[image: image1.emf] 


[image: image15.png]ﬁ\’ 0

100 + @ gamet field

HIMU mantle

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Yb Lu

01

H
2

lava / Prit

100 garnetfield

—o— f=05

10
1+ L
—e— NGI%9
HIMU mantle
—— HMU
01

Ba Th Nb K Ce Nd Sm Zr Eu Tb Y Lu
Rb U Tala Pb St Hf Ti Gd Dy Yb




PAGE  
[image: image16.png]lava / Primitive Mantle

RO

@

-a- Parentalliqud
o Clculated quid
— Daughterliauid

0F e parental
o Calculated
o Daughter

M

& [
et e e e

NN
M La N Sm G Oy v

o Daughter

LR S A

[T
o

1 moanate —> phonolte

100

) o= parental
o Gilculated
o Daughter

g M K ia % 5 6 Py Y

= parental
o Calcuated
o Daughter

R R R

o parental
o Cakulated
—u- Daughter

et
o= Cleulaed
o Daughter

Orachte —> peralaineachte
b
)

[ AT TN
o e s 6o
f ~parental
[ —o-Galeulated

Daughter

[RCNEAR

W
R




20

Original Research Article
New insight on petrogenesis and geochronology of the alkaline volcanism of Ngaoundéré area of Adamawa plateau, Cameroon, central Africa
Abstract 
Understanding the physical and mechanical properties of local rock formations is crucial for ensuring the quality and durability of infrastructure, particularly in rapidly developing regions. New insight on petrogenesis and geochronology of the alkaline volcanism of Ngaoundéré in Adamawa plateau has distinguished basaltic (basalts, hawaiites and mugearites) and felsic (benmoreites, phonolites, trachyte, peralkaline phonolites and trachytes) lavas of microlitic porphyritic textures. All lavas are of Mio-Pliocene age, between 7.8 ± 1.4 and 10.9 ± 0.4 Ma. Equilibrium crystallization temperatures of minerals classically decrease from basalts to felsic lavas. Decrease in major element concentrations (MgO, Fe2O3, TiO2, CaO) with increasing SiO2 contents results from the fractionation of olivine, clinopyroxene and Fe-Ti-oxides in the parental basaltic magma. Similarly, for felsic magma, a decrease in Al2O3, Na2O and K2O contents depends upon feldspar fractionation and decrease in P2O5 from apatite fractionation, thus underlining a typical feature of alkaline basaltic lavas of Ngaoundéré volcanism. Mass-balance crystal fractionation and closed-system Assimilation and Fractional Crystallization (AFC) modeling were performed for the Ngaoundéré volcanism and demonstrate differentiation dominated by fractional crystallisation processes. Parental magmas of Ngaoundéré volcanism have undergone a low degree of partial melting at a rate of 2 wt. % of the mantle source composed of 0.18 DM + 0.81 MORB + 0.01 sediment (wt. %). Sr and Nd isotopic data of Ngaoundéré lavas preclude any contamination. Magma mixing, selective crustal contamination or fluids metasomatism may have affected the petrogenesis of Ngaoundéré alkaline lavas.
Keywords: Petrology, geochronology, Ngaoundéré volcanism, Adamawa plateau, Cameroon, Central Africa.

1. Introduction

The petrographic attributes of a rock—including grain size and morphology, the nature and distribution of intergranular voids, the proportion of cement or matrix, the degree of alteration, and the extent of mineral grain interlocking—exert a fundamental control on its physical and mechanical properties. These characteristics directly govern the rock’s response to mechanical stress, its durability, and its suitability for construction purposes or as a load-bearing material (Biakan et al., 2024; Aboubakar et al., 2025).

The Adamawa Plateau constitutes a horst structure bounded to the north and south by major N70°E-striking strike-slip faults, namely the Adamawa and Djerem-Mbéré faults. This structural high is composed predominantly of Precambrian metamorphic formations intruded by Palaeozoic granite–syenite plutons (Lasserre, 1961). The N70°E-trending fault systems form part of the Central African Shear Zone, an extensive tectonic feature extending from the Atlantic margin into Central Africa (Dorbath et al., 1986), and which has remained active since the Cretaceous. Volcanic systems in this region have traditionally been considered geochemically and volcanologically less complex than long-lived polygenetic volcanoes, where more extensive magma evolution is typically observed. The volcanic edifices are generally basaltic, characterised by limited eruptive volumes, and are interpreted as the products of relatively short-lived eruptive episodes (Tiabou et al., 2019). Notably, transform faults within the Atlantic Oceanic crust (Moreau et al., 1987) exhibit a similar N70° orientation, in contrast to the N30°E trend of the Cameroon Volcanic Line (Déruelle et al., 2007).

