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The Ningi-Burra Pb−Znmineralization forms part of the Nigerian Sn-Nb± (Pb-Zn-Mo)-rich anorogenic alkaline
province, also known as the Nigerian Younger Granite Complexes. Six distinct E-W trending magmatic centres
have been identified in the Ningi-Burra complex, but the Pb−Znmineralization is confined to highly evolved bi-
otite granite in Koluki (centre 6). In this paper, a combination of geochronological and geochemical data of mag-
matic and hydrothermally-altered zircon from the Ningi-Burra complex are used to constrain magmatic and
hydrothermal processes that facilitated the formation of Pb−Znmineralization. Zircon trace element and Hf iso-
topes (εHf(t) =−5.3 to−10.3) indicate that the parental magma of these ore-bearing granites were largely de-
rived from lower crustal sources with contributions from the upper mantle. The hydrothermal alteration that
accompanied the Pb−Znmineralization include silicification, chloritization and limited sodicmetasomatism. Zir-
con U/Pb dating reveal that magma emplacement and subsequent hydrothermal process in Ningi-Burra complex
occurred at (~192 Ma) and (<191 Ma), respectively. Zircon grains from unmineralized and hydrothermally al-
tered rock suites have similar 176Hf/177Hf but distinct 176Lu/177Hf and 176Yb/177Hf ratios which suggest a mag-
matic source for the hydrothermal fluids responsible for the formation of the mineralization. This study
highlights the application of zircon trace element and U-Th-Hf isotopes as robust tools for constrainingmagmatic
and mineralization process that facilitate the formation of economically significant mineralization in highly dif-
ferentiated granites.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Zircon, a ubiquitous accessorymineral in various rock types, has con-
tinued to generated a lot of research interest due to its chemical resil-
ience and ability to record distinct geological events (Valley et al.,
2010). Zircon trace element geochemistry, U/Pb dating and Lu/Hf iso-
topes are widely used in several aspects of petrological studies (Jiang
et al., 2019a;Wang et al., 2019). Remarkably, zircon preserve unique in-
ternal structures, zonation and geochronological information (Hoskin
and Schaltegger, 2003) which can be used to delineate complex geo-
logic processes (e.g. metamorphism, granitic emplacement, and miner-
alization). These unique characteristics have led to the application of
zircon as crucial indicators of sediment provenance (Belousova et al.,
2002), magma crystallization temperature and evolutionary history
(Grimes et al., 2009; Watson and Harrison, 2005). The increased viabil-
ity of high-precision geochronological dating of zircon (Schoene et al.,
2010) and the robust nature of Lu/Hf isotope systems in zircon (Kemp
et al., 2007) permits constrains on timing and nature of magmatic
events based on geochronological, geochemical and isotopic records in
zircon. These distinct records are particularly useful in elucidating perti-
nent information about the origin and evolution of multi-phased gra-
nitic systems.

Varying temperature and chemical regimes during the evolution
of highly fractionated F-rich granite may be accompanied by
metamictization of magmatic zircons and/or crystallization of hydro-
thermal zircons. Although the term “hydrothermal zircon” was coined
in the 1990s to denote zircon that exhibits geochemical and geochrono-
logical signatures distinct from those of magmatic zircon, it is still very
difficult to distinguish typical hydrothermal zircon from metamorphic
zircon (Hoskin, 2005; Nardi et al., 2013). Nonetheless, several parame-
ters including crystal morphology (e.g. spongy textures with multiple
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inclusions), internal texture, moderately high common Pb and distinct
trace element patterns have been used to distinguish hydrothermal zir-
con from typical magmatic and metamorphic zircon (Hoskin, 2005;
Hoskin and Schaltegger, 2003). Investigations of hydrothermal zircon
inmagmatic-hydrothermal systemshave proved a reliable tool in inves-
tigating fluid-rock alteration mechanisms and timing of single/multi-
staged magmatic-mineralization episodes (Li et al., 2014; Wang et al.,
2019). Increased mobility of zirconium and other relatively “immobile”
elements during hydrothermal alteration events in alkali and F-rich gra-
nitic systems allow for tracking of physicochemical conditions related to
magmatic-hydrothermal evolution and its bearing on ore formation
(Hoskin, 2005; Jiang et al., 2019a; Kebede et al., 2007; Li et al., 2014; Li
et al., 2018; Rubin et al., 1993).

Mesozoic anorogenic ring complexes are distributed over an area of
160 kmby 400 km and extend fromNorthern Nigeria to Central Nigeria.
These anorogenic ring complexes are commonly referred to as the
“Nigerian Younger Granites”. The emplacement of these anorogenic
granites in Nigeria was controlled by some deep-seated transcurrent
fault systems and spanned a long period from late Triassic to early Cre-
taceous (216–141 Ma; Rahaman et al., 1984; Girei et al., 2019). These
high-level alkaline intrusions are spatially associated with Sn-Nb ±
(Pb-Zn-Mo) mineralization (Girei et al., 2019; Kinnaird, 1985). Recent
geochemical and geophysical studies have advanced our understanding
of these raremetal granites including the distribution of their associated
mineralization (Girei et al., 2019). In addition, several geochemical stud-
ies have been carried out on ore-bearing granites in the Mesozoic
Fig. 1. Schematicmap showing the distribution of anorogenic complexes in the (a)West African
Data taken from Rahaman et al. (1984) and Van Breemen et al. (1975).
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anorogenic plutons of Nigeria (Kinnaird et al., 1985). However, these
studies have focused primarily on Sn−W bearing lodes. Geochemical
and isotopic of Pb−Zn bearing granites can provide new insights into
the complex magmatic-hydrothermal processes that led to the forma-
tion of sulfidemineralization in these highly evolvedMesozoic granites.

In this study, we used a combination of zircon cathodoluminescence
(CL), U/Pb age and Lu/Hf isotope data for barren granites, mineralized
granites and ore-bearing veins to constrain the origin and timing
of magmatic and hydrothermal processes that are associated with
Pb−Zn mineralization in the Ningi-Burra complex.

