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Abstract High-K granites dominate the rock units in the
Bakoshi and Gadanya areas located in the northwestern
Nigerian subshield, part of the Trans-Saharan Belt, West
Africa. In this contribution, the LA-ICP-MS zircon trace
element revealed the fertility of magma responsible for the
high-K granites that hosts the Bakoshi-Gadanya gold
mineralization. Two likely metallogenic granites types are
1) Gadanya alkali granite, with high Ce*™/Ce*" (mean
1485) and limited range of Eu anomalies may likely be
associated with the gold mineralization, and 2) Bakoshi
porphyritic granite, Jaulere biotite granite, Shanono coarse-
grained granite, and Yettiti granite, all have low Ce**/Ce®"
ratios (mean < 100, except second Bakoshi granite D2-1)
with wider ranges of Eu/Eu* values, thus are considered
reduced granites. These reduced granites have oxygen
fugacity values and Eu anomalies comparable to reduced
granites associated with tin belts in Myanmar and Zaai-
plaats granites in Bushveld Complex, South Africa. Ti-in-
Zircon thermometric study revealed two thermal regimes
during the crystallization of the Bakoshi—-Gadanya granites:
the high temperature (746-724 °C): Shanono coarse-
grained granite, Bakoshi granite D2-1, and Jaulere biotite
granite; and relatively low temperature (705-653 °C):
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Bakoshi porphyritic granite D1-1, Yettiti medium-grained
granite, and Gadanya alkali granite. Zircon trace elements
including U, Yb, Y, Nb, and Sc ratios constraint the magma
source of Bakoshi—-Gadanya granites to an enriched mantle
metasomatized during the subduction process before its
melting. Except for Gadanya alkali granite, fractionation of
titanite and apatite dominate the magma evolution with
limited amphibole fractionation. Melt that crystallized
Gadanya alkali granite is rather saturated in zircon without
accessory titanite or apatite.
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1 Introduction

Zircon mineral is versatile in many aspects due to its
resistance to post-crystallization alteration and ability to
store information relating to chemical elements since
crystallization time (Ballard et al. 2002; Trail et al. 2012;
Jiang et al. 2019, 2020). Its applications range from
geochronological investigations, melt and fluid sources
tracer through Hf-isotopes in zircon, and geothermometers
(Harrison et al. 2005; Kemp et al. 2010; Bouvier et al.
2011; Watson and Harrison 1983; Boehnke et al. 2013). As
a typical accessory phase in most rocks, zircon is the major
reservoir for U, Th, Hf, and HREE and also aid incorpo-
ration of other elements such as Y, Nb, and Ta due to its
unique crystal structure (Bea 1996; Belousova et al. 2002;
Corfu et al. 2003; Linch and Hanchar 2003).

Europium and cerium in zircon are used to ascertain the
redox state of magma and the extent of fractional
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crystallization which can proffer valuable information
relating to ore element concentration, source rock, mag-
netic susceptibility, and the type of associated ore deposit
(Blevin and Chappell 1995, 1992; Blevin et al. 1996;
Chappell and White 2001; Kemp 2005). For example, Au,
Cu, and Mo mineralization usually are tied to oxidized
granites, while Sn, Wo, and Ta mineralization are associ-
ated with reduced granites (Kemp 2005; Sun et al. 2013;
Cheng et al. 2018; Lee et al. 2021). A distinction is usually
drawn using Fayalite-Magnetite-Quartz (FMQ) oxygen
buffer line to separate granite magmas that are oxidized
and plot above the FMQ (usually crystallize magnetite)
from those reduced granitic magmas with relatively lower
oxygen fugacity compared with FMQ which crystallize
ilmenite (Blevin and Chappell 1995; Ishihara 1977; Kemp
2005). Thus, granitic rocks associated with gold are mag-
netite-bearing, oxidized, and display pronounced aero-
magnetic signature, while those with no genetic association
but host gold are ilmenite-bearing, are reduced, and show
less aeromagnetic signatures. Cerium and Eu usage as oxy-
barometer is gaining acceptance by many researchers in
finding answers to magma redox state, where higher Ce™/
Ce ™ implies oxidized magma condition whereas lower Eu
anomaly constraints the reducing environment (Ballard
et al. 2002; Trail et al. 2012; Smythe and Brenan 2016;
Jiang et al. 2019; Girei et al. 2020; Lee et al. 2021).
Although some researchers (e.g. Hoskin and Schaltegger
2003) envisage caution when applying this oxy-barometer
due to plagioclase fractionation or co-crystallization with
zircon as it would elevate the anomaly in Eu, which may be
confused for change in the redox state of magma or fluid.
However, the work of Trail et al. (2012) has shown that
Eu”" and Ce*" can coexist in silicate melt and can be used
as proxies for the redox state of magma saturated with
zircons. Therefore, feldspar crystallization, whether during
or before zircon formation, is not a requirement for the
observed Eu anomaly in zircon, somewhat, the oxygen
fugacity and Eu anomaly of the magma.

