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Abstract: The cassiterite-sulfide mineralization occurs within quartz veins and greisenized Precam-
brian Older Granite around the Gindi Akwati region at the Ropp complex’s western boundary,
north-central Nigeria. The intrusion of Jurassic Younger granite porphyry sheared the marginal
parts of the Older Granite and the mylonitized zone created pathways for fluids that escaped during
the late-stage consolidation of Jurassic biotite granite. The biotite granites are highly differentiated
(K/Rb < 200), peraluminous (A/CNK > 1), high-K, and have high Sn concentrations (average = 117
ppm). The intrusion of Jurassic granite porphyry forced Older Granite interaction with ore-bearing
fluid that escaped from Jurassic biotite granite under low oxygen fugacity at or below the NNO
buffer. The above fluid-rock interaction caused mass changes in host granite during greisenization
and redistributed ores in the vicinity of the shears. This suggests that chloride ions take the form of
significant complex-forming ligands and efficiently sequestrate, transport, and deposit ore metals
(Sn, Zn, Fe, and Cu) locally within the greisenized granites and quartz veins. The redox potential of
the ores probably gave a false impression of metal zoning with a relatively higher abundance of the
oxide ore than the sulfides at the surface. The alteration mineralogy (quartz-, topaz-, lepidolite-, and
fluorite-bearing assemblages) coupled with S isotope and fluid inclusion systematic data suggests
the hydrothermal history of “greisens” and veins started with hot (homogenization temperature
>300 °C), low to moderate salinity (average = 4.08 wt. % NaCl), low density (<0.6 g/cm?) fluids and
> 200 bar trapping pressure. The sulfide isotopic composition (6%*Sv-cor = -1.30 to + 0.87 %o) is very
similar to typical magmatic fluids, indicating late-magmatic to early post-magmatic models of min-
eralization related to the anorogenic granite intrusions.

Keywords: cassiterite—sulfide mineralization; fluid inclusion; sulfur isotope; granite; north-central
Nigeria
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1. Introduction

Globally, granites, including their volcanic subvolcanic equivalents, account for over
99% of tin mine production either directly (primary ore) or indirectly (placer) [1]. Grei-
senization metasomatic processes are one of the most common wall rock alteration types,
with a focus on tin-tungsten ore deposits [2]. The movement of hydrothermal solutions
breaks the original granitic constituents to form new mineral assemblage and deposit var-
ious metals (Nb, Mn, Sn, Ta, W, Zn, and Cu with Fe) in the greisen [2—4]. The growing
industrial demand for these metals, particularly REE, Nb, and Sn for sustainable develop-
ment, necessitates a thorough examination of tectonic control and mineralization potential
in granitic plutons [5].

The tin province of Nigeria is a classic example of recurrent tin mineralization, with
two distinct episodes: Proterozoic-Cambrian Older Granite and pegmatites and Jurassic
Younger Granites [6]. Other tin-mineralized provinces worldwide, such as South China,
the Central Andes (Bolivia), and Malaysia, have experienced several tin mineralization
episodes. These were attributed to the remobilization of previously existing regional tin
anomalies [1,6]. A metallogenic synthesis in the plate-tectonic framework is still required
to determine the geotectonic situation of these tin mineralized systems [1].

The primary sources of tin mineralization in and around the ring complexes in Nige-
ria are linked with Mesozoic anorogenic magmatic activity [4]. The youngest of these
granites are biotite granites, which contain cassiterite and columbite-(Fe) as accessory
phases in greisen and metasomatic zones, along with wolframite and sulfides [4]. The ores
are mainly contained in lode-bearing veins and greisenized granites that filled the spaces
between the cooling joints and fractures [4]. The reserves of cassiterite deposits in pegma-
tite and granites are given as 140,000 tons [7].

This contribution focuses on the genetic association between granites and minerali-
zation at the Gindi Akwati cassiterite-sulfide deposit, north-central Nigeria. We investi-
gate the petrogenesis and tectonic setting of the granites in this region. We also constrain
the mechanism responsible for cassiterite—sulfide mineralization in the marginal grei-
senized Older Granite. We describe the nature and source of ore-forming fluids and the
processes that cause cassiterite and sulfides to concentrate and precipitate in quartz veins
and greisenized granites.

2. Geological Background
2.1. Regional Geology

The Ropp complex is one of the over fifty anorogenic ring complexes situated within
the southern region of the Jos Plateau in Nigeria, Africa (Figure 1a,b). Mesozoic A-type
peralkaline and alkaline granitic ring complexes were emplaced into the Precambrian
gneiss-migmatite complex during incipient rifting as Younger Granites in Nigeria (213 to
141 Ma) [7]. The basement rocks experienced cycles of igneous intrusion during the incip-
ient rifting event after over 400 Ma hiatus. The emplacement of the Younger Granites mi-
grated along ENE-WSW and NNE-SSW lineaments that correspond to the directions of
late Pan-African dextral transcurrent faults in the basement parallel to the marginal faults
of the Benue Trough, which has been interpreted as a pull-apart basin [8].

The geological evolution of the pegmatites in Nigeria mainly includes “Older Rare-
metal Belt” with oxide ore phases from high-temperature reactions in Precambrian times
to “Younger Rare-metal Belt” with low-temperature oxide and sulfide ore-association in
greisen and veins with Phanerozoic ages [9]. The pegmatite suite is almost exclusively
oriented SW-NE from the west around Ilesha and east around the Jos Plateau, cutting
western and eastern Nigeria (Figure 1b) [3,5]. Two generations occur around some ring
complexes in the Jos Plateau in pegmatitic greisen and veins which formed along reac-
tivated old lineaments by fluids coeval with Mesozoic magma emplacement (Younger
Granites) [4,10]. Although most granitic rocks in the Nigerian Younger Granite province
(including amphibole-, fayalite-, and biotite-bearing granites) are high in tin, the economic
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enrichment of cassiterite and sulfides occurs within biotite granites, greisenized granites,
and quartz veins [4].

Figure 1. (a) Geological sketch map of African rare-element pegmatite and rare-metal granite prov-
inces (Modified after [7,11,12]). Colors indicate age provinces. Box shows the location of Nigerian
Precambrian suites and Younger Granites in (b); (b) Regional geological map of the Nigerian Pan-
African basement, showing locations of areas of rare-metal and barren pegmatites.

2.2. Local Geology
2.2.1. Occurrence of Plutons and Mineralization

The study area in the Gindi Akwati region is located within the western edge of the
Ropp complex in the Nigerian Younger Granite province. It lies within longitude 9°20' N
t0 9°30' N and latitude 8°50' E to 8°52' E at the contact between the Older Granite basement
and a Younger Granite intrusive at the western edge of the Ropp anorogenic ring complex
(Figure 2a,b). Portions of the Precambrian Older Granites were sheared and greisenized
by fluids from Jurassic granitoid intrusions. The marginal greisen strikes nearly N-S and
defines a zone of mineralization. The rock types in this area comprise relic gneiss, Older
Granite, Younger extrusive relics of volcanic lava and pyroclastics, plutonic suites, and
basic dyke swarm. Veinlets in the Older Granites were observed to terminate at the
boundary with the diabase dykes, suggesting that the hydrothermal fluids that caused
greisenization and veining in the Older Granites occurred before the emplacement of the
dolerite dykes.

Stratigraphically, the Precambrian gneisses and Older Granite are the oldest. The ear-
liest phase of Jurassic Younger Granite intrusion was marked by granite porphyry’s em-
placement, which sheared parts of the Older Granite and mylonitized zone resulted. After
that, an intrusion of biotite granite occurred. At late-stage consolidation of the biotite gran-
ite, mineralized fluids moved through shears and greisenized marginal parts of country
rock (Older Granite). Later, some dolerite dykes intruded along some of the fractures. The
Younger Granite magmatism cycle ended with the intrusion of riebeckite-annite granites
(Figure 2c).

2.2.2. Deposit Morphology, Alteration, and Ore Mineralogy

Firstly, the ore bodies occur both in the greisenized part of the Older Granite in prox-
imity to short, thin zones of mylonitic rocks and quartz veins. The greisenized parts are
related to biotite granite underlying the basement rocks in the relevant marginal zones.
Wall rock alteration may occur marginally to the greisenized granites with an increased
proportion of quartz, or the veins may infill fissures in the lode system with mineralized
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greisenized granite. The greisenized granite, which formed along cooling joints and frac-
tures, is deeply weathered. The grain size of disseminated sulfide and cassiterite in the
greisen bodies is about 1 mm. In the past, artisans targeted the primary cassiterite deposits
from decomposed greisen around the apical parts of the Older Granite bodies.

The greisenized granites (including ore-bearing and barren ones) are rigorously spa-
tially controlled by faults, such that the length of both the mylonitized zones and altered
rocks are nearly identical in places (Figure 2b). Most of the pitting by artisanal miners is
along the sheared zones, and their excavations hindered the delineation of the ore bodies’
geometry during the present field investigation (Figure 3a). The few greisenized bodies
(of about 20 to 35 cm in width) are not continuous and have a dark core that passes grad-
ually (diffuse) into surrounding granite (Figure 3b). In addition, artisans dug pits to ex-
plore alluvial cassiterite around a biotite granite outcrop in the vicinity of the Older Gran-
ites (Figure 3c,d). A report of core traverses by Ex-Land Company around the Gindi Ak-
wati region shows that several ore greisen zones were intercepted [10]. Their recalculated
actual thicknesses from drilled cores range from a few to tens of cm (drill holes: D =9 to
368 cm and E =7 to 178 cm) [10]. There are no concise details of tenor, size, shape of ore
bodies, or reserves of payable ore in the greisen or quartz veins. The NS-striking ore zones
are about 1100 m long and 115 m wide.