2. Geology and petrology

2.1. Regional geology

The Nigerian Mesozoic anorogenic complexes cover an area 400 km
and 160 km wide and intruded quartzofeldspatic Precambrian base-
ment rocks (Fig. 1a-b). Structural and geochronological studies
(Rahaman et al., 1984) have shown that the emplacement of theMeso-
zoic anorogenic ring complexes of Nigeria was primarily controlled by
N-S trending shears and transcurrent faults (Fig. 1a). These shear
zones and faults appear to have formed during the terminal stage of
the Pan-African orogeny (Black et al., 1985). The basement complex
rocks of Nigeria retain signatures of an Eburnian and Pan-African oro-
genic episode (Bute et al., 2019; Dickin et al., 1991). The Pan-African ep-
isode is themost intense andwidespread orogenic event with localized
Craton and (b) Nigerian Younger Granite Field (Modified fromKinnaird, 1985). Rb\\Sr Age
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isotopic homogenization of crustal terrains reported in Eastern Nigeria
(Turner, 1983). In theNigerian sector, the Pan-African episode primarily
generated syn-collisional to post-collisional rocks of granitic, monzo-
dioritic and charnokitic composition (Bute et al., 2019). Black et al.
(1979) have suggested continent-continent collision of the West
African Craton and with an active eastern continent during the closing
stages of the Pan-African orogeny. In parts of western and eastern
Nigeria, emplacement of alkaline magmatism took place shortly after
the end of the Pan-African event (Black et al., 1985) signifying
transitions from active orogenic episodes through post-collisional to
within-plate settings. This transition cycle represents a classic example
of evolutions associated with orogenic events worldwide (Black et al.,
1985). However, the emplacement of the alkaline ring complexes of
Niger-Nigeria province (480–141 Ma) began long after the end of the
Pan African orogeny and signify a distinct phase of “within-plate”
magmatism in the West African Craton (Black et al., 1985; Bowden
and Kinnaird, 1984). According to Black et al. (1985), emplacement
for the ring complex in the Northern Niger centres begin in the early Si-
lurian (430–400 Ma), emplacement for the alkaline ring complexes in
Southern Nigeria was significant during the Carboniferous (330–
260 Ma), and emplacement in the Nigerian sector began in the Triassic
and continued till the Early Cretaceous (214–141 Ma).

Extrusions of comendite, ignimbritic rhyolites and minor trachytes
mark thefirst phase of igneous activities in the Nigerian ring complexes.
Subsequent cauldron collapse and ring fracturing gave rise to ring dykes
composed of granite/quartz porphyries (Ike, 1983). These ring dykes
which are predominantly fayalite bearing represent the first phase of
plutonic intrusions in the anorogenic complexes (Ike, 1983). Granitic in-
trusions then follow the emplacement of the granite/quartz porphyries.
Magmatism in the Nigerian Younger granite complex are mostly acidic
in composition with intermediate and basic rocks comprising about
5% of the complexes (Kinnaird, 1985). Peralkaline granites are confined
to the southern anorogenic complexes,whereas aluminous biotite gran-
ites occur in both the northern and southern complexes and their em-
placement marked the final stage of the anorogenic magmatism
(Amuda et al., 2020). Locally, late-stage metasomatism and/or post-
magmatic hydrothermal alterations intensely alter the granitic
suites and are associated with Sn-W-Mo-W mineralization in biotite
granites (Girei et al., 2020), Nb-REEmineralization in arfvedsonite gran-
ites (Ogunleye et al., 2006), Cu+ (Py)mineralization in granite porphy-
ries (Olatunji and Ekwere, 1986) and Sn-W-sulphide mineralization in
adjoining basement rocks (Kinnaird, 1984). Principally, biotite granite
suites within the anorogenic complexes of Nigeria have undergone the
most intense alteration and roof zones of these biotite granite suites
contain economically significant rare-metal mineralization (Kinnaird,
1984; Kinnaird et al., 1985). Primarily, mineralization styles in the bio-
tite granite vary from disseminated, stockworks, altered wall rock to
vein-type occurrences. However, the most developed vein systems as-
sociated with world-class Sn–Nb–W–Zn lodes are best expressed in
the Ririwai, Tibchi, and Afu complexes (Kinnaird, 1985).

2.2. Geology of the Ningi-Burra Pb−Zn Ore field

The Ningi-Burra complex comprises six overlapping magmatic cen-
tres that trend in E-W direction and cover a total area of 1400 km2

(Fig. 1b). Detail descriptions of the petrology and structural evolution
of these distinct magmatic centres have been provided by Turner and
Bowden (1979). The sequentialmagmatic activity in each centre started
with volcanic eruption during which small volume of crystal-poor ig-
nimbriteswas emplaced. Thiswas successively followed by ring fractur-
ing, stopping and emplacement of syenites and co-genetic arfvedsonite
granite and biotite granite (Turner and Bowden, 1979).

In the Koluki-Burra centre (centre 6), biotite granites host Pb-Zn-Cu
and Sn-Nb-Ta mineralization (Fig. 2a). The biotite granite phase makes
up the central part of the plutonic suites of the Koluki-Burra centre
(Fig. 2b).
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Two distinct sulphide deposits are found in the Koluki-Burra centre
(Fig. 2a) namely: (i) the Jigawa Pb−Zn mineralization (this study)
and (ii) the Limi Pb−Zn mineralization. Although mineralization in
the Koluki-Burra centre is associated with the biotite granite suites, al-
tered zones at the boundaries between biotite granite and arfvedsonite
granites suites are associated with disseminated mineralization hosted
in both granitic suites. The Jigawa Pb−Zn deposits are located in the
Koluki-Burra centre (Centre 6) of the Ningi-Burra complex and consist
of both disseminated and vein-type Pb−Zn mineralization (Fig. 2b).
The mineralized veins range in size from several cm to 1 m in width
and can be up to 100 m long. Local swarming of these veins has led to
the development ofworkable lodes (Fig. 3a). Based on available field ev-
idence, the major alteration phases associated with the Jigawa Pb−Zn
deposit are chloritization, potassic metasomatism, and silicification.
The peculiar reddening of the altered rocks (Fig. 3b, d) is related to the
hematization and dissolution of magnetite during potassic metasoma-
tism (Abaa, 1991). Deposition of quartz in cavities during silicification
phases in the Jigawa Pb−Zn deposit is often accompanied by dissemi-
natedmineralization (Fig. 3b). This alteration phase predominantly pre-
sents as quartz with accompanied sphalerite and galena crystals
(Fig. 3c). Moreover, this alteration style has been reported as crucial to
the formation of the giant Ririwai Sn-Pb-Zn deposit (Kinnaird et al.,
1985) and is also economically important for the introduction of sul-
phides in the Jigawa Pb−Zn deposit. Mineralized quartz veins presents
as either milky or glassy quartz crystals perpendicular to the adjoining
wall rock. Ore minerals associated with the Jigawa Pb−Zn mineraliza-
tion includes galena, sphalerite and chalcopyrite. Malachite and hema-
tite are formed as part of supergene alteration of the ore bodies.