The Bakoshi—-Gadanya (BAG) area is known for its
high-K igneous rocks (Elatikpo et al. 2021). In recent
times, this category of igneous rock has attracted the
attention of geoscientists from both the academics and in
the exploration industries about their petrogenesis, poten-
tials, and their close association with gold mineralization
(Miiller and Groves 2019). Although some workers (e.g.
Asaah et al. 2015, and references therein) conversed for an
all-inclusive granitic rock with no preferences for a par-
ticular compositional range as capable of association with
gold. High-K calc-alkali to alkali-calcic granitic rocks is
associated with the newly discovered gold mineralization
in the BAG area. At present, there is no documented evi-
dence either through geochemical or isotope systematics to
suggest a metamorphic or magmatic origin of the fluid
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source(s) responsible for the BAG gold mineralization. The
possibility of a magmatic fluid source contribution to the
associated gold mineralization should not be quickly
overruled. Recently, a regional ore source fluid was pro-
posed linking some gold mineralization in the Pan-African
terrane of western Africa to granitic host rocks (e.g. Asaah
et al. 2015; Ouattara et al. 2020). The present investigation
tests the likely potential of the BAG high-K granitic rocks
by assessing their magma fertility concerning the associ-
ated gold mineralizing fluid.

The present contribution reports the results of Laser
Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS) study of zircon trace element and REE
precipitation during magmatic crystallization stage, based
on the example of the gold-hosted high-K BAG granites in
northwestern Nigeria. The ultimate goals are (1) to docu-
ment the magma source(s) and the geodynamic setting
from which the BAG granite form and (2) to assess the
magma fertility of the granites concerning the associated
gold mineralization.

2 Geological background
2.1 Regional geology

The Nigerian shield is an extended component of the
Trans-Saharan Orogenic Belt (TSOB) that runs from
Hogger in Algeria down to the Atlantic Ocean. This belt
has a trans-continental counterpart as Borborema province
in NE Brazil (Caby 2003; De Wit et al. 2008; Liégeois
2019). The TSOB is situated between the West African
Craton (WAC), the Congo Craton (CC), and the Saharan
metacraton (SmC), which have suffered multiple oroge-
neses, including the recent Pan-African orogeny (Ajibade
and Wright 1989; Brahimi et al. 2018; Liégeois 2019;
Elatikpo et al. 2021). Terranes in the TSOB are primarily
divided along mega shear zones such as the Adrar, Iskel,
Ounane, and Raghane shear zones in Tuareg Shield (cov-
ering countries like Mali, Algeria, and Niger) and the
Anka-Zungeru and Kalangai-Ifewara shear zones in the
southern segment (the Nigerian Shield) (Ajibade and
Wright 1989; Brahimi et al. 2018; Liégeois 2019). The
shear zones trend majorly in N-S and NE-SW directions.
Both Archean and Proterozoic rocks have been reported in
TSOB (Ogezi 1977; Dada et al. 1989; Bruguier et al. 1994;
Kroner et al. 2001; Béchiri et al. 2011, 2018; Liégeois 2019
and references therein).

The Nigerian shield—the southern prolongation of
TSOB, is recognized as two subshields (Fig. 1a) which
differs in rock ages, lithological units, and mineralization
potentials (Ananaba and Ajakaiye 1987; Woakes et al.
1987; Ferré et al. 1996; Bute et al. 2020a): the west



Acta Geochim (2022) 41(3):351-366

353

12°30

Damatury Meiduguri

Atlantic Ocean

Po\l(l“‘Hn court

Bakoshi

|:| Cenozoic to Recent sediments |:| Paleoproterozoic schist belts

Cities

- Cretaceous sediments
Major shear zones/faults

- Mesozoic granitoids
|:| Neoproterozoic granitoids

Nigerian Subshield
B Location of Figure 1b (BAG area)

- Tertiary to Recent volcanics |:| ‘/]\J;I%%%—Sl’roterozmc migmatite-gneiss-

...... Boundary separating West from East

- Tourmalinite

- Bakoshi porphyritic granite (638-646 Ma)
- Yettiti medium-grained granite (683 Ma)
B 1aulere biotite granite (693 Ma)

Shanono granite (707 Ma)

B Gadanya alkali granite (710 Ma)
- Paleoproterozoic schist
l:l Archean migmatite-gneiss

o=+ Shear zone/Fault
204 Foliation

Sample Location
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Nigerian subshield (WNS) have Archean to Paleoprotero-
zoic rocks including gneisses and schists that formed dur-
ing greenschist to amphibolite-facies metamorphism; they
comprise gold and banded-iron metallogenic provinces.
The east Nigerian subshield (ENS) is noted for its Ebur-
nean rocks of granulite-facies metamorphism and consti-
tutes Nigeria’s tin and uranium metallogenic provinces. In
these two subshields are also granitoids of Neoproterozoic
ages formed during the Pan-African tectono-thermal
events, locally called ‘Older Granites.” The granitoids
range from metaluminous variety (mostly the granodiorite,
diorite, and syenite) to peraluminous (mostly granites) and
range from magnesian to ferroan in composition, with I-,
S-, or A-type granite affinity (Goodenough et al. 2014;
Bute et al. 2020b; Elatikpo et al. 2021). These granitoids
are reported to be related to the subduction on the margin
of the WAC (Danbatta 1999; Goodenough et al. 2014) or
other subductions on the margins of crustal blocks in the
Nigerian Shield (e.g., Adetunji et al. 2018; Elatikpo et al.
2021).