Figure 2. (a) Simplified geological map of Ropp Complex showing the distribution of plutons (Mod-
ified after [10]); (b) Geological map of the western edge of Ropp Complex, where the Gindi Akwati
deposit is located; (c) Schematic evolution sequence of rocks around the Gindi Akwati deposit,
north-central Nigeria.
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Figure 3. Field photographs that show the contact relationship of igneous rocks and mining scenar-
ios from the Gindi Akwati deposit. (a) Contact relation between the Jurassic granite porphyry intru-
sion (belonging to Younger Granite) and mylonitized Older Granite with dolerite dyke; (b) Grei-
senized Older Granite in the vicinity of the host rock contacted with the granite porphyry; (c) Arti-
sanal miners mined alluvial cassiterites close to the roof zone of the biotite granite outcrop; (d) Miner
dug pits at the marginal contacts (greisenized parts of Older Granite) between the granite porphyry
and Older Granite to mine cassiterites in the greisenized granites and quartz veins.

3. Petrographic Characteristics

During this study, we collected twenty-four samples, including six Older Granites,
five greisenized granites, eight Younger Granites, and five quartz veins. The characteristic
feature of the major mineral assemblages in the Older Granite with its greisenized parts,
as well as their accessory mineral phases (Figure 4), granite porphyry, and biotite granite
(Figure 5) of the study area, are described herein with the modal compositions (Supple-
mentary Table S1).

3.1. Older Granite, Greisenized Granite, and Quartz Veins

The Older Granites are medium to coarse-grained, light grey, and have black streaks
from biotite. They mainly contain quartz, plagioclase, microcline, and biotite, with minor
accessory minerals of pyrite, zircon, and titanite (Figure 4). The influx of fluid into parts
of the Older Granite changed the texture and altered minerals to form new greisen assem-
blages (quartz, sericite, topaz, lepidolite, and chlorite). The variations include least altered
samples distal to the shear zone, which has an equigranular texture (Figure 4a-c), wall
rock to greisenized granite with gneissose foliation (Figure 4d—f), and medium to coarse-
grained greisenized granite (Figure 4g—i).
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The least altered Older Granite is uniform in texture, mainly containing quartz, pla-
gioclase, microcline, and biotite. The rock is generally granodioritic as the ratio of plagio-
clase to total feldspar is at least two to one (Supplementary Table S1). The plagioclase has
alternating twin lamellae, with inclined extinction (15 to 25 degrees) and cloudy pervasive
alteration of some grains (Figure 4b,c). Microcline with tartan twinning occurs intersti-
tially to quartz and plagioclase. Biotites are largely subhedral and equigranular. Pyrite,
zircon, and titanite constitute the accessory minerals, and none of the examined Older
Granite host rocks contained cassiterite (Supplementary Table S1).

The “Older Granite” wall rock has fine-grained quartz (comminuted), thought to
have resulted from its proximity to the shear zone. Some plagioclases show strain effects
with bent crystals and twin lamellae. The modal volume of mica, including biotite, chlo-
rite, and muscovite, is higher than the host granite, and some crystals occur as inclusions
in feldspars and deformed quartz grains with wavy extinction. Mica grains form elon-
gated fabrics, and their alternation with aligned grains of quartz and feldspars form a
gneissose texture. Relics of pyroxene are found within the biotite crystals. Titanite grains
cluster to form the main accessory, whereas fluorite, topaz, and pyrite are also important
locally (Figure 4e,f; Supplementary Table S1).

The greisenized granite contains minute grains of cassiterite around white to pink
feldspars (Figure 4g). The transition from Older Granite to greisen is gradational, increas-
ing white mica from the Older Granite into the greisen (Supplementary Table S1). Miner-
alizing fluids followed the cataclasis of these rocks, during which time “new” mica (lepid-
olite) and accessory minerals (fluorite and topaz) were introduced and further replaced
the original minerals in the rock. The fine-grained groundmass of quartz, feldspar, and
muscovite has some structural alignment (Figure 4h,i). These greisens are topaz-bearing
(locally) micaceous quartzofeldspathic rocks that are texturally variable in proximity to
the mylonitized zone. The formation of veins and new minerals indicates that recrystalli-
zation and hydrothermal fluids induced incipient greisenization. Chlorite, lepidolite, to-
paz, pyrite, chalcopyrite, and sphalerite constitute accessory phases (Supplementary Ta-
ble S1).
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Figure 4. Photographs of hand specimens and microphotographs of Older Granite, greisen wall-
rocks, and greisenized granite from the Gindi Akwati deposit. (a—c) least altered Older Granite; (d-
f) greisen wall-rocks; (g-i) greisenized granite. Bt = biotite, Cl = chlorite, Mc = microcline, Ms = mus-
covite, Or = orthoclase, Pl = plagioclase, Px = pyroxene, Py = pyrite, Qtz = quartz, Ser = sericite, Toz
= topaz, Ttn = titanite.

3.2. Granite Porphyry

The rock is light grey in color and porphyritic. The phenocrysts consist of quartz,
feldspars, and clusters of biotite with specks of iron staining, probably ilmenite (Figure
5a). Some quartz crystals are bipyramidal, and the groundmass is microcrystalline and
equigranular. The quartz is microscopically clear, and feldspar is mostly perthitic ortho-
clase, but dentate albite grows around the rims of some orthoclase crystals (Figure 5b,c).
Biotite and pyroxene are the main ferromagnesian minerals. Fluorite and zircon are the
main accessory minerals (Supplementary Table S1).

3.3. Biotite granite

The biotite granites are medium to coarse-grained and mainly occur as small circular
stocks (Figure 5d). Petrographically, the quartz, and other crystals, are mostly arranged
between larger feldspars (Figure 5e). The feldspars are usually soda-rich plagioclases (al-
bite), K-feldspars (orthoclase, microcline), and perthites. The modal albite is similar to
those of K-feldspars (Supplementary Table S1). There are two generations of albite, in-
cluding polysynthetically twinned albite, mostly altered to sericite and small crystals of
deuteric albite (Figure 5e). The quartz is mainly clear, but some grains displayed wavy
extinction. Biotite and hornblende are the main ferromagnesian minerals, and they are
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locally highly altered due to pervasive metasomatism (Figure 5f). Epidote, opaque oxides,
fluorite, and zircon are the main accessory minerals (Supplementary Table S1). The biotite
granite shows good consistency in mineral composition and texture.

Figure 5. Photographs of hand specimens and microphotographs of Younger Granite (YG, including
granite porphyry and biotite granite) from the Gindi Akwati deposit. (a—c) granite porphyry; (d-f)
biotite granite. Ab = albite, Ep = epidote, Hbl = hornblende, Pth = perthite.

3.4. Ore Microscopy

The distribution of mineralization is structurally controlled, contained in mylonitized
zones that are locally greisenized (micaceous quartz-feldspar veins) around the Gindi Ak-
wati region. In the weathered parts (down to a depth of about 6m), the ore mineral in
order of abundance is cassiterite (SnO:), chalcopyrite (CuFeS:z), and sphalerite (ZnS). Py-
rites (FeSz) are significant locally (Figure 6). In some greisenized granites, chalcopyrite and
cassiterite are mainly associated with lepidolite (Li-mica). Topaz and fluorite occur in
trace amounts (Supplementary Table S1). The core samples that were taken at a greater
depth (drill holes D and E; > 40 m) around the Gindi Akwati region had massive brown
and grey sphalerite as the main ore in the greisenized granites and quartz veins. The other
sulfides and cassiterite are subordinate in abundance [10].

The disseminated mm-sized crystals of pyrite (Py1) in Older Granite are thought to
be magmatic relative to the crystallization of host rock, whereas the other larger pyrite
grains (Py2) in the greisenized, quartz vein probably co-crystallized with other sulfides
and cassiterite during late-stage consolidation of Younger Granite intrusive (Figure 6b).
The veins are oriented parallel to the long axis of these greisens within the host rock. The
tectonic process that produced the foliation in the greisenized parts of the host rock may
be syngenetic with these parallel veins. There are multiple generations of hydrothermal
fluid-induced recrystallization, mineralization, or at least variable conditions during crys-
tallization from the parental fluid. The first fluids were more enriched in cassiterite and
occurred along with feldspars alteration after shearing in the Older Granite (Figure 6e).
Late-stage silica metasomatism deposited Cu-Zn-Fe sulfides intimately connected with
partly zoned Li-mica (Figure 6f). Similar patterns have been reported in other complexes,
but cassiterite’s main ore occurs in two forms: disseminations and greisen veins [3].
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The color and pleochroism of cassiterite differ between various types of occur-
rence/paragenesis; these grains in the greisens are colorless to white without distinct zon-
ing (Figure 6e), whereas the crystals from quartz veins display two zoning styles: oscilla-
tory zoning and sector zoning (Figure 6k). The oscillatory zoned crystal has successive
alternating zones of colorless, white, yellow, orange, and deep reddish-brown zones. The
zone boundaries are usually planar and parallel to crystallographic growth planes (c-axis)
(Figure 6k). The zones may be discontinuous due to a change in nucleation conditions.

