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A B S T R A C T

The Younger Granite province of Niger and Nigeria exemplifies a classical anorogenic alkaline ring granite belt
with southward age migration from ca. 470 Ma to 140 Ma. However, the precise age transition from the older
Nigerien Younger Granite (NrYG) to the younger Nigerian Younger Granite (NaYG) is poorly constrained. The
Daura and Dutse complexes, located at the northernmost tip of the NaYG province, represent a temporal and spa-
tial link between the NrYG and NaYG provinces. The Daura complex is composed of amphibole syenite and bi-
otite granite, while the Dutse complex consists of fayalite syenite and arfvedsonite aegirine granite. Similar to
other alkaline rocks of the NrYG and NaYG provinces, the Daura and Dutse samples all chemically show typical
A1-type granite features, such as high alkalis (K2O + N2O = 8.33–11.27 wt%.), Ga/Al ratios,
Zr + Nb + Ce + Y contents (527–2345 ppm) and FeOt/(FeOt+MgO) ratios (0.03–0.70) as well as elevated HF-
SEs. The Nd Hf and Pb isotopic systematics show that all the syenite-granites yield εNd (t) = −2.9 to +1.5,
ɛHf (t) = −3.8 to +16.7, and 206Pb/204Pb = 17.818 to 19.555, suggestive of magmas derived from a slightly de-
pleted mantle source with OIB imprints. A reduced to slightly oxidized redox state is invoked for the parental
melt based on estimations from mineral chemistry. The Daura amphibole syenite is composed of >60% alkali
feldspar, show high Eu/Eu* (>1), Ba/Zr (>3.5) values and cumulate textures, resembling an alkali feldspar cu-
mulate rock. The other alkaline granitic rocks were likely generated from variable fractional crystallization of the
residual melt with distinct crustal contaminations. Zircon U Pb dating reveal that the Daura amphibole syenite
and biotite granite were emplaced at 324 ± 1 Ma and 321 ± 3 Ma, respectively, whereas the Dutse granitoids
showed episodic intrusive periods of ca. 264 Ma and 232 Ma. All these results predate other anorogenic alkaline
complexes of the NaYG and update the oldest age (ca. 214 Ma in previous references) recorded in the alkaline
granite province. To the north, it connects well with ages from the Zinder complex (~330 Ma) in the southern-
most NrYG province, reflecting a significant link between the NrYG and NaYG provinces. From a broad view, a
linear age migration from north to south in the Niger-Nigeria Younger Granite province remains well preserved,
although temporal and spatial intervals exist in local region. This emplacement pattern can be traced to the peri-
odic and repeated reactivation of lithospheric shear zones and transcurrent faults.

1. Introduction

Temporospatial distribution of alkaline magmatism is typically
linked to either deep-rooted thermal anomalies (plumes: SW Portugal –
Grange et al., 2010) or shear-driven melt upwelling (SW French Polyne-
sia – Ballmer et al., 2013). In Africa, continuous alkaline/volcanic
chains are found across the Niger-Nigeria-Cameroon alkaline belt (West

Africa) and the East African Rift system. The West African alkaline belt
represents continuous magmatism unrelated to orogenic events
(Halliday et al., 1988), while the East African rift represents an active
continental rift system (Ebinger, 2005). In the West African alkaline
belt, the Niger-Nigeria alkaline granite province exemplifies a classic
example of within plate age migration of magmatic centres across a vast
region (1300 km long; Black et al., 1985; Ngako et al., 2006). A general

⁎ Corresponding author at: School of Earth Sciences, China University of Geosciences, 430074 Wuhan, PR China.
E-mail address: lianxunwang@cug.edu.cn (L.-X. Wang).

https://doi.org/10.1016/j.lithos.2021.106561
Received 15 September 2021; Received in revised form 29 November 2021; Accepted 30 November 2021
0024-4937/© 2021

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.

https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561
https://www.sciencedirect.com/science/journal/00244937
https://www.elsevier.com/locate/lithos
mailto:lianxunwang@cug.edu.cn
https://doi.org/10.1016/j.lithos.2021.106561
https://doi.org/10.1016/j.lithos.2021.106561


UN
CO

RR
EC

TE
D

PR
OO

F

V.I. Vincent et al. LITHOS xxx (xxxx) 106561

Fig. 1. (a) Distribution map of alkaline ring complexes in the West African Craton (WAC), (b) Schematic map showing the distribution of alkaline intrusive com-
plexes in the Nigerian Younger Granite Field. Rb Sr age data taken from Rahaman et al. (1984). Modified from Kinnaird (1981), (c) Geologic Map of the Daura
Complex, and (d) Geologic map of the Dutse complex (modified after Turner and Webb, 1974).

N-S decreasing age trend has been traced for the alkaline suites of the
Niger-Nigeria alkaline granite province (Rahaman et al., 1984; Van
Breemen and Bowden, 1973). Several models including mantle plume
theory (Bowden et al., 1976; Kamaunji et al., 2020), reactivated tran-
scurrent fault system (Rahaman et al., 1984), and complex interplay be-
tween mantle plume and ancient lineament (Ngako et al., 2006) have
been proposed to explain the N-S decreasing age patterns in the Niger-
Nigeria alkaline belt. However, more precise geochronological work,
detailed mineralogical and petrological investigation applying new an-

alytical techniques are required to provide robust evidence for the ap-
propriate geodynamic model.

Since the Nigerian alkaline-peralkaline granites were first recog-
nized as “A-type” suites by Loiselle and Wones (1979) and character-
ized as a typical location of within-plate granites (WPG) by Eby (1990),
debate has persisted regarding their specific origins and the genetic re-
lationships. Some recent studies involving whole rock Sr-Nd-Pb and in
situ zircon Hf isotope systematics portray the Nigerian A-type granites
as sourced from basaltic mantle magmas with crustal involvement (e.g.,
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Fig. 2. (a) Hand specimen microphotograph of the Daura fayalite syenite; Thin section microphotograph of (b–d) the Daura syenite; (e–g) the Daura biotite granite;
(h) Hand specimen microphotograph of the Daura fayalite syenite; (i-j) Thin section microphotograph of the Dutse fayalite syenite; (k) the Dutse arfvedsonite ae-
girine granite and (l) the Dutse arfvedsonite aegirine granite (porphyritic variety). Abbreviations: Ab, albite; Aeg: aegirine; Amp, Amphibole; Arf, Arfvedsonite; Bt,
biotite; Cpx, Clinopyroxene; Fa, Fayalite; Fl, Flourine; Hd, Hedenbergite; Kfs: K-feldspar; Mag, Magnetite; Perth, perthite; Qz, quartz; Zrn: Zircon.

Ahmed et al., 2021; Amuda et al., 2020; Girei et al., 2019; Kamaunji et
al., 2020). By contrast, considering the less radiogenic Sr Nd and Hf
isotopic compositions and oxidized nature of the Mo-mineralized alu-
minous biotite granites in Mada, Girei et al. (2020) proposed a lower
crustal origin with contributions from the upper mantle. Similarly,
Magaji et al. (2011) advocated an alkali-metasomatized and fenitized
lower crustal origin for the Nigerian alkaline-peralkaline granites.
However, the less radiogenic crustal-like εNd (t) isotopic compositions
reported for the Kudaru biotite granite has been ascribed to crustal con-
tamination rather than derivation from a pure crustal source (e.g.,
Kamaunji et al., 2020).

The Daura and Dutse complexes are parts of the large anorogenic al-
kaline granite province in northcentral Nigeria (also known as the
Nigerian Younger Granite, NaYG) with more than 50 Mesozoic alkaline
complexes covering an area of about 75,000 km2 (Bowden et al., 1987;
Kinnaird, 1985). The Daura and Dutse complexes link the migrating
belts of Paleozoic and Mesozoic alkaline complexes in Niger and Nige-
ria (Rahaman et al., 1984; Turner and Webb, 1974), given their loca-
tion across the Niger-Nigeria boundary (Fig. 1b). Thus, these two alka-

line complexes have been considered as the earliest manifestation of
post-Cambrian alkaline magmatism in Nigeria (Kinnaird, 1981). How-
ever, due to limited studies (Bennett et al., 1984; Turner and Webb,
1974), the precise geochronology and petrogenesis of the two com-
plexes are poorly understood. Although an imprecise Rb Sr age has
been reported for the Daura complex (~307 Ma; Rahaman et al., 1984),
a much younger age of 213 Ma for the Dutse complex (Rahaman et al.,
1984) has been widely used as the onset time of the post-Cambrian al-
kaline magmatism in the NaYG province (Girei et al., 2019; Kamaunji et
al., 2020). The lack of precise geochronological data also hindered de-
tailed reconstruction of structural controls on the distribution of the
NaYG alkaline complexes and age migration trends for the Niger-
Nigeria alkaline granite province (Dickin et al., 1991; Rahaman et al.,
1984).

Herein, a combined study of whole-rock major and trace elements,
mineral chemistry, zircon U Pb dating and Lu Hf isotopes, as well
as whole-rock Nd Pb isotopic systematics on the Daura-Dutse grani-
toids is presented. The primary aim is to constrain precise intrusive
ages, the origin and genetic relationship of the diverse granitoid suites
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Fig. 3. Plots of amphiboles from the Daura and Dutse complex. (a–b) BSE images of arfvedsonite grains from the Daura amphibole syenite showing evidence
of zonation, (c) Si + Na + K vs. AlIV + Ca diagram, (d) Fe2+/(Fe2++Mg2+) vs. AlIV discrimination diagram, (e) Fox vs. Si + Na + K diagram. Binary
diagrams showing major and minor element concentrations of amphibole in atoms per formula unit (apfu), (f) Al vs Ca, (g) Al vs Na, and (h) Al vs Si. The
decreasing Al content monitors the differentiation of the magma. Abbreviations: Arfv, Arfvedsonite; Aeg: Aegirine.
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Fig. 4. (a) Representative BSE images and chemical plots of biotite grains from
the Daura biotite granite. (b) Ternary Mg–AlVI + Fe3++Ti–Fe2++Mn, and (c)
Ternary MgO–FeO–Al2O3 diagram. Abbreviations: Bt, biotite.

(syenite-granite) found in both the Daura and Dutse complexes. The
new dataset will also shed new light on the geodynamic model from
which the Niger-Nigeria alkaline granite province were formed.

2. Geologic setting and sample description

2.1. Niger-Nigeria alkaline granite province

The Niger-Nigeria alkaline granite province comprises about 80
anorogenic alkaline complexes of Paleozoic to Mesozoic age (Fig. 1a,
b). These complexes occur in four distinct centres namely: Air Massif
(northern Niger), Zinder-Mounio Centre (southern Niger), Daura-
Matsena Centre (northern Nigeria) and Jos Plateau Centre (northcen-
tral Nigeria). Over 50 complexes occur within Nigeria, and around 24
others are found in Niger (Black et al., 1985; Kinnaird, 1985). These al-
kaline complexes were emplaced within the Precambrian basement,
which are remnants of the Eburnean orogeny and are mainly cross-cut
by Neoproterozoic Pan-African granitoids (Bute et al., 2019). According
to previous Rb Sr dating results, a southward age migration sequence
(older to younger) for the high-level alkaline complexes of the Niger-
Nigeria province is apparent (Bowden et al., 1987). The four distinct
centres harbor similar anorogenic complexes with common associa-
tions of syenite and granitoids; however, slight differences are present
in terms of their volumetric proportions (Black et al., 1985; Girei et al.,
2019; Kamaunji et al., 2020). The anorogenic complexes of the Air Mas-
sif in northern Niger are predominantly alkaline-peralkaline syenite
and granites with less abundant metaluminous granites, syenites and
feldspar-rich cumulates (DeMaiffe et al., 1991). Ring complexes of the
Damagaram-Mounio centre in southern Niger and Daura-Matsena cen-
tres of northern Nigeria show variation that is more extensive in com-
position with almost equal parts of syenite and granite suites (Black et
al., 1985). The alkaline complexes in northcentral Nigeria grade from
predominantly alkaline-peralkaline suites in the northern sector to met-
aluminous biotite granitic suites in the southern sector (Kinnaird,
1985).

In Nigeria, the NaYG province covers an area of over 75,000 km2

within a 400 × 160 km wide N-S trending belt between 8oN and 12oN
and longitudes 8°E and 10°E (Fig. 1b; Kinnaird, 1985). Initiation of
magma emplacement in the NaYG province is marked by volcanic erup-
tions of ignimbrite, basalt, rhyolite and trachyte, followed by cauldron
collapse and subsequent emplacement of ring dykes. These ring dykes
are mostly exemplified in the Nigerian sector as fayalite/pyroxene-
bearing granite porphyries representing the first plutonic succession in
these complexes (Kamaunji et al., 2020). Emplacement of peralkaline
units (prevalent in the northern centres) and metaluminous units (com-
monplace in the southern centres) marks the main stage of plutonism in
the NaYG province. The peralkaline rocks are predominantly arfved-
sonite granites, and the metaluminous rocks are mainly biotite granites.
Acid-veined mafic rocks, gabbros and syenites make up a minor part of
the plutonic units. World-class Sn–Nb–Ta–REE and Pb–Zn–Cu mineral-
izations have been found throughout the NaYG province, particularly
associated with F-rich phases with accompanying sodic, potassic, acid
and silica metasomatism of these rocks (Amuda et al., 2020; Girei et al.,
2019; Li et al., 2020a; Vonopartis et al., 2021).