2.2 Local geology and gold mineralization

The BAG is part of the WNS (Fig. 1b) in TSOB. The area
is underlined by rocks of Archaean gneisses, Paleopro-
terozoic metasedimentary schists, and quartzite, which are
intruded by Cryogenian granites and aplites with minor
pegmatites (Elatikpo et al. 2021). Tourmalinite is a later

boron fluid metasomatized rock with limited coverage and
may likely represent the youngest unit in this area (age
unknown). The gneisses are mostly of banded and granitic
variety and occupy most parts of the BAG area. On the
other hand, metasedimentary rocks are sparsely distributed
with orientation controlled mainly by the dominant Pan-
African structural North- to NE-trends. They are domi-
nantly mica schists, phyllite, and quartzites.

Only recently, Elatikpo et al. (2021), using whole-rock
geochemical and U-Pb on zircon isotopic studies of the
high-K BAG granites, asserted that the granites are syn-
kinematic to second major syn-metamorphic deformation
with calc-alkalic to alkali-calcic affinity. The authors put
the magmatic activities to have spanned c. 70 million years
(710-638 Ma) and linked their parental magmas to meta-
somatized mantle lithosphere and asthenospheric mantle.
The authors also grouped the granites into two geochemical
types, namely: 1) the calc-alkalic type including the
Bakoshi porphyritic granite (D1-1: 638 Ma; D2-1:
646 Ma), Jaulere biotite granite (J1-1; 693 Ma), Shanono
medium- to coarse-grained granite (S1-1; 707 Ma), and the
Yettiti medium-grained granite (Y2-1; 683 Ma), and 2) the
Gadanya alkali granite (G1-1; 710; Ma) which constitute
the alkali-calcic type. These granites are slightly peralu-
minous, ferroan, and are akin to A-type granites. For
detailed geochemical, geochronological, and isotopic
information relating to the BAG granites, the reader is
referred to the work of Elatikpo et al. (2021).
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The first documented report of gold occurrence in the
BAG area was the work of Elatikpo (2016) and later Sani
et al. (2017), Elatikpo et al. (2018), and Anthony et al.
(2020). Their works centred on the style of occurrence,
local structural control, and metallurgy of the gold
(Anthony et al. 2020; Sani et al. 2017). These authors
reported gold mineralization styles as vein type, stockwork,
and wall-rock dissemination. Issues that border genesis,
source of ore fluid, and timing of gold mineralization are
yet to be investigated or reported in this new goldfield.
These earlier workers indirectly linked the gold mineral-
ization to a shared regional fluid source, transported along
the major transcurrent Kalangai fault which traversed the
area. The precipitation of gold and other ore minerals was
envisaged to be in the second and/or third-order conjugate
faults systems (e.g. Sani et al. 2017), thus, conversing a
structural control as the mechanism of their deposition.

3 Analytical method

Six fresh granite samples collected from the six granitic
phases in the Bakoshi—-Gadanya area were crushed and
ground to extract the zircon grains. These zircon grains
were separated from the bulk minerals through density and
magnetic separation techniques, and the clean grains were
then mounted in an epoxy resin and, after that, polished.
Fractures and mineral or fluid inclusions were avoided
using cathodoluminescence (CL) images of the zircon
grains taken using a scanning electron microscope, fitted
with energy dispersive spectroscopy (EDS). This was in
addition to transmitted and reflected light images of the
zircons before the laser spots were rightfully selected for
investigation of trace and rare earth elements.

In-situ zircon trace elements and REEs were determined
at Beijing Geo-Analysis Co. Ltd China, using Laser
Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS). Ion-signal intensities were acquired using
an excimer laser ablation system fitted with an Agilent
7500a ICP-MS, and the laser energy and frequency used
were 70 mJ and 8 Hz, respectively. Helium and argon were
used as the carrier and make-up gases, respectively, mixed
with nitrogen during the procedure. The chosen Laser beam
diameter was 32 pm for most grains except for a fewer
grain with a smaller width, in which case, a 24 pm spot
diameter was applied on such zircons. Background and
data acquisition intervals of ~ 20-30 s (gas blank) and a
40 s, respectively, were applied on the chosen zircon spots
for each of the analyses. The calibration was against NIST
610 combined with Zr as internal standard, processed using
Iolite v3.7 software. Reference material was analyzed (see
Table S4 in Electronic Supplementary Material) between
10 unknown analyses to correct for time-dependent drift of
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sensitivity and mass discrimination. Analytical results
obtained were processed, and plots were constructed using
Grapher 13 software.

4 Results

Trace elements and rare earth elements (REE) results used
in this study derived from 94 zircons from the Bakoshi—
Gadanya granites (30 grains from two Bakoshi porphyritic
granites; 17 grains from Shanono coarse-grained granite;
12 grains from Yettiti medium-grained granite; 22 grains
from Gadanya alkali granite; and 13 grains from Jaulere
biotite granite). The results are listed in Electronic Sup-
plementary Material Table S1 and presented in Figs. 2, 3,
4,5,6 and 7.

