. The black rectangle refers to the study area. 
The metallogenic provinces in Africa are as follows: 1.1 Man Shield, 1.2 Congo Craton, 1.3 Zimba-
bwe Craton, 1.4 Kaapvaal Craton; 2.1 Birimian Province, 2.2 Kibalian in north-eastern DRC; 3.1 
Kibara Belt, 3.2 Kamativi Schist Belt, 3.3 Orange River Belt; 4.1 Eastern Desert, 4.2 Adola Belt, 4.3 
Alto Ligonha Province, 4.4 Damara Belt, 4.5 Older Granites (Nigeria), 4.6 Madagascar; and 5.1 
Younger Granites (Nigeria) [44]. 

The Kibara Belt (KIB) in the Democratic Republic of the Congo (DRC) contains mas-
sive Sn-W and other mineral-bearing granites as well as associated peri-granitic quartz 
veins [45–52]. A report up until 2010 for the KIB in the DRC stated an overall cumulative 
production of 800,000 tons of cassiterite, 30,000 tons of columbo-tantalite, 30,000 tons of 
wolframite, 600 tons of gold, and byproducts of bismuth, molybdenum, beryl, and am-
blygonite [51,53]. In the KIB, while petro-geochemical and tectono-structural characteri-
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granite provinces. Colors are related to age provinces. The black rectangle refers to the study area.
The metallogenic provinces in Africa are as follows: 1.1 Man Shield, 1.2 Congo Craton, 1.3 Zimbabwe
Craton, 1.4 Kaapvaal Craton; 2.1 Birimian Province, 2.2 Kibalian in north-eastern DRC; 3.1 Kibara Belt,
3.2 Kamativi Schist Belt, 3.3 Orange River Belt; 4.1 Eastern Desert, 4.2 Adola Belt, 4.3 Alto Ligonha
Province, 4.4 Damara Belt, 4.5 Older Granites (Nigeria), 4.6 Madagascar; and 5.1 Younger Granites
(Nigeria) [44].

The Kibara Belt (KIB) in the Democratic Republic of the Congo (DRC) contains mas-
sive Sn-W and other mineral-bearing granites as well as associated peri-granitic quartz
veins [45–52]. A report up until 2010 for the KIB in the DRC stated an overall cumulative
production of 800,000 tons of cassiterite, 30,000 tons of columbo-tantalite, 30,000 tons of
wolframite, 600 tons of gold, and byproducts of bismuth, molybdenum, beryl, and ambly-
gonite [51,53]. In the KIB, while petro-geochemical and tectono-structural characterizations
of granitic intrusions and quartz veins have been studied [10,45–50], few investigations
have combined cassiterite internal micro-textures, ore chemistry, and fluid inclusions to
constrain the contribution of alteration and magmatic-hydrothermal fluid processes during
Sn-W deposition. In this study, we provide combined results of fluid and ore chemistry to
demonstrate the role of alteration and fluid processes in precipitating high-grade cassiterite
and wolframite in the KIB in the DRC.
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Figure 2. A map unit showing regional and local geology of the north-western Kibara belt (KIB)
in the Maniema province in the Democratic Republic of the Congo [54,55]. The map includes the
mineral resources and prospects of this part of the KIB, and sampling sites and localities are indicated
by black spots.

2. Background Geology
2.1. Geological Settings of the KIB

Africa comprises numerous Archean cratonic nuclei that are stitched together by sev-
eral orogenic events [56–58], leading to break-up and accretion [48,59–63]. Geochronology
based on Rb-Sr and zircon U-Pb indicates that the sub-Saharan region of Africa consists
of Archean shields (e.g., Congo-Kasai craton and Tanzanian block, Figure 1) sutured by
episodic orogens from the Archean to the Phanerozoic (Figures 1–3) [57,60,63]. The Meso-
proterozoic Kibaran orogen in the DRC produced a belt named “Kibara Belt (KIB),” which is
part of the extensive Central African Metallogenic Province (Figure 1) and hosts numerous
high-grade Sn and W-Nb-Ta deposits associated with granites (Figures 2 and 3) [10,45,49–
52,61,64–66].
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Mesoproterozoic are subdivided into four clustering groups, designated G1 to G4. Only the latest 
G4 and its associated quartz veins and pegmatites are mineralized in the Sn oxide group and colum-
bite group minerals. (K/Cy = tectonostratigraphic cycles; Un = major unconformities; D = tectonic 
events; G = main granitic events; M = main metamorphic events; a–i = main stages of the geodynamic 
evolution; 1—Extensional tectonic regime; 2—Compressional tectonic regime; Lithology: ls = lime-
stone, s-cgt = sedimentary-conglomerate, sh = shale, m-cgt = metamorphic-conglomerate, csh = calc-
schist, m-qtz = meta-quartzite, msh = micaschist, mb = marble, gs = gneiss; Orogens: KIB = Kibara 
belt, KIV = Kivu belt, LUB = Lufilian belt) [67]. 

The KIB�s basement consists of metasediments, including metapelite-schist and gra-
nitic gneiss (Figure 3) [57,68–73]. The metamorphic rocks� foliation orientations in the belt 
are NE-SW in the southern part (in the provinces of Lualaba, Haut-Lomami, western 

Figure 3. A synthesis of the KIB tectono-magmatic and stratigraphic units. Granitic intrusions in
the Mesoproterozoic are subdivided into four clustering groups, designated G1 to G4. Only the
latest G4 and its associated quartz veins and pegmatites are mineralized in the Sn oxide group
and columbite group minerals. (K/Cy = tectonostratigraphic cycles; Un = major unconformities;
D = tectonic events; G = main granitic events; M = main metamorphic events; a–i = main stages of the
geodynamic evolution; 1—Extensional tectonic regime; 2—Compressional tectonic regime; Lithology:
ls = limestone, s-cgt = sedimentary-conglomerate, sh = shale, m-cgt = metamorphic-conglomerate,
csh = calc-schist, m-qtz = meta-quartzite, msh = micaschist, mb = marble, gs = gneiss; Orogens:
KIB = Kibara belt, KIV = Kivu belt, LUB = Lufilian belt) [67].

The KIB’s basement consists of metasediments, including metapelite-schist and granitic
gneiss (Figure 3) [57,68–73]. The metamorphic rocks’ foliation orientations in the belt are NE-
SW in the southern part (in the provinces of Lualaba, Haut-Lomami, western Haut-Katanga,
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and Tanganyika), NW-SE in the northern part (Maniema province), and N-S in the central part
(in the provinces of Maniema and South Kivu) [56,62,63,74]. The central and northern parts of
the belt are covered by a siliciclastic sedimentary sequence of the Congo Basin with a thickness
of about 10 km [62,63,75]. The Kibara metasedimentary basement was intruded by a series of
barren and mineralized granites [8,14,44,49,70,76,77] and subordinate mafic bodies during the
Mesoproterozoic orogeny [71,78] (Figure 3). Sn-W mineralized and barren quartz vein sets
associated with the granitic intrusions crosscut both the granites and the metasedimentary
basement [8,14,47,50,66,77,79–82]. The Mesoproterozoic KIB overrides the Paleoproterozoic
belt “Ubende belt” [45] in the northern part, hosting Fe-Au mineralization [59], and in the
southern part, it is partly overlapped by the Neoproterozoic belt “Lufilian belt or Zambian
belt” known for Cu-Co deposits [57,58,60,83–94].

The KIB hosts valuable minerals, including cassiterite, wolframite, and columbite,
which are the major primary ores associated with granites and peri-granitic quartz veins [44,
49,50,95]. The KIB has secondary placer mineralization in alluvial and eluvial deposits
in nearby rivers and valleys, about 1–2 km away from the primary mineralized granites
and associated quartz veins (Figure 2) [47]. The eluvial gravel layer hosting the placers
is less than 2 m thick, and the cassiterite (Sn) grade of the gravel ranges from 0.2 to
5 kg/m3 (average cutoff grade: 0.5–1.5 kg/m3) [47,51]. The Sn-W ores in the belt contain
non-negligible amounts of by-products such as Nb, Ta, As, Hg, Pb, U, REE [53], and
Au [52,96]. The geological settings of the KIB, including chronostratigraphic units, tectono-
metamorphic events, and associated mineralization, are summarized in Figure 3 [67].

2.2. The Tectono-Magmatism, Rock and Ore Classifications and Chronology

The granitic intrusions in the KIB are peraluminous, S-type [12,82], and leucocratic
granite [6,56,62,74,95,97], formed by crustal melting [9] of Al-rich metasedimentary rocks
during the Kibaran orogeny [14,60]. The KIB granites are classified into three main phases
based on ages, textures, and ore mineral contents (Figure 3) [48,67]. The first phase consists
of pre- to syn-tectonic “barren” granitic intrusions (G1–G3, Figure 3) of 1100–1500 Ma [6,
44,49,76], which are coarse-to-fine-grained and contain quartz, plagioclase, K-feldspar,
and biotite. The second phase (this study) comprises Kibaran post-orogenic “Sn-(W)
mineralized” granites (G4, Figure 3) of 950–1094 Ma [48,49,51,61]. These granites are
equigranular and contain quartz, biotite-muscovite, albite, and accessory minerals such as
hornblende, apatite, and ore minerals such as cassiterite, pyrite, chalcopyrite, and sphalerite.
The third phase includes granitic pegmatites (G4 or G5, depending on their location in
the DRC and Rwanda, respectively) of 755–950 Ma [48,82], which exhibit enrichment in
Nb-Ta-Sn [81,95,98,99].

Two types of pegmatites are distinguished in the Kibara Belt: Li-Cs-Ta-rich (LCT-type)
and Nb-Y-F-rich (NYF-type) [2,3,5,47,81,95,100]. These LCT (abundant) and NYF (rare)
pegmatites consist of quartz and micas (biotite, muscovite, lepidolite, and spodumene) and
accessory minerals such as plagioclases (albite-oligoclase), beryl, tourmaline, cassiterite,
apatite, columbo-tantalite, phosphates, and rare sulfate minerals [6,44,61,76,95,97,101].

2.3. The Petrography of the Sn(-W) Mineralized Granites

The “second-phase G4” Sn-bearing granites in the KIB are composed of (1) equigran-
ular granitic cupola (mineralized), (2) greisenized granites (mineralized), (3) pegmatites
(mineralized), and (4) lenticularly injected and pipe-like granites of aplite (less mineral-
ized) [6,10,48,49,77]. In this study, we focused on the mineralized granites (1-3) of the KIB in
the Maniema province (Kalima and Mokama sites, Figure 2). The contact between granitic
intrusions and the metasedimentary basement is generally tilted (at an angle greater than
60◦). The contact between the mineralized granites and pegmatites (Kailo site, Figures 2
and 4i) often displays a lateral gradation of decreasing mineral sizes of mica flakes and ag-
gregated quartz grains from pegmatite towards granites. Equigranular granitic intrusions
often occur in large batholith bodies, approximately 4 to 7 km long and 1 to 2 km wide.
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The mineralized granites consist of K-feldspar, quartz, albite, biotite, muscovite, and
hornblende (Figures 4c,d and 5a,b). Some quartz grains contain inclusions of muscovite,
sericite, and albite (Figure 4c). Orbicular textures and miarolitic cavities are observed in
the granites. The cavities forming the miarolitic textures are up to 1–5 cm in diameter
(Figure 5c). Greisenization is characterized by abundant muscovite (Figure 4c,d). These
greisenized rocks (Salukwangu and Nakenge of Kalima sites; Figure 2) consist of quartz
aggregates and muscovite flakes associated with minor black tourmaline (schorl), albite,
lepidolite, topaz, and fluorite. In these rocks, the central parts primarily consist of quartz
bordered with a dark rim of black tourmaline, and the outer parts contain mainly quartz and
muscovite, with minor disseminations of black tourmaline, topaz, fluorite, and lepidolite.
Cassiterite is found in the greisenized granites (abundant in the central, subsidiary in
the outer parts) at the cupola or at the contact zone with the metasedimentary basement.
Some equigranular granites, such as those in the Mokama site (MOKA-2-6 and MOKA-2-9;
Figure 2), display sulfide minerals including chalcopyrite, bornite, sphalerite, pyrite, and
supergene minerals such as chalcocite, covellite, and malachite.
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province in the DRC [51,77]: (a,b) Mineralized quartz veins crosscutting schist and showing mus-
covite alterations and cavities from the Yubuli site; (c,d) Mineralized granites from the Mokama site
displaying alteration features such as red selvage (white arrow) and miarolitic cavities; (e) A rela-
tively fresh barren granite from the Barrage site displaying abundant k-feldspar (pinkish orthoclase);
(f) Altered barren granite from the Balendelende site showing chloritization (green mass of chlorite)
and albitization (giant laths of plagioclases, including albite); (g,h) mineralized pegmatites from the
Moga site showing giant quartz crystals and big flakes of muscovite; (i) A contact zone between
pegmatite and granite from the Kailo site showing shifting of mineral sizes. (Legend: Qtz = quartz,
Bt = biotite, Ms = muscovite, Chl = chlorite, Ab = albite, Plag = plagioclase, Cst = cassiterite, Or = orthoclase).
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granites from the Mokama site; (c) Mineralized quartz veins from the Kalima (and Nakenge) site;
(d) Mineralized quartz veins from the Batamba site showing recrystallized quartz that fills out
cavities; (e,f) Mineralized quartz veins from the Batamba site showing schistosity, micro-folds, and
micro-faults; (g) Mineralized quartz vein from the Yubuli site showing muscovite alteration; (h) A
mineralized quartz vein from the Batamba site showing a micro-fault with displacement. (Legend:
Qtz = quartz, Ms = muscovite, Cst = cassiterite, Wft = wolframite, Py = pyrite, Fl = fluorite).