3. Sampling and analytical methods

A total of seven samples, two from each of the unmineralized gran-
ites (KLK1A and CHR1), hydrothermally altered granites (AT1A and
AT1B) and three from ore-bearing wall rock & quartz veins (JK1A,
JK2A and JK6A) were collected from the Jigawa Pb−Zn deposit
(Fig. 2b). The unmineralized biotite granites which occur as a set of
high-level plutons (Fig. 3) show distinct variations in texture ranging
from medium-grained pinkish types to coarse-grained white-pinkish
types with large feldspar crystals (Fig. 4a). In thin section, they contain
quartz (25%), K-feldspar (40%), and biotite (10%) with accessory mag-
netite, zircon and titanite. Sample KLK1A is a medium to coarse-
grained biotite granite from centre 6 (Fig. 4c). Under the microscope,
the matrix is primarily composed of K-feldspar (30%), quartz (20%),
perthite (10%), and biotite (15%). Accessory minerals include zircon,
titanite, apatite andmagnetite. Oxidation of opaqueminerals and biotite
is apparent both in hand specimens and under the microscope (Fig. 4c-
d). Altered granitic suites (Fig. 4g-l) associated with mineralization in
the Jigawa Pb−Zn field show varying degrees and styles of alteration.
Complete chloritization of biotite is evident in highly altered wall
rocks (Fig. 4e), and reddened facies of the granites display substantial
evidence for potassic metasomatism. The degree of alteration is higher
in Sample AT1A, where only small patches retain relict textures of the
original granite (Fig. 4f). The rock is porphyritic in texture. In thin sec-
tions, equigranular groundmass consists of K-feldspar (40%), quartz
(35%), biotite (15%) and minor plagioclases and hornblende. Accessory
minerals include zircon and titanite. Biotite and feldspar grains have
been altered to chlorite and muscovite (Fig. 4e-f). Sample AT1B is
medium- to coarse-grained, greyish to greenish, and display evidence
of potassic alteration or hematization (Fig. 4g). In thin section, the es-
sential minerals are quartz (30%), K-feldspar (45%), and biotite (15%),
with zircon as an accessory mineral. Specks of galena and sphalerite
are seen across altered fronts in photomicrographs (Fig. 4h).

Mineralized ore sampleswere collected fromdifferent section repre-
sentative of styles of mineralization in the Jigawa Pb−Zn ore field. Sam-
ple JK1A was taken from a silicified wall rock sections in the western
end of the ore vein where massive sphalerite crystals with specks of



Fig. 2. Geologic Map of (a) the Ningi-Burra Complex and (b) of the Jigawa Pb\\Zn ore field.
Modified from Turner and Bowden (1979).
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Fig. 3. Field occurrences of wall rocks, ore bearing quartz and alteration zones at the Jigawa Pb\\Znmineralization. (a) Field relationship between unmineralized andmineralized granites
in the Jigawa Pb\\Zn ore field; (b) structural relationship between ore bearing quartz veins and k-altered fronts; (c) galena bearing quartz vein from an ore bearing lode; (d) field
relationship between ore bearing and ore barren quartz veins; (e) altered granitic phase associated with dispersed-type mineralization; (f) field relationship between ore bearing and
ore barren quartz veins. Qz: quartz; Py: pyrite; Gal: galena; Chl: chlorite.
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galena occur as replacement type ore bodies (Fig. 4i-j). Sample JK2A and
6Awere taken fromwall rock sections at the eastern endof theNo. 1 ore
vein. The galena occurs as overgrowths on quartz (Fig. 4k). Under an ore
microscope, the samples are quartz-sulfide ore containing euhedral-
subhedral galena and sphalerite (Fig. 4i-o) with accessory copper min-
erals (malachite). Zircon for U/Pb dating and Hf/Lu isotope analysis
were extracted from six samples (CHR1, KLK1A, AT1A, AT1B, JK1A and
JK6A). In addition, representative samples from ore bearing quartz
veins, unmineralized and mineralized granites were selected for thin
section preparation. Samples for zircon U/Pb dating were crushed to
<250 μm using a vibrating agate mill. Zircon grains were extracted
from the crushed samples using conventional density and magnetic
separation techniques. The zircons were handpicked under a binocular
microscope, mounted in epoxy resin and polished to expose the centre
of each grain. Cathodoluminescence (CL) images of the zirconwere cap-
tured using a scanning electron microscope (SEM) fitted with an
energy-dispersive system (EDS) at the State Key Laboratory of
5

Geological Processes and Mineral Resources (GPMR), China University
of Geosciences (Wuhan). Using He gas, U/Pb zircon spot datingwas car-
ried out on an Analytik Jena PQMS Elite ICP-MS coupled with an ESI
NWR 193-nm laser ablation system at SampleSolution Analytical Tech-
nology Co., Ltd. (Wuhan). NIST SRM610 and Zircon 91,500were used as
external standards (Supplementary Table 1). The trace element values
of the standard samples have good correlation with reference values
(Supplementary Fig. 1). Laser ablation spots were carefully selected to
avoid fluid and mineral inclusions in the zircon grains. Laser frequency
was 8Hzwith an ablation spot size of 32 μmanddepth of 20–40 μm.An-
alytical conditions and procedure are based on those described by Yuan
et al. (2008). ICP-MS-Data Cal software of Liu et al. (2008) was used for
data calibration and corrections. Meanweighted average (MSWD) ages
and Concordia diagrams were calculated and plotted using Isoplot soft-
ware (Ludwig, 2003).

In-situ Lu/Hf isotope analysis was performed using a Neptune plus
MC-ICP-MS coupled with a Geolas 2005 Excimer ArF laser ablation



Fig. 4.Hand specimen images and photomicrographs of unmineralized andmineralized rock samples from the Jigawa Pb\\Zn ore field. (a), (b): sample CHR1; (c), (d): sample KLK1A; (e),
(f): sample AT1A; (g), (h): sample AT1B; (i), (j): sample JK1A; (k), (l), (m): sample JK2A; (n), (o): sample JK6A. Qtz: quartz; Bt: biotite; Kfs: K-feldspar; Sph: sphalerite; Gln: galena.
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system at GPMR. Data acquisitionwas carried out for approximately 60s
on laser spot situated adjacent to those for U/Pb dating. Two zircon stan-
dards (91500 and GJ-1) were analyzed to correct the Hf isotopic values,
amongwhich 91,500was analyzed twice for every eight unknown sam-
ples and GJ-1 wasmeasured twice every 20 unknowns. The total analy-
sis yielded the mean 176Hf/177Hf values = 0.282308 ± 0.000021 for
91,500 (95% conf., n = 24) and =0.282000 ± 0.000027 (n = 12), re-
spectively. These values are within uncertainty of already established
values determined by GPMA of 0.282307 for 91,500 (Woodhead et al.,
6

2004) and 0.282013 for GJ-1 (Hu et al., 2012). Based on values reco-
mmended by Machado and Simonetti (2001), Standard ratios of
176Hf/175Lu (0.0265) and 176Yb/172Yb (0.5886) were used to correct
for isobaric interferences of 175Lu on 176Hf and 176Yb on 176Hf respec-
tively. Present-day chondritic values of 176Hf/177Hf (0.2827) and
176Lu/177Hf (0.0332) proposed by Belousova et al. (2006) was used for
epsilon Hf (ɛHf(t)) calculations. Single-stage Hf model ages (TMD1)
were calculated using the present-day depleted mantle ratios of
176Hf/177Hf (0.2832) and 176Lu/177Hf (0.0384) of Griffin et al. (2002).
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Crustal Hfmodel ages (TDMC) were computed using themean continen-
tal crust 176Lu/177Hf ratio (0.015) of Belousova et al. (2006).