Crystallization temperatures were determined using the
titanium concentration in zircon (Watson et al. 2006; Fu
et al. 2008). Considering that zircon coexists with Ti-
bearing phases, e.g., titanite, in some samples from the
BAG granites (Elatikpo et al. 2021), Titanium activity
(ation) was set at 0.8 with the belief that Ti concentration
could have been high during the melt evolution. Due to
silicic compositions of BAG granites (Elatikpo et al. 2021),
silica activity (asi02) was set to one. Parameters such as
temperature, oxygen fugacity (fO,), Eu- and Ce-anomalies,
and Ce**/Ce*" ratios were calculated from the zircon trace
elements and REE data. These parameters are given in
Electronic Supplementary Material Table S2 and presented
in Figs. 5, 6 and 8. Chondrite-normalized REE values of
zircons are listed in Electronic Supplementary Material
Table S3. Cathodoluminescence (CL) and reflected light
(RF) images of the investigated zircons are presented in
Fig. 9.

4.1 Trace elements and REEs in zircons

Zircons from the BAG high-K granites are rich in Hf, U,
and Y and heavy REE over light REE (see Table S1). The
calc-alkaline granite samples (D1-1, D2-1, J1-1, S1-1, and
Y2-1) have higher but variable Hf concentrations
(18,140-8350 ppm) in their zircons. Zircons from Gadanya
alkali granite have lower and consistent Hf concentrations
around 11870-8300 ppm.

In most samples, chondrite-normalized REE patterns of
zircons are similar, though with varying degrees of REE
enrichment (Fig. 2). This also applies to trace element
patterns (Fig. 2g). They are characterized by rising slopes
from the light REE to heavy REE, with Ce enrichment and
pronounced Eu depletion (Fig. 2)—a characteristic of
unaltered zircon (Hoskin and Schaltegger 2003). A close
inspection of the patterns revealed an abrupt rise in heavy
REE from Gd to Lu with variable (Yb/Sm)y ratios in all the
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zircons populations (Fig. 2 and Fig. S1; see Table S3 for
Ybn/Smy ratios). The (Yb/Sm)y ratios have been used to
evaluate heavy REE enrichment in zircons (Belousova
et al. 2002). These ratios are low and variable across the
quartiles in zircons from the calc-alkalic BAG granites:
Bakoshi granite (mean D1-1: 72, D2-1: 95), Jaulere granite
(mean 54), Shanono granite (mean 48), and Yettiti granite

(mean 76). However, variability in (Yb/Sm)y ratios are less
in zircons from the alkali-calcic Gadanya granite (52 to
281, mean 127) with a greater population centred around
90-200 except for an outlier G1-1-15. The high but less
variable (Yb/Sm)y ratios in zircons from Gadanya alkali
granite justify their higher contents of heavy REE
(Table S1).
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4.2 Ti in zircon temperature

The choice of Ti-in-Zircon thermometry as applied in this
study comes from the fact that Ti can be incorporated into
phases like titanite, ilmenite, and rutile; and can also sub-
stitute for Si in zircon (Watson et al. 2006; Fu et al. 2008).
Therefore, once the oxide activities (e.g. atjo and dasjoy)
are known and the older zircon populations, e.g., xeno-
crysts and antecrysts are excluded, Ti-in-Zircon can
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provide an excellent crystallization temperature of zircon,
and by extension, that of BAG granitic phases. Based on
the mean Ti-in-Zircon temperature values, the BAG gran-
ites are grouped into two (Table S2; Fig. 5a). The first
group have relatively lower mean values and comprise
Bakoshi granite sample DI-1 (range = 562-735 °C,
mean = 653 °C), Yettiti granite sample Y2-1 (range =
809-605 °C, mean = 693 °C) and Gadanya alkali granite
sample G1-1 (range = 797-624 °C, mean = 705 °C). The
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Fig. 4 Binary diagrams

showing cooling and phase
fractionation in zircons from the
BAG granitic phases (after
Grimes et al. 2015) a Ti versus
Gd/Yb; b Gd/YDb versus Ce/Yb;
¢ Ti versus Sc/Yb; and d Ti
versus Yb. Ap = apatite;

IIm = ilmenite; Ttn = titanite;
Amp = amphibole. Symbols are
the same as in Fig. 3
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second group, however, have their mean values higher than
those observed in the first group; this comprises the
Bakoshi granite sample D2-1 (range = 799-600 °C,
mean = 713 °C), Jaulere granite sample J1-1 (range =
790-607 °C, mean = 724 °C) and Shanono granite sam-
ple S1-1 (range = 831-668 °C, mean = 746 °C). From
Fig. 5a, it can be seen that samples from Bakoshi granite
D1-1 and Gadanya alkali granite show fairly consistent
temperature values in 25th and beyond 75th percentiles.
Temperature values in Gadanya and Yettiti granites vary
less across the quartiles. Temperature values in sample D2-
1 are variable in both 25th to 50th percentiles, similar to
variable temperatures displayed in 50th to 75th percentiles
in Jaulere granite. The Shanono granite displayed
homogenous temperature values in the 25th percentiles.