2.2. The Daura and Dutse complexes

The Daura and Dutse complexes of the northern NaYG province are
located close to the Zinder-Mounio complexes of southern Niger (Fig.
1b). The complexes intrude into metasediments of the Kazaure schist
belt and Paleoproterozoic basement migmatites and gneisses (Bennett
et al., 1984). Ring dykes and cauldron subsidence structures typical of
other alkaline granite complexes in the NaYG province are conspicu-
ously absent in the Daura and Dutse alkaline rocks and may represent
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Fig. 5. Chemical plots of clinopyroxenes from the Daura and Dutse syenites. (a) AlVI/(AlVI + Fe3+) vs. Na/(Na + Ca) diagram (b) Aegirine-diopside-hedenbergite
(Aeg-Di-Hed) ternary diagram showing the compositional variation of clinopyroxene. Clinopyroxene evolution trends of 1 - Katzenbuckel, SW Germany; 2 - Murun,
Russia; 3 - Lovozero, Russia; 4 - Alno, Sweden; 5 - Coldwell nepheline syenites, Canada; 6 - North Qoroq, South Greenland; 7 - Ilimaussaq, South Greenland are from
Marks et al. (2008) and references therein. Quantitative data on oxygen fugacity (given as △FMQ units) corresponds to various evolution of clinopyroxene. Blue
curve indicates an evolutionary path of clinopyroxene for the syenites, (c) (Ca + Fe2+ + Mn + Mg) vs. (Na + Fe3+) diagram for the clinopyroxene in the syenites.
Fox = Fe3+/(Fe3+ + Fe2+). Rim–core–rim cationic (apfu) profiles describing the main compositional variations in selected crystals of clinopyroxenes from the
Dutse fayalite syenites, (d) Al3+, (e) Ti4+, (f) Mg2+, (g) Fe3+, (h) Analytical spots are depicted in a photomicrograph image of the crystal, (i) Ca2+, (j) Fe2+, (k) Fox,
and (l) Na+. Bright cores are Ti- and Ca-rich, while dark green rims are Na- and Fe3+-rich. Fox = Fe3+/(Fe3+ + Fe2+). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

limited magma volume during the formation of the two complexes
(Turner and Webb, 1974).

The Daura complex is composed of several outcrops of rhyolite,
granite and syenite dispersed over a 25 × 10 km square area (Fig. 1c).
Extrusion of rhyolite marks the beginning of the volcanic phase in the
Daura area (Turner and Webb, 1974). Tuff, conglomerate and ign-
imbrite occur as intercalations within the rhyolite. The plutonic cycle
appears to have started by the emplacement of amphibole syenite and
then biotite granite. The amphibole syenite found in the central part of
the Daura alkaline suites occupies an area of about 1.5 km2. The biotite
granite occurs as a single pluton over a 0.8 km2 area and is located in
the southwestern part of the Daura alkaline complex.

The Dutse complex forms a centric pluton shape and covers an area
of over 40 km2 (Fig. 1d). It consists of volcanic agglomerate, fayalite
syenite and arfvedsonite aegirine granite. A porphyritic and medium-
coarse grained variety of the Dutse arfvedsonite aegirine granite (are

construed from field exposures. Extrusion of rhyolite and agglomerate
marks the first phase in the Dutse alkaline complex. Previous studies
proposed the main plutonic phase began with the emplacement of fay-
alite syenite as ring dykes followed by the emplacement of the por-
phyritic arfvedsonite aegirine granite with the medium-coarse grained
arfvedsonite aegirine granite representing a later-stage intrusive pluton
(Bennett et al., 1984). However, detailed reconstruction of structural
features in the field suggest the fayalite syenite and medium-coarse
grained arfvedsonite aegirine granite may represent later-staged intru-
sions into the earlier porphyritic arfvedsonite aegirine granite. The
medium-coarse grained arfvedsonite aegirine granite presents as coni-
cal massifs occupying an area of around 28 km2 and making up over
70% of the total area of the Dutse alkaline suite.

6



UN
CO

RR
EC

TE
D

PR
OO

F

V.I. Vincent et al. LITHOS xxx (xxxx) 106561

Table 1
Major, trace and REE geochemistry for the Daura and Dutse alkaline complexes.
Sample DA-2-2-1 DA-2-2-2 DA-2-2-3 DA-3-1 DA-3-2 DT4–1 DT4–2 DT2–2

Amphibole
syenite

Amphibole
syenite

Amphibole
syenite

Biotite
granite

Biotite
granite

Porphyritic arfvedsonite aegirine
granite

Arfvedsonite aegirine
granite

Fayalite
syenite

Complex Daura Daura Daura Daura Daura Dutse Dutse Dutse

Major Element (wt%)
SiO2 61.84 62.47 62.73 77.75 76.81 74.05 71.65 62.9
TiO2 0.87 0.68 0.73 0.07 0.07 0.22 0.37 0.64
Al2O3 15.88 16.31 16.29 12.18 12.26 11.16 11.78 15.64
Fe2O3 6.66 5.52 5.36 1.38 1.28 3.88 5.01 6.42
MnO 0.19 0.15 0.12 0.02 0.03 0.05 0.10 0.18
MgO 0.70 0.68 0.50 0.05 0.03 0.06 0.08 0.37
CaO 2.12 1.68 1.26 0.3 0.36 0.33 0.59 1.98
Na2O 5.98 5.99 5.93 4.78 4.94 4.42 4.85 5.94
K2O 5.08 5.28 5.17 3.61 3.39 4.72 4.89 5.04
P2O5 0.29 0.21 0.23 0.02 0.01 0.01 0.03 0.18
L.O·I 0.51 0.38 0.55 0.45 0.39 0.50 0.40 0.60
D.I. 85 86 87 97 96 90 88 86
A.R 4.19 4.35 4.44 5.10 4.88 8.78 8.41 4.31
Na2O + K2O 11.06 11.27 11.1 8.39 8.33 9.14 9.74 10.98
K2O/Na2O 0.85 0.88 0.87 0.76 0.69 1.07 1.01 0.85
A/CNK 0.83 0.88 0.92 0.99 0.98 0.86 0.82 0.83
TZroC 819 817 856 805 805 1008 888 809

Trace elements (ppm)
Li 10.6 9.1 6.43 122 112 51.8 37.3 6.91
Be 2.56 2.48 2.81 4.47 3.93 12.9 7.13 2.62
Sc 7.30 5.62 9.90 0.33 0.30 2.42 1.11 5.24
V 14.6 10.8 12.5 2.18 2.01 2.30 2.66 4.19
Cr 16.9 13.1 7.4 15.5 14.4 14.3 18.6 7.86
Co 3.12 2.44 1.82 0.60 0.47 0.60 0.89 2.31
Ni 2.50 2.16 1.75 2.19 1.17 1.11 1.67 1.33
Cu 3.97 3.52 2.62 1.71 1.1 2.04 4.19 4.83
Zn 132 117 124 44.8 38.8 247 255 116
Ga 32.7 33 33.4 37.3 36.7 42.3 42.1 36.1
Rb 59.5 66.7 63.2 493 481 208 117 60.1
Sr 185 210 185 9.57 8.13 13 15.9 113
Y 39.8 34.1 48.9 107 99.6 193 145 46.7
Zr 397 346 484 194 197 1624 641 360
Nb 68.5 66.6 78.1 149 136 207 90.5 55.2
Sn 2.53 2.31 2.62 9.35 9.08 19.90 7.38 3.10
Cs 1.05 1.43 1.08 5.04 4.59 0.32 0.78 0.31
Ba 1367 1535 1879 22.9 19.2 74.7 111 806
La 61.8 63.9 70.3 52.9 49.3 196 191 48.1
Ce 128 131 143 102 94.3 321 392 99.9
Pr 15.6 15.0 17.6 10.6 9.88 51.3 53.5 12.6
Nd 63.6 59.6 69.8 34.1 31.6 194 207 52.8
Sm 12.7 11.3 13.8 8.8 8.14 40.2 39.8 11.1
Eu 4.55 4.46 4.87 0.06 0.05 2.10 2.25 4.27
Gd 9.98 8.9 11.8 9.2 8.82 31 34.8 9.83
Tb 1.59 1.36 1.75 2.14 2.01 5.28 5.35 1.61
Dy 8.18 7.30 9.54 15 13.9 31.4 29 9.52
Ho 1.49 1.30 1.74 3.22 3.01 6.40 5.18 1.72
Er 3.97 3.43 4.65 10.2 9.48 19.9 13.4 4.6
Tm 0.55 0.48 0.70 1.72 1.63 3.31 1.84 0.67
Yb 3.39 3.08 4.23 12 11.10 19.80 12.10 4.52
Lu 0.51 0.45 0.60 1.53 1.42 2.69 1.69 0.65
Hf 8.8 8.1 10.4 12.1 13.4 44.5 15 9.79
Ta 3.51 3.6 4.24 11.50 10.20 13.70 3.83 3.30
Tl 0.23 0.22 0.20 1.38 1.34 0.63 0.58 0.16
Pb 9.18 10.4 6.6 16 15.4 55 11.1 4.6
Th 6.83 6.72 8.14 71.1 69.6 41.70 12.80 7.26
U 1.77 1.58 1.99 10.60 14.50 8.61 1.91 1.56
ƩREE 315.49 311.12 354.86 263.65 244.71 924.38 988.91 261.89
(La/Sm)N 3.00 3.49 3.14 3.69 3.73 2.99 2.95 2.67
(La/Yb)N 12.16 13.82 11.07 2.93 2.96 6.60 10.52 7.09
Eu/Eu* 1.25 1.37 1.18 0.02 0.02 0.18 0.19 1.26

(continued on next page)
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Table 1 (continued)
Sample DA-2-2-1 DA-2-2-2 DA-2-2-3 DA-3-1 DA-3-2 DT4–1 DT4–2 DT2–2

Amphibole
syenite

Amphibole
syenite

Amphibole
syenite

Biotite
granite

Biotite
granite

Porphyritic arfvedsonite aegirine
granite

Arfvedsonite aegirine
granite

Fayalite
syenite

Complex Daura Daura Daura Daura Daura Dutse Dutse Dutse

Nb/U 38.63 42.03 39.27 14.05 9.37 24.04 47.88 35.38
Ba/Zr 3.5 4.4 3.9 0.1 0.1 0.1 0.2 2.2

2.3. Petrography

The Daura amphibole syenite is medium to coarse-grained and
green to greenish-black in colour (Fig. 2a). Mineralogically (Fig. 2b–c),
it is mainly composed of amphibole (10–15%), K-feldspar
(55–60 vol%), plagioclase (5–10 vol%), quartz (<5 vol%), biotite
(<5 vol%) and hedenbergite (5–10 vol%). Some of the amphibole
grains have undergone alteration along the rims forming chlorite halos
around fresh grain cores (Fig. 2b). Hedenbergite grains are yellowish
green coloured, unzoned and characterized by subhedral to anhedral
grains (Fig. 2c). Isolated hedenbergite crystals are subhedral, zoned,
and commonly surrounded by K-feldspars and quartz. The biotite grains
occur as either irregular or fibrous aggregates intermingling with am-
phiboles (Fig. 2d). Accessory minerals include apatite, zircon, and
Fe Ti oxides (< 5%).

The Daura biotite granite is mainly fine to medium-grained and grey
to yellowish-brown in colour. Feldspar (50–55 vol%), quartz
(20–25 vol%) and biotite (5–10 vol%) make up the essential minerals
of this rock. Alteration led to significant chloritization of the biotites in
some cases (Fig. 2e–f). Quartz commonly occurs as intercalates be-
tween perthite and biotite grains (Fig. 2f). Perthite is the dominant al-
kali feldspar phase in the Daura biotite granite (Fig. 2f). Accessory min-
erals include fluorite, zircon and magnetite (Fig. 2g).

The Dutse fayalite syenite is medium-grained and greyish to green-
ish in colour (Fig. 2h). In the thin section, the constituting essential
minerals are fayalite (5 vol%), perthitic K-feldspar (55–60 vol%),
clinopyroxene (15 vol%), amphibole (15 vol%) and aenigmatite
(~5 vol%) with zircon, apatite, titanite and magnetite occurring as es-
sential accessory minerals. In photomicrographs, specks of fayalite in-
terlocked within the abundant coarse-grained K-feldspars and amphi-
bole crystals are discernable (Fig. 2i, j). Some fayalite crystals have
been altered and partly replaced by pseudomorphs of Fe Ti oxide
(Fig. 2i). The clinopyroxene crystals commonly show zone textures
with light pale cores and bright green rims (Fig. 2j).

The Dutse arfvedsonite aegirine granite are greyish coloured with
coarse-grained or porphyritic textures. The essential minerals are
perthite (45 vol%), quartz (20–25 vol%), aegirine (15 vol%) and ar-
fvedsonite (10–15 vol%) with quartz grains occupying the junctions be-
tween the arfvedsonite and aegirine (Fig. 2k).

Porphyritic varieties of the Dutse arfvedsonite aegirine granite are
coarse-grained in the groundmass. The rocks are light grey in colour,
containing ~40–50 vol% phenocrysts (mostly 1–5 mm in size) that are
mainly composed of quartz (10–15 vol%), K-feldspar (25–30 vol%) and
euhedral plagioclase (5–10 vol%). The porphyritic texture is distinct at
microscopic scale where large megacrysts of K-feldspar have rims of
quartz or quartzofeldspathic fine intergrowths. The groundmass of the
porphyritic arfvedsonite aegirine granite (Fig. 2l) comprises of quartz,
arfvedsonite, aegirine and perthite with accessory zircon and apatite.

3. Analytical method

3.1. Mineral composition

Representative mineral (amphibole, pyroxene and biotite) composi-
tions were determined by means of electron microprobe analysis
(EMPA) using a JEOL JXA–8230 Superprobe at the Sample Solution An-

alytical Technology Co., Ltd. (Wuhan). Back-scattered electron (BSE)
images of the representative minerals were taken with a scanning elec-
tron microscope coupled with an energy dispersive spectroscopy (EDS)
system at the Sample Solution Analytical Technology Co., Ltd.
(Wuhan). Quantitative analysis was carried out using a beam diameter
of 3 μm, an accelerating voltage of 15 kV and a beam current of 10 nA.
Analytical precision is better than 1 wt% for major elements (contents
>5 wt%). Raw data corrections for the atomic number and absorption
effects were done with a ZAF program. The standard materials used are
Fe3Al2Si3O12 (Al, Si), TiO2 (Ti), Fe2O3 (Fe), MnSiO3 (Mn), (Mg, Fe)2SiO4
(Mg), CaSO4 (Ca),NaAlSi3O8 (Na), KAlSi3O8 (K), SrSO4 (Sr), and BaSO4
(Ba). Mineral formulas and compositions in atoms per formula unit
(apfu) were calculated from EPMA data based on 23 oxygen atoms for
amphibole (after Li et al., 2020b), 22 oxygen atoms for biotite (after
Yang and Lentz, 2005) and 4 cations and 6 oxygen atoms for pyroxene
(after Morimoto, 1988).