4. Results

4.1. Zircon internal textures and morphology

Zircon from the unmineralized andmineralized suites in the Koluki-
Burra orefield show variable morphologies and internal textures as ob-
served in cathodoluminescence (CL), reflected and transmitted images
(Fig. 5). Most of the zircon grains are 50–300 μm in diameter with
length/width ratios of 1:1 to 3:1 (Fig. 5; also see Supplementary
Fig. 2). For the unmineralized granites, zircon from Sample CHR1 are
euhedral to anhedral in shape and show apparent oscillatory zoning;
whereas those from sample KLK1A are bright to dark in color with
weak oscillatory zoning. In the mineralized granites, zircon grains dis-
play a combination of bright crystals with clear zoning and metamict
bright-dark grains with spongy textures. The zircon population in Sam-
ple AT1A, AT1B, JK1A and JK6A can be divided into three groups (mag-
matic, hydrothermally-altered and inherited zircon grains): 1) the first
group are magmatic zircon grains which are euhedral to anhedral in
shape and show apparent oscillatory zoning. However, some grains
are composed of oscillatory zones flanked by un-zoned areas or other
oscillatory zones with different CL brightness. 2): the second group of
zircon grains are hydrothermally-altered zircon grains which are
euhedral to subhedral in shape with dark CL luminescence. Under
reflected and transmitted light images (Fig. 5d), the highly metamict
zircon contain abundant inclusion indicative of significant hydrother-
mal re-working. 3): the third group of zircon grains (inherited zircons)
are subhedral to anhedral grains (n = 2) with bright CL luminescence
and show variable zonation structures. Detailed characteristics of each
zircon population is given in Table 1.

4.2. Zircon U−Pb geochronology

Results of LA-ICP-MS U−Pb dating of zircon grains are listed in Sup-
plementary Table 2. Zircon grains with low concordance (< 90%) were
excluded from the followingdiscussion and concordia plots. Concordant
zircon grains ages greater than 220 Ma are interpreted to represent
inherited zircon ages and, hence,were excluded fromConcordia age cal-
culations. Furthermore, magmatic zircon grains which have undergone
slight Pb-loss were differentiated (Fig. 7a) and also excluded from
Concordia age calculations. Two distinct groups of zircons (magmatic
and hydrothermally altered zircon) have been identified in sample
KLK1A. Magmatic zircon from KLK1A sample yield concordant ages of
192.1 ± 4.7 Ma (MSWD= 4.9, n = 5) (Fig. 6b). Group 2 zircon which
shows signatures synonymous with hydrothermal zircon yield concor-
dant ages of 192.4 ± 1.1 Ma (MSWD = 0.21, n = 4) (Fig. 6c). On the
other hand, zircon grains from Sample CHR1 are principally magmatic
zircon (Th/U = 0.42–0.80) and they yield a mean weight age of
186.2 ± 2.3 Ma (MSWD= 1.3, n=7; Fig. 6a). Zircon frommineralized
granites yield three distinct 206Pb/238U ages clusters (191–188 Ma,
181–178Ma and 172–170Ma). Sample ALT1A also contain two distinct
zircon groups. Seven magmatic zircon grains constitute the first group
which yield 206Pb/238U ages of 190.3 ± 1.7 (MSWD = 0.54, n = 7;
Fig. 6d) and three hydrothermally altered zircon grains constitute the
second group which yield 206Pb/238U concordant ages of 189.0 ±
1.3 Ma (MSWD = 3.1, n = 3; Fig. 6e). A single hydrothermal grain
gave 206Pb/238U concordant age of 172.2 ± 2.8 Ma. Four magmatic zir-
con grains (Fig. 6f) from Sample AT1B yield a concordant age of
188.6 ± 1.2 Ma (MSWD = 0.15, n = 4). However, a single magmatic
Fig. 5. Selected CL-images of analyzed zircon grains from samples (a) KLK1A, (b) CHR1, (c) AT
showing the distribution of fluid/mineral inclusions.
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grain yields concordant age of 175.8 ± 2.1 Ma. Zircon grains from Sam-
ple JK1A and 6A are predominantly magmatic (Th/U = 0.35–0.84) and
yield a concordant age of 191.7 ± 0.7 Ma (MSWD = 3.6, n = 10;
Fig. 6g); whereas those from Sample JK6A yield a weighted mean age
of 191.3 ± 2.5 Ma (MSWD = 1.9, n = 9; Fig. 6h).

4.3. Zircon trace element compositions

Trace element compositions of zircon from the studied granites are
given in Supplementary Table 3. Trace element content varies signifi-
cantly between the unmineralized and mineralized granites. In the
unmineralized samples (KLK1A& CHR1), Group 1 zircons are character-
ized by low ΣREE (< 3000 ppm), Ti (< 5 ppm), Y (< 2000 ppm), Hf
(< 20,000 ppm), Th (< 2500 ppm) and U (< 1000 ppm). On
chrondite-normalized REE diagrams, most zircons show positive Ce
anomalies and negative Eu anomalies (Fig. 8a-d). However, three zircon
grains from Sample KLK1A show no distinct Ce but large negative Eu
anomaly suggestive of plagioclase fractionation prior to zircon growth
(Fig. 8b). Compared to magmatic zircon, hydrothermal zircon from
Sample KLK1A show flat HREE with relatively weak negative Eu anom-
aly (Eu/Eu* = 0.06–0.18) and positive Ce anomaly (Ce/Ce* =
2.18–23.9; Fig. 8b). Trace element and REE distribution for both zircon
groups in the mineralized rocks also varies widely, with Y values of
226–5379 ppm, Hf contents of 7600–23,300 ppm, Th contents of
65–1012 ppm, U contents of 130–1274 ppm, and total REE from
556.7–3726 ppm. However, they exhibit negative Eu anomaly (Eu/
Eu* = 0.02–0.13) with positive yet variable Ce anomaly (Ce/Ce* =
1.8–1752).

4.4. Zircon Hf isotopes

Thirty-five representative zircon spots were selected for Hf isotopic
analysis (Supplementary Table 4). Zircon from the unmineralized gran-
ites (sample CHR1 & KLK1A) show a narrow range of εHf(t) (−10.3 to
−5.1), 176Lu/177Hf (0.00005–0.002589), 176Yb/177Hf (0.011314–
0.090049) and variable 176Hf/177Hf (0.282450–0.282516) values. Calcu-
lated two-stage Hf model ages for the granites range from 1064 to
1258 Ma and from 1558 Ma to 1887 Ma for TDM1 and TDMC , respectively.
Zircon hosted in themineralized suites also showvariable Lu/Hf isotopic
ratios. Values range from 176Hf/177Hf (0.282461–0.282538), 176Lu/177Hf
(0.000476–0.003016), 176Yb/177Hf (0.016712–0.107433) and εHf
(t) (−6.9 to−4.4). Calculated two-stage Hf model ages for the granites
range from1059 to 1209Ma and from1517Ma to 1769Ma for TDM1 and
TDMC , respectively. Due to standard fLu/Hf values (<−0.9), calculated Hf
TDMC modal ages are considered reliable estimates of crustal residence
times.