4.3 Ce**/Ce** and Eu anomalies

The Gadanya alkali granite has high zircon Ce**/Ce®"
ratios (range = 69-18,622, mean = 1485), although its
mean Eu anomalies (range = 0.0-0.9, mean = 0.7) are
comparable to those of Jaulere granite samples J1-1
(mean = 0.8) and Bakoshi granite (D1-1 =0.7, D2-
1 = 0.7) (Table S2, Fig. 5b—c). In comparison to Gadanya
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alkali granite, the Jaulere and Bakoshi granites show lower
zircon Ce*t/Ce®™ ratios [(Jaulere: 13—-136, mean = 39),
(Bakoshi sample DI1-1: 5.7-616, mean = 88; Bakoshi
sample D2-1: 1.9-878, mean = 265)] (Table S2; Fig. 5b—
).

Yettiti granite have lower Ce*"/Ce®" ratios and Eu
anomalies (Ce*t/Ce®" = 1.4-407, mean = 84; Eu/Eu* =
0.3-0.7, mean = 0.5). Zircon Ce**/Ce>" ratios in Shanono
granite (Ce*™/Ce®™ = 7.3-129, mean = 44) is comparable
to that of Jaulere granite, but its Eu/Eu* anomalies
(0.3-0.7, mean = 0.5) equate that of Yettiti granite.

4.4 Oxygen fugacity

Oxygen fugacity is exponentially high in the Gadanya
alkali granite (logfO, = — 12.3 to 1.9, mean = — 7.1) with
its Fayalite-Magnetite-Quartz buffer (AFMQ) determined
at + 4 to + 21, mean = + 9.5 (Table S2). Calculated
oxygen fugacity in the Bakoshi granite is lower and below
the FMQ buffer: sample D1-1 (LogfO, = — 26.5 to — 5.9,
mean = — 19.6), AFMQ (— 8.3 to + 10.6, mean = — 1.5)
and sample D2-1 (logfO, = — 21.6 to — 6.4, mean = —
13.2), AFMQ (— 7.2 to + 11, mean = + 3.5). Jaulere
and Shanono granites have values intermediate between the
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higher values in Gadanya alkali granite and lower valuesin 5 Discussion
the Bakoshi granite: Jaulere granite (LogfO, = — 15.7 to
— 7.2, mean=— 12.8 and AFMQ=— 13 to + 7.2,
mean = + 1.6), Shanono granite (logfO, = — 19.2 to
— 13.1, mean = — 16.0 and AFMQ = — 3.2 to + 4.0,

mean = — 0.2).

5.1 Trace element and REEs systematics

The fractionation or crystallization trend of mineral phases,
e.g., accessory minerals, determined the contents of trace
elements and REE in zircon (Schaltegger 2007) with
preferential portioning of light rare earth elements (LREE)
for apatite, monazite, and allanite against zircon in a typ-
ical magmatic-hydrothermal system (Krneta et al. 2017). In
a detailed work using a large zircon chemical composition
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dataset, Zhong et al. (2018) established several pitfalls of
magmatic versus hydrothermal zircon discrimination dia-
grams, e.g., (Sm/La)y vs La and Ce/Ce* vs (Sm/La)y
diagrams. The shreds of evidence given by the authors
were germane and thus could not warrant their usage in this
study to ascertain the magmatic from possibly hydrother-
mal zircon populations in the BAG granites. However, a
combination of cathodoluminescence images of zircon that
provide an excellent view of the zircon texture and trace
element contents was adopted. Those zircons that are
magmatic and autocrystic — with clear concentric zoning
texture and a clear heavy REE-enrichment over light REE
were chosen and discussed in this work.

Selected trace elements (Ti, Y, Sm, and Nb) were
plotted against Gd to test for the fractionation in the BAG
granites (Fig. 3). Clearly, these elements show good
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correlations with Gd, indicating fractionation as one of the
dominant mechanisms during the magma evolution of
these granites. The patterns of REE, Y, and Ti contents in
all the investigated zircons from the different granitic
phases are similar and consistent with those of magmatic
zircons, with enrichment in heavy REE over the light REE.
In addition, the Eu anomalies are pronounced across the
zircon populations. Also, a plot of differentiation index,
Sm/Gd and Pr/Yb (e.g. Gardiner et al. 2021), have con-
firmed the fractionation mechanism as the zircons dis-
played a positive correlation (Fig. 3e—f). The covariation of
REE and HFSE in Fig. 3 is a testimony that these elements
in BAG zircons were not significantly disturbed (if they
were) and can be taken to indicate magmatic signature.
Moreover, elements such as Sm, Gd, and Y, which are
incompatible chemically, are used to measure fractionation
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Fig. 9 Cathodoluminescence (CL) and reflected light (RF) images of
representative zircons extracted from the different granitic phases in
the Bakoshi—-Gadanya area. Note the texture typical of magmatic
zircon

in felsic magmatism, such as BAG zircons (Belousova
et al. 2002), with minimal variability in Sm/Gd ratios. In
Fig. 3f, Sm/Gd ratios in all the zircon populations show
infinitesimal variation defining a fractionation trend con-
sistent with zircon unaffected by alteration or mineraliza-
tion processes. A similar pattern and behavior were
reported by Gardiner et al. (2021) for the Zaaiplaats
granites in Bushveld Complex, South Africa. Thus, BAG
zircons may have formed from REE-enriched melt that
undergone fractionation. The wider variability in Eu
anomalies across zircon populations from Bakoshi, Jaulere,
Shanono, and Yettiti granites (Table S2) attest to their
association with fractionated melt. However, the Hf con-
tents of < 15,000 in the BAG granite zircons (except spots
DI1-1-9 and D2-1-3) imply that they were not highly
fractionated (Grimes et al. 2015).