The Sn (-W) mineralized pegmatites occur as lenticular or pipe-like bodies with diameters
of less than 50 m. These pegmatites are in contact with the granite at the Kailo site (Figures 2
and 4i) or crosscut metasedimentary rocks in the Moga area (Figures 2 and 4g,h).

2.4. The Petrography of the Sn-W Quartz Veins

Two types of quartz veins occur in the studied area: (1) Sn-W mineralized veins that
crosscut the metasedimentary basement [14,45,47,50,66], and (2) barren veins that crosscut
mainly granites and, less frequently, metasediments [63,69,72,73].

The Sn-W mineralized quartz veins have ages of 820–905 Ma (Ar-Ar on muscovite) [50].
The veins, with thicknesses of up to 15 cm (Figure 5f), consist of early euhedral quartz
followed by later ores [45–49]. The paragenetic sequence among the ores is: (1) cassiterite,
(2) cassiterite-wolframite, and (3) sulfides including arsenopyrite, pyrite, and molybden-
ite (Figures 4a,b and 5d,g) [47,48,50,66,79,80,102,103]. In the Yubuli and Mokama sites
(Figure 2), a few mineralized quartz veins (Figures 4b,c and 5d) that crosscut the metasedi-
mentary basement host sulfide minerals including arsenopyrite, chalcopyrite, sphalerite,
pyrite, and rarely bornite. The Sn-W mineralized quartz veins are generally straight
(Figures 4a,b and 5d,f–h), but often curved (Figure 5e), folded, or faulted (Figure 5e).

The barren quartz veins, with thicknesses of 1–5 cm (Figure 5a,b), consisting of pyrite,
fluorite, and minor Fe oxides. They are straight and feature early pyrite followed by the
intergrowth of euhedral quartz and fluorite (Figure 5a,b). These barren veins are thinner
than the Sn-W mineralized veins.

2.5. Alteration Features

The Sn-W bearing granites and quartz veins in the KIB display various alteration
features. Halos of these alterations are characterized by the presence of minerals such as
muscovite, sericite, albite, chlorite, and hematite (Figures 4a–i and 5a–d). We observed
and classified the hypogene alteration assemblages into five groups: (1) quartz-chlorite-
muscovite-sericite; (2) tourmaline-albite-topaz-muscovite-quartz; (3) tourmaline-muscovite;
(4) hematite-pyrite; and (5) muscovite-quartz. Alteration assemblages 1–3 are dominant
in the Sn-mineralized granites, while assemblage 4 is dominant in the barren quartz veins
cutting the granite, and assemblage 5 is dominant in the Sn-W mineralized quartz veins
cutting metasedimentary rocks. Among the mineralized granites, alteration (3) is dominant
in the highest grade of Sn.
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3. Materials and Methods
3.1. Sample Preparation for Mineral Geochemistry and Fluid Inclusions

More than 15 polished sections of cassiterite and wolframite grains were prepared for
petrography and mineral geochemistry. Minerals such as quartz, fluorite, and cassiterite
hosting fluid inclusions were selected based on their alteration, lithology, and ore type
(e.g., Sn, Sn-W, and barren), as well as cross-cutting relationships. The mineral grains or
chips were doubly polished until they reached the required transparency under a polarized
microscope (Nikon, Nikon Instruments Inc., New York, NY, USA) [104]. Approximately
hundreds of mineral chips were prepared for the subsequent fluid inclusion study.

3.2. Microanalyses of Ore Minerals (SEM-CL, EPMA, EDS, and LA-ICP-MS)

Cassiterite and wolframite compositions were determined by energy-dispersive spec-
troscopy (EDS; HR-SEM SU8010 series, Hi-Tech Instruments, Nanjing, China) at Inha Uni-
versity and an electron probe microanalyzer (EPMA) CAMECA SX100 series (CAMECA,
Paris, France) at the Korean Basic Science Institute (KBSI) and Pusan National University
in Korea (Table 1). The electron probe microscope consisted of a JEOL-JXA-8530F PLUS
model and used an acceleration voltage of 15 kV, an acceleration current of 40 nA, and an
electron beam of 3 mm. The analysis was conducted with a peak duration of 10 s and a
background time of 5 s for Ti, Fe, and Mn, and both peak and background times of 40 s for
the remained elements. Elements were measured on cassiterite (Sn, PET (2d = 8.7 Å), Lα),
rutile (Ti, PET, Kα), hematite (Fe, LIF (2d = 4.0 Å), Kα), spessartine garnet (Mn, LIF, Kα),
corundum (Al, TAP (2d = 25.8 Å), Kα), columbite (Nb, LIF, Lα), tantalite (Ta, TAP, Mβ), and
wolframite (Mn, TAP, Lα). For the calibrations, standards are natural minerals: cassiterite
for Sn, synthetic oxides: MnTiO3 for Ti and Fe2O3 for Fe, and pure metals (Nb, Ta, and W),
whose results were used as an internal standard for subsequent laser ablation (LA) ICP-MS.
SEM-CL images were obtained from 15 representative grains of cassiterite and wolframite.

LA-ICP-MS microanalysis of trace elements (Tables 1–3) was performed on 67 spots
for cassiterite, 7 for quartz, and 13 for wolframite. Micro-zonation obtained from the
SEM-CL images was used for the LA-ICP-MS spot selection. We analyzed isotopes of 60
elements (7Li, 9Be, 11B, 23Na, 25Mg, 27Al, 29Si, 31P, 39K, 42Ca, 45Sc, 49Ti, 51V, 53Cr, 55Mn, 57Fe,
59Co, 61Ni, 65Cu, 66Zn, 71Ga, 73Ge, 75As, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 107Ag, 111Cd,
113In, 118Sn, 121Sb, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 163Dy,
165Ho, 167Er, 169Tm, 173Yb, 175Lu, 178Hf, 181Ta, 182W, 185Re, 197Au, 205Tl, 208Pb, 209Bi, 232Th,
and 238U).

The LA-ICP-MS microanalyses were performed at the Korea Institute of Ocean Science
and Technology (KIOST). The system consists of a 193 nm Argon-Excimer laser (LA-NWR
193) coupled with a quadrupole ICP-MS Agilent 7700x (Agilent Technologies, Santa Clara,
CA, USA). The 10–12 spot laser ablations were bracketed with unknowns and standard
reference materials (SRM; NIST-612 and BCR-2), with a repetition rate of 5 Hz and a
laser energy of about 4–6 J/cm2. The beam diameter of the ablations was 50 µm for both
cassiterite and wolframite. A comparison of chemistry was established between cassiterite
types and wolframite (Table 4).
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Table 1. LA-ICP-MS and EPMA analytical results of major and trace elements in cassiterite (cross-section 1 in cassiterite DMYUB) hosted in the Yubuli quartz vein.

Major and Trace Element Distributions in Textured Cassiterite for Cross-Section 1

Orogen/Age: Kibara belt (KIB)/Mesoproterozoic
Locality: Yubuli (DMYUB)

Rock type: Quartz vein
Mineral: Cassiterite
Textures: Oscillatory and Replacement
Ore type: Type I Type I Type II Type I Type I Type I Type I Type II Type I Type II Type I

Samples DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB
1_9_1 1_9_2 1_9_3 1_9_4 1_9_5 1_9_6 1_9_7 1_9_8 1_9_9 1_9_10 1_9_11

Major elements

SnO2 (wt.%) 99.1 98.9 98.3 97.9 98.5 99.0 98.7 97.6 98.3 99.6 98.8
Total (wt.%) 99.1 98.9 98.3 97.9 98.5 99.0 98.7 97.6 98.3 99.6 98.8

Minor elements

Li (ppm) 11.79 8.70 bdl 1.97 2.50 1.03 1.18 2.61 bdl 1.83 0.62
B (ppm) 15.74 13.53 13.49 13.63 14.48 14.12 12.44 12.17 12.06 11.44 13.19

Na (ppm) 49.53 28.89 bdl 15.33 32.27 bdl bdl 38.83 bdl 47.41 bdl
Mg (ppm) 1.00 0.03 bdl bdl 0.05 bdl bdl 1.00 bdl bdl 1.00
Al (ppm) 12.55 9.56 101.34 19.12 15.48 7.71 8.54 71.50 11.84 80.78 8.37
Si (ppm) 1353.59 1167.90 1224.77 1424.93 1132.53 1243.20 1153.29 1130.62 1284.81 1045.29 1063.83
P (ppm) 5.00 bdl 19.79 23.97 bdl bdl 3.00 11.00 3.00 9.00 bdl
K (ppm) 13.39 15.53 bdl bdl 6.98 bdl bdl 18.81 bdl 20.00 bdl
Ca (ppm) 2.00 bdl 1.00 bdl bdl 3.00 bdl bdl bdl 5.00 4.00
Sc (ppm) 1.67 2.58 4.53 3.69 4.67 2.85 2.52 4.15 2.84 3.48 2.45
Ti (ppm) 310.61 161.93 65.72 462.91 503.36 638.53 856.18 396.39 595.92 740.65 832.54
V (ppm) 9.49 8.09 2.00 17.35 22.66 20.77 29.95 18.16 16.41 35.30 12.89

Mn (ppm) 3.00 3.13 1.39 8.54 0.83 0.71 0.62 3.68 0.86 5.69 1.27
Fe (ppm) 91.51 145.37 1456.51 182.58 222.50 109.42 142.63 601.87 161.67 490.51 203.06
Co (ppm) 13.52 13.77 13.67 14.17 13.39 14.18 14.14 14.06 12.45 13.80 13.58
Ni (ppm) 242.73 248.12 222.86 246.34 230.96 229.10 238.69 220.71 210.97 236.77 224.47
Cu (ppm) 0.50 bdl 1.00 bdl 0.30 bdl bdl 2.06 bdl 6.15 bdl
Zn (ppm) 3.95 3.68 11.81 3.77 3.79 4.22 3.99 11.95 3.90 8.75 3.56
Ga (ppm) 0.31 0.43 3.99 0.43 0.67 0.32 0.31 1.57 0.45 0.43 0.31
Ge (ppm) bdl bdl 1.81 bdl 0.03 bdl bdl 2.30 bdl 2.40 bdl
As (ppm) 4.70 1.53 11.52 1.47 1.51 1.66 1.52 9.29 1.64 29.47 1.52
Rb (ppm) 0.67 1.82 bdl bdl 1.00 bdl 0.50 bdl 0.40 bdl 1.50
Sr (ppm) 2.06 0.76 0.21 0.80 0.70 2.18 bdl 0.73 bdl 0.69 0.34
Y (ppm) bdl bdl 0.15 bdl bdl 0.01 bdl 0.04 bdl 0.14 bdl
Zr (ppm) 8.23 3.51 2.07 9.01 9.86 17.98 20.61 7.01 19.40 12.61 25.80
Nb (ppm) 2.08 0.35 0.25 0.33 0.82 1.76 0.73 1.19 0.17 2.38 107.36
Ag (ppm) 0.13 bdl 1.67 bdl 42.00 bdl 0.33 1.30 bdl 1.20 bdl
In (ppm) 2.12 2.76 28.19 4.60 5.89 2.95 2.85 13.98 4.06 4.31 2.33
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Table 1. Cont.

Major and Trace Element Distributions in Textured Cassiterite for Cross-Section 1

Minor elements

Sb (ppm) 0.76 0.41 1.43 0.44 0.61 0.42 0.50 0.62 bdl 0.39 0.45
Cs (ppm) 2.91 2.38 0.46 0.88 0.80 0.37 0.76 1.09 0.18 0.71 0.27
Ba (ppm) 4.11 3.78 2.89 2.99 3.30 3.04 2.93 3.13 3.50 3.44 3.54
La (ppm) 0.00 bdl bdl bdl bdl bdl bdl 0.18 bdl 0.22 bdl
Ce (ppm) 0.50 bdl bdl bdl bdl bdl bdl 0.77 bdl 1.72 bdl
Pr (ppm) 0.06 0.06 0.06 0.06 bdl bdl bdl 0.09 0.07 0.11 0.05
Nd (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Sm (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Eu (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Gd (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Tb (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Dy (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ho (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Er (ppm) bdl bdl bdl bdl bdl 0.58 bdl bdl bdl bdl bdl
Tm (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Yb (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Lu (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Hf (ppm) 0.16 bdl bdl 0.17 0.15 0.53 0.56 bdl 0.49 0.20 0.70
Ta (ppm) 0.34 0.14 0.05 0.05 0.05 0.05 0.05 0.02 0.05 0.05 0.65
W (ppm) 25.79 5.94 67.44 20.16 22.56 5.88 4.77 88.34 7.56 152.52 4503.61
Au (ppm) bdl bdl 1.90 bdl 0.02 bdl bdl 2.00 bdl 3.00 bdl
Tl (ppm) bdl bdl bdl bdl bdl 0.40 bdl bdl bdl bdl bdl
Pb (ppm) 1.06 1.64 0.32 0.13 0.11 0.13 0.15 0.94 0.12 2.15 0.14
Bi (ppm) 0.89 0.07 0.07 0.07 0.06 0.07 0.07 1.05 0.07 3.86 0.06
Th (ppm) 0.07 0.05 0.05 0.05 0.05 bdl 0.05 0.06 0.05 0.26 bdl
U (ppm) 0.12 0.11 2.82 0.25 0.24 0.10 0.13 0.64 0.13 0.21 2.46

∑REE (ppm) 0.6 0.1 0.1 0.1 bdl 0.6 bdl 1.0 0.1 2.1 0.1
Ti/Fe 3.39 1.11 0.05 2.54 2.26 5.84 6.00 0.66 3.69 1.51 4.10
In/Ta 6.24 19.75 563.78 91.98 117.84 58.96 57.10 698.79 81.27 86.29 3.58

Al/Nb 6.04 27.18 403.96 57.34 18.81 4.38 11.78 60.29 68.46 33.94 0.08
V/Fe 0.10 0.06 n.a. 0.10 0.10 0.19 0.21 0.03 0.10 0.07 0.06

Footnote: bdl = below the detection limit.
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3.3. Fluid Inclusion Study (Microthermometry and Laser Raman Spectroscopy)

For the fluid inclusion study, 300 doubly-polished chips of quartz (180), fluorite
(30), and cassiterite (90) from 100 doubly polished sections were used. Petrographic
descriptions of fluid inclusion (FI) types and their assemblages (FIAs) were performed
under a transmitted light microscope and are reported in the following result section.
Laser Raman spectroscopy on bubble parts of more than 40 aqueous fluid inclusions was
performed at Inha University. We used the Raman confocal laser (Horiba, LabRam HR
Evolution model, Horiba Ltd., Kyoto, Japan) to detect trapped gas species such as CO2,
CH4, N2, and H2 in the inclusions [34,105]. The laser was equipped with alternating 532
and 785 nm edge filters, an adjustable spot size of 1–5 µm, and an integration laser timing
of 10–40 s.