3.2. Whole-rock major and trace element analysis

Representative samples were picked from the Daura and Dutse com-
plex for geochemical analysis. For major and trace element analysis,
five samples were selected from the Daura complex, and three samples
were selected from the Dutse complex. The fresh samples were firstly
cleaned by deionized water and crushed to powder using an agate mill.
Major elements were ascertained at the Australian laboratory services
(ALS) where an X-Ray fluorescence (ME–XRF26d) spectrometry
method was used with analytical uncertainty of <5%, and detection
limits of <0.01%. To measure trace and rare element compositions,
fresh rock powders were digested using HF + HNO3 in Teflon bombs
and later analyzed with an Agilent 7500a ICP-MS in the State Key Labo-
ratory of Geological Process and Mineral Resources (GPMR) at China
University of Geosciences (Wuhan). During each cylinder run, a back-
ground acquisition time of 20 – 30s for gas blank and 50s for data ac-
quisition from the sampled were used. Sample digestion procedure em-
ployed for ICP-MS analyses has been described in detail by Liu et al.
(2008).

3.3. Zircon U Pb LA-ICPMS analysis

Two representative zircon samples from the Daura complex (amphi-
bole syenite DA2–1 and biotite granite DA3–1) and three zircon sam-
ples from the Dutse (porphyritic arfvedsonite aegirine granite DT4–1,
arfvedsonite aegirine granite DT4–2 and fayalite syenite DT2–2) were
handpicked for U Pb dating. The analysis was performed at Sample
Solution Analytical Technology, Co. Ltd., Wuhan, China using a
193 nm GeolasPro Laser Ablation System and 170 Agilent 7700e ICP-
MS instrument with a laser spot of 25 μm corresponding to a frequency
of 10 Hz. Zircon trace element and U Pb dating performed using two
(zircon 91,500 and GJ-1) reference materials as standards with back-
ground acquisition of about 20 to 30 s. Quantitative standardization of
trace element and U Pb isotopic data of zircons was performed using
Excel-based ICPMS Data Cal software, according to procedures outlined
by Liu et al. (2008). The excel-based program Isoplot v4.15 was used to
generate weighted mean average and geochron Concordia diagrams.
The results of the analyzed standards are given in Supplementary Table
S1. Overall, the analyses yielded mean 206Pb/238U ages of
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Fig. 6. (a) Chemical classification and nomenclature of Daura-Dutse granites using the total alkali versus silica (TAS) diagram (after Middlemost, 1994), (b) R1-R2
classification of the Daura-Dutse granites (after De la Roche et al., 1980), (c) SiO2 vs K2O, (d) A/CNK versus A/NK diagram, (e) Differentiation index shown by DI
(Qz + Or + Ab + Ne + Lc + Ks) by normative percent; Thornton and Tuttle, 1960) vs. SiO2 plot, and (f) FeOt/(MgO + FeOt) vs. SiO2 discrimination diagram
for A-type granites. Data for comparison taken for the Goure (Niger Rep.), Zinder (Niger Rep.), Ningi, Zaranda and Fagam complexes are from Batchelor and
Bowden (1986).

569.9 ± 2.1 Ma (MSWD = 3.7, n = 6) for GJ-1 and 1062.7 ± 3.0 Ma
(MSWD = 0.02, n = 13) for 91,500 (Supplementary Fig. 1; Supple-
mentary Table S1), which are consistent with recommended values
within error limits (Jackson et al., 2004; Wiedenbeck et al., 2004).

3.4. In-situ zircon Lu Hf isotope analysis

In-situ zircon Lu Hf isotopes were analyzed based on standard
procedures for MC-ICP-MS and laser ablation system as put forth by
Lizuka and Hirata. (2005). The analysis was carried out by use of a Nep-
tune plus MC-ICP-MS with a combination of a Geolas 2005 excimer ArF
laser ablation system at the GPMR. The calculation for εHf(t) values
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Fig. 7. Harker variation plots of SiO2 vs. (a) Al2O3, (b) Na2O, (c) K2O, (d) TFe2O3, (e) TiO2, and (f) Sr. Data of granites plotted for comparisons are from Batchelor
and Bowden (1986), Girei et al. (2019, 2020) and Kamaunji et al. (2020).

was made using present-day chondrite values of 176Hf/177Hf = 0.2827
and 176Lu/177Hf = 0.0332. Zircon standard 91,500 yielded a weighted
average 176Hf/177Hf ratio of 0.282308 ± 0.000013 (1σ, n = 16), GJ-1
and TEM yielded weighted average 176Hf/177Hf ratios of
0.282017 ± 0.000011 (1σ, n = 6) and 0.282695 ± 0.000011 (1σ,
n = 6), respectively. Single-stage depleted mantle model ages (TDM)
was calculated based on present-day chondrite values of
176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384. Two-stage model
ages (T2DM) were calculated using the 176Hf/177Hf ratio of 0.0150 for
the average continental crust (Iizuka and Hirata, 2005).

3.5. Whole-rock Nd - Pb isotopic analysis

Four representative samples from both complexes were selected for
bulk Sm-Nd/Pb-Pb isotope analysis performed at Sample Solution Ana-
lytical Technology, Co., Ltd., Wuhan, China, using the Neptune Plus
MC-ICP-MS. Powdered samples were mixed with 1 ml HF and HNO3 in
a stainless-Teflon bomb and dried in an electric oven for 24 h at 185 °C.
Separation of Nd from other REE elements was achieved by repeat two-
stage dissolution in 1 ml of HNO3 and 1 ml of 1 M HBr and subsequent
drying. The Pb fraction was eluted using M HCl and gently evaporated
to dryness before mass-spectrometric measurement. Further standard-
ization for values of 208Pb/204Pb = 36.7262 ± 31,
207Pb/204Pb = 15.5000 ± 13, 206Pb/204Pb = 16.9416 ± 13 is based
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Fig. 8. Primitive mantle-normalized trace element spider diagrams of (a) Daura complex, (c) Dutse complex. Chondrite normalized rare earth element (REE) dia-
grams of (b) Daura complex, (d) Dutse complex. Data for comparison taken for Ririwai complexes and Ocean Island Basalts are from Bowden, (1985), Girei et al.,
(2019) and Sun and McDonough (1989). Normalization values used were taken from Sun and McDonough (1989) and Taylor and McLennan (1985), respectively.

on standard NBS SRM 981. The 143Nd/144Nd ratio of 0.512118 ± 15
(2σ, n = 31) with an error limit of 0.512115 ± 07 was also incorpo-
rated for data standardization purposes.

Detailed analytical procedures and sample preparation are de-
scribed in Wang et al. (2018a).

4. Results

4.1. Mineral chemistry

4.1.1. Amphibole
The amphibole compositions from the Daura amphibole syenite,

Dutse fayalite syenite and Dutse arfvedsonite aegirine granite are given
in Supplementary Table S2. On the BSE images, amphiboles from the
Daura syenite show zonation textures with light and grey bands along
grain rim and core (Fig. 3a). Amphibole grains from the Dutse arfved-
sonite aegirine granite commonly coexist with aegirine (Fig. 3b). On
the chemical discrimination plot (after Hawthorne et al., 2012), the am-
phiboles from the Daura and Dutse syenite show a range of composi-
tions from barrosite to winchite (Fig. 3c; after Hawthorne et al., 2012).
In comparison, the amphiboles from the Daura arfvedsonite aegirine
granite plot mostly as arfvedsonite (Fig. 3c). Plot of
Fe2+/(Fe2++Mg2+) vs. AlVI show that the amphibole grains from the
Dutse syenite and Dutse arfvedsonite aegirine granite and the amphi-
bole rims of the Daura syenite largely formed under low oxygen fugac-
ity conditions (Fig. 3d), typical of amphiboles found in A-type granites
(Papoutsa and Pe-Piper, 2014). On the other hand, the amphibole cores
of the Daura amphibole syenite show intermediate oxygen fugacity

conditions likely reflecting amphibole crystallization from melts en-
riched in magnesium (Papoutsa and Pe-Piper, 2014). Compared to core
zones, amphibole rim compositions from the Daura syenite show a
marked decrease in peralkalinity and a decrease in Fox oxidation ratios
(Fig. 3e). Higher contents of Na and Si and lower contents of Ca and Al
are apparent in the amphiboles from the Daura arfvedsonite aegirine
granite than those from the Daura and Dutse syenite (Fig. 3f–h).

4.1.2. Biotite
Subhedral biotite grains from the Daura amphibole syenite and bi-

otite granite (Fig. 4a) were chosen for analysis and their compositions
are shown in Supplementary Table S3. Biotite from the Daura amphi-
bole syenite shows lower FeOTotal (34.9–36.0 wt%) and higher MgO
(2.19–2.94 wt%) contents than those from the Daura biotite granite
(FeOTotal = 37.20–40.52 wt%; MgO = 0.44–0.51 wt%). In the ternary
diagram of Mg-(Al + Fe3+ + Ti)-(Fe2+ + Mn) (Fig. 4b; after Foster,
1960), biotite grains from the Daura syenite plot in the field of sidero-
phyllites, whilst those from the Daura biotite granite straddle the
boundary between ferri-muscovite and siderophyllite. In the ternary di-
agram of MgO-FeO-Al2O3 (Fig. 4c), the biotite grains from both the
Daura syenite and Daura biotite granite plot in the field of anorogenic
alkaline to peraluminous suites. Biotite grains from the Daura amphi-
bole syenite are poor in F (0.02–0.10 wt%), Na2O (0.03–0.14 wt%),
and TiO2 (0.68–1.12 wt%) as compared to those from Daura biotite
granite (F = 2.94–3.79 wt%; Na2O = 0.20–0.32 wt%;
TiO2 = 1.59–2.25 wt%).
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Table 2
LA-ICP-MS Zircon U Pb data for the Daura and Dutse complexes.
Analysis Element Conc.

(ppm
Element
Ratios

Isotopic Ratios Isotopic Ages (Ma)

Th U Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ Conc.

Daura amphibole syenite (DA2–1)
DA2–2-1 82 323 0.83 0.0501 0.0021 0.3627 0.0154 0.0519 0.0006 211 96 314 11 326 3 96%
DA2–2-2 1643 7309 2.40 0.0503 0.0012 0.3587 0.0082 0.0513 0.0005 209 54 311 6 323 3 96%
DA2–2-3 116 444 0.78 0.0535 0.0018 0.3832 0.0129 0.0515 0.0005 350 50 329 9 324 3 98%
DA2–2-5 180 729 0.87 0.0514 0.0016 0.3662 0.0110 0.0514 0.0004 261 70 317 8 323 3 98%
DA2–2-6 254 1017 0.98 0.0526 0.0019 0.3803 0.0128 0.0522 0.0005 309 81 327 9 328 3 99%
DA2–2-7 773 3305 1.67 0.0516 0.0013 0.3696 0.0093 0.0516 0.0005 265 59 319 7 324 3 98%
DA2–2-8 177 725 0.91 0.0520 0.0016 0.3681 0.0109 0.0511 0.0004 283 68 318 8 321 3 99%
DA2–2-9 177 735 1.00 0.0521 0.0017 0.3692 0.0119 0.0509 0.0004 300 74 319 9 320 3 99%
DA2–2-10 456 1912 1.30 0.0528 0.0015 0.3820 0.0106 0.0522 0.0005 320 65 329 8 328 3 99%
DA2–2-11 1450 6562 3.37 0.0521 0.0014 0.3752 0.0097 0.0519 0.0005 300 61 323 7 326 3 99%
DA2–2-12 313 1313 1.24 0.0503 0.0014 0.3605 0.0104 0.0515 0.0004 209 67 313 8 324 3 96%
DA2–2-13 1856 8217 2.55 0.0503 0.0012 0.3652 0.0088 0.0523 0.0005 209 577 316 6 329 3 96%
DA2–2-14 107 437 0.93 0.0516 0.0019 0.3703 0.0132 0.0517 0.0005 333 83 320 10 325 3 98%
DA2–2-15 180 739 1.11 0.0525 0.0017 0.3775 0.0116 0.0520 0.0005 306 72 325 8 327 3 99%
DA2–2-16 311 1331 1.22 0.0520 0.0014 0.3728 0.0101 0.0516 0.0004 287 58 322 7 324 2 99%
DA2–2-17 145 556 0.96 0.0576 0.0021 0.4182 0.0154 0.0521 0.0005 517 78 355 11 328 3 92%
DA2–

2 − 18
189 782 0.97 0.0519 0.0015 0.3675 0.0104 0.0510 0.0004 280 65 318 8 321 3 99%

DA2–2-19 427 1809 1.51 0.0521 0.0014 0.3767 0.0100 0.0522 0.0005 287 56 325 7 328 3 99%

Daura biotite granite (DA3–1)
DA3–2 320 353 1.05 0.0559 0.0056 0.4001 0.0358 0.0513 0.0014 456 222 342 25 322 8 94%
DA3–14 249 397 0.63 0.0528 0.0022 0.3661 0.0142 0.0512 0.0009 320 89 317 10 322 5 98%
DA3–16 229 383 0.60 0.0539 0.0023 0.3824 0.0164 0.0513 0.0009 369 63 329 12 322 5 97%
DA3–20 223 465 0.48 0.0603 0.0038 0.4109 0.0246 0.0517 0.0020 617 135 350 17 325 12 92%
DA3–1 217 371 0.58 0.0784 0.0069 0.5538 0.0462 0.0516 0.0018 1167 174 447 30 324 11 68%
DA3–9 912 460 1.98 0.1050 0.0048 0.7045 0.0296 0.0513 0.0018 1714 84 541 17 322 11 49%
DA3–17 640 857 0.75 0.0916 0.0031 0.6449 0.0224 0.0509 0.0010 1458 65 505 14 320 6 55%
DA3–13 875 493 1.77 0.0880 0.0061 0.5602 0.0502 0.0471 0.0025 1383 132 452 33 297 15 58%
DA3–3 32,304 9596 3.36 0.2031 0.0053 0.3057 0.0100 0.0110 0.0003 2851 42 271 7 70.4 2 -18%
DA3–4 73,540 18,631 3.94 0.2442 0.0055 0.4218 0.0096 0.0125 0.0002 3148 35 357 6 80.3 1 −27%
DA3–5 11,249 6221 1.81 0.2717 0.0067 2.7145 0.0868 0.0726 0.0019 3316 39 1332 24 452 11 1%
DA3–7 13,088 3193 4.09 0.2006 0.0068 0.7692 0.0362 0.0273 0.0008 2831 56 579 20 174 5 −8%
DA3–8 14,750 21,833 0.67 0.2578 0.0072 0.7004 0.0307 0.0199 0.0008 3235 44 539 18 127 5 −24%
DA3–10 2666 3049 0.87 0.1897 0.0063 0.9150 0.0284 0.0358 0.0009 2739 55 660 15 227 6 2%
DA3–11 33,594 14,942 2.24 0.2523 0.0054 0.8095 0.0182 0.0232 0.0003 3199 34 602 10 148 2 −22%
DA3–12 13,982 2375 5.88 0.2293 0.0060 2.3902 0.0655 0.0757 0.0015 3047 41 1240 20 470 9 10%
DA3–15 31,629 8196 3.85 0.2389 0.0055 1.3164 0.0306 0.0398 0.0006 3113 37 853 13 251 4 −9%
DA3–19 1959 3021 0.64 0.1335 0.0050 0.3814 0.0279 0.0206 0.0012 2146 65 328 21 131 7 14%