For a fractionated melt that crystallizes the BAG zir-
cons, accessory phases, e.g., titanite, amphibole, ilmenite,
and apatite, impact the ratios of U, Th, REE, Sc, and Nb
(Grimes et al. 2015). The binary diagrams in Fig. 4 show a
dominance of titanite and apatite fractionation during the
melt of Bakoshi, Jaulere, Shanono, and Yettiti granites.
Although zircons from these rocks appear to have amphi-
bole in their system (Fig. 4c), its fractionation is negligible
(Fig. 4d). Melt responsible for Gadanya alkali granite may
not have experienced similar fractionation as the rest of
BAG granite zircons mentioned above. Its zircons formed
from cooling melt resulting from decreasing Gd/Yb and
increasing Ce/YDb ratios (Fig. 4b). The similar trend dis-
played by the zircons (Gadanya granite inclusive; Fig. 4a)

imply crystal-chemical effect rather than fractionation of
titanite and apatite because decreasing crystallization
temperature favor incorporation of HREE over light and
middle REE due to a crystal-chemical control on the REE
substitution (Rubatto and Hermann 2007; Grimes et al.
2015). This is consistent with their HREE-enrichment
patterns seen in Fig. 2.

5.2 Zircon elemental constrain on rock type
and melt source

Zircon has proven a good candidate in Petrogenetic mod-
elling (Watson and Harrison 1983; Bea 1996; Belousova
et al. 2002; Corfu et al. 2003) due to its omnipresence in
almost all rock types. Several trace elements (Y, Th, U, Nb,
and Ta) and REE have provided excellent results in dis-
criminating rock source and crystallization environment
(e.g. Heaman et al. 1990; Belousova et al. 2002; Grimes
et al. 2007). As highlighted in Sect. 5.1, the BAG zircons
suffered no post crystallization alteration; thus, they can
safely be used to trace the melt source of the high-K
granites of the BAG area. Previous researches use REE
patterns in deciphering magma source signature of igneous
rocks but with no convincing results due to the overlapping
nature of REE patterns in rocks from different source
reservoirs (Grimes et al. 2007). This limits its emphasis
herein. The discrimination diagrams in Figs. 7a-b
(Belousova et al. 2002) pined the BAG granites to the
granitoids field. Zircons from Gadanya alkali granite reside
majorly in field 2, defined for granites on the Y versus Yb/
Sm (and Nb/Ta) diagrams in Fig. 7. However, zircons from
the rest of BAG granites occupied the field defined for
aplites and leucogranites (field 1), granodiorite, and
tonalities (field 3).

Since some zircon populations from the Bakoshi granite
samples show a high U/Yb ratio imply crustal input in their
melt. Classification of these rocks using whole-rock geo-
chemical data by Elatikpo et al. (2021) has placed them as
alkali granite and syonogranites. Thus, their position in the
field broadly assigned to granitoids represent granites.
Zircons are known for their high proclivity for U, Yb, and
other heavy REE with ratios such as U/Yb in zircon con-
sidered to mirror the U/Yb ratio of the melt during its
formation (Grimes et al. 2007). Applying the Hf contents
and U/YD ratios of study zircons in the diagram of Grimes
et al. (2007), the zircons plot in the field of continental
crust zircons derived from an enriched mantle source
(Fig. 7¢). The Plot of the U-Nb and U-Sc system (Figs. 7e—
f; Grimes et al. 2015) alluded to this interpretation as most
zircons plotted in the fields that overlapped Ol-type (as-
thenospheric mantle-derive) and continental arc-type zir-
cons, implying their formation in the active continental
margin. Zircons from Gadanya alkali granite are restricted
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to an Ol-type field (Fig. 7e). A similar enriched litho-
spheric mantle source signature with crustal contamination
was reported by Elatikpo et al. (2021) using integrated
whole-rock Sr-Nd and zircon-Hf isotopic studies for these
high-K granites.

Titanite and apatite fractionation may in part be
responsible for the elevated U/Yb ratios that push much of
the zircons close to the continental field; the parallelism of
most zircons to mantle zircon array (Fig. 7e) is due to
zircon crystallization in addition to withdrawal of phase
such as apatite thus elevating the Nb/Yb and U/YD ratios of
the melt (Grimes et al. 2015). The conclusion is that most
BAG granites derived their source from an enriched mantle
metasomatized during the subduction process before its
melting.

5.3 Magma temperature

Recent research by Elatikpo et al. (2021) documents the
thermal evolution of the BAG granites using zircon satu-
ration temperature (TZr). These authors identified two
thermal regimes responsible for the formation of the BAG
granites. First are the high temperatures with high Zr
concentration granites (e.g. Shanono granite, Jaulere
granite, Yettiti granite, and Gadanya alkali granite); the
second category is the Bakoshi porphyritic granite. The
presence of xenocrystic (inherited) zircons in some phases,
e.g. Jaulere and Yettiti granites, led the authors not to
conclude without asserting that the high temperature may
be an over-estimation.