5. Discussion

5.1. Timing of magmatic-hydrothermal activities in the Ningi-Burra
complex

New zircon data presented in this study allows for precise timing of
magmatic activities in the Ningi-Burra suites and its implication for the
evolution of the ring complex. Compared to Rb/Sr ages (183 ± 7.0 Ma)
from the eastern part of the Ningi-Burra complex (Rahaman et al.,
1984), Zircon U/Pb ages for the western massifs cluster around
194–191 & 188–186 Ma (Supplementary Table 2). The 188–186 Ma
ages suggests a later magmatic event in the Koluki-Burra centre. How-
ever, our discussion of the wide ranges of ages obtained in this study
bear on the precision of LA-ICP-MS techniques, which range from 2 to
1A, JK1A & JK6A and (e) Representative transmitted and reflected light images of zircons,



Fig. 6. U\\Pb concordant ages of different zircon groups in samples (a) CHR1, (b-c) KLK1A, (d-e) AT1A, (f) AT1B, (g) JK1A and (h) JK6A from the Jigawa Pb\\Zn mineralization. Group 1
zircons = magmatic zircons and Group 2 zircons = hydrothermally altered zircons.
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Table 1
Major distinct characteristics of zircon types from the Jigawa Pb\\Zn deposit.

Character/type Magmatic Hydrothermally-altered Inherited

Size 50–300 μm 50–200 μm 100–150 μm
Morphology Euhedral & anhedral Prisms {100} &

{110}
Euhedral & subeuhedral Prisms {110} Subhedral & anhedral Prisms {100}

Optical appearance Transparent and colorless Murky-brown opaque Transparent and colorless
CL appearance High intensity

Clear zoned texture
Low intensity
No zoned texture

High intensity
Variable zoned textures

Formation
mechanism

Early and late-stage magmatic melt Early magmatic melt and altered by hydrothermal fluid Mostly ancient magmatic melt (distinct zircon
ages)

Internal structure Inclusion-poor
Fracture-poor

Inclusion-rich
Fracture-rich
Spongy texture

Inclusion-poor
Fracture-poor

Geochemical feature Moderate Eu anomaly Strong Ce
anomaly
Depleted in LREE
Low common Pb content

Strong Eu anomaly
Weak Ce anomaly
Strongly enriched in U, Th, Y, REE, Nb
Moderately enriched in Ti, Pb, Hf, Ta
High common Pb content & varying degree of radiogenic Pb
loss

Moderate Eu anomaly Strong Ce anomaly
Depleted in LREE
Low common Pb content

Zircon grain U/Pb
ages

192–185 Ma 191–172 Ma 517–604 Ma

Lu/Hf isotope
signature

−5.1 to −6.8 −5.7 to −10.3 –
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4% (Klötzli et al., 2009). Nevertheless, we limit our characterization of
the magmatic-hydrothermal episodes in the Jigawa Pb−Zn deposit to
the main 192–190 Ma event for the Koluki-Burra biotite granites.
Timing hydrothermal events using U/Pb dating of hydrothermal zircon
Fig. 7. Zircon trace element assay of plutonic zircon vs altered zircon which have suffered sligh
AT1B. Plots of (c) Eu/Eu* vs Hf (d) Ce/Sm vs Yb/Gd for zircon grains from the Jigawa Pb\\Zn m
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have been widely applied to Au (Claoué et al., 1990), Sn−W (Jiang
et al., 2019a; Jiang et al., 2019b; Li et al., 2014; Li et al., 2018) and
Cu−Zn (Zhu et al., 2016) mineralizations. Complex multi-stage pro-
cesses have been recognized elsewhere as crucial to the formation of
t Pb-loss. (a-b) 206Pb/238U vs. Y/Hf for CHR1 & KLK1A; (b) 206Pb/238U vs. Y/Hf for AT1A &
ineralization. Open circles represent grains with slight Pb loss.



Fig. 8. Chondrite-normalized REE patterns for samples (a) CHR1, (b) KLK1A, (c) AT1A, (d) AT1B, (e) JK1A and (d) JK6A from the Jigawa Pb\\Zn mineralization. Normalized values for
chondrite are from Taylor and McLennan (1985).
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large ore mineralization systems (Jiang et al., 2019b; Li et al., 2018).
Magmatic and hydrothermally altered zircon in sample KLKIA and
Sample ATIA yield coeval ages 192 to 190 and 192 to 189, respec-
tively. This suggest that the mineralization event in the Jigawa suites
took place shortly after the emplacement of the granites. As men-
tioned earlier, a few zircon grains (including both magmatic and hy-
drothermal) yielded younger 206Pb/238U ages ranging from 185 to
172Ma (concordance > 90%). Correlation of trace elements variation
(Y/Hf) as a function of time is useful in constraining the evolution of
coeval zircons in a closed magmatic system (Schoene et al., 2010).
Perturbed magmatic zircon population do not show compatible evo-
lutionary trends with coeval magmatic grains in all samples (Fig. 7a-
11
b). This suggests that the perturbed grains are magmatic zircon that
have undergone some degree of Pb-loss, and hence, their ages can-
not be interpreted to represent granite crystallization age. Concor-
dant hydrothermal grains (184–170 Ma) may be related to
hydrothermal resetting and slight radiogenic Pb-loss due to the
low degree of hydrothermal alteration in the Koluki-Burra centre.