For fluid inclusion microthermometry, we used a heating-cooling stage of Linkam-
FTIR 600 to determine ice melting and total homogenization (Th) of FIs [106,107]. The stage
calibration was performed using synthetic fluid inclusions (aqueous CO2–CH4 bearing
inclusion and pure water inclusion) to obtain the triple point (−57.1 ◦C) of the CO2–
CH4 mixed aqueous inclusion and ice melting (0.0 ◦C) and the critical homogenization
temperature (374 ◦C) of the pure water inclusion. We analyzed about 3–6 aqueous liquid-
rich inclusions in a single assemblage (FIA), and the result of each assemblage was reported
as an average ± standard deviation (1σ) for its salinity and homogenization temperature
(Table 5) [19,108–111]. The obtained microthermometric results were processed by the
SOWAT software (a NaCl-H2O model system) to obtain an isochoric curve in the P-T-X
system (Table 5).

Table 2. LA-ICP-MS and EPMA microanalyses on cassiterite in Nakenge granites and wolframite in
Yubuli quartz veins.

LA ICPMS Major and Trace Element Data for Cassiterite Hosted in Granite, and Wolframite in Quartz Vein

Orogen/Age: Kibara belt (KIB)/Mesoproterozoic
Locality: Nakenge (DMNAKE) Yubuli (DMYUB)

Rock type: Granite (greisen) Quartz vein
Mineral: Cst Cst Cst Cst Wft Wft Wft Wft Wft Wft Wft Wft Wft Wft Wft
Textures: Oscillatory and Replacement Homogenous (No internal texture observed).Ore type: Type II Type II Type I Type II

Samples DMNAKE DMNAKE DMNAKE DMNAKE DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB DMYUB
117_12 117_10 117_5 118_2 1_14_1 1_14_2 1_14_3 1_14_4 1_14_5 1_11_1 1_11_2 1_11_9 1_11_10 1_11_11 1_11_12

Major elements

SnO2 (wt.%) 98.5 97.6 98.3 97.9 t.e. t.e. t.e. t.e. t.e. t.e. t.e. t.e. t.e. t.e. t.e.
WO3 (wt.%) t.e. t.e. t.e. t.e. 74.8 75.2 73.9 74.2 74.1 75.8 74.5 75.5 74.1 73.6 74.2
FeO (wt.%) t.e. t.e. t.e. t.e. 17.6 18.4 17.9 17.6 17.6 16.7 17.8 17.2 18.5 18.4 17.0
MnO (wt.%) t.e. t.e. t.e. t.e. 6.6 5.9 6.9 6.8 6.4 6.7 6.2 6.1 6.5 6.3 6.9
Total (wt.%) 98.5 97.6 98.3 97.9 99.0 99.5 98.7 98.6 98.1 99.2 98.5 98.8 99.1 98.3 98.1

Minor elements

Li (ppm) 4686.1 bdl 19.3 bdl 14.1 1.2 7.9 5.7 0.0 bdl bdl bdl bdl bdl bdl
B (ppm) 15.3 10.7 8.0 15.91 4.7 7.3 0.0 6.6 8.8 bdl bdl bdl bdl bdl bdl

Na (ppm) 58.4 0.0 20.1 0.00 224.7 0.0 51.8 81.5 30.6 bdl bdl bdl bdl bdl bdl
Mg (ppm) 2123.6 0.0 12.9 10.64 180.2 190.8 191.7 206.0 280.6 bdl bdl 204.0 bdl bdl bdl
Al (ppm) 2140.3 10.6 23.2 14.38 10.0 11.0 9.3 10.9 13.8 bdl bdl bdl bdl bdl bdl
Si (ppm) 5950.7 2331.3 3671.1 2017.06 0.0 783.5 1241.0 975.7 796.7 bdl bdl bdl bdl bdl bdl
P (ppm) 0.0 0.0 242.4 0.00 0.0 0.0 0.0 0.0 0.0 bdl bdl bdl bdl bdl bdl
K (ppm) 3636.0 0.0 33.7 0.0 38.4 0.0 0.0 21.4 0.0 bdl bdl bdl bdl bdl bdl
Ca (ppm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 bdl bdl bdl bdl bdl bdl
Sc (ppm) 4.8 2.5 1.9 2.9 12.8 12.3 14.8 21.0 15.6 bdl bdl bdl bdl bdl bdl
Ti (ppm) 1540.0 1634.3 2031.4 1709.6 0.0 0.0 0.0 16.9 20.6 bdl bdl bdl bdl bdl bdl
V (ppm) 9.0 6.0 6.4 6.1 0.0 0.0 0.0 0.5 1.2 bdl bdl bdl bdl bdl bdl

Mn (ppm) 126.0 6.8 11.8 10.3 m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e.
Fe (ppm) 842.7 87.4 69.3 153.2 m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e.
Co (ppm) 13.0 11.9 12.8 13.4 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni (ppm) 176.6 173.7 180.5 210.4 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Cu (ppm) 2.2 0.0 0.0 0.0 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Zn (ppm) 24.5 9.2 15.1 12.1 37.1 38.1 44.3 40.0 45.9 bdl bdl bdl bdl bdl bdl
Ga (ppm) 6.6 bdl 0.7 0.6 0.5 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ge (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
As (ppm) bdl bdl bdl 4.6 bdl bdl bdl 2.5 bdl bdl bdl bdl bdl bdl bdl
Rb (ppm) 452.4 bdl bdl bdl 0.6 bdl bdl 0.5 bdl bdl bdl bdl bdl bdl bdl
Sr (ppm) 0.3 bdl 0.1 0.1 2.3 bdl 1.0 1.7 0.6 1.2 bdl bdl bdl 1.2 bdl
Y (ppm) 0.0 2.8 1.1 0.0 2.1 3.4 1.1 2.3 3.9 bdl 7.9 bdl 2.1 3.6 9.3
Zr (ppm) 157.7 169.5 188.7 167.9 bdl bdl bdl 0.5 4.8 1.0 bdl 1.3 bdl bdl bdl
Nb (ppm) 1085.3 1197.7 278.6 587.1 31.1 36.5 12.0 180.1 160.9 188.8 121.5 133.5 95.8 365.1 246.9
Ag (ppm) bdl bdl bdl bdl bdl bdl 1.9 1.0 bdl 3.2 bdl bdl bdl 3.6 6.9
In (ppm) bdl bdl bdl bdl 4.1 3.7 3.9 5.9 5.6 bdl bdl bdl bdl bdl bdl
Sn (ppm) m.e. m.e. m.e. m.e. bdl bdl 7.0 bdl 26.5 bdl bdl bdl bdl bdl bdl
Sb (ppm) 1.1 bdl 1.7 0.9 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Cs (ppm) 73.4 0.5 0.5 0.4 2.2 bdl 0.5 1.3 0.3 bdl bdl bdl bdl bdl bdl
Ba (ppm) 26.8 10.3 9.0 5.7 1.7 bdl 2.0 1.8 1.1 bdl bdl bdl bdl bdl 23.3
La (ppm) 0.22 0.16 0.17 0.15 bdl bdl 0.20 0.22 bdl 0.85 bdl bdl bdl bdl 3.79
Ce (ppm) 0.12 0.24 0.09 0.12 bdl bdl 0.29 1.07 0.27 4.43 bdl 1.25 bdl bdl 9.19
Pr (ppm) 0.18 0.21 0.15 0.12 bdl bdl bdl 0.09 0.49 0.37 bdl 0.14 bdl bdl 1.43
Nd (ppm) bdl bdl bdl bdl bdl bdl bdl 0.51 bdl 2.01 bdl bdl bdl bdl 7.21
Sm (ppm) bdl bdl bdl bdl 0.89 bdl bdl bdl bdl bdl bdl bdl bdl bdl 3.00
Eu (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 1.13
Gd (ppm) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
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Table 2. Cont.

LA ICPMS Major and Trace Element Data for Cassiterite Hosted in Granite, and Wolframite in Quartz Vein

Minor elements

Tb (ppm) bdl bdl bdl bdl bdl bdl bdl 0.08 0.12 bdl bdl bdl bdl bdl bdl
Dy (ppm) bdl bdl bdl bdl 0.53 0.46 0.52 0.74 1.29 1.28 bdl bdl bdl bdl 4.17
Ho (ppm) bdl 0.09 bdl bdl 0.18 0.21 0.16 0.25 0.48 bdl 1.07 0.23 bdl bdl bdl
Er (ppm) bdl 0.50 bdl bdl 1.34 1.48 0.74 1.68 2.68 bdl bdl 1.28 1.33 bdl 4.17
Tm (ppm) bdl 0.13 bdl bdl 0.45 0.47 0.31 0.49 0.76 bdl 1.87 bdl 0.36 bdl 1.04
Yb (ppm) bdl 0.61 0.45 bdl 5.29 5.60 3.52 6.32 9.14 8.28 21.64 bdl 4.76 8.63 12.08
Lu (ppm) 0.11 0.19 0.11 0.07 1.06 1.14 1.01 1.32 1.95 1.68 bdl 1.28 1.02 bdl 2.39
Hf (ppm) 16.9 15.4 20.1 19.4 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ta (ppm) 3578.0 2822.3 1528.2 4177.9 0.9 0.9 0.9 1.2 3.9 4.7 bdl 1.2 1.0 7.4 8.6
W (ppm) 2.8 6.4 121.5 27.5 m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e.
Au (ppm) 5.4 4.2 1.8 3.1 1.8 0.6 0.6 0.6 0.5 bdl bdl 0.5 bdl bdl bdl
Tl (ppm) 2.5 bdl bdl bdl 0.1 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Pb (ppm) 0.3 bdl bdl bdl bdl bdl 9.6 33.6 3.6 93.3 49.9 63.9 bdl bdl 75.5
Bi (ppm) bdl 1.1 0.3 bdl bdl bdl 2.0 25.3 3.9 48.9 bdl 13.2 bdl bdl 9.7
Th (ppm) bdl 0.7 0.1 bdl bdl bdl bdl 0.1 0.1 bdl bdl bdl bdl bdl bdl
U (ppm) 0.4 2.7 1.0 0.5 bdl bdl 0.2 0.1 0.3 bdl bdl 0.3 bdl bdl bdl

∑REE (ppm) 0.6 2.1 1.0 0.5 9.7 9.4 6.7 12.7 17.2 18.9 24.6 4.2 7.5 8.6 49.6
Ti/Fe 1.83 18.70 29.30 11.16 n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a
In/Ta n.a n.a n.a n.a 4.47 3.97 4.30 4.70 1.42 n.a n.a n.a n.a n.a n.a

Al/Nb 1.97 0.01 0.08 0.02 0.32 0.30 0.78 0.06 0.09 n.a n.a n.a n.a n.a n.a
V/Fe 0.01 0.07 0.09 0.04 n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a

Footnotes: t.e. = trace element excluded, m.e. = major element excluded, bdl = below the detection limit,
n.a. = not analyzed, Cst = cassiterite, and Wft = wolframite.

4. Results
4.1. Sn-W Minerals and Their Micro-Textures

The cassiterite hosted in the granites and quartz veins can be subdivided into Type
I (yellow and transparent) and Type II (dark-red and translucent) under macroscopic ob-
servation (Figures 6a,b and 7c). The co-occurrences of Type I and II cassiterite, as well as
their spatial relationships, display various textural features, such as oscillatory (or growth)
zoning (Figure 6a–d) and replacement (Figure 6b,d). These micro-textures are unambiguously
observed under SEM-CL images and petrographic microscopes (Figures 6, 7 and 8a). Type I is
relatively highly luminescent and displays lighter bands compared to Type II, which shows
lower luminescence and darker bands (Figures 6c,d and 7a,b). These two cassiterites occur as
alternating or interchanging bands of “oscillatory or growth zones” (Figures 6a–d and 7a–c).
Type II replaces Type I as a “replacement texture” (Figures 6d and 7c).

The oscillatory zoning texture (or growth zone) consists of concentric bands of inter-
changing relative brightness and colors or kink fold-like alternating CL bands of Type I and
Type II (Figures 6a–d, 7a–c and 8a). The replacement texture exhibits a zone of substitution
of one cassiterite type by another type or by wolframite in the W-bearing ores (Figures 6d
and 7c). Type I is replaced by Type II through micro-fractures such as cracks and elbow
zones (Figure 7b,c). Cassiterites in the quartz veins and granites display relatively thicker
oscillating bands compared to cassiterites in the pegmatites, which show thinner bands of
less than 50 µm in width.