The close association of Li-mica and fluorite with cassiterite (Figure 6e,f) suggests a
genetic link between their formation and tin precipitation, which may be related to the
mineralizing fluid (e.g., [13]). The irregular contact at the mineral boundaries between
individual massive, unstrained quartz crystals, and their sub-grains suggests low-temper-
ature grain boundary migration associated with mineralizing hydrothermal fluids. Ore
texture includes: (a) euhedral granular (Figure 6b), subhedral-anhedral granular (Figure
6e h), poikilitic, exsolution texture (Figure 6b,i); (b) metasomatic, radiating fibrous (Figure
6e,f), lattice filling textures (Figure 6h,1); and (c) rim texture with gangue replacing chal-
copyrite (Figure 6i).

Figure 6. Field photograph, hand specimens, and microphotographs of mineralized rocks from the
Gindi Akwati deposit. (a) quartz vein with vugs and kaolinized feldspar in greisenized granite; (b)
typical oxidation halos around lepidolite; (c) euhedral granular sulfides co-precipitated; (d,e) grei-
senized granite containing co-existing cassiterite and chalcopyrite; (f) magnified view showing
comb textured lepidolite; (g) contact between the ore-bearing vein and greisenized granite; (h,i)
chalcopyrite with sphalerite rim, fine corrosive inclusions and chalcopyrite cut by replacive gangue;
(j-1) pseudo-alignment of cassiterite grains, alteration of feldspar to kaolin and accessory fluorite
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and topaz. Ccp = chalcopyrite, Cst = cassiterite, Fl = fluorite, KIn = kaolinite, Lpd = lepidolite, Py =
pyrite, Qtz = quartz, Sp = sphalerite, Toz = topaz.

4. Analytical Methods
4.1. Whole-Rock Major and Trace Element Analysis

Major elements and trace elements (including rare earth elements (REE)) were ana-
lyzed in the ALS Laboratory Group in Guangzhou. Six granite samples were subjected to
appropriate pre-treatment including pulverization with an agate ball mill to <200 mesh
size. Loss on ignition (LOI) was determined after igniting the sample powders at 1000°C
for about one hour. Major element contents were analyzed using a PAN analytical Axios
X-ray fluorescence (XRF) spectrometry. Detailed analytical methods were described by
Liu et al. [14]. The analytical uncertainties were better than 1%, with analytical precisions
as follows: SiOz2: 0.8%; Al20s: 0.5%; Fe20s: 0.4%; MgO: 0.4%; CaO: 0.6%; Na20: 0.3%; K20:
0.4%; MnO: 0.7%; TiO2: 0.9%; and P20s: 0.8%. The trace element concentrations (including
REE) were analyzed using an inductively coupled plasma-mass spectrometry (ICP-MS),
with a Finnigan MAT Element II mass spectrometer. Before being analyzed, the samples
were put in Teflon screw-cap bombs for 2-day closed beaker digestion using a mixture of
HF and HNO: acids, and then the dissolved samples were diluted to 80 g with 2% HNOs
prior to the analysis. The analytical precision was generally better than 5% (20).

4.2. Electron Probe Microanalysis (EPMA)

Major element compositions of cassiterite were analyzed using a SHIMADZU-1600
coupled with an energy dispersive spectrometer at the Chinese Academy of Science (CAS)
Key Laboratory of Crust-Mantle Materials and Environmental Sciences at the University
of Science and Technology of China (USTC). For the analysis of cassiterites, an accelerat-
ing voltage of 15 kV, beam size of 1 um, and a low beam current of 0.01 A was used. A
program based on the ZAF procedure was applied for matrix correction.

4.3. In Situ LA-MC-ICP-MS Analysis of Sulfur Isotope

In situ sulfur isotopes of sulfides in thin sections were analyzed using a Nu Plasma
1700 multiple-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) con-
figured with a RESOlution M-50 excimer ArF laser ablation system (LA) at the State Key
Laboratory of Continental Dynamics, Northwest University, Xi’an, China. Sulfur isotopes
of ten sulfide samples (including four chalcopyrites, three pyrites, and three sphalerites)
were obtained. The diameter of the laser beam was set to 25-37 um under the condition
of the energy density of 3.6 J/cm? and a frequency of 3 Hz, with He gas as the carrier gas
during the analytical process [15]. The data correction method employed the sample-
standard bracketing method (SSB) and the standard sample for the calibration included
IAEA-S-1, IAEA-S-2, and IAEA-S-3 (Ag2S powder). The in-house sulfur reference material
(Py-4, 8*Sv.cor= 1.7 + 0.3%o0) with better homogeneity was used for external standard
bracketing, and it was tested every eight samples [16]. Detailed analytical methods were
described by Chen et al. [17] and Yuan et al. [18]. The analytical precision (10) is + 0.1%eo.
The sulfur isotope ratios are expressed in terms of permil (%o) and are reported using delta
notation (0%5) relative to the Vienna Canyon Diablo Troilite (V-CDT) standard: 63Sv-cor=
[(3*5/%?Ssamp1e/>5/*?Sv-cpt) — 1] x 1000 [18].

4.4. Fluid Inclusion Analysis

Sixty-six inclusions from cassiterite- and sulfides-bearing quartz veins were analyzed
during this study. Microthermometric analyses were carried out at the Fluid Inclusion
Laboratory of the Chinese Academy of Science (CAS), Key Laboratory of Crust-Mantle
Materials and Environmental Sciences, University of Science and Technology of China
(USTC). These inclusions were from nine doubly polished wafers and were chosen under
the microscope. The microthermometric analysis was conducted on a Linkam THMSG600
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heating-freezing stage. The precision was *1 °C and the temperature range is from -196 to
+600 °C. The temperature was calibrated using Synflinc synthetic fluid inclusion stand-
ards (USGS). Detailed analytical methods of the freezing point, the formula of a freezing
point drop in temperature, and salinity of aqueous inclusions salinity were described by
Bodnar [19].

5. Results
5.1. Geochemical Characteristics of Gindi Akwati Granites

Whole-rock major and trace element contents of Older Granite country rock (n = 6;
with 3 samples each from the north and south of the Gindi Akwati region), weakly grei-
senized parts of Older Granite (n = 5), and Younger Granite (biotite granite and granite
porphyry) in their vicinity (n = 8) from the Gindi Akwati region are given in Supplemen-
tary Table S2. The SiO2 in the host rock and Younger Granites are high (>70 wt. %) except
for two greisenized granites with lower contents (P2a = 68.89 and P6a = 67.35 wt. %). The
increase in silica indicates the edging of granites more toward the acidic front. Because
alterations are known to accompany greisenization, constraints from immobile elements
are used to classify the greisenized granite. Some greisenized granites are plotted in the
field of granodiorite in the diagram of Zr/TiO2 versus Nb/Y, according to Vry et al. [20]
and Winchester and Floyd [21] (Figure 7a). Comparison with mobile element data dis-
plays that all the Younger Granites and the greisenized zones are markedly enriched in
K20 (Figure 7b), confirming the igneous matrix’s intense potassic alteration (microclini-
zation). In addition, the SiO:z contents of the greisenized granite plot in the granodiorite
field are slightly lower than those of Older Granite. This indicates that some silica loss
occurred during greisen alteration (e.g., [22]).

The host rock (Older Granite) and Younger Granite are weakly peraluminous
(A/CNK <1.2) (Figure 7c) with low TiOz and P20s contents. The contents of CaO are higher
in the host rock (Older Granite) (average = 1.27 wt. %) than in the Younger Granites (av-
erage = 0.56 wt. %). Other ferromagnesian constituents, including MgO (average =0.01 wt.
%), MnO (average = 0.01 wt. %) and FeOT (average = 1.38 wt. %) in the biotite granites, are
lower than most known granites. In the biotite granites, the ratios of FeOT/MgO (range =
62-168) and FeOT™/MnO (range = 80.5-124) are systematically strongly anomalous to the
mean values of the upper continental crust (2.0 and 50.4, respectively [23]). Tin-bearing
granites have higher contents of 5iO: and K20 and lower contents of TiOz, FeOT, MgO,
and CaO [24]. The trend of a near reciprocal relationship between mafic and felsic constit-
uents, which is famous in tin-bearing granites globally, occurs in the Younger Granites
(Figure 7d). The inverse relations of Na20O and K20 (r = —0.81) with respect to silica varia-
tion reduced their correlation (r=-0.87).

The contents of trace elements in tin-bearing biotite granites deviate markedly from
the Older Granites of the Gindi Akwati region. The greisenized (topaz-bearing) portions
of the Older Granite, on the other hand, mirrored some of the biotite granite’s character-
istics, such as REE and other trace element concentration and fractionation. The biotite
granites are characterized by a high content of Ga (63.9-81.9 ppm), Nb (118-162 ppm), Rb
(495-705 ppm), Ta (21.9-32.1 ppm), Th (41.0-64.7 ppm), and Y (152-236 ppm) and low
contents of Ba (41.9-89.5ppm), Sr (14.7-39.5 ppm), and Zr (100-300 ppm) (Supplementary
Table S2). The variety of accessory minerals, high DI (92-96), and low K/Rb ratios in the
Younger Granites (biotite granite = 52-82, granite porphyry = 78-136) is typical of highly
differentiated granites. The ternary Rb-Ba-Sr plot confirms that the Younger Granites are
strongly differentiated [25] (Figure 7e).