5.2. Source of magma and Pb−Zn mineralization in the Ningi-Burra
complex

Magma source of granites can be constrained using distinct zircon
trace elements andHf isotope signatureswhich are indicative of different



Fig. 9. (a-b) Granite discrimination plots based on zircon trace element; (c-e) comparative data based on trace element distribution from whole rock analysis. Data from Batchelor and
Bowden (1986).
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magma sources and evolutionary history. In particular, trace element
data have proved to be a suitable tool for distinguishing distinct granitic
rock suites (Pearce et al., 1984). Discrimination plots proposed byGrimes
et al. (2015) for differentiating granite provenance based on zircon trace
element chemistrywas applied for the Jigawa zircon. The zircon from the
unmineralized andmineralized granites plotwithin the field of Ocean Is-
land (OI) type A-type granites (Fig. 9a-b), which is in agreement with
whole-rock tectonic plots (Fig. 9c-e) from this complex and adjacent A-
type complexes (Girei et al., 2019; Kamaunji et al., 2020; Kinnaird, 1985).
12
Lu−Hf isotope systems in zircon is considered to be a reliable tool in
delineating magma and fluid sources in magmatic rocks (Kemp et al.,
2006). Further constraints on magma source and distinct magmatic
and hydrothermal processes during the evolution of granites can be
drawn from isotopic signatures. Due to elevated concentrations of Hf
in zircon and its fractionation relative to Lu, zircon Lu/Hf isotopic ratios
are considered reflective of mantle-crust differentiation processes
(Kemp et al., 2007). For granites from the Jigawa Pb−Zn ore field,
unmineralized suites from the Koluki-Burra centre display a wide
range of zircon ɛHf(t) values ranging from −4.9 to −10.3



Fig. 10. Plots of (a) 176Lu/177Hf vs. 176Hf/177Hf, (b) 176Yb/177Hf vs. 176Hf/177Hf and (c) εHf(t) vs age for the zircon grains from the Jigawa Pb\\Zn mineralization.
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(Supplementary Table 4). Calculated Hf model ages for the Ningi-Burra
granite suggest magma interaction with crustal material of
Paleoproterozoic to Mesoproterozoic ages (1.2–1.7 Ga). These crustal
materials are most likely the basement complex rocks in the region.
Moreover, the crustal model age is also in agreement with Pb/Pb slope
array ages (1.8 Ga) for other Nigerian Younger granite complexes
(Dickin et al., 1991). Furthermore, ɛHf(t) values for the granites plot
below CHUR, this signature likely reflects parental melts largely derived
from lower crustal sources with some contribution from the upper
mantle (Fig. 10c) for the Ningi-Burra biotite granites. Previously re-
ported whole-rock Sm−Nd, Rb−Sr and zircon Lu−Hf isotopic data for
some anorogenic complexes also suggests, for the biotite granites in
the Nigerian Younger Granite province, an enrichedmantle-derived pa-
rental melt that has undergone significant crustal contamination
(Dickin et al., 1991; Girei et al., 2019) or partial melting of crustal
sources with contributions from the mantle (Girei et al., 2020). How-
ever, the Lu−Hf isotope data of the granites (this study) is more consis-
tentwithmagmaderivation from largely crustal source(s). Nonetheless,
the presence of mafic rocks in the Ningi-Burra complex (Fig. 2a-b) sug-
gests heat and material contribution from the mantle (Turner and
Bowden, 1979). It can be inferred therefore that the rock associations
in Centres 1 and 2 and those of Centre 6 may have been derived from
partial melting of crustal sources with contributions from the mantle
(Turner and Bowden, 1979).

Lu−Hf systems in zircon are fairly resistant to hydrothermal alter-
ation episodes (Thompson et al., 2008). Hf remains stable relative to
Lu and Ybwhich become highlymobile during hydrothermal phases as-
sociated with zircon alteration (Thompson et al., 2008; Valley et al.,
13
2010). The 176Hf/177Hf ratios is similar in the magmatic and hydrother-
mally altered zircons from the Jigawa biotite granites (Fig. 10a-b). How-
ever, 176Lu/177Hf (up to 0.003) and 176Yb/177Hf (up to 0.107) ratios are
markedly higher in samples with hydrothermally altered zircons
(KLK1A andAT1A) compared to samples (CHR1 andAT1B) primarily as-
sociated with magmatic zircons (Fig. 10a-b). The overlap in εHf
(t) values in the magmatic and hydrothermally altered zircon grains
from the Jigawa Pb−Zn orefield (Table 1; Supplementary Table 4) sug-
gest that the mineralizing fluids were sourced from the granites. This is
in agreement with finding from previous studies based on whole-rock
Sr−Nd and oxygen isotopes (Kinnaird, 1985; Kinnaird et al., 1985).

5.3. Petrochemical characteristics of zircon from the Ningi-Burra Complex

Based onmorphological features, magmatic zircon are characterized
by clear oscillatory zoning when compared with hydrothermal zircon
which display weak or no oscillatory zoning. Moreover, hydrothermal
zircon typically possess spongy and ragged textures andhave numerous
mineral inclusions (Hoskin, 2005; Jiang et al., 2019b; Li et al., 2014;
Pelleter et al., 2007). Compared to magmatic zircon, hydrothermal zir-
con are relatively enriched in non-formula elements (Hf, U, Y Th,
LREE, etc.) and show weak Eu and Ce anomalies (Hoskin, 2005; Li
et al., 2018). Moreover, trace element distribution is significantly higher
in hydrothermal zircon when compared to magmatic zircon (Hoskin,
2005; Kebede et al., 2007). Compared to HREE, LREE's are highly mobile
in hydrothermal phases (Sheard et al., 2012) and are then concentrated
in metamict and hydrothermal zircon grains (Hoskin, 2005). In the
Jigawa Pb−Zn field, hydrothermally altered zircon are typically



Fig. 11. Plots of (a) Yb/Gd vs. Hf, (b) Hf vs. Y/Ho, (c) Hf vs. U, and (d) Pb vs. Y + ΣREE for zircon grains from the Jigawa Pb\\Zn mineralization.
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enriched in LREE when compared to magmatic zircon (Fig. 8b-c;
Fig. 12c-d). Trace element distribution (REE + Y) against total Pb pro-
vides further evidence for element incorporation into the zircon lattice
(Fig. 11d). The positive trend noted for the Jigawa granites demarcates
magmatic from hydrothermally altered zircons. The light rare element
index (LREE-I = Dy/Nd + Dy/Sm) of Bell et al. (2019) is another viable
tool for tracking alteration and contamination inmagmatic zircon.Mag-
matic zircon from the unmineralized and mineralized granitic suites
possess high LREE-I values indicative of limited aqueous alteration
(Bell et al., 2019). LREE-I values (Supplementary Table 3) in group 1 zir-
con (magmatic) vary from 554 to 1123 in KLK1A, 95–200 in CHR1,
83–485 in AT1A, 209–2382 for AT1B, 435–1775 in JK1A, and
153–3872 in JK6A. On the other hand, group 2 zircon (magmatic-hydro-
thermal) contain low LREE-I values (KLK1A = 6–91 and AT1A =
19–81). Furthermore, discrimination plots proposed by Hoskin (2005)
show the zircon from the Jigawa Pb−Zn field can be distinguished
into Group 1 (magmatic) and Group 2 (hydrothermally altered) zircon
(Fig. 12a-b). According to Anderson et al. (2008), trace element and
REE redistribution during zircon metamictization are largely controlled
by coupled dissolution and reprecipitation reactions along micro-
fractures. In sample AT1A, sharp reaction fronts between the recrystal-
lized and protolithic cores (Fig. 5a) provide evidence for dissolution–
reprecipitation as a major alteration process in the Jigawa Pb−Zn
deposit. Dissolution of the ΣREE-rich magmatic zircon is linked to
coupled precipitation ofΣREE-poor hydrothermal zircon grains in an in-
ward moving fluid (Soman et al., 2010). Zircon grains from Sample
AT1B (see Electronic Supplementary Material Fig. 2) show deformation
associated with weak fluid-fluid interaction. Therefore, alteration
14
appears to be mild and have only deformed the lattice of the zircon
resulting in Pb-loss. Based on available evidence, we preclude zircon
precipitation from Zr- and Pb- rich fluids as a primary formation mech-
anism for hydrothermal zircon in the Jigawa Pb−Zn deposit. However,
we proposemagmatic zircon diffusion, zircon-fluid reaction, dissolution
and reprecipitation as the driving mechanism for the formation of hy-
drothermally altered zircons in the Jigawa Pb−Zn deposit.