In the quartz veins, wolframite replaces cassiterite (especially Type II) (Figure 6d). Wol-
framite does not display a zonal feature; it is homogeneously dark under CL (Figures 6b,d
and 7c). Spots for LA-ICP-MS microanalyses on cassiterite and wolframite were selected
based on micro-textural information (Figure 8a–c).

4.2. Compositions of Cassiterite and Wolframite

Two types of cassiterite and wolframite (darker and brighter SEM-CL) (Figures 6c,d,
7a,b and 8a) were analyzed by LA-ICP-MS (Tables 1–3). Cross-sections of compositions
of cassiterite and wolframite crystals were obtained (Yubuli site; Figure 8a and Table 1).
LA-ICP-MS transient signals of the two types show contrasting concentrations of trace
elements (Figure 8b,c).
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Trace elements in cassiterite (Figures 8b,c and 9a–d; Tables 1–3) indicate that Fe, Al, In,
and Ga are relatively enriched in Type II, whereas Ti, Zr, Hf, Nb, Ta, and V show relative
enrichment in Type I (Figure 9a–d; Tables 1–3). Si, Cu, Ni, Sc, and Co show no preference
in the cassiterites (Figure 9a). Cassiterite crystals displayed both Ce-positive (Figure 10d;
Yubuli quartz veins) and negative (Figure 10c; Nakenge granite and greisen) anomaly
values (Chondrite normalized Ce/Ce* = 2Ce/(La + Pr)). Wolframite also displayed both Ce
positive and negative anomalies (Figure 10a,b). The Ce anomaly values range from 0.8–7.1
for Type II cassiterite, 0.7–2.8 for Type I cassiterite, and 0.8–2.5 for wolframite. In wolframite,
compared to cassiterite, trace elements including Pb, Bi, Ba, and HREE (Figure 10a,b) show
relatively higher concentrations, whereas Ti, V, Ga, As, Zr, Ta, and U are lower (Figure 10c,d;
Tables 1–4).

Atomic ratios, including V/Fe (<0.07) and Ti/Fe (0.03–1.5), are relatively lower in Type II
cassiterite compared to Type I (V/Fe and Ti/Fe are respectively 0.03–0.2 and 0.1–2.3). In/Ta
ratios (86.3–698.8) in Type II cassiterite are higher than in Type I (0.2–92.0). In wolframite,
ratios of In/Ta (1.4–4.7) and Al/Nb (<0.8) are relatively lower compared to cassiterites.

4.3. The Petrographic Descriptions of the KIB Fluid Inclusions

Fluid inclusions (FIs) are found in various minerals in the KIB, including quartz,
cassiterite, and fluorite. We selected host minerals based on three criteria: (1) petrog-
raphy (barren granites, Sn-bearing granites, and Sn-W quartz veins); (2) crosscutting
relationships (quartz veins intersecting either granite or metasediments); and (3) alter-
ation features. We chose host minerals and their FIs as follows: (a) quartz in barren
granites (DMBAR-1, DMKAILO-1, and BALE-1; Figure 2); (b) quartz in Sn-bearing granites
(DMMOKA-2, DMMOKA-2-6, DMMOKA-2-4, DMMOKA-2-7, DMMOKA-2-8, DMMOGA-
1, and DMNAKE-1; Figure 2); (c) quartz in barren quartz veins crosscutting Sn granite
(DMMOKA-2-7 and DMMOKA-2-8; Figure 2); (d) quartz in Sn-W quartz veins crosscutting
metasedimentary rocks (e.g., Schist, DMYUB-1, DMMET-1, DMBAT-1, and DMNAKE-1;
Figures 2 and 5c–g); (e) fluorite in barren quartz veins crosscutting Sn mineralized granite
(DMMOKA-2-8; Figures 2 and 5a,b); and (f) cassiterite in mineralized quartz veins and
granites (DMYUB-1, DMMAKU-1, DMBAT-1, and DMNAKE-1; Figures 4g,h and 5c–g;
Table 5).

After detailed petrographic observations, we identified texturally co-genetic fluid
inclusion assemblages (FIAs) (Figure 11a,e,j), randomly clustered (Figure 11b,f,k) or aligned
(Figure 11h,j,l) along a healing fracture or growth zone. Primary FIAs are rare in quartz
and fluorite, while secondary and pseudo-secondary FIAs are common. In cassiterite, we ob-
served primary (Figure 11a,h), secondary, and pseudo-secondary assemblages
(Figure 11a,b,g). We used pseudo-secondary and primary FIAs hosted in cassiterite and
pseudo-secondary FIAs for quartz and fluorite.

In quartz and cassiterite, we distinguished four types of inclusions based on their phase
proportion: (1) aqueous liquid-rich inclusions (liquid-rich: Figure 11a,b,f,l,m); (2) aqueous
vapor-rich inclusions (vapor-rich: Figure 11e,j); (3) aqueous intermediate-density inclusions
(ID: Figure 11b,g,i,k,l); and (4) aqueous carbonic-bearing inclusions (carbonic-bearing;
Figure 11c). Salt-bearing brine inclusions were not observed. The bubble sizes (estimated
vol.%) in the liquid-rich, vapor-rich, ID, and carbonic-bearing inclusions are 10–30, 70–100,
50, and 70–90, respectively. A few liquid-rich and carbonic-bearing inclusions contain dark
daughter minerals, possibly metal oxides or sulfides (Figure 11j). Some fluid inclusion
assemblages (FIAs) in quartz in the Sn-bearing granites (e.g., the Mokama site, Figure 2)
show co-occurrence of liquid- and vapor-rich inclusions, possibly a “boiling assemblage”
(Figure 11j). Fluorite predominantly hosts relatively small-sized (<20 µm in diameter)
liquid-rich inclusions (Figure 11d).
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Figure 6. Representative photographs of KIB cassiterite and wolframite ore samples from Yubuli
quartz veins [26,28]: (a,b) Macrophotographs of cassiterite and wolframite; (c,d) The corresponding
views under SEM-CL for selected areas. The dotted white rectangle shows a replacement of cassi-
terite by wolframite (irregular boundary), and the dotted yellow rectangle shows a growth zone of
alternating yellow transparent (a lighter CL) and dark translucent (a darker CL) cassiterite. (Legend:
Wft = wolframite, Cst I = yellow transparent cassiterite, Cst II = dark translucent cassiterite).

Table 3. Summarized results of LA-ICP-MS and EPMA microanalyses (including all cross-sections)
on cassiterite and wolframite concentrates from the KIB.

Summarized Data of LA ICP MS Analyses of Cassiterite and Wolframite

Country: Democratic Republic of Congo (DRC)
Orogenic
belt/Age: Kibara belt (KIB)/Mesoproterozoic

Rock type: Granites and quartz veins Quartz veins
Mineral: Cassiterite Wolframite

Ore texture: Oscillatory and replacement Homogenous
Ore type: Type I (n = 68 spots) Type II (n = 40 spots) (n = 13 spots)
Statistics: Min. Max. Avg. Std. Min. Max. Avg. Std. Min. Max. Avg. Std.

Major Oxides

SO2 (wt.%) 97.4 99.6 98.5 1.1 97.4 99.6 98.5 1.1 t.e. t.e. t.e. t.e.
WO3 (wt.%) t.e. t.e. t.e. t.e. t.e. t.e. t.e. t.e. 72.4 76.0 74.2 1.8
FeOt (wt.%) t.e. t.e. t.e. t.e. t.e. t.e. t.e. t.e. 16.7 18.5 17.6 0.9
MnO (wt.%) t.e. t.e. t.e. t.e. t.e. t.e. t.e. t.e. 5.9 6.9 6.4 0.5

Total 97.4 99.6 98.5 1.1 97.4 99.6 98.5 1.1 95.0 101.4 98.2 3.2

Trace elements

Li (ppm) 8.5 67.9 2.7 8.5 15.5 686.1 22.4 109.0 1.1 14.1 2.2 4.2
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Table 3. Cont.

Summarized Data of LA ICP MS Analyses of Cassiterite and Wolframite

Trace elements

Be (ppm) bdl bdl bdl bdl 0.0 3.6 0.1 0.7 0.0 5.6 0.4 1.5
B (ppm) 6.5 19.1 11.7 3.7 6.5 16.3 12.2 2.0 0.9 8.8 2.1 3.3

Na (ppm) 9.9 94.2 9.9 16.7 bdl 88.1 17.3 21.9 0.5 224.7 29.9 61.5
Mg (ppm) 0.1 20.8 0.9 3.7 bdl 2123.6 64.2 331.4 1.1 280.6 96.4 106.6
Al (ppm) 1.5 487.8 51.3 109.9 5.5 2140.3 207.0 468.0 0.9 13.8 2.6 4.9
Si (ppm) 500.0 10,563.4 1432.1 1266.8 850.4 6105.8 1711.3 1223.9 108.0 1241.0 292.1 449.9
P (ppm) 3.8 242.4 6.7 30.1 5.1 65.5 9.8 17.2 bdl bdl bdl bdl
K (ppm) 4.4 618.7 12.5 74.4 5.6 3636.0 160.3 655.0 1.1 38.4 4.6 11.3
Ca (ppm) 3.2 814.5 31.0 147.0 4.3 2233.7 73.0 356.9 bdl bdl bdl bdl
Sc (ppm) 0.3 14.3 3.0 3.0 1.8 15.0 3.9 3.4 3.2 21.0 5.9 7.7
Ti (ppm) 238.4 3077.3 1037.5 833.4 65.7 2951.8 883.6 767.8 1.7 20.6 2.9 6.8
V (ppm) 10.2 91.6 14.4 15.6 5.4 88.1 12.0 17.0 0.0 1.2 0.1 0.3
Cr (ppm) 0.2 12.0 0.4 1.7 0.5 5.5 0.2 1.0 bdl bdl bdl bdl
Mn (ppm) 103.8 4876.9 206.9 840.9 542.3 4692.9 281.5 979.6 m.e. m.e. m.e. m.e.
Fe (ppm) 28.2 294.0 118.5 67.5 87.4 2565.9 444.6 439.7 m.e. m.e. m.e. m.e.
Co (ppm) 8.5 15.8 13.3 2.5 11.9 15.5 13.7 0.9 bdl bdl bdl bdl
Ni (ppm) 138.5 381.7 222.8 70.8 143.9 355.4 241.7 49.4 bdl bdl bdl bdl
Cu (ppm) 0.4 3.4 0.2 0.7 1.1 8.8 1.8 2.3 bdl bdl bdl bdl
Zn (ppm) 2.1 35.9 3.3 5.9 7.4 57.3 8.9 11.9 8.9 45.9 15.8 20.1
Ga (ppm) 1.8 33.2 2.3 7.0 2.0 37.4 2.9 7.1 bdl 0.5 0.0 0.1
Ge (ppm) bdl bdl bdl bdl 0.0 1.8 0.1 0.4 bdl bdl bdl bdl
As (ppm) 1.9 30.2 2.3 4.9 8.7 63.6 11.9 15.1 bdl 2.5 0.2 0.7
Rb (ppm) 0.5 8.6 0.2 1.1 9.9 452.4 12.0 70.6 bdl 0.6 0.1 0.2
Sr (ppm) 0.1 6.9 0.5 0.9 0.0 2.0 0.5 0.6 bdl 2.3 0.6 0.7
Y (ppm) 0.0 1.6 0.1 0.3 0.5 20.0 1.0 3.3 bdl 9.3 2.9 2.8
Zr (ppm) 1.0 1324.5 137.1 283.4 2.1 1319.2 152.5 321.0 bdl 4.8 0.6 1.3
Nb (ppm) 720.2 9060.7 993.2 1551.9 425.3 7320.2 809.9 1621.1 12.0 365.1 133.7 94.5
Mo (ppm) 0.1 4.7 0.2 0.7 bdl bdl bdl bdl bdl bdl bdl bdl
Ag (ppm) 0.0 1.7 0.1 0.3 0.0 2.7 0.1 0.5 1.1 6.9 1.3 2.0
In (ppm) 1.3 7.1 1.6 1.9 3.8 48.5 4.4 8.9 1.5 5.9 1.8 2.3
Sn (ppm) m.e. m.e. m.e. m.e. m.e. m.e. m.e. m.e. 2.1 26.5 2.6 7.1
Sb (ppm) 0.2 1.7 0.7 0.4 0.1 1.8 0.7 0.4 bdl bdl bdl bdl
Cs (ppm) 0.1 2.9 0.6 0.5 1.8 73.4 2.5 11.4 0.1 2.2 0.3 0.6
Ba (ppm) 1.4 10.5 4.2 2.4 2.3 26.8 4.9 4.0 2.0 23.3 2.3 6.1
La (ppm) 0.1 0.6 0.1 0.1 0.3 1.6 0.1 0.3 0.5 3.8 0.4 1.0
Ce (ppm) 0.5 2.4 0.2 0.4 0.8 13.8 1.5 2.7 0.1 9.2 1.3 2.6
Pr (ppm) 0.0 0.3 0.1 0.1 0.0 0.6 0.1 0.1 0.1 1.4 0.2 0.4
Nd (ppm) 0.0 0.4 0.0 0.0 0.1 2.1 0.2 0.4 0.4 7.2 0.7 1.9
Sm (ppm) bdl bdl bdl bdl 0.1 0.5 0.2 0.1 0.1 3.0 0.3 0.8
Eu (ppm) 0.0 0.1 0.0 0.0 0.2 0.2 0.2 0.0 0.5 2.2 0.3 0.6
Gd (ppm) bdl bdl bdl bdl 0.3 1.0 0.5 0.2 bdl bdl bdl bdl
Tb (ppm) bdl bdl bdl bdl 0.3 0.3 0.3 0.0 0.1 0.1 0.1 0.0
Dy (ppm) bdl bdl bdl bdl 2.0 2.3 0.1 0.4 2.2 4.2 2.7 1.1
Ho (ppm) 0.1 0.1 0.1 0.0 0.1 0.6 0.2 0.1 0.1 1.1 0.2 0.3
Er (ppm) 0.1 0.7 0.3 0.1 1.7 2.0 1.8 0.4 0.8 4.2 1.2 1.2
Tm (ppm) 0.0 0.3 0.1 0.1 0.1 0.3 0.2 0.1 0.3 1.9 0.4 0.5
Yb (ppm) 1.6 7.3 2.3 1.4 2.0 7.0 2.5 1.6 3.5 21.6 6.6 5.7
Lu (ppm) 0.5 1.5 0.8 0.3 1.2 1.6 1.3 0.3 bdl 2.4 1.1 0.7
Hf (ppm) 12.4 261.0 21.7 57.2 15.4 286.5 23.5 63.6 bdl bdl bdl bdl
Ta (ppm) 0.1 35,161.3 1781.7 5941.2 1.0 34,131.8 3201.4 7741.0 1.0 8.6 2.8 2.6
W (ppm) 4.8 4503.6 299.1 776.3 0.9 3210.4 342.1 726.6 m.e. m.e. m.e. m.e.
Re (ppm) 0.1 0.5 0.3 0.2 bdl bdl bdl bdl 1.0 4.3 1.6 2.0
Au (ppm) 0.5 29.5 1.5 5.0 1.1 33.3 2.6 5.8 0.1 1.8 0.4 0.5
Tl (ppm) 0.0 0.9 0.5 0.1 0.0 2.5 0.1 0.4 bdl bdl bdl bdl
Pb (ppm) 0.1 3.8 0.3 0.7 1.1 15.3 1.6 2.7 3.6 93.3 25.3 32.7
Bi (ppm) 0.1 102.8 1.7 12.4 0.2 13.3 1.8 2.9 2.0 48.9 8.9 13.7
Th (ppm) 0.1 0.5 0.3 0.1 bdl 0.9 0.1 0.2 0.1 0.1 0.1 0.0
U (ppm) 0.1 12.2 1.4 2.7 0.1 18.5 3.6 2.4 0.1 0.3 0.2 0.1