Dutse fayalite syenite (DT2–2)
DT2–2-1 579 654 0.88 0.0505 0.0019 0.2557 0.0095 0.0365 0.0004 220 89 231 8 231 2 99%
DT2–2-2 385 469 0.82 0.0499 0.0021 0.2546 0.0105 0.0367 0.0004 191 100 230 8 232 2 99%
DT2–2-3 686 689 0.99 0.0539 0.0024 0.2754 0.0121 0.0368 0.0004 365 98 247 10 233 2 94%
DT2–2-4 844 791 1.06 0.0501 0.0017 0.2545 0.0081 0.0366 0.0003 198 76 230 6 232 2 99%
DT2–2-5 368 463 0.79 0.0511 0.0025 0.2594 0.0120 0.0367 0.0004 256 111 234 10 232 2 99%
DT2–2-6 580 624 0.93 0.0495 0.0019 0.2527 0.0096 0.0368 0.0003 172 91 229 8 233 2 98%
DT2–2-7 537 610 0.88 0.0511 0.0021 0.2589 0.0106 0.0366 0.0004 256 96 234 8 232 2 99%
DT2–2-9 810 744 1.08 0.0514 0.0023 0.2627 0.0112 0.0369 0.0004 257 106 237 9 233 3 98%
DT2–2-10 1480 1262 1.17 0.0508 0.0016 0.2593 0.0081 0.0367 0.0004 232 69 234 6 232 2 99%
DT2–2-11 659 686 0.96 0.0511 0.0019 0.2601 0.0094 0.0367 0.0004 243 80 235 7 233 2 99%
DT2–2-12 1776 1241 1.43 0.0499 0.0015 0.2540 0.0074 0.0367 0.0003 187 70 230 6 232 2 99%
DT2–2-13 686 736 0.93 0.0509 0.0020 0.2609 0.0099 0.0368 0.0004 239 89 235 8 233 2 99%
DT2–2-14 730 731 0.99 0.0506 0.0035 0.2578 0.0175 0.0367 0.0004 220 159 233 14 232 2 99%
DT2–2-15 559 604 0.92 0.0506 0.0022 0.2587 0.0112 0.0367 0.0004 233 100 234 9 232 2 99%
DT2–

2 − 16
509 552 0.92 0.0508 0.0024 0.2574 0.0121 0.0366 0.0005 232 109 233 10 232 3 99%

Dutse porphyritic arfvedsonite aegirine syenite (DT4–1)
DT4–1-1 312 415 0.75 0.0524 0.0032 0.2954 0.0185 0.0412 0.001 306 134 263 14 260 6 99%
DT4–1-2 31.3 61.1 0.51 0.0754 0.0535 0.2896 0.0964 0.041 0.0018 1080 1004 258 76 259 11 99%
DT4–1-5 44.9 61.6 0.72 0.0461 0.0435 0.3015 0.0921 0.0428 0.0016 400 1016 268 72 270 10 99%
DT4–1-6 44.4 72.2 0.56 0.0664 0.0118 0.2929 0.0562 0.0416 0.0014 817 380 261 44 263 9 99%
DT4–1-7 28.9 59.3 0.49 0.0572 0.0205 0.2908 0.1000 0.0411 0.0020 502 637 259 79 260 13 99%
DT4–1-8 43.8 74.4 0.59 0.0626 0.0103 0.3181 0.0518 0.0417 0.0015 694 355 280 40 264 9 93%

(continued on next page)
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Table 2 (continued)
Analysis Element Conc.

(ppm
Element
Ratios

Isotopic Ratios Isotopic Ages (Ma)

Th U Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ Conc.

DT4–1-9 24.1 73.8 0.33 0.0493 0.0090 0.2904 0.0521 0.0410 0.0017 167 372 259 41 259 11 99%
DT4–1-10 34.6 63.5 0.54 0.0508 0.0111 0.2924 0.0632 0.0415 0.0020 232 440 260 50 262 12 99%
DT4–1-11 24.3 49.1 0.49 0.0626 0.0161 0.2927 0.0648 0.0414 0.0018 694 565 261 50 261 11 99%
DT4–1-12 44.4 72.2 0.31 0.0664 0.0118 0.2929 0.0562 0.0416 0.0014 817 380 261 44 263 8 99%
DT4–1-13 24.2 57.9 0.61 0.0847 0.0262 0.2993 0.0627 0.0417 0.0025 1309 632 266 49 264 15 99%
DT4–

1 − 14
32.2 67 0.42 0.0476 0.0138 0.3040 0.1293 0.0410 0.0019 76 577 270 100 259 12 99%

DT4–1-15 28.7 51.3 0.48 0.0612 0.0199 0.3379 0.1146 0.0473 0.0020 656 577 296 87 298 12 96%

Dutse arfvedsonite aegirine granite (DT4–2)
DT4–2-3 59.3 81.2 0.73 0.0529 0.0080 0.2354 0.0344 0.0340 0.0007 324 311 215 28 215 4 99%
DT4–2-7 794 360 2.20 0.0575 0.0036 0.2920 0.0178 0.0369 0.0004 522 137 260 13 233 2 90%
DT4–2-10 43.1 78.4 0.55 0.0505 0.0057 0.2616 0.0305 0.0375 0.0007 217 244 236 24 237 4 99%
DT4–2-12 16.1 46.6 0.34 0.0589 0.0157 0.2620 0.0714 0.0371 0.0016 561 497 236 57 235 10 99%
DT4–2-13 47.7 75.7 0.63 0.0567 0.0072 0.2603 0.0332 0.0370 0.0008 480 284 235 26 234 4 99%
DT4–2-14 132 91.9 1.44 0.0528 0.0056 0.2604 0.0259 0.0369 0.0006 320 242 235 20 234 3 99%
DT4–2-15 45.0 70.4 0.64 0.0516 0.0056 0.2672 0.0284 0.0380 0.0009 333 164 240 22 240 5 99%
DT4–2-16 89.4 114 0.79 0.0502 0.0053 0.2559 0.0273 0.0363 0.0006 206 229 231 22 230 3 99%
DT4–2-2 46.3 75.7 0.61 0.0749 0.0081 0.3603 0.0369 0.0352 0.0008 1133 220 312 28 223 5 66%
DT4–2-1 150 227 0.66 0.7714 0.0198 25.3737 0.6511 0.2360 0.0028 error error 3322 25 1365 14 16%
DT4–2-4 1283 239 5.36 0.1664 0.0063 0.9778 0.0378 0.0424 0.0006 2521 63 692 19 267 4 11%
DT4–2-5 323 288 1.21 0.3590 0.0085 2.9555 0.0715 0.0594 0.0007 3745 36 1396 18 371 4 -16%
DT4–2-6 1230 410 3.00 0.1908 0.0059 1.1884 0.0369 0.0449 0.0005 2750 50 795 17 283 3 4%
DT4–2-8 299 199 1.50 0.5813 0.0132 8.2152 0.1741 0.1019 0.0010 4462 33 2255 19 625 6 -14%
DT4–2-9 588 217 2.71 0.4869 0.0113 5.2764 0.1157 0.0783 0.0008 4202 34 1865 18 486 5 −18%
DT4–2-11 91.8 63.6 1.44 0.6263 0.0180 11.2969 0.3569 0.1311 0.0026 4570 41 2548 29 794 15 −5%

4.1.3. Pyroxene
The composition of analyzed clinopyroxenes (Cpx) from the Daura

amphibole syenite, Dutse fayalite syenite and Dutse arfvedsonite ae-
girine granite are presented in Supplementary Table S4. The Cpx crys-
tals from the Daura syenite compositionally plot in the hedenbergite
field in the AlVI/(AlVI + Fe3+) vs. Na/(Na + Ca) discrimination plot
(Fig. 5a), while those from the Dutse fayalite syenite trend from herden-
bergite to aegirine-augite (Fig. 5a). The Cpx crystals from the Daura ar-
fvedsonite aegirine granite mostly show aegirine compositions (Fig.
5a). On the Aeg-Di-Hed triangle diagram (Fig. 5b; after Coulson, 2003),
the Cpx chemically evolve from diopside-hedenbergite of the Daura
amphibole syenite, through the hedenbergite of the Dutse fayalite syen-
ite to the aegirine of the Dutse arfvedsonite aegirine granite, similar to
the evolution trends observed in North Qurog alkaline complex, South
Greenland (trend 6; Fig. 5b). All analyzed Cpx data points show a
marked negative correlation between Ca + Mg + Fe2+ and
Na + Fe3+ (Fig. 5c), consistent with the substitution mechanism of
(Mg /Fe)2+ + Ca2+ ↔ Fe3+ + Na+. A compositional profile has been
conducted on the zoned clinopyroxene from the Dutse fayalite syenite
(Fig. 5d). From core to rim, a notable increase in Na, Fe3+ and Fox val-
ues (Fig. 5e–g) and a corresponding drop in Al, Ca, Fe2+, Ti and Mg val-
ues are present (Fig. 5h–l).

4.2. Whole-rock major and trace element compositions

4.2.1. Whole-rock major elements
Whole-rock major element compositions of the Daura and Dutse

samples are given in Table 1. In the total alkali vs silica (TAS) and R1-
R2 diagrams after Middlemost (1994) and De la Roche et al. (1980), the
studied samples plot in fields consistent with petrographic observations
(Fig. 6a, b). The Daura and Dutse syenites have moderate SiO2 contents
of 61.84 to 62.90 wt% (mean of 62.49 wt%) which are lower than the
Daura arfvedsonite aegirine granite (SiO2 = 71.65–74.05 wt%, mean
of 72.85 wt%) and Daura biotite granite (SiO2 = 76.81–77.75 wt%,
mean of 77.28 wt%; Table 1). The Al2O3 (15.64–16.31 wt%), Fe2O3
(5.36–6.66 wt%), K2O (5.04–5.28 wt%), TiO2 (0.64–0.87 wt%) and
P2O5 (0.18–0.29 wt%) contents of the Daura and Dutse syenites are

much higher than those of the Dutse arfvedsonite aegirine granite
(Al2O3 = 11.16–11.78 wt%, Fe2O3 = 3.88–5.01 wt%;
K2O = 4.72–4.89 wt%, TiO2 = 0.22–0.37 wt%;
P2O5 = 0.01–0.03 wt%) and Daura biotite granite
(Al2O3 = 12.18–12.26 wt%; Fe2O3 = 1.28–1.38 wt%;
K2O = 3.39–3.61 wt%; TiO2 = 0.07–0.08 wt%;
P2O5 = 0.01–0.02 wt%; Table 1). The Daura and Dutse syenites both
plot in the shonshonitic field on the SiO2 vs K2O diagram (Fig. 6c),
while the Dutse arfvedsonite aegirine granite and Daura biotite granite
plot as calc-alkaline to high K calc-alkaline granites. On the ANK vs
ACNK diagram (Fig. 6d), the Daura and Dutse syenites and Daura bi-
otite granite all plot on the boundary between metaluminous and peral-
kaline granite fields, whereas the Dutse arfvedsonite aegirine granite
plot in the peralkaline granite field. The calculated alkalinity ratios
([Al2O3 + CaO + (Na2O + K2O)]/[Al2O3 + CaO – (Na2O + K2O]; af-
ter Wright, 1969) are lower in the Daura and Dutse syenites
(4.19–4.44) and Daura biotite granite (4.88–5.10) than the arfved-
sonite aegirine granite (8.41–8.78). The calculated differentiation in-
dexes using normative mineral contents for the Daura-Dutse suites (D.I.
= Qz + Or + Ab + Ne + Lc + Ks; after Thornton and Tuttle, 1960)
increase from the Daura and Dutse syenites (85–87), through the Dutse
arfvedsonite aegirine granite (88–90) to the Daura biotite granite
(96–97) (Fig. 6e; Table 1). All the studied syenites and granites show
ferroan compositions and plot in the A-type granite field (Fig. 6f; after
Frost and Frost, 2001). In the Harker diagrams (Fig. 7), the studied sam-
ples show decreasing trends of Al2O3, Na2O, K2O, Fe2O3Total, TiO2 and Sr
with increasing SiO2.