Ti-in-zircon thermometry, as proposed by Watson and Harrison
(2005), has been identified as a reliable tool for constraining zircon crystal-
lization andhostmagma temperature (Li et al., 2014).However, Ti concen-
tration in zircon may be affected by lattice defect and dissolution-
recrystallization process, giving rise to anomalously high Ti in zircon (Fu
et al., 2008). High Ti may also concentrate in micro-inclusions in zircon
and can be sampled by laser ablation (Harrison and Schmitt, 2007). There-
fore, high contents of Ti (Supplementary Table 3) in metamict and fluid-
altered (hydrothermal) zircon from the unmineralized sample KLK1A
and mineralized rocks in the Jigawa Pb−Zn deposit (Samples AT1A
and AT1B) are considered unrelated to initial Ti concentrations and
the application of Ti-in-zircon thermometry is considered inappropri-
ate. Ti-in-zircon values for magmatic zircons from the Jigawa Pb−Zn
deposit yield average temperature of 605 °C for zircons from un-
mineralized granites, 645 °C for zircon from mineralized granite, and
600 °C for zircon from the wall rock. These values are significantly
lower than the values computed using zircon saturation temperatures
(Average temperature – 804 °C) from the whole-rock data reported by
Batchelor and Bowden (1986). This variation is likely explained by varia-
tions in aTiO2 and aSiO2 conditions during crystallization of early and late
zircons from the graniticmelts.Moreover, according to Schiller and Finger



Fig. 12.Hydrothermal zircon discrimination plots of (a) SmN/LaN vs. Ce/Ce* diagram; (b) La vs. SmN/LaN diagram; (c) ΣREE vs. LREE and (d) ΣREE vs. Eu/Eu* values in zircon grains from
the Jigawa Pb\\Zn mineralization. (a)-(d) after Hoskin (2005),
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(2019), calculated temperature using Ti-in-Zircon thermometry for
A-type granites are usually 30-150 °C lower than their average crystalliza-
tion temperatures. Importantly, Pupin (1980) has shown that zircon
growth are highly dependent on temperature and pressure conditions
of the melt. Therefore, crystal form/prism of zircon can be interpreted as
reflective of magma temperatures (Belousova et al., 2002; Hoskin and
Schaltegger, 2003). For the unmineralized KLK1A sample, themost devel-
oped crystal prisms in themagmatic zircon is the “100” prismwhich con-
strain the biotite granites as forming from high temperature (>700 °C)
melts (Hayashi and Shinno, 1990). This view is supported by whole
rock zircon saturation temperature measurements from other ring com-
plexes in the Nigerian Younger Granite province (Bowden and Kinnaird,
1984; Kinnaird, 1985). Conversely, hydrothermal zircon from Sample
KLK1A primarily exhibit “110” prism pointing to late-stage magmatic-
hydrothermal origin. For the mineralized rocks, varying degree of
metamictization has preserved both prism types (Fig. 5a). Most mag-
matic zircon still preservewell developed “100” prisms (Fig. 5a) indicat-
ing a higher temperature regime before fluid alteration responsible for
rare metal enrichment in the granites.

5.4. Magmatic-hydrothermal evolution of the Jigawa Pb−Zn Ore field

Several ratios (e.g., Zr/Hf and Yb/Gd) in zircon are considered re-
flective of magmatic-hydrothermal processes have been used as ro-
bust tools for tracking the degree of evolution in granites (Breiter
et al., 2014; Castiñeiras et al., 2011). Based on this, Zr/Hf values of
15
>55 are considered typical of less fractionated granites that are devoid
of mineralization, whereas Zr/Hf values of 25–55 are typical of moder-
ately fractionated granites. In contrast, highly fractionated granite as-
sociated with mineralization display very low Zr/Hf values (Bau,
1996). The Zr/Hf values for the unmineralized sample CHR1 range
from 70.8–84.0 while those from Sample KLK1A andmineralized sam-
ples (AT1A, AT1B, JK1A and JK6A) range from 34.12 to 111.82 and
from 30.85 to 90.64, respectively. This indicates the increasing degree
of fractionation from unmineralized granites to the mineralized gran-
ites in the Ningi-Burra complex. Because zircon are the primary reser-
voir for both Zr and Hf in granitic systems, crystallization of zircon
controls Zr/Hf ratios and reflects degree of fractionation of the paren-
tal melt (Claiborne et al., 2006). Therefore, low Zr/Hf in zircon reflects
crystallization from highly differentiated melts (Linnen and Keppler,
2002). The increased in the size of Eu anomalywith decreasing Hf con-
tent is interpreted to reflect feldspar fractionation duringmagma evo-
lution (Castiñeiras et al., 2011; du Bray et al., 2011). Eu/Eu* vs Hf for
the granites from the Jigawa Pb−Zn ore field show progressive plagio-
clase fractionation for the CHR1 and AT1A suites (Fig. 7c). A similar
trend is notable for Hf values against Yb/Gd values (Fig. 11a), the pos-
itive correlation trend is considered indicative of progressive cooling
and feldspar differentiation during magmatic evolution for the Jigawa
granites (Barth and Wooden, 2010; Claiborne et al., 2010). Further-
more, increased differentiation in sample KLK1A based on Ce/Sm
against Yb/Gd values suggest increased crustal contribution relative
to Samples CHR1 and AT1A (Fig. 7d).