Notes: bdl = below the detection limit, m.e. = major element excluded, t.e. = trace element excluded.

FIs hosted in quartz, fluorite, and cassiterite exhibit various shapes, including circular,
elongated, acicular, lenticular, tabular, polygonal, ameboid, and botryoidal (Figure 11a–m).
A few primary FIAs occur along the growth zone of cassiterite (Figure 11a,h). Some FIs
in quartz and cassiterite display “necking-down” features (Figure 11b,f), which were not
included in this study.
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Figure 7. Representative photographs of KIB cassiterite and wolframite ore samples and textures:
(a,b) CL-images of cassiterite from Yubuli quartz veins and Nakenge greisen, respectively, showing
oscillating (or growth) zones and replacement textures; (c) The corresponding macrophotographs
in white show selected rectangles of cassiterite (from Yubuli quartz vein and Nakenge greisen) and
wolframite (from Nakenge quartz vein), showing oscillating (growth zone) and replacement textures.
(Legend: Wft = wolframite, Cst I = yellow transparent cassiterite, Cst II = dark translucent cassiterite).

4.4. FI Microthermometry and Calculation of Fluid Density-Pressure-Paleodepths

The fluid inclusion (FI) microthermometry was performed on liquid-rich inclusions
hosted in quartz, cassiterite, and fluorite in the granites and the quartz veins (Figure 11a–m;
Table 5). We report apparent salinity (wt.% NaCl equivalent), homogenization temperature
(Th, ◦C), calculated apparent depths (primarily from boiling assemblages) (Figure 11j),
pressure (bar), and density (g/cm3) of the liquid-rich fluid inclusion assemblages (FIAs)
(Figure 12a–d).

In the barren granites, FIAs hosted in quartz show a range of salinities from 3–23 wt.%
and Th of 120–370 ◦C (averaging 280 ◦C). The Sn-bearing equigranular granites display
a similar range of salinity (4–23 wt.%) but a somewhat broader range of Th (190–550 ◦C)
(Figure 12a,b). Quartz-hosted FIAs of the Sn-W veins cutting metasedimentary rocks show
a range of salinity (7–20 wt.%) and Th (170–350 ◦C). FIAs in the barren veins crosscutting
the mineralized granites display a similar range of salinity (1–23 wt.%) but lower Th
(130–270 ◦C) compared to the mineralized veins (Figure 12b,c). FIAs in the Sn-bearing
greisenized granites exhibit salinity (11–19 wt.%) and Th (260–500 ◦C) (Figure 12b), and in
the Sn-bearing pegmatites, a salinity range of 7–18 wt.% and Th of 180–330 ◦C (Figure 12b).
In summary, quartz-hosted FIAs in the Sn-bearing granites show relatively higher Th
(averaging 310 ◦C) compared to the barren granites (averaging 280 ◦C). Quartz-hosted
FIAs in the Sn-W mineralized quartz veins in the metasedimentary rocks show relatively
higher Th (averaging 260 ◦C) compared to the barren quartz veins (averaging 200 ◦C) in the
mineralized granites (Figure 12b,c). FIAs in fluorite in the barren veins (Figure 12c) show
salinities of 15–22 wt.% and lower Th (averaging 140 ◦C) compared to quartz (averaging
260 ◦C, Figure 12b,c) and cassiterite (averaging 270 ◦C, Figure 12a,b) hosted in the Sn-W
mineralized veins.
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In general, we observe a positive correlation between salinities and Th in the FIAs
hosted in quartz and cassiterite in the Sn mineralized granites and the Sn-W mineralized
veins (Figure 12a,b). No such positive correlation was observed between the Sn-W mineral-
ized and barren veins (Figure 12c) and barren granites (Figure 12d). The range of salinities
(7–20 wt.%) and Th (174–350 ◦C) is generally broader in quartz in the mineralized granites
and mineralized veins compared to cassiterite (salinities of 2–10 wt.% and Th of 216–339 ◦C)
in the same granites and veins. Salinities and Th are generally lower in cassiterite compared
to quartz in the mineralized granites and veins.

Apparent depths were calculated by using pressures obtained from microthermometric
measurements of the boiling assemblages hosted in the cassiterite and the quartz in the
veins. Calculated pressures are 120–600 bars in the quartz and cassiterite, and apparent
depths are calculated to be about 0.5–1 km (lithostatic pressure) and 1–2 km (hydrostatic
pressure). Calculated pressures are higher in the granite compared to the veins. Apparent
depths calculated from the FIAs of the mineralized granites are approximately 3–5 km
(hydrostatic) and 2–3 km (lithostatic). FIAs hosted in fluorite in the barren veins show
relatively higher densities (1.07–1.09) compared to the FIAs in the quartz hosted in the
same veins (0.80–0.97).
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Figure 8. Cassiterite micro-zonation and LA-ICP-MS microanalysis: (a) A SEM-CL image showing
a cross-section in cassiterite for subsequent LA-ICP-MS microanalysis; (b) A LA-ICP-MS transient
signal showing a few detected trace elements (Fe-Al-Si-Zr-Nb) in dark translucent cassiterite (darker
CL: Type II) from the Yubuli quartz vein; (c) A signal in yellow transparent cassiterite (lighter CL:
Type I) from the Yubuli quartz vein. (Legend: white circles are used for cassiterite type I, while red circles
are for cassiterite type II; Blues squares are used for illustrated spots).

4.5. Raman Spectroscopy on FIs

Raman spectroscopic analysis on bubble parts of the liquid- and vapor-rich inclusions
was performed to identify gas species in the fluid inclusions (FIs). Quartz-hosted FIs in the
mineralized granites and mineralized veins (Mokama and Nakenge, Figure 2) show the
presence of CH4, CO2, N2, and H2 (Figure 13a,b). Cassiterite-hosted FIs contain species
including CH4, CO2, N2, and H2 (Figure 13c).
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The Raman intensity ratios of CO2/CH4, calculated from the relative maximum peak
heights from the background for quartz-hosting inclusions, are 0.4–3.0 in the mineralized
veins and 0.4–7.2 in the mineralized granites; 0.5–2.1 from cassiterite in the mineralized
veins; and 0.7–1.0 from fluorite in the barren vein (Figure 13d). In general, the CO2/CH4
ratios in the quartz-hosted FIs in the mineralized granites are higher compared to the quartz
and cassiterite-hosted FIs in the mineralized veins (Figure 13d).

5. Discussions
5.1. Ore Texture and Geochemistry

Cassiterite displaying brighter (higher luminescence) and darker (lower luminescence)
zones under SEM-CL can be caused by unequal distributions of trace elements [21,24]
and crystallographic orientation [24]. The SEM-CL images of cassiterite grains in the
KIB show micro-textures, including oscillatory (growth) zones and replacements. The
yellow transparent cassiterite (type I: bright zone SEM-CL) formed earlier than the dark
translucent cassiterite (type II: dark zone SEM-CL) [112]. Petrographic studies of cassiterite
could not clearly elucidate the relationship between cassiterite zonation and trace element
distributions [21,24,27,113–119], while a few studies showed that higher-Fe cassiterite
induces lower luminescence compared to high-Ti cassiterite [24,28]. Dark translucent
cassiterite (type II) hosts higher Fe-W-U contents than the light transparent cassiterite (type
I), which is enriched in Nb-Ta-Ti [120], while wolframite is poor in Nb-Ta, reflecting that
cassiterite forms at a relatively high temperature compared to cassiterite [121].

In the KIB cassiterite, the internal oscillatory texture of alternating type I and type
II correlates with the distribution of some trace elements; Fe-Al-Ga-In-W are relatively
enriched in type II, whereas Ti-V-Zr-Nb-Ta are enriched in type I (Figure 9a–d; Table 4).
The KIB cassiterite contains traces including Fe, W, and V, representing a redox state; W,
Ti, Al, In, and Ga are sensitive to hydrothermal temperature; and Ti, Nb, and Ta might
indicate a fractionation process of causative magma [26]. Ratios of V/Fe and Ti/Fe being
relatively lower in type II compared to type I can be interpreted as a change in hydrothermal
redox state during alteration or fluid-fluid interactions. Ratios of In/Ta and Al/Nb are
higher in cassiterite compared to those in wolframite, which can be interpreted as an earlier
high-temperature precipitation of cassiterite compared to the later wolframite formation
condition, which was relatively cooler.

The alteration may affect the mobility of trace elements such as Fe (redox-sensitive),
In (high in high-temperature magmatic-like fluids), and Ga (high in low to moderate
hydrothermal fluids) in hydrothermal fluids [19,38,122]. High Ti and V in cassiterite sug-
gest relatively reducing hydrothermal conditions and high W suggests high-temperature
fluids [6,21]. High Zr is generally associated with peralkaline granite systems, whereas
high Ta is often associated with peraluminous pegmatites. High Al is associated with
peraluminous granites [26,123]. Cassiterite from VMS deposits shows lower concentrations
of Ta, Nb, and Zr compared to granite-related deposits [21].

Regarding ore chemistry, wolframite is relatively enriched in HREE (10–100 ppm)
compared to cassiterite (0.1–10 ppm) (Figure 10a,b). Ce anomaly values in minerals in-
dicate ore-forming conditions such as their redox state [117,124–131]. Cassiterites from
the Nakenge and Mokama sites (the mineralized granites; Figure 2) show contrasting Ce
anomaly values with cassiterite from the Yubuli site (the mineralized veins; Figure 2), sug-
gesting relatively different redox state conditions at each site of the KIB during cassiterite
and wolframite depositions (Figure 10a–d; Tables 3 and 4). The cassiterite ore textures
displaying alternating cassiterite types (types I and II) correlate with an oscillatory behavior
of selective trace elements (Figures 8b,c and 9a–d) and the fluctuation of Ce anomaly values
and ratios of CO2/CH4. These results suggest fluid mixings of possibly reduced magmatic
fluids with oxidized meteoric water during cassiterite precipitation, which will be discussed
further with the following FIs results.
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Yubuli quartz veins. (a) Ti-Si-W concentrations versus CL; (b) Fe-Al-Nb concentrations; (c) Ga-Ta-Hf
concentrations; and (d) In-Zr-V concentrations. (Legend: II = Type II (darker CL) or dark translucent
cassiterite, I = Type I (brighter CL) or yellow transparent cassiterite).

Table 4. A summary of ore petrography and geochemistry.

Kibara Belt Cassiterite and Wolframite Summarized Textures, Trace Element Distributions, and Other Properties

Properties
Cassiterite

Wolframite
Cassiterite type I Cassiterite type II

Colors under naked eyes and
microscope Yellow transparent Dark (to dark-reddish)

translucent Homogenous dark

Textures under
microscope

Growth zone (oscillatory
zoning), and replacement

Oscillatory zoning,
replacement, and massive Massive

Cathodoluminescence (CL) Relatively higher luminescent
(lighter)

Relatively low luminescent
(darker)

Relatively low luminescent
(darker)

Textures under CL Growth zone (oscillatory
zoning)

Oscillatory zoning and
massive Massive

Relative chronology Earlier (old) Later (young) Very later (youngest)

Geochemistry (traces)
High Ti, V, Zr, Nb, Ta, Hf, and

low Ce
anomaly

High Fe, Al, Ga, In, As, U, Pb,
Au, total REE, and high Ce

anomaly
Al, Zn, Pb, Bi, Nb, high HREE

Mineral alteration
evolution

Replaced by darker
translucent cassiterite (type II) Replaced by wolframite No scheelite observed.
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5.2. Hydrothermal Alterations

Alteration halos of muscovite-quartz (±topaz-fluorite-tourmaline) occurred in the
Sn-bearing granites, while muscovite-quartz assemblages dominated along the Sn-W min-
eralized quartz veins. The alteration in barren granites (quartz-chlorite-muscovite-sericite)
and quartz veins (hematite-pyrite) was not fully described in this study.