The contents of Sn in Older Granites (3-7 ppm) are typically around the bulk crustal
values of 3-5 ppm Sn [26], whereas the contents are a bit elevated in the greisenized gran-
ite (9.00-40.0 ppm). Generally, the background contents of Sn in “barren” granites from
the Nigerian Younger Granite province (average Sn = 30 ppm; [27]) are multiples higher
than average abundance in the continental crust; 3-5 ppm of Clarke. The mean value of
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20 ppm from granite porphyry is much lower than those of the Nigerian Younger Granite
province. However, biotite granites have a larger variation in Sn content (range= 88.0-189
ppm) than barren granites and granite porphyry. The mean ratios of Nb/Ta (range = 4.81-
6.18) and Zr/Hf (range = 8.35-30.81) of elements with similar chemical behavior of the
Younger Granite also deviate from the usual crustal values (11 and 33, respectively; [28]).
Furthermore, low Nb/Ta ratios of 3.42 and 5.27 occur in two greisenized granites (Figure
7f, Supplementary Table S2).

There is strong parallelism in enrichment and depletions in the Younger Granites
(biotite granite and granite porphyry). The shape of the spider diagram of trace elements
normalized to the upper continental crust shows enrichment of large ion lithophile ele-
ments (LILE) and some high field strength elements (HFSE) in the Younger Granites [28].
In addition, it shows negative anomalies of Ba, Sr, P, and Ti (Figure 8a). The total REE
contents are consistently higher in the biotite granite plutons (3} REE = 300-371 ppm, av-
erage = 344 ppm) than in the granite porphyry (REE = 149-156 ppm; average = 146 ppm)
from the Gindi Akwati region. However, the total REE contents are lowest in the host rock
of Older Granite (3, REE = 132-152 ppm; average = 142 ppm) (Supplementary Table 52). In
terms of REE concentrations, fractionation patterns, and Eu anomalies, the rocks show a
lot of variation. They also have higher light REE content than heavy REE (Supplementary
Table S2), and chondrite-normalized patterns show significant LREE enrichment (Figure
8b). The greisenized parts of Older Granites have higher REE contents (198-260 ppm; av-
erage = 217 ppm) compared with the least altered Older Granite (Supplementary Table
52) and have chondrite-normalized patterns nearly parallel to those of the biotite granite
(Figure 8b).

5.2. Mass Changes During Greisenization

The mean chemical contents of the least altered Older Granite and associated altered
rocks were used to investigate losses and gains during greisenization. The data scatter
from the isocon diagram indicates that the major and trace elements were mobile to vary-
ing degrees (Figure 9a,b). The best fit isocon (blue equiline; Figure 9a) for the altered gran-
ite is defined using linear regression of the presumably least scattered of all elements (Al
and Si), assuming that these elements were immobile during greisenization (e.g., [2]). The
aluminum immobility is a reasonable assumption considering that feldspars are replaced
by muscovite, which is a major aluminum-bearing mineral.

Because of the large scale of the isocon plot, some elements that clustered close to the
isocon may appear to lie above (enriched) or below it incorrectly (depleted) [29]. As a
result, mass change was calculated by clustering slopes to datapoints, identifying ele-
ments with similar behavior and averaging the slopes for the selected presumably immo-
bile species at unity (Figure 9b). Generally, the whole-rock mass balance changes are ex-
pressed by the loss of Si, Ca, Ti, Cs, Ba, and Sr and the enrichment in Rb, Nb, Ta, U, Th,
Ga, Zr, Hf, Sn, W, Y, Fe, P, Mn, and Y REE. The enrichment and depletions peculiar to the
altered variants are reconcilable with the mineralogical changes. For example, depletion
of Ba and Sr could be due to feldspar dissolution in the greisenized granite. Furthermore,
elements hosted by accessory zircon and apatite (such as P, Zr, Th, and Y) become partially
enriched during greisenization [2,30].

Chemical alteration index (Al), [Al = A2O3/(AL203 + CaO + Na20 + K20) x 100], sug-
gests a relatively low degree of alteration (Al = 58.8-65.9 %, Supplementary Table S2) in-
volving breakdown of feldspars (e.g., [31]). The relatively low scatter of major and trace
elements in the isocon plots suggests depletion and enrichment trends typical for weakly
greisenized granites associated with mineralization (e.g., [2]).
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Figure 7. Classification and discrimination diagrams for Older Granite, greisenized granite, and
Younger Granite (including granite porphyry and biotite granite) from the Gindi Akwati deposit.
(a) Zr/TiOz2 vs. Nb/Y diagram following the classification of Vry et al. [20], as modified from the
classification diagram for volcanic rocks of Winchester and Floyd [21]; (b) SiO2 vs. K20 binary plot
that covered dispersion from potassic alteration following the classification of Vry et al. [20], as
modified from classification diagram of Peccerillo and Taylor [32]; (c) ASI vs. A/NK diagram (after
[33]); (d) Binary variations between acidic (SiO2+ AlOs + Na20 + K20) and mafic (FeOT + MgO +
MnO + CaO) constituents of tin fertile granitic rocks (after [24]). Orange dashed arrow represents
the trend of correlation of major elements. The r value shows the correlation coefficient. 1 = Malay-
sia, 2 = Cornwall, 3 = Tasmania, 4 = Bushveld, 5 = Alaska, 6 = Nigeria; (e) Diagram of Rb-Ba-Sr (after
[25]) which shows the granite porphyry and biotite granite are strongly differentiated; (f) Diagram
of Nb/Ta vs. Zr/Hf (after [34]). The Older Granite and greisenized granite mainly plot in the area of
barren granites, whereas granite porphyry and biotite granite mainly plot in the area of rare-metals-
related granites (Ta-Cs-Li-Nb-Be-Sn-W) and Sn-W-U related granites.

Figure 8. Distributions of trace elements and REE of the Older Granite, greisenized granite, and
Younger Granite (including granite porphyry and biotite granite) from the Gindi Akwati deposit.
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(a) Spider diagrams of trace elements, Upper Continental Crust is according to [28]; (b) Chondrite-
normalized REE distribution patterns, Chondrite is according to [35].

Figure 9. Isocon analysis of the host Older Granite vs. Greisenized granite from the Gindi Akwati
deposit. (a) Isocon diagram. The element contents of Older Granite and greisenized granite use the
average value of samples analyzed in this study (according to [36]); (b) Clustering slopes of elements
for the selected, presumably immobile, species (according to [29]).

5.3. Hydrothermal Alteration and Mineral Paragenesis

Structurally, the joints and fissures from the cataclasis of Older Granite opened a
pathway for fluids that modified the host rock in the vicinity. The petrological changes
are limited to narrow zones, although the degree of reactions may be locally intense, de-
pending on the intensity of previous sodic or potassic metasomatism [3,37]. Based on min-
eralogy and whole-rock chemistry signatures, muscovite enrichment is closely associated
with cassiterite and sulfide in greisens (Figure 5e,f), which could indicate the interaction
of the ore fluid with biotite-rich wall rocks, resulting in the formation of muscovite (mus-
covitization) and quartz (e.g., [38]). Thus, the fluids locally react with and mineralize the
host rock. During this time, topaz, fluorite, and lepidolite (lithium-rich muscovite) were
introduced, and the original minerals of the Older Granite were altered or replaced to
form a dark-colored fine-grained matrix (greisen assemblages) with feldspars transform-
ing into microcline (K-metasomatism).

After that, acid metasomatism triggered hydrolysis reactions that produced hydrous
minerals from anhydrous phases in response to changes in K*/H* in the fluid, resulting in
a classic greisen assemblage of sericite-topaz-quartz [3]. Subsequently, propylitic altera-
tion transformed perthitic feldspar into light grey colored micaceous aggregates and bio-
tite to chlorite. Fluoridization accompanies chloritization and aids the transport and dep-
osition of sulfides. In addition, the fissure-filling veins are thought to locally increase
quartz modal content in the rock around their vicinity. This caused silica metasomatism
to be associated with the deposition of some sulfides. Finally, the late-stage argillic alter-
ation process leads to kaolin formation at the expense of the feldspars in the greisenized
granite and quartzofeldspathic veins [38].

The last stage is highly mobile, where solutions travel upward, resulting in the em-
placement of mineralized quartz and muscovite lodes in the greisenized portions of the
Older Granite pluton. This trend is similar to that reported for McConnochie greisenized
granite and lode veins in Westland, New Zealand [39]. The relative variability of ore abun-
dances from the surface (present study) and cores at depths of about 40 m may reflect the
effect of hydrothermal fluid pulses, temperature and pressure changes, and probable var-
iability in alteration of the marginal parts of the Older Granites [10]. Therefore, the pri-
mary mineral associations of the host rock and mineralized greisens reflect the dominant
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open system processes around the Gindi Akwati region. The mineral assemblages from
the altered rocks include two groups, one group including quartz, feldspar, mica, fluorite,
pyrite, chalcopyrite, and the other group including topaz, and quartz, feldspar, mica, cas-
siterite, chalcopyrite, and sphalerite (Figure 10). The distribution of greisenized portions
of Older Granite containing ore-bearing quartz veins defined the zone of mineralization.

Figure 10. The simplified paragenetic sequence of the mineralized zone from the Gindi Akwati de-
positis interpreted from texture, reflected and transmitted light microscopy, and alteration patterns.
The bold lines indicate high abundance, the thin lines represent minor amounts, and the dashed
lines indicate the local occurrence of trace amounts of uncertainty in determining the paragenetic
sequence due to the lack of a clear textural relationship.

5.4. Ore Mineral Chemistry and Sulfur Isotopes

The analyses include discrete grains traversing across (core to rim) granular masses
of cassiterite. The results for cassiterite are presented in Supplementary Table S3.