4.2.2. Trace and rare earth element (REE)
The Daura amphibole syenite and Dutse fayalite syenite show simi-

lar trace element variations and patterns as well (Table 1). They have
moderate Sr (113–210 ppm), Nb (55–78 ppm), Zr (346–484 ppm) and
variable Th contents (6.72–8.14 ppm). In the primitive mantle-
normalized trace element diagrams (Fig. 8a, c), the syenites show posi-
tive anomalies of Ba and Pb and negative anomalies of Sr, P and Ti.
Rare earth element (REE) patterns for the Daura amphibole syenite and
Dutse fayalite syenite are characterized by slight enrichments of LREE
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Fig. 9. a-d. LA-ICP-MS zircon U Pb age concordia plots for (a) Daura amphibole syenite (DA2), (b) Daura biotite granite (DA3), (c) Dutse fayalite syenite (DT2),
and (d) Dutse porphyritic arfvedsonite aegirine granite (DT4–1). (e) Intercept age plot for Dutse arfvedsonite aegirine granite (DT4–2), and (f) zoomed zircon U Pb
age concordia plot for Fig. 9e. Fig. 6g–h Chondrite-normalized Zircon REE plots for concordant zircon grains from the (g) Daura complex and (h) Dutse complex.
Dashed ellipses represent discordant zircon grains likely as a result of Pb-loss. Inset: Cathodoluminescence (CL) images of representative zircon crystals from the
Daura and Dutse A-type granites analyzed for U Pb age and Lu Hf isotopes. Red circles represent U Pb dating spots, and blue circles indicate Lu Hf isotope
analytical spots. The scale bar is 200 μm. Normalization values were taken from Nakamura (1974).
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Table 3
Zircon in-situ Lu Hf isotopic compositions for Daura and Dutse rocks.
Spot No 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf ±1σ ɛHf(t) TDM(Ma) TDM2(Ma) ƒLu/Hf

Sample DA2 (Daura amphibole syenite)
DA2–2-1 0.247001 0.004990 0.282820 0.00002 7.75 685 774 −0.85
DA2–2-3 0.326363 0.005257 0.282850 0.00003 8.75 643 719 −0.84
DA2–2-5 0.457736 0.008312 0.282933 0.00004 11.05 561 590 −0.75
DA2–2-6 0.429324 0.007074 0.283012 0.00002 14.12 405 418 −0.79
DA2–2-7 0.409943 0.007557 0.282909 0.00002 10.34 589 630 −0.77
DA2–2-8 0.462228 0.007563 0.282927 0.00009 10.99 558 593 −0.77
DA2–2-9 0.078639 0.000858 0.283033 0.00001 16.17 309 303 −0.97
DA2–2-11 0.443170 0.007366 0.283087 0.00002 16.70 280 273 −0.78
DA2–2-12 0.355181 0.006307 0.283025 0.00004 14.73 374 384 −0.81
DA2–2-13 0.430096 0.007825 0.283002 0.00002 13.60 432 447 −0.76

Sample DA3 (Daura biotite granite)
DA3–1 0.038678 0.000786 0.282602 0.00001 0.89 915 1281 −0.98
DA3–2 0.040763 0.000867 0.28259 0.00001 0.45 934 1309 −0.97
DA3–3 0.073793 0.001592 0.28259 0.00001 0.30 952 1319 −0.95
DA3–6 0.074499 0.001539 0.282587 0.00001 0.20 955 1325 −0.95
DA3–7 0.041187 0.000866 0.28260 0.00001 0.80 920 1286 −0.97
DA3–8 0.073715 0.001481 0.282614 0.00002 1.17 915 1263 −0.96
DA3–9 0.032589 0.000702 0.282595 0.00001 0.66 923 1295 −0.98

Sample DT2 (Dutse fayalite syenite)
DT2–1 0.219155 0.005609 0.282769 0.00002 4.12 781 903 −0.83
DT2–2 0.239965 0.006003 0.282778 0.00002 4.39 775 888 −0.82
DT2–3 0.161401 0.004028 0.282797 0.00001 5.35 702 835 −0.88
DT2–4 0.268035 0.006640 0.282808 0.00002 5.37 740 834 −0.8
DT2–5 0.139805 0.003541 0.282751 0.00002 3.82 761 920 −0.89
DT2–6 0.188455 0.004263 0.282767 0.00002 4.28 752 894 −0.87
DT2–7 0.208025 0.005012 0.282780 0.00002 4.62 748 875 −0.85
DT2–8 0.264063 0.006294 0.282809 0.00002 5.43 731 830 −0.81
DT2–9 0.203393 0.004094 0.282786 0.00002 4.95 720 857 −0.88
DT2–11 0.216470 0.004741 0.282755 0.00002 3.76 782 923 −0.86
DT2–12 0.212434 0.004382 0.282797 0.00001 5.31 708 837 −0.87
DT2–13 0.148657 0.003194 0.282794 0.00002 5.39 689 833 −0.9

Sample DT4–1 (Dutse porphyritic arfvedsonite aegirine granite)
DT4–1-1 0.019271 0.000443 0.282547 0.00001 −2.27 984 1436 −0.99
DT4–1-2 0.087979 0.002313 0.282587 0.00001 −1.18 977 1367 −0.93
DT4–1-3 0.010880 0.000256 0.282524 0.00001 −3.06 1012 1486 −0.99
DT4–1-4 0.058449 0.001701 0.282539 0.00001 −2.75 1028 1467 −0.95
DT4–1-5 0.061234 0.001671 0.282562 0.00001 −1.95 995 1416 −0.95
DT4–1-6 0.030496 0.000883 0.282547 0.00001 −2.33 995 1440 −0.97
DT4–1-7 0.037293 0.001058 0.282537 0.00001 −2.72 1014 1464 −0.97
DT4–1-8 0.051892 0.001427 0.282578 0.00001 −1.34 966 1377 −0.96
DT4–1-9 0.010808 0.000254 0.282558 0.00001 −1.84 964 1409 −0.99
DT4–1-10 0.070304 0.001957 0.282556 0.00001 −2.19 1011 1431 −0.94

Sample DT4–2 (Dutse arfvedsonite aegirine granite)
DT4–2-1 0.070719 0.001429 0.282573 0.00002 −2.16 973 1405 −0.96
DT4–2-2 0.054598 0.001135 0.282555 0.00001 −2.78 991 1444 −0.97
DT4–2-3 0.101201 0.002122 0.282585 0.00001 −1.84 974 1385 −0.94
DT4–2-4 0.056878 0.001237 0.282540 0.00001 −3.30 1015 1477 −0.96
DT4–2-5 0.031266 0.000465 0.282573 0.00001 −2.00 948 1395 −0.99
DT4–2-6 0.007493 0.000124 0.282537 0.00001 −3.23 989 1472 −1
DT4–2-7 0.107516 0.001751 0.282530 0.00002 −3.75 1044 1505 −0.95
DT4–2-8 0.029850 0.000506 0.282573 0.00001 −2.02 949 1396 −0.98
DT4–2-9 0.071988 0.001465 0.282572 0.00001 −2.19 975 1407 −0.96
DT4–2-10 0.028662 0.000448 0.282578 0.00001 −1.84 941 1385 −0.99

Table 4
Whole-rock Nd isotopic compositions for the Daura and Dutse rocks.
Sample Rock Type Age (Ma) Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2σ εNd(t) TDM (Ga) TCDM2 (Ga) fSm/Nd

DA2 Daura amphibole syenite 324 11.3 59.6 0.116269 0.512529 0.000007 1.21 0.97 0.99 −0.41
DA3 Daura biotite granite 322 8.8 34.1 0.156056 0.512527 0.000006 −0.48 1.64 1.12 −0.21
DT2 Dutse fayalite syenite 232 11.1 52.8 0.116271 0.512590 0.000005 1.45 0.88 0.89 −0.41
DT4–1 Dutse arfvedsonite aegirine granite 263 39.8 207 0.127123 0.512371 0.000007 −2.86 1.37 1.27 −0.36
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Table 5
Whole-rock Pb isotopic compositions for the Daura and Dutse rocks.
Sample Rock Type Zr (Ma) 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ

DA2 Daura amphibole syenite 324 18.179 0.0002 15.566 0.0003 38.232 0.0005
DA3 Daura biotite granite 322 19.555 0.0004 15.634 0.0003 37.929 0.0008
DT2 Dutse fayalite syenite 232 18.352 0.0004 15.575 0.0003 38.690 0.0008
DT4–1 Dutse arfvedsonite aegirine granite 263 17.818 0.0003 15.544 0.0003 38.345 0.0008

over HREE [(La/Yb)N = 7.09–13.81] and slight positive Eu (Eu/
Eu* = 1.17–1.36) anomalies (Fig. 8b–d).

The Dutse arfvedsonite aegirine granite is characterized by pro-
nounced enrichments in Nb, Ta, Pb, Zr and Hf with corresponding de-
pletions in Ba, Sr, P and Ti (Fig. 8c). Notably, their Nb contents
(91–207 ppm) are markedly higher than those of Daura and Dutse syen-
ites (55–78 ppm). In the chondrite-normalized REE diagram (Fig. 8d),
the arfvedsonite aegirine granite is enriched in LREE relative to OIB
values and shows negative Eu anomalies (Eu/Eu* = 0.18–0.19, Table
1), which is slightly lower than corresponding OIB values (Sun and
McDonough, 1989). The Dutse arfvedsonite aegirine granite displays
high LREEs, HREEs and HFSEs (i.e. Zr, Nb, and Ta) contents (Fig. 8c, d;
Table 1), typical of the OIB-type peralkaline suites (Collins et al., 2019;
Girei et al., 2019; Kinnaird, 1985).

The Daura biotite granite is characterized by relative enrichment of
Nb, Ta, Pb, Zr and Hf but strong depletions of Ba, Sr, P and Ti (Fig. 8a).
The Daura biotite granite shows higher Nb (136–149 ppm) and Th con-
tents (70–71 ppm) than those of Daura and Dutse syenites
(Nb = 55–78 ppm; Th = 7–8 ppm). In the chondrite-normalized REE
diagram (Fig. 8b), the biotite granite is slightly depleted in LREE rela-
tive to OIB values and show strongly negative Eu anomalies (Eu/
Eu* = 0.02–0.03, Table 1).

Total REE concentrations in the Daura and Dutse syenites range
from 261 to 354 ppm, lower than those of the Daura biotite granite
(311–354 ppm) and Dutse arfvedsonite aegirine granite
(924–988 ppm).

4.3. Zircon U Pb ages and trace elements

Results of LA-ICP-MS zircon U Pb dating and zircon trace element
analysis are listed in Table 2 and Supplementary Table S5, respectively.
Zircon grains with low concordance (< 90%) were excluded from the
following discussion and concordia plots. The zircons are mostly euhe-
dral and typically 80 to 200 μm in length. In the cathodoluminescence
(CL) images, the zircon grains from the Daura and Dutse complexes are
distinctly grey-dark black colour indicating variable thorium and ura-
nium enrichment. Most zircon grains show faint oscillatory zonation
patterns in CL images (Fig. 9a–d), indicating a magmatic origin.

Zircon grains from the Daura amphibole syenite show no obvious
zoning but yield Th/U ratios ranging from 0.78–3.37 indicating a mag-
matic origin. 18 zircon spots show a 206Pb/238U Concordia age (Fig. 9a)
of 324.4 ± 0.7 Ma (MSWD = 5.00), comparable to the weighted-mean
206Pb/238U age of 324.6 ± 1.3 Ma (MSWD = 0.85, n = 18, Fig. 9a). In
the chondrite normalized plot, zircons from the Daura amphibole syen-
ite are characterized by significant positive Ce and negative Eu anom-
alies further supporting a magmatic origin (Supplementary Table S5;
Fig. 9 g). They are relatively enriched in ΣREE (6141–12,185 ppm; av-
erage = 7745 ppm) and Y (4213–19,626 ppm; aver-
age = 12,038 ppm) (Supplementary Table S5).

Zircon grains from the Daura biotite granite, on the other hand,
show dark colour and weak zoning. A total of 19 zircon grains were an-
alyzed for zircon U Pb dating. However, most zircons from this sam-
ple contain high Th and U contents (up to 73,540 ppm and
21,833 ppm, respectively), resulting in discordant and meaningless
ages (Table 2). Four concordant zircon grains with relatively apparent
magmatic zonation (Fig. 9b) yield 206Pb/238U Concordia age of
322.5 ± 3.4 Ma (MSWD = 0.89, Fig. 9b) comparable to the weighted-

mean 206Pb/238U age of 322.4 ± 6.7 Ma (MSWD = 0.01, n = 4, Fig.
9b). There are another five low Th U zircon data points that also give
ages close to ~322 Ma, even though the results are discordant and drift
away from the isochron line (Fig. 9b). Further, the ~322 Ma emplace-
ment age of the Daura biotite granite closely overlap with the ~324 Ma
emplacement age of the Daura syenite. As a result, we interpret the
~322 Ma age as reflective of the emplacement age of the biotite gran-
ite. In the chondrite normalized zircon REE pattern plot (Fig. 9 g), the
Daura biotite granite shows a range of weak to strong positive Ce and
negative Eu anomalies indicative of magmatic zircons. The zircon
grains from the Daura biotite granite show moderate ΣREE
(965–1343 ppm; average = 1213 ppm) and Y (880–1320 ppm; aver-
age = 1167 ppm) values (Supplementary Table S5).

Zircon grains from the Dutse fayalite syenite are dark to slightly
bright with weak oscillatory zoning, characterized by variable Th/U
values of 0.70–1.43. Calculated 206Pb/238U Concordia age (Fig. 9c) of
232.4 ± 0.6 Ma (MSWD = 0.14) was obtained from 15 zircon grains,
comparable to the weighted-mean 206Pb/238U age of 232.4 ± 1.2 Ma
(MSWD = 0.06, n = 15, Fig. 9c). In chondrite normalized zircon REE
spider plots, apparently positive Ce and negative Eu anomaly (Fig. 9 h)
indicating a magmatic origin for these zircons. The zircon grains from
the Dutse fayalite syenite are relatively enriched in ΣREE
(4162–7912 ppm; average = 6109 ppm) and Y (6623–14,842 ppm;
average = 10,135 ppm) (Supplementary Table S5).

Zircon crystals from the Dutse porphyritic arfvedsonite aegirine
granite are light grey with clear oscillatory zoning and narrow Th/U ra-
tios (0.31–0.75). 13 zircon spots from the Dutse porphyritic arfved-
sonite aegirine granite yield a 206Pb/238U Concordia age (Fig. 9d) of
263.6 ± 2.8 Ma (MSWD = 0.01), comparable to the weighted-mean
206Pb/238U age of 263.6 ± 5.5 Ma (MSWD = 0.79, n = 13, Fig. 9d). In
the chondrite normalized zircon REE pattern plots, the zircons are char-
acterized by prominent positive Ce and negative Eu anomalies (Fig.
9 h).