In this present study, we excluded xenocrystic zircon
populations to ascertain the actual magma temperature
during the crystallization of the granitic phases, and two
thermal regimes were also identified (Fig. 6a). Bakoshi
granite samples D1-1, Yettiti granite, and Gadanya alkali
granite defined the line of the lower thermal boundary with
a mean temperature range of 705-653 °C. Those with high
mean temperatures are the Shanono granite, Jaulere granite,
and Bakoshi granite sample D2-1 (mean = 746-724°C).
The thermal boundaries established here are not at variance
with the TZr temperature given by Elatikpo et al. (2021).
All the BAG zircons except for sample D2-1 have a mean
temperature close/and or comparable to the TZr tempera-
ture of Elatikpo et al. In Figs. 5a and 5e, and Table S1-1
shows much temperature variation and Ti content com-
pared to rest samples, possibly resulting from the ablation
of unavoidable Ti-rich inclusions at micro to nanoscales
not detected in CL and reflected light images during laser
spot selection. The higher temperature in Bakoshi sample
D2-1 is consistent with its early formation age (646 Ma)
compared to the younger Bakoshi D1-1 formed at 638 Ma.
Ti-in-Zircon temperature range of 797—624 °C for Gada-
nya alkali granite is within its TZr (853 — 683 °C, mean
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768 °C), though it has a mean value of 705 °C lower than
its reported mean TZr of 768 °C. This may be connected to
its silica oversaturated melt (7677 wt.%; Elatikpo et al.
2021). This is ideal because titanium concentration
decreases as melt gets saturated in silica (Fu et al. 2008).
The relatively lower than 608 °C temperatures recorded in
a few zircons from some granitic samples (D1-1, D2-1, J1-
1, and Y2-1) may be their formation below the saturation
temperature at specific ranges. In their experimental work
on Ti-in-Zircon temperature, Fu et al. (2008) reported the
same phenomenon.

5.4 Magmas redox state

Multiple valence states of some REE, e.g., europium and
cerium, allow their incorporation into zircon structure at
different redox conditions (Trail et al. 2012). The prefer-
ence of zircon in partitioning Ce** over Ce® " makes it easy
to apply the Ce*™/Ce®" ratio to determine the magma
oxygen fugacity (Zhang et al. 2020; Ballard et al. 2002). Of
all the trace elements, rare earth elements are more
promising in petrogenetic modelling, especially where
there is a coexistence of phases such as xenotime, mon-
azite, allanite, or apatite (Hoskin and Ireland 2000; Poi-
trasson et al. 2002). Positive or negative Ce anomalies
imply that the zircon was formed in a high or low oxidation
environment, respectively, which is usually accompanied
by high oxygen fugacity as in the case of positive Ce
anomaly or low oxygen fugacity if it is a negative Ce
anomaly (Ballard et al. 2002).

The equation of computing Ce™*/Ce™ values using the
lattice-strain model developed by Ballard et al. (2002) is
the most adopted method in determining oxy-barometer.
However, recent studies have identified this method’s pit-
fall due to the repelling nature of zircon on La and Pr (the
LREE), thus giving a false analysis by underestimation
(Corfu et al. 2003; Hoskin and Schaltegger 2003; Jiang
et al. 2020). A software-based method (Geo-fO,) devel-
oped by Li et al. (2019) depends on Nd, Sm, and HREE as
against the use of LREE to determine the oxygen fugacity
is thus more convenient and is adopted in the estimation of
the Ce™/Ce™, fO,, and other parameters contained in
Table S2.

Magma that crystallized the Gadanya alkali granite is
constrained to have evolved under oxidizing conditions
(Table S2; Fig. 8a). These were evident through combined
Ce- and Eu-anomalies, in addition to Ce*"/Ce3 " ratios of
zircons from Gadanya alkali granite. In addition, the plot of
logfO, versus Temperatures (Fig. 8a) placed Gadanya
alkali granite above the haematite-magnetite buffer (mean
AFMQ + 9.5), thus, far beyond the FMQ boundary defined
for an oxidized granite. Similarly, Jaulere biotite granite
plots above FMQ buffer (mean AFMQ + 1.6). However,
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zircon grains from the rest of BAG granites: Bakoshi
granite, Shanono granite, and Yettiti granite resided below
the FMQ buffer but above the boundary defined for CO,
and graphite buffer. Compared to Gadanya alkali granite,
they have lower Ce*"/Ce** ratios and Eu anomalies which
constrained them to reduced granites formed under reduc-
ing magma conditions. However, countable zircon frac-
tions from Shanono granite mingled with the oxidized
zircons above the FMQ line (Fig. 8a).

5.5 Likely implication of magma redox state
on the associated gold mineralization

Magmatic source fluids are responsible in some instances
for the precipitation of gold metal through exsolution of
gold from sulfides melt and through crystallization of an
oxidizing mineral such as magnetite under favorable
physicochemical conditions (Simon et al. 2003). Asaah
et al. (2015) and Sun et al. (2004, 2013) have shown that an
oxidized melt can house a significant concentration of gold,
after which precipitation of oxidizing minerals such as
magnetite and hematite is capable of altering the redox
state of the melt through Fe™, thereby reducing sulfate to
sulfide (SO4_2 to S_Z) and the formation of Au hydrosul-
phide [Au(HS)® or Au(HS),].