The hydrothermal alteration that affected mineralized granites and quartz veins con-
tributed to metal remobilization and enrichments. The presence of muscovite in the
mineralized granites in the KIB indicates an acidic condition favorable for W deposi-
tion [13,14,77,132,133]. In the mineralized quartz veins, the presence of muscovite indicates
an acidic environment, and this mica is interpreted as a result of interactions between rising
hydrothermal fluids and metasedimentary Al-rich host rocks, as shown in the reaction
below [45,47,50]:

3Al2Si4O10(OH)2 (s) + 2KCl (aq) + 2H2O (aq)→ 2KAl3Si3O10(OH)2 (s) + 6SiO2 (s) + 2HCl (aq) + H2 (gas) (Rx. 1) (1)
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Figure 10. REE patterns in the Sn-W ore minerals. (a,b) Wolframite from the Yubuli quartz vein shows
a relative HREE compared to cassiterite; (c) Cassiterite from the Nakenge greisenized granites shows
a negative Ce anomaly (Chondrite normalized Ce/Ce* = 2Ce/(La + Pr)); (d) Cassiterite from the
Yubuli quartz vein displays a positive Ce anomaly. REE values are normalized by chondrite [134,135].
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In greisenized rocks, the presence of micas such as lepidolite in outer parts can be
interpreted as a result of fluid-rock interactions that involve Li-rich fluids [47]:

NaAlSi3O8 (s) + 2KF (aq) + 2HF (aq) + 2LiF (aq) + 6HCl (aq) + 6H2O (aq)→ KLi2AlSi4O2(OH, F)2 (s) + 10SiO2
(s) + Al2SiO4(F, OH)2 (s) + 2KAl3Si3O10(F, OH)2 (s) + 6NaCl (aq) + 10H2 (gas) (Rx. 2)

(2)

These widespread fluid-rock interactions (hydrothermal alteration) in the KIB could
remobilize metals into the hydrothermal fluids, which are essential for wolframite precipi-
tation [14,102,103]. The possible remobilization of Fe and Mn from proximal metasedimen-
tary country rocks suggests a lithological control of W mineralization in the veins of the
KIB [5,45,49,66,79,80]. This highlights the importance of alteration in characterizing and
exploring the Sn granites and the Sn-W quartz veins in the KIB [136].
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(b) Pseudo-secondary aqueous, intermediate density (ID), liquid- and vapor-rich inclusions hosted
in cassiterite from the Nakenge greisen; (c) Aqueous carbonic-bearing inclusions hosted in quartz
in granite from the Mokama site; (d) Aqueous liquid-rich inclusions hosted in fluorite in the barren
quartz veins from the Mokama site; (e) Vapor-rich inclusions hosted in quartz in the mineralized
quartz veins from the Batamba site; (f) Pseudo-secondary aqueous liquid-rich dominant inclusions
hosted in quartz in mineralized granite from the Mokama site; (g) Aqueous ID-type inclusions hosted
in cassiterite in quartz veins from the Yubuli site; (h) Coexisting aqueous liquid- and vapor-rich
inclusions hosted in cassiterite in mineralized quartz veins from the Makunju site, showing fluid
inclusion trails aligned along the growth zone; (i) Aqueous ID, liquid-, and vapor-rich inclusions
hosted in quartz in the mineralized veins from the Yubuli site; (j) Coexisting aqueous liquid- and
vapor-rich inclusions (a boiling assemblage) hosted in quartz in the mineralized granite from the
Mokama site; (k–m) Pseudo-secondary aqueous ID-type, liquid- and vapor-rich inclusions hosted
in quartz in the granite from the Mokama site. Cassiterite hosts primary and pseudo-secondary
fluid inclusions as well. Bubble sizes of most aqueous liquid-rich inclusions hosted in cassiterite and
quartz are estimated to be 10–40 vol.%; bubble sizes of most aqueous liquid-rich inclusions hosted in
fluorite are approximately 5–20 vol.%. The white arrow in (h) shows the growth zone direction. Few
inclusions in cassiterite and quartz displayed necking-down features. (Legend: L-rich = Liquid-rich
inclusion, V-rich = Vapor-rich inclusion, ID = Intermediate Density inclusion where the aqueous and bubbles
are relatively equivalent in volume).

5.3. Fluid Inclusion Constraints

The apparent paleo-depth calculated from the FIAs of the granites (3–5 km in hy-
drostatic pressure) is significantly lower than the values from geo-thermo-barometers
using garnet-biotite and chlorite mineral pairs (9–15 km) from the same Sn-mineralized
granites [51,77]. We do not know the reason for the discrepancy in depth estimations, but
this could be partly due to disequilibrium in the mineral pairs used for geo-thermometry
calculations.

FIs hosted in quartz contain the gas phases CO2, CH4, and rarely N2, whereas FIs
hosted in cassiterite contain CO2, CH4, N2, and H2 (Figure 13). Similar aged Sn-bearing
granites in Rwanda contain aqueous inclusions with low to moderate salinities (6–15 wt%
NaCl equiv.), Th of 240–320 ◦C, and calculated paleodepths of 3–4 km [66,79]. Detected gas
species in the FIs are CO2 (50–78 vol.%), N2 (11–40 vol.%), and CH4 (10–15 vol.%) [51,52,79],
similar to the similar-aged KIB granites in this study.

Sn is transported as a chlorine complex in high-temperature magmatic-derived flu-
ids [15]. Sn generally precipitates earlier in relatively high-temperature conditions, whereas
W precipitates temporally later during cooling [6,97,137,138]. Hydrothermal geochemistry,
including fluid inclusions and thermodynamic modeling, provides insights into magmatic-
hydrothermal Sn-W formation [19,23,38,139–141]. Depressurization of magmatic-hydroth
ermal fluid, which causes phase separation and increases the fluid’s pH, as well as mixing
of magmatic-derived fluids with meteoric water, which could increase fO2 and decrease the
temperature of the fluid, could enhance the massive precipitation of wolframite [142–147]. The
solubility of W in a hydrothermal fluid is favorable under variable oxygen fugacity [148,149]
and acidic pH [45,49,145,150–152].

It has been demonstrated that fluid-rock interactions [15] and the mixing of fluids
between magmatic and meteoric waters [16] are the major Sn-forming processes. The
KIB FIAs results, showing variable and wide ranges of Th and apparent salinities, can
be evidence of fluid mixing [15,16,40,153–158]. High Th (190–550 ◦C) in the Sn-bearing
granites suggests that cassiterite precipitation was driven by magmatic-dominant fluids,
while Sn-W bearing quartz veins show a wider and lower Th (130–350 ◦C), suggesting a
mixing between magmatic and cooler water [159]. These could play a selective role in the
precipitation of early Sn (>200 ◦C in granite-related Sn deposits) and later Sn-W (>160 ◦C
in Sn-W quartz vein) (Figure 12a,b).

FIs hosted in cassiterite contain CO2, CH4, N2, and H2 (Figure 13a–c). These Raman
results, which show an abundance of CO2 and CH4, indicate that mineralizing fluids have
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either magmatic origins or mixed sources of magmatic and meteoric origins since the Sn-W
mineralization system is associated with Kibaran post-orogenic magmatism. The potential
source of the N2 detected in the KIB cassiterite-hosted FIs could be meteoric water or
metamorphic-derived fluids, with a few studies of stable isotopes (O and H) on quartz from
granite and quartz veins reporting fluids of metamorphic origin [14]. N2, together with
CO2 or CH4 in the fluids, could be derived from organic C-bearing (meta-)sedimentary
rocks [96] or magmatic fluids of CO2-CH4 mixed with N2-rich meteoric water.

The CO2/CH4 ratios, calculated from the Raman peak heights in FIs hosted in quartz
from mineralized granites, are relatively higher compared to those in quartz and cassiterite
hosted in mineralized quartz veins. As CO2/CH4 ratios represent relative redox states,
the fluctuations of the ratios might indicate changing redox states in the Sn-W-forming
hydrothermal fluids (Figure 13d) [128,160–162]. This result is consistent with the changing
Ce anomaly values in cassiterite (Figure 10c,d).
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Figure 12. Microthermometric results of the KIB FIAs: (a,b) Apparent salinities and homogenization
temperatures measured from FIAs hosted in cassiterite and quartz in the veins and the granites.
The gray arrow in (a) is a hypothetical trend of magmatic fluids mixing with low-T and low-saline
water; (c) Salinities and homogenization temperatures in FIAs hosted in fluorite and quartz from
straight and curved veins crosscutting metasediments and granites; (d) Salinities and homogenization
temperatures in FIAs hosted in quartz from the barren granites. The isobaric curves and salinities were
obtained using an H2O-NaCl system [108,159,163]. Results are reported as averages and standard
deviations (Avg ± 1σ), calculated from about 3–5 separately measured single inclusions within each
FIAs [32,106,107].
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Figure 13. Laser Raman spectroscopy on bubble parts of the FIs: (a,b) FIs hosted in quartz in
mineralized granites from the Mokama site; (c) FIs hosted in cassiterite in mineralized quartz veins
from the Makunju site; (d) Ratios of CO2/CH4 calculated from Raman peak height intensities of
gas species in the FIs are compared between quartz hosted in the mineralized granites, quartz and
cassiterite hosted in the mineralized quartz veins, and fluorite hosted in the barren quartz veins.
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5.4. Sn-W Precipitation Processes

Here, we discuss the geochemical conditions and reactions required for Sn-W trans-
portation and precipitation, which can be strongly controlled by (1) pH, (2) oxygen fugacity,
and (3) temperature (or pressure).

Sn precipitation reaction: Sn (II)Cl2 (aq) + 2H2O (aq)↔ Sn (IV)O2 + 2HCl (aq) + H2 (gas) (Rx. 3). (3)

The precipitation of cassiterite [15] requires (1) oxidation, (2) increasing pH, and
(3) cooling. The redox change during the cassiterite precipitation in the KIB can be reflected
by its (a) Ce-anomaly value fluctuations in the micro-textured cassiterites (Figure 10c,d),
(b) variation of the CO2/CH4 ratios in the FIs (Figure 13d), and (c) large variations and
positive correlations of Th and salinities in the FIAs (Figure 12a–d). The shifting of the
valence state of Sn from +2 in fluids to +4 in cassiterite is required. These geochemical and
FIs features strongly suggest a redox fluctuation in the Sn-forming hydrothermal fluids in
the KIB (Figures 10c,d and 14e) [128,129,160,164]. The redox variation can be influenced
by fluid mixing between hot, high saline magmatic water and cooler, low saline meteoric
water. This fluid-fluid mixing and interaction process could cool as well as oxidize the
Sn-bearing magmatic-derived fluids to promote selective cassiterite precipitation [16,19],
forming high-grade Sn in the KIB.

W precipitation reaction: H2WO4 (aq) + Fe (or Mn) Cl2 (aq)↔ Fe (or Mn) WO4 (s) + 2HCl (aq) (Rx. 4). (4)

The precipitation of wolframite requires (1) fluid cooling, (2) a pH increase, and
(3) the presence of Fe (or Mn) in the fluids [32]. Fluid cooling and pH increase can be
achieved with fluid mixing and feldspar-destructive hydrothermal alteration (e.g., mus-
covite). Since no wolframite precipitation is observed in the quartz vein hosted in the
granite, the magmatic-derived fluid in the KIB might be poor in terms of its Fe or Mn
contents. Potential remobilization of FeCl2 and MnCl2 from host metasedimentary rocks is
required [14,102], which might explain the selective wolframite precipitation in the quartz
veins hosted in the metasedimentary rocks.

6. Conclusions

Important findings from the Sn granite and the Sn-W quartz vein from the KIB are
summarized as follows: (1) Micro-textures of cassiterite, selective trace element distri-
butions, including Ce anomaly values, variable CO2/CH4 ratios in the fluid inclusions,
and wide ranges and positively correlating salinities and Th strongly suggest mixing of
fluids between magmatic-derived (reduced, hot, and high saline) and meteoric (cooler and
low saline) water during cassiterite precipitation in the granite and the quartz veins in
the KIB. (2) Alteration of the rock (greisenization) and ore mineral (replacement textures)
consistently supports the idea of massive precipitation of the high-grade cassiterite ores
that require hydrothermal alteration and mixing of fluids. (3) Wolframite precipitated in the
quartz veins hosted in the metasedimentary rocks might be promoted by the remobilization
of Fe or Mn through pervasive alteration reactions. The occurrences of alteration and fluid
mixing may be key geological processes that form high-grade cassiterite and wolframite in
the KIB granites and quartz veins.
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Figure 14. Tectono-magmatic and geochemically reconstructed model of the KIB Sn granites and
Sn-W quartz veins: (a–d) Sketches illustrating the evolution from subduction towards sedimentation,
regional metamorphism, syn-tectonic magmatism, and fracturation and collision; (e,f) Sketches
depicting the evolution of veining, post-tectonic (post-collision) magmatism, fluid mixing, alteration,
ore deposition, and finally mechanical weathering.
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Table 5. Microthermometric data of fluid inclusion assemblages (FIAs) hosted in quartz, cassiterite,
and fluorite in mineralized and barren granites and mineralized and barren quartz veins from the
Kibara belt (KIB) in the DRC.