5.4.1. Cassiterite

The chemical composition of cassiterite in the greisen granite and quartz veins ranges
from near to ideal SnO2 (97.10 to 99.28 wt. %). The contents (wt. %) of important minor
elements Ti, Ta, Nb, and W are generally higher in the quartz veins than in the greisen,
except for Fe. The cassiterite in the greisen granite and quartz veins include TiO: (0-0.88
wt. %), FeO (0-0.71 wt. %), and WOs (0-0.99 wt. %). Contents of MnO (0-0.04 wt. %), Ta20s
(0-0.18 wt. %), and Nb20s (0-0.51 wt. %) are much lower and mainly below detection limits
in the greisenized granite (Supplementary Table S3). These are similar to trends reported
for Hub stock greisen from the Czech Republic [2].
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The Ta and Nb contents in greisenized granite are erratic without a clear pattern, as
some are below the detection limit. In quartz veins, light zones are more enriched in Nb
and Fe than darker zones, which are enriched in Ta (with Nb20s/Ta20s ratios, ranging
between 1.75 and 7.06) (Supplementary Table S3). The contents of Nb, Ta, and W in quartz
veins and greisen (few above detection limit) generally decrease with SnO: (Quartz vein,
r2=-0.56, -0.68, and -0.95; Greisen granite, r>=-0.13, —0.53, and -0.70, respectively) (Figure
11a-c). In addition, Ti content slightly increases with SnO: (r? = 0.50 and 0.47 in quartz vein
and greisen, respectively) (Figure 11d). This, coupled with a lack of correlation in content
of Fe and W in the greisen granite and quartz vein, mimics its complex internal zoning
from them and other elements with trace level substitutions for Sn [40]. The most plausible
record is the detection of an appreciable amount of W that is usually substituting for Sn
of the cassiterite structure in greisenized granites (r2 = —0.70) and quartz veins (2 = -0.95)
(Figure 11c). They are granite-related Sn deposits (Figure 11e) with quadrivalent Sn 2:1
coupled substitution mechanism dominating (Figure 11f).

5.4.2. Sulfur Isotopic Compositions

The MC-ICP-MS in situ sulfur isotopic (%*S) data of ten sulfide minerals from quartz
veins and greisenized granites are listed in Supplementary Table 54 and plotted in Figure
12. During the ore-forming stage in the study area, the sulfides produced are mainly chal-
copyrite, sphalerite, and pyrite.

The sulfides have 6*Sv.cor values ranging from —1.30 to +0.87%o, with an average
value of —0.13%o (Supplementary Table S4). These values are consistent with the restricted
range for co-existing sulfide assemblages (chalcopyrite, molybdenite, galena, sphalerite,
and pyrite) in granite and quartz veins in Nigeria (with 0%Sv-cor values from 1.44 to
+1.75%o) [41] and for I-type granites in Western Carpathians, Slovakia (with 5*Sv-cor val-
ues from -2.9 to +2.3%o, average =—0.7 + 1.9%.; Figure 12) [42]. Higher 0*Sv-cor values were
reported from sulfides in gold-bearing quartz veins in the Anka Schist belt (from 1.9 to
7.8%o0) [43], Bin Yauri (from 1.5 to 9.4%o) [44] in NW Nigeria, and barite mineralization in
the Benue Trough (from 12.3 to 13.1%o) in NE Nigeria (Figure 12) [45].

The sulfur isotope composition (**Stzs) was calculated using the equation: 934Ses =
0%5i— Aix(100 x T-2), where i represents different sulfides; Ai values are 0.40 for pyrite, 0.10
for sphalerite, and —0.05 for chalcopyrite [42]; and T represents the average homogeniza-
tion temperatures of fluid inclusions (257.6 °C). Thus, the calculated 6*Sm:s values of the
fluids are from —1.93 to 0.51%o, with an average of —0.49%e..

5.5. Fluid Inclusion Petrography and Microthermometry

The details of individual inclusion data are given in Supplementary Table S5. A sum-
mary of fluid inclusion data for the quartz veins from the Gindi Akwati deposit is pro-
vided in Supplementary Table S6 and Figure 13. Many of the inclusions from quartz veins
bearing cassiterite are too small (<5 um) for measurements, except for a few, where sev-
enteen (17) measurements were taken. The inclusions’ morphology varies from ovoid to
ellipsoid through tubular to highly irregular and some contain halite (Figure 13a). As the
eutectic point for the NaCl-H:O system (i.e., -20.8 °C) was not reached, the freezing point
temperature (Tmice) for these inclusions allows a relatively accurate determination of sa-
linity [46]. Microthermometric analyses show that the salinity of ore-bearing fluid is about
<20.89 wt. % NaCl, with the highest frequency between 0 and 5 wt. % NaCl (Figure 13b;
Supplementary Table S5 and S6).

The fluid inclusions are mainly of two types (L, L-V) represented by H:O-NaCl-vapor
systems, and they range in size between <11 and 37 pm. The Type L inclusions contain a
higher liquid phase, with a vapor bubble that occupies <10%, and they dominate (= 85%)
in all the quartz vein samples. Type L-V inclusions are less common (vapor bubble =10 to
15%). In addition, a rare Type V inclusion contains up to 35% vapor phase. In the Banke
complex and Ririwai lode, wolframite-bearing quartz veins which cut the basement were
found to have a similar three-phase inclusion [41].
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Generally, the inclusions have similar cryometric parameters, as nearly all contained
low to moderate saline, and low density, which showed identical ranges of homogeniza-
tion temperatures (Figure 13; Supplementary Table S6). Measurements on 66 primary
fluid inclusions from cassiterite- and sulfide-bearing quartz veins from the Gindi Akwati
deposit yield homogenization temperatures (Th) between 143.0 and 377.2 °C and a range
of freezing-point depression (Tmice) of =17.9 to 0 °C (0 to 20.89 wt. % NaCl salinity) (Sup-
plementary Table S5 and S6). In general, inclusions from cassiterite-bearing quartz veins
tend to have slightly higher homogenization temperatures for a given salinity (mean =
272.6 °C) than those from sulfide-bearing quartz veins (mean = 257.6 °C). Locally, two
inclusions from cassiterite-bearing quartz veins particularly have distinctly higher ho-
mogenization temperatures (349.4 and 377.2 °C) (Figure 13c,d) than any other inclusions.
Although less pronounced, a distinct salinity gap suggests that fluid mixing may be an
important process in evolution [47].

Figure 11. Binary plot of major and trace elements in cassiterite samples from the Gindi Akwati
deposit. (a) SnOz vs. Nb20s; (b) SnO: vs. Ta20s; (¢) SnO2 vs. WOs; (d) SnO2 vs. TiOz; (e) Fe vs. W
(modified after [48]); (f) Nb + Ta (a.p.f.u) vs. Fe + Mn (a.p.f.u) (modified after [49]). Red and blue
dashed arrows represent trend of correlation of cassiterite from greisenized granites and quartz
veins, respectively. The r values in Figure 11a—-d show the correlation coefficient.
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Figure 12. Sulfur isotopic compositions of the sulfides in the Gindi Akwati deposit, compared with
some sulfur reservoirs (modified after [50]). The sulfur isotopic data of reservoirs in Nigeria are
from previous studies in the text.

Figure 13. Microphotograph and diagram showing the relationship between salinity, homogeniza-
tion temperature (Th), and final ice melting temperature (Tmic) of the fluid inclusions in cassiterite-
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and sulfide-bearing quartz vein from the Gindi Akwati deposit. (a) Microphotograph showing the
primary fluid inclusions; (b) Histogram of salinity (wt. % NaCl Equivalent) of sixty-six fluid inclu-
sions; (¢) Diagram of Salinities vs. Th (°C) with dashed lines for estimates of the vapor pressure of
NaCl solution (modified from [51]). The critical-point (0.6) and halite-saturation curves (1.2) show
the densities (g/cm?) of the fluid inclusions (after [52]); (d) Th vs. Tmic plot of aqueous salinity in-
clusions from the present study, compared with the data of the ambient fluids related to the vein-
type Cassiterite deposits of the Rutungo area, Rwanda [53]. It is interpreted that the cassiterite pre-
cipitation (minimum formation) occurred from the fluid under these Th and Tmic values in the field
of dashed square [53]. Abbreviation: L(H20) = Liquid H20, Th = Homogenization temperature, Tmice
= Final ice melting temperature.

6. Discussion
6.1. Genetic Links

The range of metal suites associated with granitic rocks depends on compositional
parameters, degree of magma evolution, and oxidation states [54]. The distal Precambrian
Older Granites (host rock) are barren; no ore mineral was seen except a few 0.1 to 1 mm
sized grains of “magmatic” pyrite (Py1 in Figures 4b and 10). Cassiterite mineralization is
commonly associated with albitization in the Jurassic biotite granites [4]. Primary miner-
alization of Sn, Nb, and Ta in the Nigerian Younger Granite province is contemporaneous
with magmatic activity [3,37]. According to Pastor and Turaki [4], the sequences of min-
eralization in Nigerian Younger Granites include: (1) early cassiterite dissemination, (2)
greisen formation with trioctahedral mica, minor sulfides, topaz, fluorite, and cassiterite,
(3) fissure-filling veins mainly containing sulfides crosscuts greisens, and (4) veinlets and
stringers containing cassiterite, wolframite, and minor sulfides. The greisenized “Older
Granites” with lode-bearing and barren veins are suggested to apply to the second and
third stages. They mostly formed in joints and fractures along the rims of NS-trending
subvolcanic granite porphyry intrusions (Figure 2b).