Following the classification of Gèze (1953) established for western Cameroon, three principal volcanic units are distinguished within the Adamawa region. The lower black series, of Cretaceous–Palaeogene age, is dominated by basaltic lava flows that have undergone extensive lateritic alteration; however, clinopyroxene phenocrysts are occasionally preserved within a reddish groundmass. The intermediate white series, dated to the Miocene, comprises numerous trachytic and phonolitic plugs, predominantly distributed to the north and east of Ngaoundéré. The upper black series corresponds to Pliocene–Quaternary basaltic Strombolian cones and their associated lava flows, mainly located to the south of Ngaoundéré. Two major stratovolcanoes, Nganha and Djinga, are superimposed upon the lower black series and incorporate lithologies from both the intermediate white and upper black series. The Mio–Pliocene Nganha volcanic massif is composed of a spectrum of lava types ranging from basaltic through intermediate to felsic compositions, whereas the Djinga massif is characterised by basaltic and felsic lavas, with subordinate occurrences of intermediate benmoreitic compositions (Nono et al., 1994). To the north and east of Ngaoundéré, basaltic lava flows belonging to the upper series were emitted from multiple eruptive centres, now preserved as volcanic necks (e.g. Voglar, Pofreh, and Bijoro). Despite the present southward inclination of the plateau, the majority of lava flows display radial dispersion from their स्रोत centres.

Previous investigations have addressed K–Ar geochronology, as well as selected geochemical and isotopic characteristics of volcanism in the Ngaoundéré area (Nkouandou et al., 2008, 2010; Fagny et al., 2012). The present study advances this body of work by proposing petrogenetic models for the Mio–Pliocene volcanic activity in the northern and eastern sectors of Ngaoundéré.
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Fig. 1 Location of the studied area (black star) in the Adamawa plateau. The Djerem-Mbere faults and the main volcanic and plutonic complexes of the Cameroon volcanic line, a succession of horsts and rifts (names in italic) and lower inset: the major Cenozoic ring-complexes and volcanic centres of the Cameroon Volcanic Line are indicated (after Déruelle et al., 1991). African cratons are after Kampunzu and Popoff (1991).

2. Geological setting 
The geological map illustrating volcanism in the northern and eastern sectors of Ngaoundéré is presented in Fig. 2. The volcanic products are predominantly of basaltic to intermediate composition. In addition, mugearite–benmoreite breccias, as well as phonolitic and trachytic lava flows and plugs, are observed, alongside minor and relatively recent basaltic lava outpourings. Based on stratigraphic relationships and surface weathering characteristics, three distinct basaltic lava flow units are recognised: the lower (LFU), middle (MFU), and upper (UFU) flow units (Déruelle et al., 1987a). This subdivision is consistent with earlier classifications established for western Cameroon (Gèze, 1953).

Geophysical evidence indicates that the lithosphere beneath the Adamawa Plateau is relatively thin, with an estimated thickness of approximately 80 km. Furthermore, the underlying asthenosphere exhibits anomalously low density, as inferred from gravity data, notably negative Bouguer anomalies (Poudjom Djomani et al., 1997), and corroborated by seismic investigations (Dorbath et al., 1986). The subcontinental mantle beneath the plateau is predominantly composed of lherzolitic peridotite (Nkouandou and Temdjim, 2011; Nkouandou et al., 2015, 2023; Sahabo et al., 2025).

The continental crust in this region is comparatively thin, averaging approximately 20 km in thickness, and is chiefly constituted of Precambrian metamorphic rocks intruded by granitoids of Pan-African age (610–652 ± 54 Ma) or older (926 ± 12 Ma) (Tchameni et al., 2006). These basement units are cross-cut by doleritic intrusions of continental tholeiitic affinity (Nkouandou et al., 2015, 2016) and are locally overlain by volcanic sequences.