Zircon grains from the medium-coarse grained Dutse arfvedsonite
aegirine granite show light grey zoned cores with Th/U values of
0.34–1.44. Analyzed zircon grains display an intercept age of
230.2 ± 5.3 Ma (MSWD = 2.10, n = 15, Fig. 9e). Concordant grains
display a 206Pb/238U Concordia age (Fig. 9f) of 232.0 ± 1.5 Ma
(MSWD = 1.20), comparable to the weighted-mean 206Pb/238U age of
232.0 ± 5.7 Ma (MSWD = 2.70, n = 8, Fig. 9f). A single concordant
zircon grain with a 206Pb/238U age of 215 Ma is probably indicative of
late-stage perturbation by hydrothermal fluids. In the chondrite nor-
malized zircon REE pattern plots, positive Ce and negative Eu anom-
alies (Fig. 9 h) characterize zircons from the Dutse arfvedsonite ae-
girine granite. Compared to the zircons from the Dutse fayalite syenite,
those from the Dutse arfvedsonite aegirine granite show variable ΣREE
(355–4394 ppm; average = 1144 ppm) and Y contents
(461–3284 ppm; average = 1427 ppm) (Supplementary Table S5).

4.4. Zircon Lu Hf isotopes

Zircon Lu Hf isotopic compositions are listed in Table 3. Thirteen
zircon spots of the Daura amphibole syenite yield 176Hf/177Hf values of
0.2828–0.2830 and ɛHf(t) values of +7.8 to +16.7, corresponding to
crustal model ages from 774 to 273 Ma. Seven zircon grain spots from
the Daura biotite granite show 176Hf/177Hf values of 0.2825–0.2826,
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Table 6
Published age distribution data for alkaline ring complexes from Northern
Niger to Nigeria (Data from Ahmed et al., 2021; Amuda et al., 2020; Bowden
et al., 1976; Girei et al., 2019; Girei et al., 2020; Kamaunji et al., 2020;
Karche and Vachette, 1978; Kinnaird, 1981; Moreau et al., 1994; Rahaman et
al., 1984 and Van Breemen et al., 1975).
Province Complex Age Method and Reference

Air Centre (Nth.
Niger)

Adrar Bous (N20o20′;
9o00′E)

470 ± 5 Ma
429 ± 4 Ma

Rb-Sr Whole rock
(Karche and Vachette,
1978)
Rb Sr Whole rock
(Bowden et al., 1976)

Air Centre (Nth.
Niger)

Tamgak (N19o03′;
8o40′E)

455 ± 19 Ma
414 ± 9 Ma

Single Rb/Sr whole-rock
isochron (Karche and
Vachette, 1978)
Rb Sr Isochron age
(Moreau et al., 1994)

Air Centre (Nth.
Niger)

Ofoud and Meuguer-
Meuguer (N18o49′;
8o43′E)

409 ± 12 Ma Rb/Sr Isochron age from
5 rocks (Moreau et al.,
1994)

Air Centre (Nth.
Niger)

Abontorok (N18o23′;
8o35′E)

399 ± 10 Ma Rb/Sr Whole rock
isochron (Karche and
Vachette, 1978)

Air Centre (Nth.
Niger)

Egalah (N18o06′;
8o48′E)

435 ± 8 Ma Single Rb/Sr whole-rock
isochron (Karche and
Vachette, 1978)

Air Centre (Nth.
Niger)

Aroyan and
Azambaradan-
Tamoelet (N18o04′;
8o52′E)

426 ± 6 Ma Single Rb/Sr whole-rock
isochron (Karche and
Vachette, 1978)

Air Centre (Nth.
Niger)

Iskou (N18o10′;
8o42′E)

427 ± 20 Ma Single Rb/Sr whole-rock
isochron (Karche and
Vachette, 1978)

Air Centre (Nth.
Niger)

Taghouaji (N17o12′;
8o30′E)

407 ± 6 Ma
401 ± 5 Ma

Rb-Sr Whole rock
(Karche and Vachette,
1978)
Single Rb/Sr whole-rock
isochron (Karche and
Vachette, 1978)

Damagram-
Mounio Centre
(Sth. Niger)

Mounio and Goure
(N13o35′; 10o10′E)

302 ± 5 Ma 7 point whole rock Rb/
Sr Isochron (Bowden et
al., 1976)

Damagram-
Mounio Centre
(Sth. Niger)

Tchouni-Zarniski
(N14o08′; 9o34′E)

330 ± 3 Ma
302 ± 9 Ma

Rb/Sr syenite and
granite whole-rock
isochron (Karche and
Vachette, 1978)

Damagram-
Mounio Centre
(Sth. Niger)

Zinder (N13o41′;
8o52′E)

330 ± 6 Ma 7 point whole rock Rb/
Sr Isochron (Bowden et
al., 1976)

Daura-Dutse
Centre (Nth.
Nigeria)

Daura (N12o55′;
8o31′E)

307 ± 13 Ma
324 ± 2 Ma

Quartz syenite whole
rock Rb/Sr Isochron
(Rahaman et al., 1984)
Zircon U/Pb on syenites
(This Study)

Daura-Dutse
Centre (Nth.
Nigeria)

Matsena (N13o10′;
10o10′E)

258 ± 5 Ma Arfvedsonite whole rock
Rb/Sr (Rahaman et al.,
1984)

Daura-Dutse
Centre (Nth.
Central
Nigeria)

Dutse (N11o44′;
9o21′E)

213 ± 7 Ma
263 ± 5 Ma
232 ± 6 Ma

Aegirine arfvedsonite
granite Rb/Sr Isochron
(Rahaman et al., 1984)
Zircon U/Pb Aegirine
Arfvedsonite granite
(This study)
Zircon U/Pb on Fayalite
Syenites (This study)

Table 6 (continued)
Province Complex Age Method and Reference

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Shira (N11o30′;
10o04′E)

186 ± 5 Ma Arfvedsonite granite Rb/
Sr Isochron (Rahaman et
al., 1984)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Dogo Dutse (N11o10′;
10o11′E)

213 ± 7 Ma Aegirine arfvedsonite
granite Rb/Sr Isochron
(Rahaman et al., 1984)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Fagam (N11o06′;
10o02′E)

191 ± 3 Ma Biotite granite Rb/Sr
Isochron (Rahaman et
al., 1984)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Ningi-Burra (N11o04′;
8o56′E)

183 ± 7 Ma Riebeckite granite Rb/Sr
Isochron (Rahaman et
al., 1984)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Tibchi-Yelli (N11o06′;
10o02′E)

171 ± 3 Ma Rb/Sr Isochron on
biotite granite
(Rahaman et al., 1984)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Ririwai (N10o44′;
8o44′E)

175 ± 5 Ma
171 ± 1 Ma

Rb/Sr isochron on
aegirine-arfvedsonite
granite (van Breemen et
al., 1975)
Zircon U/Pb on biotite
granite (Girei et al.,
2019)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Banke (N10o51′;
8o30′E)

173 ± 2 Ma Rb/Sr Isochron on
biotite granite
(Rahaman et al., 1984)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Dutsen Wai (N10o55′;
8o13′E)

173 ± 2 Ma
175 ± 3 Ma

Rb/Sr Isochron on
biotite granite
(Rahaman et al., 1984)
Zircon U/Pb of biotite
granite (Amuda et al.,
2020)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Kudaru (N10o37′;
8o26′E)

173 ± 3 Ma
180 ± 1 Ma
176 ± 2 Ma

Rb/Sr Isochron on
biotite granite
(Rahaman et al., 1984)
Zircon U/Pb geochron
on fayalite granite
porphyry (Kamaunji et
al., 2020)
Zircon U/Pb geochron
on biotite granite
(Kamaunji et al., 2020)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Zaranda (N10o17′;
9o36′E)

199 ± 4 Ma
203 ± 1 Ma

Rb/Sr Isochron from 6
samples (van Breemen
et al., 1975 )
Zircon U/Pb dating on
syenites (Ahmed et al.,
2021)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Jos-Bukuru (N9o40′;
8o46′E)

164 ± 4 Ma 7 point Rb/Sr isochron
of biotite granite (van
Breemen et al., 1975)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Shere (N10o02′;
9o07′E)

165 ± 2 Ma Rb/Sr Isochron from 8
peralkaline granite
samples (van Breemen
et al., 1975

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Amo and Rukuba
(N10o02′; 8o46′E)

165 ± 3 Ma Rb/Sr Isochron on
arfvedsonite granite
sample (van Breemen et
al., 1975)

(continued on next page)
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Table 6 (continued)
Province Complex Age Method and Reference

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Ropp (N09o27′;
8o55′E)

161 ± 1 Ma
149 ± 2 Ma

Zircon U/Pb dating on
pyroxene biotite granites
(Vandi et al., unpubl)
Zircon U/Pb dating on
biotite granites (Amuda
et al., 2020)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Sara-Fier and
Pankshin (N9o14′;
9o38′E)

154 ± 4 Ma Rb/Sr Isochron on
arfvedsonite granite
sample (van Breemen et
al., 1975)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Mada (N8o46′;
8o25′E)

150 ± 2 Ma
152 ± 1 Ma

Rb/Sr Isochron on
biotite granite sample
(Rahaman et al., 1984)
Zircon U/Pb dating on
biotite granite sample
(Girei et al., 2020)

Jos-Bukuru
Centre (Nth.
Central
Nigeria)

Afu (N8o30′; 7o48′E) 141 ± 1 Ma Rb/Sr Isochron on
biotite granite sample
(Kinnaird, 1981)

ɛHf(t) values of +0.2 to +1.2 and TDM2 (Crustal) ages of
1263–1325 Ma.

Twelve zircon crystals from the Dutse fayalite syenite yield
176Hf/177Hf values of 0.2827–0.2828, ɛHf(t) values of +3.8 to +5.4
and TDM2 age of 833–923 Ma. Ten zircon grains of the Dutse arfved-
sonite aegirine granite yield 176Hf/177Hf ratios of 0.2825–0.2826, ɛHf(t)
values of −1.2 to −3.1 and TDM2 age of 1367–1486 Ma. Equally, 10 zir-
con spots from the Dutse porphyritic arfvedsonite aegirine granite
yielded 176Hf/177Hf ratios of 0.2825–0.2826, ɛHf(t) values of −1.8 to
−3.8 and TDM2 age of 1385–1477 Ma.

4.5. Whole-rock Sm Nd isotopes

Whole-rock Sm Nd isotopic compositions are listed in Table 4.
Calculations of εNd(t), TDM1 and TDM2 are based on initial 147Sm/144Nd
and 143Nd/144Nd ratios of 0.1162 and 0.5125 for the Daura amphibole
syenite, and of 0.1560 and 0.5125 for the Daura biotite granite. Corre-
sponding ratios for the Dutse arfvedsonite aegirine granite are 0.1271
and 0.5123, and 0.1162 and 0.5125 for the Dutse fayalite syenite. Zir-
con U Pb weighted ages for the rock units in this study are used for
εNd(t) calculations. The εNd(t) values are +1.5 and + 1.2, respec-
tively for the Dutse and Daura syenites, −2.9 for the Dutse arfvedsonite
aegirine granite, and − 0.5 for the Daura biotite granite. The ƒSm/Nd
values in the Daura amphibole syenite, Daura biotite granite, Dutse fay-
alite syenite and Dutse arfvedsonite aegirine granite are −0.41, −0.21,
−0.41, and − 0.36, respectively. Two-stage modal ages (TDM2) for the
Daura amphibole syenite, Dutse fayalite syenite and Dutse arfvedsonite
aegirine granite are 990 Ma, 890 Ma and 1270 Ma, respectively.

4.6. Whole-rock Pb isotopes

The whole-rock Pb isotopic ratios of the analyzed samples are
shown in Table 5. The 206Pb/204Pb ratios for the Daura amphibole syen-
ite, Daura biotite granite, Daura fayalite syenite and Dutse arfvedsonite
aegirine granite are 18.179, 19.555, 18.352, and 17.818, respectively.
Correspondingly, the 207Pb/204Pb ratios are 15.566, 15.634, 15.575,
and 15.544, respectively, and the 208Pb/204Pb ratios are 38.232,
37.929, 38.690, and 38.345, respectively.

5. Discussion

5.1. The onset time and age migration of the anorogenic alkaline
magmatism in the NaYG province

Zircon U Pb dating from this study allows for new constraints on
the timing of the Daura and Dutse complexes and the transition time of
the post-Cambrian alkaline magmatism from the NrYG to the NaYG
provinces. Based on our results, the Daura amphibole syenite crystal-
lized at 324 ± 1 Ma and the Daura biotite granite at ~322 Ma. Al-
though they roughly overlap (within error range) with previously re-
ported whole-rock Rb Sr age (307 ± 13 Ma; Rahaman et al., 1984),
these ages (324–322 Ma) provide more precise geochronological data
for the Daura complex.

Previous studies generally documented the beginning of the anoro-
genic magmatism in Nigeria as a Late Triassic event with the emplace-
ment of the Dutse complex (213 Ma; whole-rock Rb Sr age; Kinnaird,
1981; Rahaman et al., 1984). Our zircon U Pb ages from the Daura
complex record the earliest post-Cambrian anorogenic magmatism in
the northernmost NaYG province (~324 Ma). These data help us to re-
construct the onset time of the post-Cambrian anorogenic magmatism
in the NaYG as a Late Carboniferous event. To the north, our new age
data of the Daura complex (324–322 Ma) connect well with the Zinder
(323 Ma; Rahaman et al., 1984) and Tchouni-Zarniski alkaline com-
plexes (320 Ma; Rahaman et al., 1984) in the southern NrYG province.

The Dutse complex sites southward of the Daura complex, repre-
senting the northernmost anorogenic alkaline complex of the northcen-
tral NaYG province (Fig. 1a). Our results show that the Dutse por-
phyritic arfvedsonite aegirine granite, arfvedsonite aegirine granite and
fayalite syenite yield 263 ± 3 Ma, 232 ± 2 Ma and 232 ± 1 Ma, re-
spectively (Fig. 9b-d). These data suggest that the Dutse complex is a
product of episodic magmatic events. The younger age (232 Ma) is
roughly consistent with previous whole rock Rb Sr age of the Dutse
complex (213 Ma; Kinnaird, 1981), while the older age (263 Ma)
closely matches the reported whole rock Rb Sr ages for the Matsena
complex in northern NaYG (258 ± 5 Ma; Table 6; Rahaman et al.,
1984). Therefore, the new zircon dating data indicate that the alkaline
magmatism in the northcentral NaYG province began in the Middle Per-
mian (263 Ma) rather than the Late Triassic (213 Ma).