Field relations, geochemistry, and mineral paragenesis all supported the coupling of
hydrothermal greisens and vein mineralization to fluids originating from late-stage biotite
granite consolidation. The paragenetic sequence in Figure 10 shows that greisen-hosted
cassiterite is associated with local alteration of feldspars (sericitization) and formation of
lepidolite (muscovitation) [55]. The mineral associations observed from optical micros-
copy are largely in agreement with geochemical data to confirm local alkali metasomatism
and other alteration patterns [3]. For example, accessory ilmenite with a mass gain of MnO
in the altered granites may define divalent manganese stability in Mg-rich ilmenite. At the
same time, accessory topaz may account for the mass/volume increase in Al2Os, and dis-
persed fluorite may be due to the remobilization of CaO in greisens environments [22].

The biotite granites are highly differentiated (Figure 7e), medium to coarse-grained
granites with topaz, fluorite, and ilmenite as accessory minerals which appear to be con-
genial for cassiterite mineralization [24]. The enrichment and depletion of some elements
in the greisenized “Older Granite” largely mimicked the pattern in the Younger Granites
(Figure 8). The most notable feature is the general REE behavior, in which the REE are
nearly two times higher than in the host rock and about an order of magnitude lower than
in the anorogenic biotite granite (Supplementary Table S2). Metasomatic greisenization of
the marginal parts of Older Granite resulted from interaction with fluids that escaped
from the roof zone of biotite granite during deuteric albitization. The parallelism of chon-
drite-normalized REE in greisenized “Older Granite” and biotite granite (Figure 8b) indi-
cates a genetic link that allows interpretation of REE transport and fractionation in this
hydrothermal system (e.g., [56]).
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6.2. Mineral and Whole-Rock Chemistry Signature of the Granites

The geochemical composition has been interpreted as a function of different differ-
entiation degrees [1]. The low values of LOI (average = 1.23 wt. %) coupled with low al-
teration index (<66%) and very low Rb/Ba, Rb/Sr ratio in the greisenized granite suggests
they are weakly altered (incipient greisen). Artisans’ active mining has removed massive
greisen, and the paucity of data from cores of massive greisenized granite obtained by
Abaa [10] could not aid interpretations. Hence, we focused on the geochemical variations
in the Younger Granites that constitute the source of mineralizing fluid.

The tin-bearing biotite granites in the Gindi Akwati region with high Rb and conse-
quently low K/Rb ratio (< 200) are strongly differentiated [25,57] (Figure 7e). They are typ-
ically enriched in lithophile elements such as Rb, Cs, Nb, Ta, U, Th, Ga, and Y and depleted
in Sr, Ba, Ti, Zr, and Eu. Trace element systematics of tin-bearing minerals in Nigeria
Younger granites typically have high Rb content and low Sr, Ba content [58-60]. The Rb
and Sn contents of biotite granites in the Gindi Akwati region have a strong positive cor-
relation (r = 0.85). This trend is typical for other famous tin-bearing granites globally,
whereby the enrichment of lithophile elements and depletion of compatible elements ac-
company geochemical tin speciation of tin-bearing granites [1,55].

The biotite granites with higher enrichment of Sn (average = 117 ppm) have high
ratios of Rb/Sr (17.85-36.73) and Rb/Ba = (6.78-14.27) and lie within the field of tin miner-
alized granites in ternary Ba-Rb-Cs plot, which distinctly discriminates Sn mineralized
granitic rocks from barren ones [61] (Figure 14a). The Older Granite with a relatively high
Nb/Ta ratio (>5) and low Sn contents (average = 6.17 ppm) below the minimum concen-
tration for a typical tin mineralized granite (< 15 ppm, [54]) is barren (Figure 14f). Still, the
contents in weakly greisenized parts are enhanced (up to 40 ppm). According to Ballouard
et al. [34], the Nb/Ta value ~5 identifies magmatic-hydrothermal transitions in peralumi-
nous systems. The decrease in Nb/Ta ratio in the biotite granites and corresponding Sn
enrichment shows a magmatic-hydrothermal transition that probably triggered the for-
mation of ore-bearing veins in the greisenized granites of the Gindi Akwati region (e.g.,
[34]). Much higher values of Sn (range = 110-1330 ppm, average = 430 ppm) are reported
from massive “greisens” drill cores at different depths around the Gindi Akwati region
[10].

According to Lehmann [1], titanium is compatible in felsic igneous systems and rel-
atively immobile during hydrothermal overprint, whereas tin is incompatible in the igne-
ous systems but mobile during hydrothermal processes. During magmatic fractionation
and post-magmatic alteration, the trend of the Sn-Ti plot (Figure 14b) reflects enrichment
of incompatible tin and systematic depletion of titanium [62]. Hence, tin sequestrates early
crystallizing Ti-bearing phases (Figure 14b). Although Ta is largely immobile during hy-
drothermal overprints, it is incompatible with felsic igneous processes. Thus, the enrich-
ment of Ta is accompanied by the depletion of Ti during magmatic fractionation processes
(Figure 14c), giving the best record of the igneous situation [1]. In addition, the behaviors
of Zr and Ti during igneous processes and geochemical perturbation from hydrothermal
fluids in highly evolved peraluminous systems are similar. The direct relations between
Zr contents with trace levels of Ti that occurred in the Younger Granites of the Gindi Ak-
wati region are consistent with those reported from other famous tin-bearing granite glob-
ally [1] (Figure 14d).

6.2.1. Fractionation Pattern of REE in the Granites

The relative enrichment of REE in the greisenized granite may indicate that the con-
ditions during Younger Granite intrusion (biotite granite for our purposes) favored exten-
sive REE portioning into fluids that were separated and transported into host rock frac-
tures. These fluids contain ligands capable of complexing and transporting REE, such as
fluoride, as evidenced by the presence of fluorite and topaz in the greisen. Bulk biotite
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granites in Nigerian Younger Granites are known to be fluorine rich [63]. There is abun-
dant REE incorporation into accessory fluorite, topaz, which is a significant trap at the
magmatic stage; consistent with previous observations, fluorite can incorporate signifi-
cant quantities of REE from a melt [56]. Thus, the occurrence of fluorite in biotite granite
and greisenized granite could explain the overall pattern of REE decreasing concentration
in the sequence biotite granite > greisenized granite > granite porphyry > Older Granite.
The variation trend suggests that mineral-specific REE partitioning at the hydrothermal
temperatures that prevailed during greisen formation was a major determinant of REE
fractionation patterns within individual minerals (e.g., [56]).

6.2.2. Physicochemical Evolution of the Magmatic-Hydrothermal System

The redox state of granitic rocks is the primary control for types of metallic mineral
concentration in a given ore deposit [62,64]. Although the f(Oz2) (oxygen fugacity) of gran-
itoid can be slightly modified at shallow levels during solidification, the original charac-
teristics are retained even through post-magmatic processes. Thus, the two granitoid se-
ries have an important bearing on both petrogenesis and metallogenesis [1,62]. Tin solu-
bility in subaluminous or weakly peraluminous [A/NK= 1.02-1.22] water-saturated hap-
logranitic melts at 850 °C and £(O2) around 2 logio units or more above the FMQ (fayalite—
magnetite-quartz) buffer has been determined experimentally to be ~400 ppm SnO:. Be-
cause the solidus temperature of highly evolved fluorine-rich granite is around 600 °C or
lower [65], the saturation concentration of cassiterite in such granites may be well below
400 ppm Sn under low f(O2) conditions. Changes in pressure conditions do not exert any
significant influence on tin concentration in granitic melts. However, the solvent capacity
of the granitoid melts is increased by decreasing f(O2) and increasing temperature [24].

The zircon saturation temperatures estimated in the biotite granite range from 739 to
804 °C, with an average temperature of 754 °C after the calculation method from Watson
and Harrison [66], and those temperatures obtained after another thermometer by
Boehnke et al. [67] range from 736 to 785 °C, with an average temperature of 747 °C (Sup-
plementary Table S2). In addition, the ferric/ferrous bulk ratio (wt. %) of the granitic rocks
(<0.2; low f(O2)) is far less than the separation line (FesO2z/FeO = 0.5 and SiO2 =70 wt. %)
between magnetite- and ilmenite-series granitoid [68] (Figure 14e). Differing with the Pe-
ruvian plutonic rocks from the authors cited in Ishihara et al. [68], tin and tungsten min-
eralization are related to the ilmenite-series granites and the Younger Granite in Gindi
Akwati deposit plot in the ilmenite-series field under the broken line. Moreover, their plot
in the ilmenite-series of FeO + MnO - Fe20s + TiO — MgO ternary diagram indicates de-
pleted MgO and the general reduced nature of the Jurassic granites [69] (Figure 14f). This
suggests f(O2) of bulk rock is a log unit or more above the FMQ buffer around the NNO
buffer boundary (e.g., [64]). Globally, tin and tungsten mineral deposits are associated
with ilmenite-series granitoid due to their reduced form [1,62]. The magmatic tin enrich-
ment trend with distribution coefficient Dsn (crystals/melt) < 1 at f(Oz) below the NNO
buffer is realized in ilmenite-series granitic rocks (S-, I, A-type). This is also a requirement
for efficient hydrothermal depletion of magmatically tin-enriched rock volumes [1].
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Figure 14. Magmatic discrimination plots of Older Granite, greisenized granite, and Younger Gran-
ite (including granite porphyry and biotite granite) from the Gindi Akwati deposit. (a) Rb—Ba—Cs
diagram for granitic rocks, three areas distinguished: I = Sn < 15 ppm, Rb/Ba < 0.48, Rb/Sr < 1.3; Il =
Sn > 15 ppm, 0.48 < Rb/Ba < 5, 1.3 < Rb/Sr < 15; III = Sn > 29 ppm, Rb/Ba > 5, Rb/Sr > 15 (after [61]);
(b—d) Diagram of Sn vs. Ti, Ti vs. Ta and Ti vs. Zr for the Younger Granite in Gindi Akwati deposit
and other granites related to tin mineralization from Thailand/Myanmar and Germany showing Sn
sequestration into early crystallizing Ti-bearing phases (after [6,62]); (e) Diagram of Fe20s/FeO vs.
SiO2 (wt. %) for the Younger Granites. The broken line is a separation line between magnetite-series
and ilmenite-series (after [68]); (f) Diagram of FexOs + TiO2 - MgO — FeO + MnO for the Younger
Granite in Gindi Akwati deposit, showing that the samples lie in the ilmenite-series field (after [69]).
For Figure 14e and f, the FeO and Fe20Os from total iron contents were calculated by using the excel
spreadsheet in the article of Yang et al. [70].