3. Analytical methods

Samples for Rb-Sr and Sm-Nd isotopic analysis were dissolved in mixed HF-HNO3 (10:1), and chemical separation was carried out by cation-exchange chromatography; blanks were <1 ng. Sr and Nd isotopic ratios were measured on a VG Sector 54 multicollector thermal ionization mass spectrometer. Replicate analyses of the MERCK Nd standard gave an average 143Nd/144Nd value of 0.512742 ± 8 (normalized to 146Nd/144Nd = 0.7219), and measurements of NBS 987 Sr yielded an average 87Sr/86Sr value of 0.710247 ± 7 (normalized to 86Sr/88Sr = 0.1194). Epsilon Nd values were calculated assuming 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638 for CHUR (after Ashwal et al. 2002).

4. Results
4.1. Geochronology

K-Ar dating of volcanic rocks of the North and East of Ngaoundéré previously presented by Fagny et al. (2012) are shown in Table 1. All lavas are of Pliocene age, between 7.8 ± 1.4 and 10.9 ± 0.4 Ma and are in the range of previous K-Ar data (7.0 to 9.8 ± 0.2 Ma, Gouhier et al., 1974) and 40Ar-39Ar data (9.28 to 11.39 ± 0.03 Ma, Marzoli et al., 1999). Among dated lavas, felsic ones are older than basaltic lavas. This supports the idea that basaltic lava from Voglar cannot be considered as parental magma of felsic lavas as they are recent. We conclude that all lavas are of Pliocene eruption period and that many volcanic episodes have occurred.

[image: image2]
Fig. 2 Topographic map of North and East of Ngoaundere Cenozoic Volcanism redraw from Nkouandou et al. (2010). Contours at 60 m intervals. Stars: Locations of analyzed samples. Full line: motor road. Dached line : pedestrian track.

Tab. 1 K-Ar age of some basaltic and felsic lavas of Ngaoundéré. 

	Sample
	Rock type
	K₂O (wt %)
	100 × rad.⁴⁰Ar / total ⁴⁰Ar
	rad.⁴⁰Ar (10⁻¹¹ mol g⁻¹)
	Age (Ma ±2σ)

	130
	Basalt
	2.51
	7.6
	2.82
	7.8 ± 1.4

	1T
	Phonolite
	5.18
	53.1
	8.13
	10.9 ± 0.4

	1C
	Phonolite
	5.38
	57.9
	7.55
	9.7 ± 0.4

	13
	Trachyte
	5.40
	28.1
	6.96
	8.9 ± 0.4

	20
	Peralkaline
trachyte
	4.80
	27.7
	5.75
	8.3 ± 0.5


4.2. Nomenclature and petrography

Basaltic lavas are basalts, hawaiites and mugearites and felsic lavas are benmoreites, phonolites, trachytes. Some phonolites and trachytes are peralkaline. The lavas are named according to both the differentiation index (D.I., Thornton and Tuttle, 1960) and feldspathoid phenocryst distribution (Fig. 3): basalt (D.I. < 35), hawaiite (35 < D.I. < 50), mugearite (50 < D.I. < 65), benmoreite (65 < D.I. < 80), phonolite (occurrence of feldspathoid phenocrysts) and trachyte (D.I. > 80 (absence of feldspathoid phenocrysts). Peralkaline phonolites and trachytes have molar peralkaline index higher than unity [(Na2O+K2O)/Al2O3] > 1).

[image: image3]
Fig. 3 Nomenclature of the Mio-Pliocene lavas of the north and east of Ngaoundéré area according to their differentiation index (D.I., Thornton and Tutle, 1960: see eTab. 12). Harker diagrams SiO2-(Na2O+K2O) is also shown.

Basaltic lavas exhibit a microlitic porphyritic texture. They are characterised by the presence of phenocrysts and microphenocrysts of olivine (up to 17 vol.%), phenocrysts of clinopyroxene (up to 13 vol.%) and magnetite (up to 7 vol.%), as well as microphenocrysts of ilmenite (< 2 vol.%), which are commonly partially enclosed within olivine phenocrysts. These mineral phases are dispersed within a groundmass composed predominantly of plagioclase microlites (approximately 50 vol.%), together with microlites of clinopyroxene and Fe–Ti oxides. In certain basaltic samples, relatively large amphibole crystals (up to 2 mm) and rare K-feldspar xenocrysts (notably in the Voglar locality) are observed. Vesicular textures are widespread, with numerous ovoid vesicles, and fractures within some olivine phenocrysts are commonly infilled by aragonite.