Zircons from the BAG granitic rocks displayed charac-
teristics of both oxidized and reduced granites. As shown in
Sect. 5.4, zircons from Gadanya alkali granite, and to some
extent, the Jaulere biotite granite show a proclivity for
oxidized granites and plotted above the Fayalite-Mag-
netite-Quartz buffer (Fig. 8a). The attainment of haema-
tite—magnetite oxygen buffer by Gadanya granite zircon
populations makes it favorable for copper mineralization
(Sun et al. 2013). However, the pH values must be near or
excess of neutral value.

By applying Ce™/Ce™ ratios versus Eu/Eu* in a binary
diagram (Fig. 8b) (e.g. Zhang et al. 2020), only Gadanya
alkali granite indicates the potential to be associated with
Cu + Au ore-bearing granites due to its higher Ce™/Ce™>
values (> 100, mean 1485) relative to the rest BAG gran-
ites; an indication of the high chemical potential of the
oxygen from an oxidized magma source. The Jaulere bio-
tite granite, however, shows low Ce'™/Ce™ values
(mostly < 100, mean 39) within the range for barren
granites from Los Picos-Fortuna/Pajonal-El Abra Complex
of northern Chile (Fig. 8b). Thus, Gadanya alkali granite
may have formed from a more oxidizing magma compared
with the rest of BAG granites and is comparable to oxi-
dized and ore-bearing granites from Dexing in China
(Zhang et al. 2020), Chuquicamata-El Abra porphyry
copper belt in Chile (Ballard et al. 2002) and the molyb-
denum-bearing granite from Mada Complex in Nigeria
(Girei et al. 2020) (Fig. 8b). Previous researches (e.g.

Kemp 2005; Zhang et al. 2020; Girei et al. 2020) associated
oxidized granites with high oxygen fugacity and Ce™/
Ce™ ratios such as the Gadanya alkali granite to copper,
gold, and molybdenum mineralization. The range of logfO,
for zircons from Gadanya alkali granite is within the —18
to —11 reported for copper arc samples in Myanmar
(Gardiner et al. 2017) noted for their Cu = Au potential;
likewise, the Hf content and U/YDb ratios of zircons from
this granite plots in the fields of Cu and Mo bearing
granites for Myanmar and Mada Complex in Nigeria,
respectively (Fig. 8c).

On the other hand, Bakoshi porphyritic granites, Sha-
nono granite, and Yettiti medium-grained granite plots in
reduced granites field (Blevin et al. 1996; Ishihara 1977).
Some reduced granites are known for their potential for
economic concentration of tin, tungsten, and even tantalum
mineralization (Kemp 2005; Gardiner al. 2021; Wu et al.
2021; Zhao et al. 2022). The ranges of logfO, for the BAG
reduced granites are within the calculated —34 to —19 for
the tin belt in Myanmar (Gardiner et al. 2017). In addition,
Bakoshi granite samples reside well in the field defined for
the tin belt in Myanmar (Fig. 8c). However, there is no
report of tin occurrence in the BAG area, which may in part
be non-discovery by artisanal miners, as has been the case
in Nigeria.

Other workers (e.g. Miiller and Groves 2019 and refer-
ences therein) have asserted that the potential of high-k
igneous rocks of the suitability of Au-Cu mineralization
can also be investigated through the halogen (e.g. Cl and F)
content of the mica phenocrysts in this rock type. They
considered the Cl and F content greater than 0.04 and 0.5
wt.%, respectively, a good prospect for these metals
(Miiller et al. 2001; Sarjoughian et al. 2015). Although,
during this investigation, we did not test for the halogen
content of any mica mineral to ascertain the suitability or
association of the BAG granites, as shown by the magmas’
determined redox state. Future work on the halogen con-
tents of these granites will help elucidate this.

In summary, granitic rocks of the BAG area may have
either the genetic affiliation or mere hosting capability of
the gold mineralization (e.g. Gadanya alkali granite) or
potential for tin mineralization (the reduced type: Bakoshi
granite) (e.g. Guo et al. 2020; Zhang et al. 2020). However,
isotope systematics and geochronology of the gold deposit
of the BAG area would be needed to constrain the genetic
link of the BAG granites.

6 Conclusions
Zircons from the Bakoshi-Gadanya granites defined two

probable metallogenic source granites: 1) high Ce**/Ce®"
ratio with high oxygen fugacity granite such as the
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Gadanya alkali granite may probably have a proclivity with
the gold mineralization in the study area, and 2) the
reduced granites including Bakoshi porphyritic granite,
Shanono coarse-grained granite, and Yettiti medium-
grained granite, characterized by their moderate to low
Ce*™/C®* ratios and oxygen fugacity, exclude them as
potential source candidates for the associated BAG gold
mineralization. However, Bakoshi reduced granite may
likely have the potential for either Sn or Ta mineralization
as it has zircon chemistry comparable to zircons from the
tin belt in Myanmar. Zircon trace elements fingerprint the
source of the reduced high-K BAG granites to an enriched
mantle lithosphere. In contrast, the oxidized melt that
crystallized into Gadanya alkali granite derives from the
asthenospheric mantle (OI-type).
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