6.2.3. Metal Partitioning

At the intrusion and deposit scale, the partitioning of metals in granitic rocks may
reflect these elements contrasting behavior during late-stage or post-magmatic processes
(e.g., [71]). An indication from petrography, with the lack of tourmaline and accessory
fluorite and topaz in the granites, rules out boron and confirms fluorine. Fluoride is im-
portant in the transport of some metals/elements in hydrothermal ore solutions, including
titanium, tin, REE, zirconium, and uranium [72]. The importance of tin (II) fluoride com-
plexes, such as SnF(OH)z- and SnFC], in hydrothermal fluoride solutions at 500 °C and 1
kbar have been demonstrated, but more experimentally based thermodynamic data are
needed to fully comprehend the mechanism [72].

Chlorine is the most common halogen responsible for complexing ligands that se-
questrate metals and transport them in hydrothermal solutions [1,71,73]. However, the
precipitation of tin as a cassiterite involves oxidation [1]. As a result, the efficiency of com-
plexing and transporting ore elements (Cu, Sn, Au, Pb, Zn, Ag) by Cl is dependent on Cl
partitioning between melts and aqueous fluid phase, hydroxide, and alkali hydroxide spe-
cies, and it is reduced to oxidized S complexes [54,73].

A quantitative measure of partition coefficients for metals (Pb, Cu, Zn, Fe, and Sn)
from co-existing fluid/melt inclusions in peralkaline to peraluminous granitic systems at
f(O2) = NNO - 1.7 to NNO + 4.5 and 1 to 14 mol/kg chlorinity has been demonstrated in



Minerals 2022, 12, 761

23 of 32

an experimental study [74]. The partition coefficient of Fe, Zn, and Cu is known to increase
with increasing chlorinity (other ligands may play a role for Cu), which suggests increas-
ing chlorinity favors the dissolution of metals. Partition coefficients for Sn are highly var-
iable, but they are likely to increase with increasing fluid chlorinity and decrease with
decreasing f(O2) or melt peraluminousity [54,74].

The valence states of tin in reduced and oxidized granite melts are divalent (Sn*) and
tetravalent (Sn*) forms, respectively [75]. Under high f(Oz) conditions (Fe3/Fe? ratio
>(0.5), tin in the tetravalent state may be incorporated into accessory minerals, such as
magnetite, sphene, and ilmenite during the early stages of crystallization, resulting in a
relatively low tin concentration in later stages [1,6,54]. The contrast probably prevailed
around the Gindi Akwati region (low f(O2) magmas; Fe*/Fe?* ratio < 0.5). Tin is predomi-
nantly bivalent, which prevents it from entering rock-forming minerals and favors accu-
mulation in residual liquids.

On the other hand, the formation of the sulfide ores depends on T and f(O2). The
dominant sulfur species in the hydrothermal fluid is a function of redox condition (HzS in
reduced condition or SOz in the oxidized state). Sulfur is more soluble in oxidized melts
than in reduced melts for any given FeO content, and related precipitation elements such
as Pb, Zn, Cu, Mo, Co, As, Bi, and Au will be partitioned into early sulfides rather than
concentrated in late-stage melts and a later exsolving aqueous phase [54]. The f(O2) of
granitic rocks in the present studies are below the NNO buffer, which preliminarily sug-
gests S is present as a sulfide. The bulk partition coefficient of S between the aqueous fluid
and melt at low f(O2) and high pressure will cause early precipitation of sulfides, conse-
quently preventing the formation of significant deposits [1,54]. The constraints on ore-
forming conditions from fluid inclusion and isotopic studies are discussed below.

The co-existence of cassiterite, chalcopyrite, and Li-rich mica (lepidolite) in the
“weakly” greisenized granites (Figure 6e) indicates that some volatility in the system, at
least temporarily, sequestered Li, Sn, and Cu from the melt (e.g., [76]). We postulate that
ore metal deposition involves reactions from remobilized portions of the Older Granite
by volatile-rich fluids (Cl-rich for our purpose). The progressive activity of Na*, K*, and
H* ions in the cooling greisenized parts complexed to form metal chloride solutes, which
were then converted into oxide or sulfide minerals [73].

6.3. Source of Fluid and Ore Metals in the Gindi Akwati Region

An influx of volatile-rich hydrothermal fluid that escaped from roof zones of biotite
granite transported ores through shears at the margins of the host granite [10,77]. There-
fore, we constrained the ore-forming conditions from sulfur isotope and fluid inclusion
studies. This includes f(O2), density, fluid salinity, trapping temperature, and pressure. In
addition, the sources of cassiterite and sulfide ores are discussed in detail below.

6.3.1. Ore-Forming Conditions

Higher oxidation states of sulfur are more enriched in heavier isotopes than lower
oxidation states, so S enrichment follows the general trend SO42~ > SO32~ >5.° > 52~ [78].
Oxidation-reduction reactions and other geochemical processes fractionate sulfur away
from bulk-Earth values (reference reservoirs) in geological systems [79]. The notable ab-
sence of sulfate minerals or magnetite (heavier isotopes) suggests the sulfur is not in a
higher oxidation state. Sulfide (H25, HS- and 5*) constitutes the reductive end of the geo-
chemical sulfur cycle. In the preceding statements, we indicated that the fractionation of
sulfur varies depending on environmental chemical conditions of redox state. The heavier
isotope (34S) is preferentially bound in sulfate relative to that in co-existing sulfide. Con-
sequently, sulfur dioxide (SOz) should be the most important sulfur species in high fO:
magmatic hydrothermal systems, whereas H2S, HS-, and S* are the dominant reduced
sulfur species [79]. Hence, the 5*S in the hydrothermal system at the ore-forming stage in
the mapped strip was dominated by H2S, HS, and S?, where ores were formed under low
fOz and low pH (acidic) conditions.
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The liquid-rich primary inclusions (liquid-vapor type) in the quartz veins are trapped
by sealing growth irregularities in the host crystal [51]. The thermal and chemical gradi-
ents within the ore deposits may account for the variations in homogenization tempera-
ture (Th) and salinity in the inclusions [51]. The dominance of primary inclusions with
high proportions of liquid phase with narrow ranges of measured homogenization tem-
peratures suggests the trapping of the homogenous fluid phase (Figure 13d), equivalent
to the minimum possible formation temperature (e.g., [51]). The trapping pressures dur-
ing the ore-forming stage are estimated to range from <50 bar to 200 bar and are mostly
concentrated in the range from <50 bar to 100 bar (Figure 13c), which would correspond
to depths of ~0.3-1.2 km, assuming cold hydrostatic conditions [80]. The variations indi-
cate a sudden pressure drop and the constrained pressure release generated by the ores
(e.g., [41]). Furthermore, it seems clear that ore deposits cannot be generated without sep-
arating a vapor phase [51].

The salinity of the inclusions from cassiterite- and sulfide-bearing quartz veins was
largely overlapped. Still, variations in homogenization temperature suggest the ore-form-
ing process may have taken place in two stages, or it may have acted in a continuous
progression [81]. The mineralized veins lie within greisenized granite that is commonly
associated with the alteration. Extensive alteration reflects disequilibrium and the inten-
sity of greisenization attained during fluid-rock reactions. As a result, the chemical equi-
librium between the mineralizing fluids and the quartz vein wall rocks implies that the
mineralizing fluids are penecontemporaneous with the magmatic fluid that caused grei-
senization. These probably control the dominance of liquid-rich fluid inclusions (e.g.,
[82]).

Although the measured homogenization temperature (Th) values of inclusions from
cassiterite- and sulfide-bearing quartz veins overlap (143.0-377.2 °C and 172.4-337.7 °C,
respectively), two points have very low ice melting temperature (Tm) and high salinity
(up to =17.9°C) but are still below the eutectic temperature of aqueous fluid inclusions (-
21.2 °C; ice + NaCl-2H:0) in the salt-water system [83]. Nearly all the inclusions from sul-
fide-bearing quartz veins have low salinity, except for one (up to 17.70 wt. % NaCl). In
addition, one inclusion from cassiterite-bearing quartz veins hosts more saline fluids (up
to 20.89 wt. % NaCl). A relative inverse correlation between ice melting temperature (Tm)
and homogenization temperature (Th) could indicate a dilution of a hot, saline magmatic
fluid (Th >300 °C) with low salinity meteoric water (e.g., [84]) (Figure 13d).