Fig. 13.Amagmatic-hydrothermalmodel showing the genesis of the Jigawa Pb\\Znmineralization (a)mantle-derivedmagma undergoes crustal contamination; (b)Metasomatism of the
melt precedes migration into the crust triggered by high temperature and pressure regimes during transcurrent fault movement of the plate; (c) fractional crystallization leads to
generation of highly evolved granitic suites with hydrothermal phases generated during late-stages of magmatic emplacement drive ore-bearing and zircon altering fluids phases
through the rock; (d) metals are deposited as disseminations and in ore bearing quartz veins. PEL = Present erosion level.
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Several studies have demonstrated that the trace element concen-
trations in zircon are usually modified during fluid-rock interaction re-
lated to the formation of economically significant mineralization
(Geisler et al., 2003a; Rubin et al., 1993). During hydrothermal alter-
ation episodes, incorporation of Ca, Al, Fe, Mn, LREE and depletion of
Zr, Si and radiogenic Pb is common for Th−U rich zones in zircon
(Geisler et al., 2003b; Yang et al., 2014). None and/or limited incorpora-
tion of Pb in altered zircon has been demonstrated by several workers
(Harlov et al., 2012; Lewerentz et al., 2019). This attests to the viability
of dating altered and/or re-crystallized zircon to constrain the timing of
metasomatism and/or mineralizations (Geisler et al., 2007; Li et al.,
2014; Soman et al., 2010). In the presence of a halogen-rich (F, Cl, Br,
I) and fluids (H2O), incompatible elements such as Hf, Th, U, Nb, Ta, Y,
P, and Pb become highly mobile (Bau, 1996). Element mobilization is
particularly active during fluid transition associated with metasomatic
processes in mildly and highly evolved granites (Nardi et al., 2013;
Yang et al., 2014). Several workers (Ogunleye et al., 2006) have shown
that ore-bearing (Sn−W, Pb−Zn and Nb-REE) granites in the Nigerian
younger granites are significantly enriched in fluorine (up to 6 wt%)
compared to barren granite. Based on chemical compositions in zircon,
vital magmatic to hydrothermal trends can be elucidated from several
geochemical ratios (e.g., Y/Ho, Ce/Ce* and, Eu/Eu*). Although Y/Ho
values are relatively stable during fractional crystallization of silicate
melts, they are susceptible to late-stage magmatic and hydrothermal
16
processes (Breiter et al., 2013). Y/Ho values for the unmineralized and
mineralized samples (9.8–27) reflect late-stage evolution in the pres-
ence of a fluid phase (Breiter et al., 2009). Moreover, increasedmobility
of Y compared to Ho during hydrothermal regimes result in lower Y/Ho
values in the Jigawa granites (Bau, 1996). Furthermore, Eu/Eu* and Ce/
Ce* values in zircon provide a robust tool to track the reduced nature
of magma during varying stage of zircon crystallization (Claiborne
et al., 2010). Eu/Eu* in zircon is particularly sensitive to plagioclase frac-
tionation and accumulation during evolution of the parental melt
(Dunn and Sen, 1994). Mineralized biotite granites from the Nigerian
Younger granite province typically contain plagioclase (Girei et al.,
2020). Plagioclase is also present in the Jigawa granites. Therefore, we
consider Eu/Eu* values as unreliable markers of redox conditions for
the Jigawa Pb−Zn rich biotite granites. Variable Ce/Ce* values are asso-
ciated with magmatic and hydrothermal zircon in the Jigawa Pb−Zn
field (Supplementary Table 3). Average Ce/Ce* values from magmatic
and hydrothermally altered zircon grains from the Jigawa Pb−Zn de-
posit ranges from 77.54 (22–152.98) in CHR1, 115.0 (99.40–276.95) &
7.4 (2.18–23.9) in KLK1A, 77.20 (1.80–214.0) & 12.7 (1.80–18.57) in
ALT1A, 471 (64–1752) in sample AT1B, 361 (181–655) in sample JK1A
and 433 (32–4426) in sample JK6A. Compared to the magmatic zircon,
low Ce/Ce* values for hydrothermal zircon suggest that hydrothermal
zircon formed under relatively reduced condition (Ballard et al., 2002;
Pelleter et al., 2007).
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5.5. Magmatic-metallogenetic model for the Jigawa Pb−Zn mineralization

Based on zircon U/Pb ages, geochemical signatures and zircon
crystallization temperatures recorded from magmatic and hydro-
thermally altered zircon in the Koluki-Burra centre, a magmatic-
hydrothermal model (Fig. 13) is proposed for the Jigawa Pb−Zn
mineralization:

Stage 1: During stage 1 (192–190 Ma), emplacement of medium-
coarse grained biotite granites took place (KLK1A, AT1A) in the
Koluki-Burra centre. Zircons that crystalized during this stage display
“100” prisms, with lower LREE, stronger Ce anomalies and Eu anomalies
(Fig. 8b-c).

During stage 2, early stage metasomatism associated with the for-
mation of barren quartz veins occurred, a process thatwas accompanied
by silicification and potassic metasomatism (Fig. 3a-b).

During stage 3, later staged metasomatism marked by intense
metamictization. Zircon dissolution-reprecipitation reactions during
this lower temperature regime (550-650 °C) lead to the formation of
hydrothermally altered zircons (“110” zircon grains) in the Jigawa bio-
tite granites. This stage ismarked by increased trace element concentra-
tion,fluid andmineral inclusion in these hydrothermally altered zircons
(Supplementary Table 3; Fig. 5e; Fig. 8b-c). Deposition of ore-stage sul-
phides also took place during this stage.

Reactivation of transcurrent faults caused by changes in the direc-
tion of plate movement is proposed as the driving mechanism for
magma intrusion and subsequent magmatic-hydrothermal episodes
in the Ningi-Burra complex and elsewhere (Girei et al., 2019; Girei
et al., 2020). Highly evolved granitic suites in the Nigerian Younger
Granites are potential reservoirs for world-class mineralization.
Moreover, almost all these evolved suites (usually biotite granites)
in the Nigerian Younger Granite province show evidence for post-
magmatic alterations (Girei et al., 2019; Ike, 1983; Kinnaird, 1985).
This study has shown that zircon Zr/Hf, Y/Ho and Ce/Ce* values can
be used to constrain the degree of evolution and oxidation in granites
which provide useful clues for ore deposit exploration (Breiter et al.,
2014; Loader et al., 2017).

6. Conclusions

1. Zircon U−Pb ages from unmineralized and mineralized suites from
the Ningi-Burra anorogenic ring complex record complex magmatic
and hydrothermal episodes associated with Pb−Zn mineralization.
The main magmatic-hydrothermal episodes took place between
191 and 189 Ma.

2. Zircon Lu/Hf isotopes from the Ningi-Burra complex reflect mag-
matic origin from partial melting of the lower crustal with contribu-
tions from mantle-derived melts. Geochemical and Lu/Hf variations
in magmatic and hydrothermal zircon constrain a common mag-
matic source for the zircon grains from the Jigawa Pb−Zn minerali-
zation, but the differences in concentrations of trace elements and
176Lu/177Hf and 176Yb/177Hf ratios in the hydrothermal zircon grains
can be attributed to highermobility of the trace elements and Lu−Yb
in the presence of a fluid phase.

3. Extensive fluid circulation caused leaching of metals from Pb-rich
basement rocks and facilitated the formation of Zn−Pb mineraliza-
tion in the Ningi-Burra complex.
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.lithos.2021.106115.
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