Previous whole rock Rb Sr dating results have established a gen-
eral N-S decreasing age trend in the Niger-Nigeria alkaline province,
with the oldest alkaline magmatism preserved in Air Massif of the
northern NrYG province (470–401 Ma) followed by the Zinder-Mounio
centre of southern NrYG province (330–302 Ma), the Daura-Matsena
centre of northern NaYG province (313–258 Ma) and the Jos-Bukuru
centre of northcentral NaYG province (213–141 Ma) (Figs. 1a & 10a;
Table 6). Recent zircon U Pb dating work on the Ririwai, Kudaru,
Mada, Ropp and Zaranda complexes mostly match previous whole rock
Rb Sr dating results (Ahmed et al., 2021; Amuda et al., 2020; Girei et
al., 2019, 2020; Kamaunji et al., 2020) and confirm the existence of the
age migration trend in the NaYG province (Fig. 1b; Table 6). Our new
data from the Daura and Dutse complexes update the onset time of the
alkaline magmatism in northern and northcentral NaYG provinces and
provide a perfect age connection between the NaYG and NrYG
provinces. From a broad view, all the dating results (including both
whole-rock Rb Sr and zircon U Pb dating results) show a main N-S
age migration trend for the emplacement of alkaline centres in northern
Niger to northcentral Nigeria (Fig. 10). In the northern NrYG, the paral-
lel N-S trend traces a southward migration from the Adrar Bous
(470 Ma) to the Taghouaji (401 Ma) complex (Fig. 10b). In the south-
ern NrYG and northern NaYG region, a rough N-S trend is traced from
the Zinder (330 Ma) to Matsena (258 Ma) complexes (Fig. 10c). In the
northcentral NaYG, alkaline centres aligned in an ENE-WSW direction
from the Dutse complex (263 Ma) through the Jos-Bukuru centre
(164 Ma) to the Afu centre (141 Ma) (Fig. 10d). Besides, an E-W age
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Fig. 10. Histograms of (a) Zircon U Pb zircon and whole-rock Rb Sr ages from the Niger-Nigeria alkaline complexes. Age and distribution trend maps for alka-
line ring complexes of the Niger-Nigeria province (b) northern Niger, (c) northern Nigeria, (d) northcentral Nigeria, and (e) Distance vs age variation trend for the al-
kaline province.

migration trend is likely present as well from the Fagam (191 Ma)
through Ningi (183 Ma) to Dutsen Wai complexes (173 Ma) in the
northcentral NaYG (Fig. 10d). Migration rates in the sub-provinces of
the Niger-Nigeria alkaline belt was calculated from lateral extent of
sub-province divided by total migration time recorded in each sub-
province (Fig. 10c). Overall, stepwise age trends for the Niger-Nigeria

alkaline granite province shows unequal migration rates per cm/yr−1

from the northern Niger to the northcentral Nigerian centres. Calcu-
lated migratory rates for the northern NrYG, southern NrYG to northern
NaYG and the northcentral NaYG centres are 0.5 cm/yr, 0.36 cm/yr
and 0.34 cm/yr, respectively (Fig. 10e).
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Fig. 11. Chemical and tectonic discrimination plots for atypical A-type granitoids. (a) (FeOt/(FeOt+MgO) versus SiO2 (after Frost and Frost, 2001), (b) Rb versus
Y + Nb, (c)Sm/Yb vs Nb + Y, and (d) Binary and ternary trace element geochemical discrimination diagram for A-type granite (after Eby, 1992). Data of gran-
ites plotted for comparisons are from Batchelor and Bowden (1986), Girei et al. (2019, 2020) and Kamaunji et al. (2020).

5.2. Petrogenesis of the Daura-Dutse syenites

5.2.1. Magma source of the Daura-Dutse syenites
The Daura and Dutse granitoids are all weakly peraluminous to per-

alkaline. They have high HFSE contents
(Zr + Nb + Ce + Y > 1000 ppm), elevated alkali oxides
(Na2O + K2O) and high Ga/Al ratios and show depletion in CaO, MgO
and P2O5, typical of “A-type” granites (Eby, 1992; Collins et al., 2019;
Fig. 11a-d). On the Nb-Y-Ce ternary granite classification plot (Eby,
1992), the Daura and Dutse plutonic suites mostly plot within the A1
field with the Dutse arfvedsonite aegirine granite straddling the A1/A2
field (Fig. 11d). A-type granite worldwide has commonly been pro-
posed to be generated from metasomatized lithospheric mantle (Collins
et al., 2019), meta-mafic lower crust (Lubala et al., 1994), and a mix-
ture of both mantle and crustal materials (Yang et al., 2006). Whilst A1-
type suites are mostly originated from a mantle source in an intra-plate
anorogenic setting (Dickin et al., 1991; Eby, 1992).

The Daura amphibole syenite and Dutse fayalite syenite both have
positive ɛNd (t) values of +1.2 and + 1.5, respectively. The Nd iso-
topic characteristics of the syenites are similar to a set of cumulate
leucogabbro-microgabbro phases (ɛNd(t) = +0.6 to +1.8) suites in
the Silurian Ofoud-Taguei complex (420 Ma) in the northern NrYG
(DeMaiffe et al., 1991) and the syenite (ɛNd(t) = +0.9) from the
Zaranda complex (203 Ma) in the northcentral NaYG (Dickin et al.,
1991). These syenite-leucogabbro suites express overlapping mantle
signatures with Mesozoic basalts (ɛNd(t) = +0.7 to +7.2) from the
Benue trough in eastern Nigeria (Halliday et al., 1988). The ɛNd(t) val-

ues of the studied syenites are markedly higher than the ɛNd(t) values
of the Pan-African (−10.4 to −20.5) and Paleoproterozoic basement
rocks (−11.7 to −26.9) from northcentral Nigeria (Dickin et al., 1991).
These results rule out partial melting of crustal rocks as a source for the
syenitic magmas. Initial Nd ratios and 206Pb/204Pb isotopic signatures
for the syenitic units in the Daura (0.5125 and 18.179) and Dutse suites
(0.5126 and 18.352) are also less radiogenic than those of the Pan-
African granites & basement rocks (0.5113–0.5121 and
17.120–19.660) (Dickin et al., 1991). These values further rule out the
derivation of the parental melts for the Daura-Dutse suites (Fig. 12b)
primarily from crustal melting of country rocks as proposed by other
workers (Bowden, 1985; Martin, 2006). Although the εNd(t) results of
the syenites imply a depleted mantle-source, the Pb isotopic data plot
near the EMII field (Fig. 12c, d), implying an EMII mantle source as the
parental magma. In contrast, the ɛHf (t) values display extremely posi-
tive values (+7.8 to +16.7 and + 3.8 to +5.4 for the Daura and Dutse
syenites, respectively), reflecting generation from depleted mantle-
derived melts as well. In addition to the isotopic data, the Daura-Dutse
syenitic suites are characterized by a narrow range of Th/Ta values
(1.87–2.20) which is broadly similar to those from mantle-derived
sources (~2; Shellnutt et al., 2009). Likewise, Nb/Ta values of the stud-
ied syenites (15–23) are well above average continental crust (8–14)
values and are more reflective of derivation from OIB-like mantle
sources (15.9 ± 0.6; Pfander et al., 2007). Furthermore, the syenites
show high Nb/U ratios (39–42) similar to ocean-island basalt (47.1)
and higher than average continental crustal (<25) values (Sun and
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Fig. 12. Isotopic diagrams of the Daura-Dutse granites. (a) ɛHf(t) versus age (Ma) diagram, (b) ɛNd(t) against age (Ma) diagram, (c) 207Pb/204Pb versus 206Pb/204Pb,
(d) 208Pb/204Pb versus 206Pb/204Pb (modified from Zindler and Hart 1986), and (e) ɛHf(t) vs. ɛNd(t). CHUR: Chondrite Universal, DMM: depleted member, EM I: en-
riched mantle type I; EM II: enriched mantle type II; MORB: mid-ocean ridge basalt; PREMA: prevalent mantle (primitive mantle segment); HIMU: high U/Pb (U/Th)
mantle; BSE: proverbial bulk silicate Earth (after Zindler and Hart, 1986). ɛHf(t) and ɛNd (t) data taken for comparison from Ahmed et al. (2021), Amuda et al.
(2020), Girei et al. (2019), Kamaunji et al. (2020) and Vincent et al. (Unpublished data). ɛNd (t) data for Nigerian Pan-African basement complex of isotope ratios at
170 Ma are from Dickin et al. (1991) and estimated values of ɛHf(t) and ɛNd(t) for global lower crust and sediment were taken from Wang et al. (2016).

McDonough, 1989), further suggesting that their parental magmas is
unlikely to be of crustal origin.

5.2.2. A cumulate genesis for the Daura-Dutse syenites?
The Daura and Dutse syenites both contain >60% feldspars, display

positive chondrite-normalized Eu anomalies (Eu/Eu* ≥1; Table 1) and
positive primitive mantle-normalized Ba anomalies, indicative of alkali

feldspar cumulate rocks (Shellnutt, 2021). In particular, the Daura am-
phibole syenite show typical cumulate textures with anhedral mafic
minerals filling the gaps between coarse, interconnected euhedral
feldspars (Fig. 2a). The ɛHf(t) values (+7.8 to +16.7) of the Daura am-
phibole syenite are also much higher than the Dutse fayalite syenite
(+3.8 to +5.4) and other granites (−3.8 to +1.2) and decoupled from
whole rock ɛNd(t) data (+1.2). These signatures along with cumulate
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Fig. 13. Trace element variation plots for petrogenetic differentiation. (a) SiO2 vs Tzr (°C). Dashed red line represents cluster of high temperature peralkaline gran-
ites (see text for discussion), (b) Ce4+/Ce3+ versus Eu/Eu* for the Daura and Dutse complexes, (c) Ce4+/Ce3+ versus Age (Ma) for the Daura and Dutse complexes,
and (d) logƒO2 versus T in zircon/°C for the Daura and Dutse complexes. Parameters for b-d were computed from zircon composition. Note: NNO = nickel‑nickel
oxide buffer, FQM = fayalite-quartz-magnetite buffer, Hm = hematite buffer, and IW = iron-wüstite buffer. Plotted zircon data are only for concordant (>90%)
data points. Data of granites plotted for comparisons are from Batchelor and Bowden (1986), Girei et al. (2019, 2020) and Kamaunji et al. (2020). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web version of this article.)

textures observed in hand specimens further imply magma accumula-
tion process, involving an early crystallization of accessary zircon from
a depleted initial melt. Likewise, the low F (0.02–0.10 wt%) and Na2O
(0.03–0.14 wt%) contents of the biotite from the Daura syenite are
markedly different from the biotite of the Daura and Dutse granites,
suggesting early crystallization of biotite. Similar evidences are also ob-
served in the Si- and Na-poor and Ca-rich amphiboles from the Daura
amphibole syenites. Therefore, we postulate that the Daura amphibole
syenite might represent a feldspar-rich cumulate rock. As mentioned
above, the Daura amphibole syenite has a very similar ɛNd(t) results
with the leucogabbros from the NrYG province, which also display posi-
tive Eu anomalies and have been considered as cumulate rocks
(DeMaiffe et al., 1991). It is likely that the Daura syenite was produced
by crystal accumulation of a residual silicic melt that derived from a
mafic parental magma and experienced separation of plagioclase-rich
cumulate phases. A similar syenite cumulate rock has been reported in
the Emeishan LIP (Shellnutt, 2021; Shellnutt et al., 2009).

Although, positive chondrite-normalized Eu anomalies and positive
primitive mantle-normalized Ba anomalies are also recorded in the
Dutse fayalite syenite, other evidences synonymous with the Daura cu-
mulate syenite are lacking in the Daura fayalite syenite. For example,
the feldspar proportion is smaller and a typical cumulate texture is not
clear in hand specimen photomicrographs of the Dutse fayalite syenite
(Fig. 2d). Furthermore, Nd Hf isotopic decoupling is also not as ap-

parent as in the Daura amphibole syenite. It is likely that the weak posi-
tive Eu anomalies and Ba anomalies in the Dutse syenite (Fig. 4d) result
from excess feldspar in the less evolved melts from which the syenitic
suites are derived, similar to syenitic suites from the Okenyenya ig-
neous complex in northern Namibia (Watkins and le Roex, 1991).

5.3. Petrogenesis of the Daura-Dutse granites

In comparison to the syenitic rocks, the ɛNd (t) results of the Daura
biotite granite (ɛNd(t) = −0.5) and Dutse arfvedsonite aegirine granite
(ɛNd(t) = −2.9) are obviously lower (Fig. 12b). These Nd isotopic sig-
natures overlap the reported values of other biotite granites (ɛNd
(t) = −1.3 to −9.2) and arfvedsonite aegirine granites (ɛNd(t) = −1.9
to −4.2) in the northcentral NaYG province (Dickin et al., 1991; Girei et
al., 2019; Kamaunji et al., 2020). The Pb-isotopes of the Daura biotite
granite and Dutse arfvedsonite aegirine granite are similar to the Daura
and Dutse syenites as well as other alkaline granitoids from the NaYG
province, plotting between the EMI and EMII fields (Fig. 12c, d). The
Nd Pb isotopic signatures of the Daura biotite granite and Dutse ar-
fvedsonite aegirine granite are markedly higher than those Pan-African
granites and Precambrian basement suites from northcentral NaYG
(Dickin et al., 1991), ruling out the derivation of the NYG granite pri-
marily from partial melting of local country rocks. Zircon ɛHf (t) values
of the Dutse arfvedsonite aegirine granite (−1.2 to −3.8) and Daura bi-
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Fig. 14. Whole-rock geochemical diagrams for petrogenetic differentiation. (a) Rb/Sr vs. Sr, (b) Sr vs Ba, (c) K/Rb vs Cs, (d) Zr/Hf vs Nb/Ta, (e) Th/Yb vs. SiO2, and
(f) SiO2 vs ɛNd(t). Data of granites plotted for comparisons are from Batchelor and Bowden (1986), Girei et al. (2019, 2020) and Kamaunji et al. (2020).

otite granite (+0.2 to +1.2) are apparently lower than those of the
syenitic rocks but similar to those of other alkaline granitoids from the
NaYG province (Fig. 12a). The ɛHf (t) values from these rocks are well
above values from Pan-African granitoids and basement complexes of
Nigeria and West Africa (ɛHf (t) = −3.1 to −20.8; Bute et al., 2019;
Ganade et al., 2016). Our combined whole-rock Nd Pb and zircon
Lu Hf isotopes suggest crustal contamination of a mantle-derived
melt or mixing of crustal derived and mantle-derived melts for the ori-
gin of the Daura-Dutse granites. However, we favor variable crustal
contamination of mantle-derived magmas for the petrogenesis of the
Daura-Dutse granites. Isotopic values from the Daura-Dutse granites
(εHf(t) = −3.8 to +1.2; up to εNd(t) = −2.9) are markedly different
from signatures seen in NaYG complexes (e.g. the Mada and Ningi com-

plex) derived from mixing of crustal and mantle-derived melts (εHf
(t) = −5.0 to −10.3, εNd(t) = −5.9; Girei et al., 2020, Vincent et al.,
2021), suggesting limited to moderate contribution from crustal
sources for the origin of the Daura-Dutse granites. Furthermore, the
Daura biotite granite and Dutse arfvedsonite aegirine granite show
moderately high ratios of Nb/Ta (12.97–23.62; average = 16.26) and
Zr/Hf (14.68–42.73; average = 27.47; Table 1). These values are close
to or slightly lower than the estimated mantle Nb/Ta (17.5; Green,
1995) and Zr/Hf ratios (35–45; Wedepohl, 1995) and markedly higher
than crustal ratios (Nb/Ta = 8–14; Zr/Hf <25), further implying that
these rocks were most likely sourced from mantle-derived magmas with
moderate contribution from crustal material.
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Fig. 15. A three stage tectonic model for the emplacement of alkaline intrusive complexes in the Niger-Nigeria province (a) northern NrYG, (b) southern NrYG-
northern NaYG, and (c) northcentral NaYG.