The entrapped fluids are primary two-phase (liquid-vapor) with a salinity range be-
tween 20.89 to 0 wt. % NaCl (average = 4.08 wt. % NaCl). This suggests a decrease in the
salinity of hydrothermal fluids during the evolution. The subtle variation in salinity, com-
bined with low homogenization temperature (highest frequency = 143 to 300 °C), is very
characteristic of post-magmatic hydrothermal mineralization at low temperature [85]. In
addition, the few relatively high homogenization temperature datasets suggest that a
compositionally heterogeneous fluid was formed by fluid boiling (Figure 13c) and CO2
immiscibility (from a few high-pressure estimates of the pressure of 150 to >200 bar) at
temperatures above 300 °C (e.g., [84]). The stage at which the precipitation of major ores
(S5n, Cu, Zn, Fe) occurred is mainly characterized by trapping pressure <200 bar and dis-
cernible mineral assemblages in the greisen. This suggests the mineralization veins started
with hot (homogenization temperature 2300 °C), low to moderate salinity (average = 4.08
wt. % NaCl), low density (0.6 g/cm?) fluids, and > 200 bar trapping pressure (Figure 13c).

6.3.2. Cassiterite Source and Growth Environment

Cassiterite of various genetic types can have varying chemical compositions. Minor
elements Nb, Ta, Fe, and Mn are abundant in magmatic cassiterite, which is related to
highly fractionated Li-F granite and pegmatite. Hydrothermal cassiterite, on the other
hand, typically has low Nb and Ta contents (e.g., [49]). Except for when W is high, all the
minor elements are moderate in the quartz vein and low in the greisenized granite. How-
ever, the greisenized granite cassiterite has high Fe content. The systematic variation in W
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and Fe contents in cassiterite from both greisen and quartz veins in the Gindi Akwati re-
gion is similar to that found in granite-related Sn deposits around the world (e.g., [86])
(Figure 11e).

The cassiterite from quartz vein and a few from greisen fall along with a linear array,
with Fe + Mn and Nb + Ta predominantly varying in the ratio of 2:1 corresponding to the
coupled substitution: 3Sn* =2(Nb, Ta)> + (Fe, Mn)* (e.g., [49,86]) (Figure 11f). In addition,
a few cassiterites from greisen have compositions approaching the 1:1 substitution line,
suggesting the presence of a Fe3*(Nb, Ta)Os component in some of the cassiterite, con-
sistent with the substitution: 25n* =Fe% + Ta** (e.g., [49]) (Figure 11f). Tetravalent elements
readily substitute directly for Sn* without any charge balance considerations. On the
other hand, Nb and Ta occur as 5*ions, whereas Fe can be divalent or trivalent. Therefore,
some of the greisenized granite cassiterite with very low Mn, Nb, and Ta, but significant
Fe, needs an additional mechanism to incorporate Fe cations. We propose the coupled
substitution: Fe>* + OH- = Sn* + O (e.g., [86]).

Although most of the greisenized granite and quartz vein cassiterites are hydrother-
mal cassiterite, others exhibit magmatic signatures with a variable mechanism of substi-
tution. High Nb, Ta, and low Ti indicate cassiterite crystallization in a high-temperature
environment [87]. The low (in greisen) to high (in quartz veins) Ti contents, and relatively
low Nb and Ta contents in all cassiterite, suggest they crystallized at moderate to low
temperature. Therefore, we inferred that cassiterite growth was governed by hot, mag-
matically derived fluids (possibly without contribution from cooler exogranitic fluids
and/or meteoric water) contemporaneous with the greisenization process.

6.3.3. Sulfur Sources in the Sulfides

In geochemical processes, stable isotopes of sulfur (S) are important tracers for ore-
forming material sources [79]. The main sources of sulfur are: (1) inorganic reduction in
seawater sulfate, (2) sulfur leaching from igneous footwall rocks, (3) mantle magmatic
fluids, and (4) sulfur from microbial activity in reduced sediments [50].

Generally, the minor variability of the measured data suggests a uniform sulfur
source. At the same time, the near-zero 535S values are typically considered to indicate an
igneous origin, either directly by magma devolatilization or by leaching from local intru-
sions (e.g., [88]). According to the established order of sulfide formation, the 53Sv-cor val-
ues of these grains decrease systematically from sphalerite to pyrite and chalcopyrite (0.87
to —1.30%o) (Supplementary Table S4), probably implying that the main mineralization
stage developed in a stable and uniform hydrothermal environment [79]. The relationship
0%SHzs = 0%Sauid holds in the equilibrium state and can be used to trace the sulfur source
[89]. The calculated 8%*SHzs (=1.93%o to 0.51%o, average = —0.49%o) are similar to those of
the famous tungsten deposit associated with granite intrusions in Xihuashan (-0.83%o) in
the Nanling region [90], Dengfuxian (-0.63%o) in the Hunan province [91], and Yaoling
(—0.07%o) in South China [89] that are interpreted to be of magmatic origin. The narrow
ranges of 0*Sv.cor values for the ores, as well as the close temporal-spatial association of
the ore bodies and the granite, not only indicate that the Gindi Akwati region’s sulfur
sources are magmatic but also that the source of S was homogenous (e.g., [89]) (Figure 12).
As aresult, the sulfides are formed from a single fluid that contains both metal and sulfur
and precipitates, as a result of a change in physical and chemical conditions (e.g., [92]).

6.4. Genetic Model

The Jurassic granite porphyry pluton in the mapped strip is a forceful (active) intru-
sion that explores the east-west oriented extensional component. The intrusion wall and
roof created a local shear-sense (few to tens of cm) within the margins of the basement
Older Granites, which defines the NS trend of its long axis (Figures 2b and 15). The po-
rosity and permeability in sheared Older Granite enhanced the movement of ore-bearing
fluids that escaped during the late-stage consolidation of the biotite granite. The rheology
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of the Older Granite dictates the mechanism of fluid—rock interaction that induced grei-
senization (e.g., [93]). The extent of fluid-rock reactions controlled the recrystallization of
new minerals at the incipient and massive greisen zones (Figure 15).

The contact relations and physical characteristics suggest that both the cassiterite—
sulfide mineralization in the greisen and quartz veins are not only spatially related but
also coeval with the greisenization of portions of the Older granite in the vicinity to the
minor shear(s) (Figure 15). This explains why the greisenized parts (containing dissemi-
nated and lode vein mineralization) are strictly restricted to areas in the vicinity of the
shears (e.g., [94]). Some forms of magmatic tin enrichment via fractional crystallization in
biotite granite and subsequent hydrothermal redistribution are favored by a redox state
at or below the NNO buffer (e.g., [1]). The low P-T variation from fluid inclusion studies
also supports that the mineralized quartz veins are from a late magmatic fluid stage con-
temporaneous with greisenization [95].

It is well known that some oxides co-exist with sulfides under certain physicochem-
ical conditions and therefore crystallize at the same time [96]. For example, cassiterite is
stable with chalcopyrite, sphalerite, and galena in certain environments. However, the
sulfides become unstable at redox potential (Eh) >0.2 V, whereas cassiterite remains stable
at Eh >1 V [97]. The difference in the abundance of ores with depth can be explained by
assuming the sulfides had an isomorphic admixture of tin, to which effects of high redox
potential (Eh) at apical parts made the sulfides unstable and decomposed, liberating SnO:
in the reaction of Sn with oxygen (e.g., [97,98]) (Figure 15).

Figure 15. Simplified magmatic-metallogenic model (not to scale) within ca. 161 to 149 Ma after over
400 Ma hiatus, pressure released from reactivated transcurrent fault triggered partial melting, fol-
lowed by forceful emplacement of the Jurassic granite porphyry, which sheared the Older Granites
(modified after [59,99]). Mineralized fluids that escaped from the roof zone of biotite granite intru-
sion moved through the shears, altered, and mineralized the precursor rocks around the vicinity of
the shears.
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7. Conclusions

(1). The forceful intrusion of Jurassic Younger granite porphyry sheared parts of the
host rock (Precambrian Older Granite) in the Gindi Akwati region. Fluids that escaped
during late-stage consolidation of a later intrusion (Jurassic biotite granite) greisenized
marginal parts of the Older Granite. The compositional variations in the biotite granite
show they are highly evolved in low oxygen fugacity conditions that favor tin minerali-
zation.

(2). The hydrothermal alteration that occurs with attendant mineralization is in three
stages, i.e., an early one with a high-temperature stage characterized by feldspar and
quartz replacements that induced greisenization; an intermediate-temperature stage,
where volatile-rich fluids complexes partitioned metals, characterized by crystallization
of lepidolite (Li-rich muscovite), fluorite, topaz, and apatite and accompanied by the in-
troduction of oxide and sulfides in greisenized granites; and a depositional hydrothermal
stage that formed quartz veins bearing sulfides and tin.

(3). Constraints from stable isotope and fluid inclusion systematics show the hydro-
thermal history of greisens and veins began with hot, low to moderate saline fluids, which
had an isotopic composition very close to that of typical magmatic fluids at or below the
NNO buffer. This favors late magmatic to early post-magmatic models of mineralization
related to the anorogenic Jurassic biotite granite intrusion.
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