FIAs Host/Rock Type
Bubble Tm_Avg. Tm_Std. S_Avg. S_Std. Th_Avg. Th_Std. P_Avg. P_Std. Density

Vol.% Degree (◦C) Wt.% NaCl equiv. Degree (◦C) Bar g/cm3

DMMOKA-2-A-1 Qz/M. granite L-rich 30 −8.8 0.0 12.6 0.0 293.2 0.0 72.4 0.0 0.8577
DMMOKA-2-A-2 Qz/M. granite ID 40 −9.9 0.6 13.8 0.6 362.1 15.9 173.2 13.0 0.7666
DMMOKA-2-A-5 Qz/M. granite L-rich 30 −10.3 0.2 14.2 0.3 408.2 9.5 280.1 35.6 0.6929
DMMOKA-2-B-1 Qz/M. granite L-rich 20 −5.2 0.1 8.2 0.2 197.4 1.2 13.9 0.9 0.9320
DMMOKA-2-B-4 Qz/M. granite L-rich 30 −7.5 0.9 11.0 1.1 187.8 16.4 11.0 2.9 0.9646
DMMOKA-2-C-1 Qz/M. granite L-rich 30 −5.5 0.2 8.5 0.3 220.2 4.7 22.0 0.6 0.9111
DMMOKA-2-C-4 Qz/M. granite ID 40 −5.5 0.1 8.5 0.1 298.3 1.9 80.0 0.5 0.8106
DMMOKA-2-C-6 Qz/M. granite L-rich 30 −9.7 0.2 13.6 0.2 286.3 43.5 65.0 5.0 0.8762

DMMOKA-2-7-1-1 Qz/B. vein L-rich 30 −2.0 0.2 3.3 0.3 201.8 6.8 15.8 0.7 0.8899
DMMOKA-2-7-3-1 Qz/B. vein L-rich 20 −1.7 0.0 2.9 0.0 265.8 0.0 50.7 2.9 0.8036
DMMOGA-1-1-1 Qz/M. peg. L-rich 20 −6.3 0.2 9.6 0.3 228.5 47.2 25.6 14.5 0.9106
DMMOGA-1-1-4 Qz/M. peg. L-rich 20 −7.1 0.2 10.7 0.2 326.5 20.6 115.6 27.9 0.7883
DMMOGA-1-1-6 Qz/M. peg. L-rich 20 −8.5 1.7 12.2 2.0 179.3 6.0 9.0 0.3 0.9817

DMMOKA-2-8-2-1 Fl/B. vein L-rich 30 −17.8 1.1 20.8 0.8 128.6 23.1 2.2 0.5 1.0900
DMMOKA-2-8-2-6 Fl/B. vein L-rich 30 −17.1 0.2 20.3 0.2 156.4 30.3 4.7 0.8 1.0650
DMMOKA-2-8-2-9 Fl/B. vein L-rich 20 −18.2 0.7 21.1 0.5 142.9 8.0 3.2 0.3 1.0820
DMMOKA-2-8-6-1 Fl/B. vein L-rich 20 −17.1 0.1 20.3 0.1 137.4 2.8 2.8 0.1 1.0790
DMMOKA-2-8-6-2 Fl/B. vein L-rich 20 −16.7 0.1 20.0 0.1 131.5 2.6 2.4 0.2 1.0810
DMMOKA-2-8-6-4 Fl/B. vein L-rich 20 −15.4 0.3 19.0 0.3 124.9 3.6 2.0 0.5 1.0780
DMMOKA-2-8-6-8 Fl/B. vein L-rich 20 −19.5 0.3 22.0 0.2 151.4 1.1 4.0 0.8 1.0830
DMMOKA-2-8-4-1 Qz/B. vein L-rich 30 −15.7 0.1 19.2 0.1 170.7 1.3 6.8 0.1 1.0440
DMMOKA-2-8-4-3 Qz/B. vein L-rich 30 −11.0 0.7 15.0 0.7 162.7 2.5 5.9 0.1 1.0170
DMMOKA-2-8-4-5 Qz/B. vein L-rich 10 −20.9 0.3 22.9 0.2 134.4 3.8 2.5 0.2 1.1040
DMMOKA-2-8-4-7 Qz/B. vein L-rich 30 −19.9 0.0 22.3 0.0 214.5 6.1 17.4 0.3 1.0320
DMMOKA-2-8-4-9 Qz/B. vein L-rich 30 −15.5 0.7 19.1 0.6 211.1 20.9 16.8 1.1 1.0070
DMMOKA-2-6-1-1 Qz/M. granite L-rich 20 −16.4 0.3 19.7 0.2 270.4 16.8 48.4 0.8 0.9519
DMMOKA-2-6-1-2 Qz/M. granite L-rich 30 −19.6 0.3 22.1 0.2 273.1 4.4 49.4 1.7 0.9704
DMMOKA-2-6-2-1 Qz/M. granite ID 40 −8.1 0.7 11.8 0.9 317.1 18.2 101.4 12.4 0.8156
DMMOKA-2-6-2-4 Qz/M. granite ID 40 −10.3 0.6 14.2 0.6 302.4 23.3 81.6 8.4 0.8610
DMMOKA-2-6-2-6 Qz/M. granite ID 40 −2.3 0.0 3.8 0.1 237.7 7.6 31.4 5.6 0.8512

DMYUB-1-6-1 Qz/M. vein L-rich 30 −9.4 0.3 13.3 0.3 205.9 6.1 16.0 3.7 0.9645
DMYUB-1-6-4 Qz/M. vein L-rich 20 −6.8 0.6 10.2 0.7 183.4 9.8 10.1 4.9 0.9620
DMYUB-1-4-1 Qz/M. vein L-rich 30 −19.4 0.8 21.9 0.5 224.7 10.5 21.3 2.5 1.0190

DMNAKE-1-3-1 Qz/M. greisen ID 40 −9.3 0.3 13.1 0.3 348.4 11.8 148.8 15.8 0.7815
DMNAKE-1-3-2 Qz/M. greisen L-rich 20 −5.9 0.2 9.0 0.2 269.0 16.0 51.4 3.7 0.8569
DMNAKE-1-5-1 Qz/M. greisen L-rich 30 −5.9 0.6 9.1 0.8 262.1 7.6 46.1 4.0 0.8659
DMBALE-1-1-1 Qz/B. granite ID 40 −11.6 0.4 15.5 0.3 349.9 0.3 148.6 16.4 0.8059
DMBALE-1-1-2 Qz/B. granite ID 40 −13.0 1.0 16.8 0.9 368.9 18.0 181.7 18.2 0.7915
DMBALE-1-4-1 Qz/B. granite L-rich 20 −11.2 0.8 15.1 0.8 327.9 17.7 113.9 13.1 0.8345
DMBALE-1-4-5 Qz/B. granite L-rich 20 −10.4 0.3 14.3 0.3 315.3 17.6 97.2 7.6 0.8442

DMMOKA-2-4-3-1 Qz/M. granite L-rich 30 −10.8 0.1 14.7 0.0 185.3 4.8 10.1 0.8 0.9959
DMMOKA-2-4-3-2 Qz/M. granite L-rich 20 −10.3 0.3 14.2 0.4 227.2 14.5 24.1 1.8 0.9508
DMMOKA-2-4-3-3 Qz/M. granite L-rich 10 −19.8 0.4 22.2 0.3 295.2 5.0 68.8 6.9 0.9465
DMMOKA-2-4-3-5 Qz/M. granite L-rich 30 −12.5 0.2 16.5 0.2 228.0 7.7 24.0 3.4 0.9683

DMMOKA-2-4-3-10 Qz/M. granite L-rich 20 −4.4 0.2 7.0 0.2 306.9 1.3 91.1 10.2 0.7814
DMMOKA-2-4-3-14 Qz/M. granite L-rich 30 −20.0 0.1 22.4 0.1 433.3 12.5 329.3 34.5 0.7654
DMMOKA-2-4-3-16 Qz/M. granite L-rich 10 −4.1 0.2 6.6 0.3 256.1 3.6 42.4 8.9 0.8514
DMMOKA-2-4-3-21 Qz/M. granite L-rich 30 −4.2 0.2 6.7 0.2 279.9 1.8 61.8 11.1 0.8200
DMMOKA-2-7-7-1 Qz/B. vein L-rich 20 −0.7 0.1 1.2 0.2 238.5 6.6 32.4 3.2 0.8268
DMMOKA-2-7-7-3 Qz/M. granite L-rich 20 −12.7 0.9 16.6 0.8 265.2 10.9 45.8 6.1 0.9294
DMMOKA-2-2-5-1 Qz/M. granite ID 50 −20.5 0.3 22.7 0.2 524.2 9.3 651.6 48.6 0.6872
DMMOKA-2-2-5-3 Qz/M. granite ID 40 −20.0 0.2 22.4 0.1 506.0 2.8 587.2 39.1 0.6964
DMMOKA-2-2-1-1 Qz/M. granite L-rich 30 −21.0 0.0 23.1 0.0 416.6 8.1 280.2 22.1 0.7953
DMMOKA-2-2-1-4 Qz/M. granite ID 30 −21.0 0.0 23.1 0.0 548.4 0.0 736.9 50.8 0.6751
DMMOKA-2-2-1-5 Qz/M. granite L-rich 20 −15.4 0.0 19.0 0.0 328.8 0.0 111.7 11.8 0.8721
DMMOKA-2-2-2-1 Qz/M. granite ID 60 −21.0 0.0 23.1 0.0 539.8 0.0 706.3 42.4 0.6807
DMMOKA-2-2-2-2 Qz/M. granite ID 40 −20.0 0.4 22.4 0.3 468.9 15.7 452.3 32.6 0.7279

DMBAR-1-4-1 Qz/B. granite L-rich 30 −18.6 0.8 21.4 0.6 307.1 9.4 82.1 8.8 0.9242
DMBAR-1-4-3 Qz/B. granite L-rich 30 −20.5 0.6 22.7 0.4 365.5 4.9 165.8 12.3 0.8615
DMBAR-1-4-6 Qz/B. granite L-rich 40 −5.3 0.2 8.2 0.2 204.3 4.2 16.1 2.6 0.9260

DMKAILO-1-2-1 Qz/B. granite L-rich 30 −12.7 0.5 16.6 0.4 347.9 2.3 143.9 9.9 0.8204
DMKAILO-1-2-3 Qz/B. granite L-rich 20 −18.5 0.9 21.3 0.6 342.7 26.9 129.8 10.2 0.8778
DMKAILO-1-3-1 Qz/B. granite L-rich 30 −19.2 0.2 21.8 0.2 345.7 14.6 133.8 10.9 0.8789
DMKAILO-1-3-4 Qz/B. granite L-rich 30 −20.3 0.4 22.6 0.2 354.4 4.4 146.9 13.3 0.8752
DMKAILO-1-3-5 Qz/B. granite L-rich 30 −19.9 0.3 22.3 0.2 337.0 3.8 120.0 12.0 0.8955
DMNAKE-1-3-1 Qz/M. greisen L-rich 10 −14.2 0.4 17.9 0.3 356.3 10.6 156.7 13.9 0.8226
DMNAKE-1-3-2 Qz/M. greisen ID 40 −15.1 0.4 18.7 0.3 425.1 4.5 315.3 10.8 0.7292
DMNAKE-1-6-1 Qz/M. greisen ID 60 −15.3 0.2 18.8 0.1 500.8 19.6 578.1 22.8 0.6536
DMNAKE-1-4-1 Qz/M. greisen L-rich 20 −7.7 0.1 11.5 0.2 269.8 12.6 51.3 3.9 0.8765
DMNAKE-1-4-3 Qz/M. greisen L-rich 20 −8.1 0.0 11.8 0.1 276.3 13.9 56.6 4.1 0.8725
DMNAKE-1-4-5 Qz/M. greisen L-rich 20 −7.7 0.5 11.3 0.6 259.6 1.3 43.5 2.0 0.8892

DMMOKA-2-8-17-1 Qz/M. granite L-rich 30 −13.7 0.2 17.5 0.2 367.7 9.5 178.4 7.4 0.8006
DMMOKA-2-8-17-2 Qz/M. granite ID 40 −14.7 0.2 18.3 0.1 353.8 9.1 151.7 9.0 0.8309
DMMOKA-2-8-17-4 Qz/M. granite L-rich 30 −19.4 0.4 22.0 0.3 329.0 23.6 109.0 8.1 0.9023
DMMOKA-2-8-13-1 Qz/M. granite L-rich 20 −8.5 0.2 12.3 0.3 271.4 9.5 52.3 2.2 0.8829
DMMOKA-2-8-13-4 Qz/M. granite L-rich 30 −10.9 0.2 14.8 0.2 216.5 6.1 19.5 0.8 0.9669
DMMOKA-2-8-13-6 Qz/M. granite L-rich 20 −18.0 0.4 20.9 0.3 305.9 4.3 81.0 13.2 0.9215
DMMOKA-2-8-13-8 Qz/M. granite L-rich 30 −20.3 0.3 22.6 0.2 214.3 4.9 20.0 2.3 1.0270

DMYUB-1-9-1 Qz/M. vein L-rich 30 −13.9 0.3 17.7 0.3 214.1 8.3 18.1 0.9 0.9929
DMYUB-1-9-3 Qz/M. vein L-rich 30 −19.4 0.2 22.0 0.1 239.4 0.8 28.0 3.1 1.0050
DMYUB-1-9-5 Qz/M. vein L-rich 20 −15.3 0.7 18.9 0.6 349.8 10.6 144.2 11.8 0.8421
DMYUB-1-10-3 Qz/M. vein L-rich 30 −20.5 0.3 22.7 0.2 305.2 15.2 78.9 5.5 0.9393
DMYUB-1-10-5 Qz/M. vein L-rich 30 −10.6 0.1 14.6 0.1 201.0 8.9 14.3 2.7 0.9796
DMYUB-1-10-8 Qz/M. vein L-rich 20 −20.0 0.1 22.4 0.1 228.1 7.6 22.6 2.7 1.0190
DMYUB-1-8-1 Qz/M. vein L-rich 30 −16.4 1.0 19.8 0.8 173.7 9.7 7.3 0.5 1.0460
DMYUB-1-8-3 Qz/M. vein L-rich 20 −17.9 0.3 20.9 0.2 249.2 0.9 33.7 11.0 0.9851
DMBAT-1-2-1 Qz/M. vein L-rich 30 −9.4 0.2 13.3 0.2 290.4 8.1 69.2 15.1 0.8678
DMBAT-1-2-2 Qz/M. vein L-rich 30 −10.3 0.3 14.3 0.3 305.2 4.0 84.8 12.6 0.8572
DMBAT-1-1-1 Qz/M. vein L-rich 20 −9.3 0.4 13.1 0.4 306.8 8.6 87.4 14.5 0.8444
DMBAT-1-1-2 Qz/M. vein L-rich 30 −4.4 0.4 7.0 0.6 189.0 1.5 11.7 1.9 0.9318
DMBAT-1-3-1 Qz/M. vein L-rich 35 −10.6 0.5 14.5 0.6 347.4 34.1 145.5 10.5 0.7987
DMBAT-1-5-1 Qz/M. vein L-rich 35 −5.2 0.2 8.1 0.2 205.7 4.9 16.6 4.3 0.9234
DMBAT-1-5-3 Qz/M. vein L-rich 35 −6.7 0.2 10.1 0.2 273.0 18.6 54.4 4.6 0.8611
DMBAT-1-5-5 Qz/M. vein L-rich 35 −6.2 0.2 9.5 0.3 235.4 6.2 29.1 3.3 0.9017
DMBAT-1-6-1 Qz/M. vein L-rich 20 −6.7 0.1 10.1 0.2 253.6 15.9 39.8 5.9 0.8857
DMBAT-1-6-3 Qz/M. vein L-rich 20 −10.1 0.2 14.0 0.3 301.3 0.4 80.5 13.0 0.8604

DMMOKA-2-E-1 Qz/M. granite L-rich 30 −5.4 0.2 8.4 0.3 280.5 10.4 61.7 11.1 0.8351
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Table 5. Cont.