The Daura and Dutse granites are temporally and spatially associ-
ated with the Daura and Dutse syenites, indicating their close genetic
relationships. Combined with their isotopic variations, it is likely that
assimilation and fractional crystallization (AFC) processes of non-
cumulate syenitic magmas generated the granitic rocks. Suppose the

Daura amphibole syenite represents the alkaline feldspar cumulates,
the other rocks might reflect the evolved products of the residual melt
which underwent variable degrees of AFC processes. For the Daura bi-
otite granites, a slight decoupling is recorded in zircon Lu Hf (ɛHf
(t) = +0.2 to +1.2) and whole-rock Sm Nd (ɛNd(t) = −0.5) iso-
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topic signatures. The positive zircon Lu Hf isotope values likely re-
flects initial isotopic characteristics of mantle-derived melts forming
the Daura biotite granites due to the earlier crystallization of zircon,
while, whole-rock Sm Nd isotope values reflect moderate crustal con-
tamination of the primary mantle-derived melts and support assimila-
tion and fractional crystallization (AFC) processes for the evolution of
the Daura biotite granites. From the Dutse fayalite syenite to the Daura
and Dutse granites, the calculated differentiation indexes (D·I) obvi-
ously increase from 86 to 88–97 (Table 1). The variation trends of some
major elements (e.g., CaO and TiO2; Table 1) as well Sr, Ba and P (Fig.
7a–e) imply fractionation of calcic amphiboles, K-feldspars and Fe Ti
oxide as well as apatite during magma evolution. The negative correla-
tions of Al2O3 and Sr with SiO2 (Fig. 6a, f), Rb/Sr vs Sr and Ba vs Sr
plots (Fig. 14a, b) indicate that the fractionation of plagioclase plays a
major role during magma evolution. The magma evolution process is
also traced by the whole rock K/Rb, Nb/Ta and Zr/Hf ratios (Fig. 14c-
d). The decreasing CaO and MgO and increasing SiO2 and Na2O of py-
roxene from the Dutse fayalite syenite to the arfvedsonite granite also
trace increasing magma differentiation from the least evolved syenite
to the evolved granite (Fig. 3f; Supplementary Table S4). The Fe3+ and
Na+-rich rims of clinopyroxene from the Dutse fayalite syenite (Fig. 5g,
l) further record this process. In addition, Ce/Pb ratios of the Daura bi-
otite granite and the Dutse arfvedsonite aegirine granite (6–35, mean of
13) vary between the values of mantle- and crust-derived magmas (25
and 4, respectively), further suggesting AFC processes for the evolution
of these rocks (Zhu et al., 2020).

5.4. Physical properties of the magmas

Whole-rock zircon saturation thermometry (Tzr) (after Gervasoni et
al., 2016) and Ti-in-zircon geothermometry (after Watson and
Harrison, 2005) are applied here to constrain the magma temperature
of the Daura and Dutse complexes (Collins et al., 2019). Calculated Tzr
values are between 809 and 856 °C for the Daura and Dutse syenites,
805–806 °C for the Daura biotite granite and 888–1008 °C for Dutse ar-
fvedsonite aegirine granites (Table 1). According to our results, the
Daura-Dutse alkaline suites all have high Tzr temperatures (Avg: >
800 °C), similar to those of A-type granites and much higher than tem-
peratures typical in S- and I-type granitoids (<800 °C; Collins et al.,
2019; Wang et al., 2014; Fig. 13a). These results also match the Tzr cal-
culations of other peralkaline suites in the NaYG province (Fig. 13a).
Average Ti-in-zircon geothermometer values range from 786 °C and
684 °C for the Daura and Dutse syenites, 761 °C for the Daura biotite
granites, and 783 °C for the Dutse arfvedsonite aegirine granite. The Ti-
in-zircon geothermometer values of the Daura-Dutse suites are signifi-
cantly lower than their zircon saturation temperatures (Supplementary
Table S5). This effect has been attributed to the high Zr contents in A-
type granites (Schiller and Finger, 2019). The studied granitoids all
have high Zr contents (641–1624 ppm), in particular for the Dutse ar-
fvedsonite aegirine granite, therefore the calculated whole-rock Tzr
temperatures of the arfvedsonite aegirine granite are considered unre-
flective of magma crystallization temperature.

Using equations proposed based on total Al contents in biotite
(Uchida et al., 2007), the solidification pressures have been estimated
for the granitic plutons. For the biotite from the Daura biotite granite,
the calculated pressures range from 343 to 405 Mpa (Average – 375
Mpa; Supplementary Table S3) constraining emplacement depths of
~8–10 km (Uchida et al., 2007).

Variations of magma redox can be tracked by variations of
Ce4+/Ce3+ and Eu/Eu* values in zircon (Ballard et al., 2002). For the
Daura-Dutse granitoids, zircon Ce4+/Ce3+ and logƒO2 ratios were cal-
culated using a new software (Geo- fO2) (Li et al., 2019). The results
show overlapping Ce4+/Ce3+ ratios between the Daura amphibole
syenite (6–22; average = 11), Daura biotite granite (1–9; aver-
age = 6), Dutse fayalite syenite (11–39; average = 15) and Dutse ar-

fvedsonite aegirine granites (1–32; average = 10) (Fig. 13b-c; Supple-
mentary Table S5), implying a slightly reduced environment during
early zircon crystallization. The Daura amphibole syenite and biotite
granite primarily plot below the field of the fayalite-magnetite-quartz
(FMQ) buffer on a –logƒO2 vs Ti in zircon/°C plot, while, the Dutse fay-
alite syenite and arfvedsonite aegirine granite largely plot above the
FMQ buffer (Fig. 13d). This suggests reduced conditions for the em-
placement of the Daura amphibole syenite and biotite granite with
slightly reduced to oxidized conditions for the Dutse fayalite syenite
and the Dutse arfvedsonite aegirine granites. In addition, clinopyroxene
composition from the Daura and Dutse syenites trend towards Hed-rich
end members overlapping with the evolutionary trends noted in pyrox-
enes from the North Quroq alkaline suites, South Greenland, also indi-
cating a relatively reduced magma (Fig. 5b; trend (6); △FMQ = −0.5
to −3; Marks et al., 2008). Indeed, the slightly reduced oxygen fugacity
values for the Daura-Dutse granitoids is typical for mantle-derived A1-
type granites (−5 to +0.5; Dall'Agnol and Oliveira, 2007; Wang et al.,
2018b).

5.5. Trigger mechanism for emplacement episodes in the Niger-Nigeria
alkaline granite province

The temporospatial distribution of alkaline magmatic centres in the
Niger-Nigeria alkaline province is a prominent geological feature that
has attracted much attention (Black et al., 1985; Ngako et al., 2006).
The dynamic mechanism driving the emplacement of the alkaline mag-
matism in the province likely triggered involvement of deep mantle ma-
terials (Girei et al., 2019). However, the region during this period
(470–141 Ma) is not associated with any orogenic movement in West
Africa suggesting an anorogenic setting. Several workers have sug-
gested the existence of a mantle plume beneath the West African plate
during time periods overlapping the emplacement period of the Niger-
Nigeria A-type granites (Morgan, 1981; Rahaman et al., 1984). This has
led to other workers to propose plate migration over a mantle plume for
the north to south age migration trend in the Niger-Nigeria alkaline
province (Bowden et al., 1976; Kamaunji et al., 2020).

However, several unique features of the Niger-Nigeria alkaline
province are incompatible with a mantle plume model. Firstly, the
anorogenic complexes are emplaced along a relatively narrow longitu-
dinal band (50–100 km). This is in contrast to plume generated “hot
spot” tracks where a wider base area (>500 km) is affected by hotspot
melting (Shellnutt et al., 2009). Secondly, the temporospatial distribu-
tion of anorogenic magmatic centres in the Niger-Nigeria province
show distribution of these centres along E-W, ENE-WSW, and NNW-SSE
transcurrent faults (Fig. 10b–d) which are spatially related to the a
large regional N-S-trending Raghane shear structure that stretches from
Hoggar region in North Africa (Fig. 1a). The deviation of some alkaline
complexes from the general N-S trend (Fig. 10a–c) could be attributed
to the emplacement along secondary transcurrent fault systems (Black
et al., 1985). Thirdly, the calculated migratory rates of the northern
NrYG (0.5 cm/yr−1), southern NrYG to northern NaYG (0.36 cm/yr−1)
and the northcentral NaYG centres (0.34 cm/yr−1) vary significantly
(Fig. 10e). These migratory rates are significantly lower than estab-
lished movement rate for the African plate (0.76 cm/ yr) during this
Silurian to Early Cretaceous times and suggest the emplacement of the
Niger-Nigeria alkaline suites is unrelated to the migration of the African
plate over a mantle plume (Girei et al., 2019; Van Breemen and
Bowden, 1973). Fourthly, the 263 Ma porphyritic arfvedsonite aegirine
granite along with coeval ~232 Ma fayalite syenite and arfvedsonite
aegirine syenite in the Dutse complex establish repeated magmatism in
the NaYG province. These repeated emplacement episodes are also in-
consistent with the mantle plume model. Furthermore, other geological
evidences for the presence of a mantle plume beneath West Africa is
lacking.
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Structural and seismological evidence suggest reactivations of an-
cient shear zones within the African plate since Neoproterozoic times
(Bailey and Woolley, 2005). These repeated re-activation of regional
shear structures since the Neoproterozoic times would have triggered
crustal extensional from the Hoggar region down to northcentral Nige-
ria. The formation and emplacement of the Niger-Nigeria alkaline com-
plexes likely occurred during these periods of reactivation and exten-
sion strain. We propose that upwelling of asthenospheric mantle trig-
gered partial melting of lithospheric mantle materials, generating OIB-
type mafic melts. Subsequent magma differentiation and crustal conta-
mination of the OIB-like melt result in the formation of felsic peralka-
line syenitic and granitic magmas (Fig. 15a–c). Reactivations of ancient
shear zones triggered regional extension, which induced pressure re-
leasing and arising of the peralkaline magmas. During 470–401 Ma, the
reactivation and extension started at northern Niger, generating the al-
kaline-peralkaline rocks in the northern NrYG sub-province (Fig. 15a).
Further southward migration of the shear zones and transcurrent faults
triggered magmatic emplacements in the southern NrYG and northern
NaYG sub-provinces from 330 to 258 Ma (Fig. 15b) and continued with
the 263–141 Ma trend seen in the northcentral NaYG sub-province (Fig.
15c).

The reactivation mechanism of these lithospheric shear zones has
been linked to abrupt changes in the migratory direction of the African
plate during significant events (Bailey and Woolley, 2005). For in-
stance, in the northern NrYG sub-province, Ngako et al. (2006) attrib-
uted the emplacement of the ENE-SWS trending complexes to periods of
shift in plate motion and accompanied change in the tectonic stress
field. They surmised that reactivation episodes in the northcentral
NaYG sub-province are likely related to the Triassic tectonics associated
with the opening of the South Atlantic.

6. Conclusions

In northern Nigeria, the Daura and Dutse alkaline suites show atypi-
cal geochemical signatures (depleted CaO and Sr contents, high HFSE,
high Ga/Al ratio, etc.) synonymous with A1-type (alkaline and anoro-
genic) granite. Based on textural, geochemical and isotopic data, the
Daura amphibole syenites were likely generated by crystal accumula-
tion of residual silicic liquid during cooling with limited crustal conta-
mination, while, the Dutse syenites were likely derived by fractional
crystallization of a slightly reduced mantle-derived melts that also ex-
perienced limited crustal contamination. Significant fractional crystal-
lization alongside simultaneous crustal assimilation (AFC) processes led
to the formation of the Daura biotite granite and Dutse arfvedsonite
granites, respectively. LA-ICPMS zircon U Pb dating results suggest
that the Daura and Dutse suites were mainly emplaced between 324
and 322 and 263–232 Ma, respectively. These new ages constrain the
onset time of anorogenic alkaline magmatism in the NaYG as a Late
Carboniferous (324 Ma) event, contrary to Late Triassic ages (213 Ma)
reported by other workers. The zircon age of the Daura complex is well
linked with the age of the Zinder complex (~330 Ma) in the southern-
most NrYG province, reflecting a continuous emplacement chain be-
tween the NrYG and NaYG provinces. Overall, an N-S trend is apparent
for the Nigerian alkaline granite province with subordinate emplace-
ment along E-W and NW-SE trends. We propose that the reactivation of
transcurrent fault systems is likely the primary mechanism for the for-
mation of the Niger-Nigeria alkaline granite province and can account
for the apparent “age migration” in the Niger-Nigeria alkaline belt.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lithos.2021.106561.
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