FIAs Host/Rock Type
Bubble Tm_Avg. Tm_Std. S_Avg. S_Std. Th_Avg. Th_Std. P_Avg. P_Std. Density

Vol.% Degree (◦C) Wt.% NaCl equiv. Degree (◦C) Bar g/cm3

DMMOKA-2-E-3 Qz/M. granite L-rich 30 −9.0 0.2 12.8 0.2 311.1 9.7 92.9 11.9 0.8350
DMMOKA-2-E-5 Qz/M. granite L-rich 30 −5.5 0.2 8.5 0.2 271.1 4.7 53.4 10.1 0.8493
DMMOKA-2-E-8 Qz/M. granite L-rich 30 −10.3 0.1 14.3 0.1 356.4 4.1 161.9 23.9 0.7809
DMMOKA-2-F-1 Qz/M. granite L-rich 30 −18.3 0.1 21.2 0.1 240.9 17.0 29.0 6.3 0.9963
DMMOKA-2-F-2 Qz/M. granite L-rich 30 −15.2 0.4 18.8 0.4 217.5 6.3 19.1 6.9 0.9989
DMMOKA-2-F-6 Qz/M. granite L-rich 30 −13.4 0.3 17.3 0.2 232.6 12.6 25.9 5.2 0.9706
DMMOKA-2-G-1 Qz/M. granite ID 40 −6.9 0.3 10.4 0.4 349.5 19.0 154.0 15.6 0.7466
DMMOKA-2-G-3 Qz/M. granite L-rich 30 −4.1 0.2 6.5 0.4 247.8 8.7 36.9 7.7 0.8621
DMMOKA-2-G-6 Qz/M. granite L-rich 30 −9.4 0.3 13.2 0.3 285.3 4.8 64.2 9.9 0.8745
DMMOKA-2-H-1 Qz/M. granite ID 40 −5.9 0.7 9.0 0.9 335.7 7.2 131.3 19.0 0.7556
DMMOKA-2-I-1 Qz/M. granite ID 40 −5.7 1.1 8.7 1.4 272.1 19.9 54.1 8.7 0.8504
DMMOKA-2-I-2 Qz/M. granite ID 40 −5.2 0.2 8.1 0.2 345.7 14.2 149.4 11.3 0.7259
DMMOKA-2-I-3 Qz/M. granite ID 60 −5.8 0.0 9.0 0.0 400.1 0.0 269.9 30.4 0.6267

DMMOKA-2-M-1 Qz/M. granite ID 50 −2.7 0.2 4.5 0.3 291.0 4.6 73.8 14.2 0.7805
DMMOKA-2-M-2 Qz/M. granite L-rich 30 −5.6 0.1 8.7 0.1 272.0 8.3 54.1 10.2 0.8493
DMMOKA-2-M-3 Qz/M. granite L-rich 30 −2.7 0.2 4.4 0.2 215.1 4.8 20.5 2.1 0.8838
DMMOKA-2-M-4 Qz/M. granite L-rich 30 −17.4 0.3 20.5 0.2 225.7 15.2 22.0 3.6 1.0060
DMMOKA-2-M-8 Qz/M. granite ID 40 −8.1 0.1 11.8 0.1 305.2 5.0 86.3 13.2 0.8331
DMKAILO-1-12-1 Qz/B. granite ID 40 −11.5 0.5 15.4 0.4 331.6 4.7 119.1 15.6 0.8322
DMKAILO-1-8-1 Qz/B. granite L-rich 30 −10.7 0.1 14.7 0.1 342.4 2.3 136.9 11.3 0.8075
DMKAILO-1-8-3 Qz/B. granite ID 30 −12.3 0.2 16.2 0.1 367.8 2.6 180.6 14.0 0.7857
DMKAILO-1-11-1 Qz/B. granite L-rich 20 −8.2 0.3 11.9 0.3 249.2 16.3 36.4 2.8 0.9067

DMBAR-1-5-1 Qz/B. granite L-rich 40 −11.4 0.4 15.4 0.4 137.7 2.7 3.0 0.1 1.0400
DMBAR-1-5-2 Qz/B. granite L-rich 20 −2.1 0.1 3.6 0.2 123.0 2.4 2.1 0.3 0.9653
DMBAR-1-5-4 Qz/B. granite L-rich 30 −1.6 0.1 2.7 0.2 145.5 5.0 4.1 1.5 0.9408
DMBAR-1-5-6 Qz/B. granite L-rich 30 −3.3 0.3 5.4 0.5 127.9 2.3 2.4 0.4 0.9745
DMBAR-1-5-7 Qz/B. granite L-rich 30 −8.4 0.3 12.1 0.3 123.0 2.4 2.0 0.7 1.0270
DMBAR-1-5-11 Qz/B. granite L-rich 30 −2.5 0.1 4.2 0.2 178.1 7.7 9.3 1.1 0.9209
DMBAR-1-5-12 Qz/B. granite L-rich 30 −2.5 0.3 4.1 0.4 145.2 5.0 4.1 1.3 0.9514
DMBALE-1-8-1 Qz/B. granite L-rich 20 −16.1 0.1 19.5 0.0 349.8 4.4 143.4 14.3 0.8490
DMBALE-1-8-3 Qz/B. granite L-rich 20 −10.6 0.1 14.5 0.2 304.8 3.4 84.2 10.2 0.8608

DMMOGA-1-2-1 Qz/M. peg. L-rich 30 −4.7 0.2 7.4 0.2 295.3 4.8 77.2 9.2 0.8041
DMMOGA-1-2-3 Qz/M. peg. L-rich 20 −4.1 0.1 6.6 0.1 200.2 0.2 15.0 3.4 0.9170
DMMOGA-1-2-4 Qz/M. peg. L-rich 20 −7.2 0.2 10.7 0.2 215.2 3.2 19.7 5.0 0.9343
DMMOGA-1-3-1 Qz/M. peg. L-rich 30 −5.2 0.2 8.1 0.2 206.9 5.1 17.0 5.1 0.9222
DMMOGA-1-4-1 Qz/M. peg. L-rich 20 −5.4 0.2 8.3 0.2 207.5 6.1 17.2 3.1 0.9237
DMMOGA-1-4-2 Qz/M. peg. ID 40 −6.4 0.1 9.7 0.1 311.0 2.6 94.8 14.2 0.8033
DMBAT-1-16-1 Qz/M. vein L-rich 30 −10.4 0.3 14.3 0.3 333.1 11.3 122.4 10.8 0.8183
DMBAT-1-18-1 Qz/M. vein L-rich 30 −13.2 0.2 17.1 0.2 344.7 3.7 138.0 13.8 0.8301
DMBAT-1-18-2 Qz/M. vein L-rich 30 −11.5 0.2 15.4 0.2 308.4 6.1 87.8 6.8 0.8648
DMBAT-1-18-4 Qz/M. vein L-rich 35 −5.5 0.3 8.5 0.4 289.2 7.4 70.2 8.8 0.8240
DMBAT-1-15-1 Qz/M. vein L-rich 30 −16.6 0.0 19.9 0.0 329.7 0.0 112.1 8.9 0.8806
DMBAT-1-15-2 Qz/M. vein L-rich 20 −7.5 0.3 11.1 0.4 272.5 7.7 53.6 11.4 0.8708
DMBAT-1-15-4 Qz/M. vein L-rich 30 −6.2 0.4 9.5 0.5 234.8 7.3 28.8 4.3 0.9024
DMYUB-1-2-1 Qz/M. vein L-rich 30 −16.1 0.1 19.5 0.1 316.8 11.3 95.1 7.6 0.8936
DMYUB-1-2-2 Qz/M. vein L-rich 30 −15.4 0.4 19.0 0.3 235.6 3.1 27.0 6.3 0.9822
DMNAKE-1-1 Cst/M. greisen L-rich 30 −1.8 0.5 3.0 0.8 271.0 19.0 56.8 17.2 0.7960
DMNAKE-1-2 Cst/M. greisen L-rich 30 −1.6 0.3 2.7 0.4 262.5 29.8 52.1 20.2 0.8035
DMNAKE-1-3 Cst/M. greisen ID 40 −5.8 0.3 8.9 0.4 326.2 17.4 118.7 27.7 0.7687
DMNAKE-1-4 Cst/M. greisen L-rich 20 −1.2 0.1 2.1 0.2 233.2 4.0 29.3 2.1 0.8414
DMNAKE-1-5 Cst/M. greisen L-rich 20 −1.4 0.2 2.3 0.3 237.9 8.3 32.1 4.8 0.8373
DMNAKE-1-6 Cst/M. greisen L-rich 30 −2.3 0.3 3.9 0.5 216.3 6.2 21.2 2.5 0.8772
DMNAKE-1-7 Cst/M. greisen L-rich 30 −1.2 0.2 2.1 0.3 243.8 10.9 35.8 6.8 0.8275
DMNAKE-1-8 Cst/M. greisen L-rich 20 −2.0 0.4 3.3 0.6 235.2 28.6 33.5 19.2 0.8469

DMMAKU-1-4-9 Cst/M. vein L-rich 30 −3.2 0.2 5.2 0.3 271.2 33.1 60.6 35.6 0.8143
DMMAKU-1-4-10 Cst/M. vein L-rich 20 −6.8 0.5 10.2 0.6 339.1 20.6 138.8 32.4 0.7622
DMMAKU-1-4-11 Cst/M. vein L-rich 30 −3.4 0.2 5.6 0.3 247.1 26.1 39.6 19.3 0.8522

DMBAT-1-2-12 Cst/M. vein L-rich 30 −3.0 0.2 5.0 0.3 254.1 22.2 43.6 15.0 0.8380
DMYUB-1B-13 Cst/M. vein ID 40 −4.4 0.3 6.9 0.5 330.0 14.8 125.3 23.4 0.7399
DMYUB-1B-14 Cst/M. vein L-rich 30 −2.5 0.4 4.2 0.6 263.1 21.9 50.4 16.5 0.8190
DMYUB-1B-15 Cst/M. vein L-rich 20 −2.0 0.1 3.4 0.2 254.4 14.7 43.0 10.6 0.8240
DMYUB-1B-16 Cst/M. vein ID 50 −1.9 0.2 3.2 0.3 279.3 18.7 64.3 17.5 0.7849
DMYUB-1C-17 Cst/M. vein L-rich 40 −6.1 0.4 9.3 0.5 313.5 10.8 99.1 14.4 0.7921

DMNAKE-1-2-18 Cst/M. greisen ID 40 −2.4 0.1 4.0 0.2 292.3 9.2 75.9 10.0 0.7731
DMNAKE-1-2-19 Cst/M. greisen L-rich 30 −2.3 0.3 3.8 0.5 265.2 14.7 51.0 10.7 0.8128
DMNAKE-1-2-20 Cst/M. greisen L-rich 30 −2.3 0.2 3.8 0.3 234.0 23.4 31.4 12.1 0.8541
DMNAKE-1-2-21 Cst/M. greisen ID 50 −4.2 0.6 6.7 0.6 325 26.3 122.8 28.5 0.7398
DMNAKE-1-2-22 Cst/M. greisen ID 40 −5.7 0.3 8.8 0.3 320.7 15.9 116.3 38.5 0.7688
DMNAKE-1-2-23 Cst/M. greisen L-rich 30 −2.3 0.4 3.9 0.5 241 12.4 33.5 18.5 0.8543

Notes: S = Apparent salinity in wt.% NaCl equivalent; Tm = Temperature of the last ice melting in Celsius;
Th (v) = Homogenization temperature in Celsius; P = Pressure in bar; FIA = Fluid inclusion assemblage;
Avg = Average; Std = Standard deviation; ID = Intermediate density fluid inclusion; L-rich = Liquid-rich fluid
inclusion; Qz = Quartz; Fl = Fluorite; Cassiterite = Cst; M. = Mineralized; B. = Barren.
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