Hawaiitic compositions contain phenocrysts of clinopyroxene, amphibole, plagioclase, and Fe–Ti oxides, along with subordinate olivine and rare apatite microphenocrysts. Mugearitic lavas are characterised by phenocrysts of amphibole, clinopyroxene, and Fe–Ti oxides, accompanied by microphenocrysts of titanite and apatite, and only occasional olivine. Amphibole phenocrysts frequently host inclusions of apatite and sphene and are often either almost entirely replaced by clinopyroxene and Fe–Ti oxides or surrounded by reaction coronas of these minerals. Plagioclase microphenocrysts and K-feldspar xenocrysts are also present. Zeolite veins, typically 1–2 mm in width, are commonly developed within basaltic lavas.

Felsic lavas display either microlitic porphyritic or trachytic textures. They generally contain phenocrysts dominated by K-feldspar, together with clinopyroxene and Fe–Ti oxides, and microphenocrysts of titanite (reaching up to 10 vol.% in certain phonolites) and apatite, all set within a groundmass of similar mineralogical composition. Benmoreitic lavas are distinguished by the absence of both sphene and apatite. Phonolites are characterised by the presence of nosean and euhedral nepheline as phenocrysts and microlites. Some trachytic lavas additionally contain microphenocrysts and microlites of hedenbergite.

Most phonolites and trachytes also include phenocrysts of amphibole and biotite, as well as microphenocrysts and microlites of aegirine–augite; aegirine is particularly characteristic of peralkaline compositions. In contrast to phlogopite, biotite phenocrysts are typically bordered by coronas of Fe–Ti oxides. Certain phonolites further contain dark brown aenigmatite microphenocrysts (< 2 vol.%), commonly occurring around Fe–Ti oxide or aegirine–augite crystals. Zeolitic veins are also frequently observed within phonolitic rocks.

4.3. Mineralogy 

All mineral analyses were carried out on automated SX50 and SX100 Cameca electron microprobes at the University Pierre et Marie Curie, Paris (Nkouandou, 2006 ; Tab. 2 to 11). They display evolutionary compositional trends according to increasing differentiation of their host lavas.

Tab. 2 Microprobe chemical analyses of olivine. 15 kV and 40 nA; 20 s by element, except Si: 10 s.

	Lava type
	Basalt
	Hawaiite
	Mugearite

	
	NG130
	NG131
	NG107
	NG105
	NG24-1
	NG24

	Position
	c
	c
	c
	r
	c
	c
	c

	SiO₂
	38.73
	37.72
	38.12
	37.68
	36.92
	36.31
	38.94

	FeO*
	19.57
	22.24
	18.11
	27.87
	28.33
	29.01
	27.66

	MnO
	0.24
	0.32
	0.18
	0.62
	0.80
	0.78
	1.25

	MgO
	41.05
	38.89
	42.64
	33.35
	32.64
	33.32
	31.38

	CaO
	0.22
	0.14
	0.25
	0.37
	0.42
	0.40
	0.49

	NiO
	0.10
	0.07
	0.16
	0.00
	0.03
	0.07
	0.00

	Sum
	99.92
	99.38
	99.47
	99.89
	99.15
	99.89
	99.72

	Fo (%)
	78.7
	75.4
	83.1
	68.1
	66.6
	66.6
	65.9


c: core ; r: rim
4.3.1. Olivine

Mg-rich olivine phenocrysts (Tab. 2) occur in all basaltic lavas and have a Mg-rich core (Fo83) and less magnesian rims (Fo68). In basalts, rare microphenocrysts have the same composition as the rims of phenocrysts. Crystallization temperatures of phenocrysts (basalts) and microphenocrysts (mugearites) are estimated at 1300 ± 80 °C and 1105 ± 135 °C, respectively (after Roeder and Emslie, 1970, and Leeman, 1978, using bulk rock composition as a basaltic liquid).

4.3.2.
Clinopyroxene (Tab. 3a and 3b) 

The Evolution of the clinopyroxene compositions is presented in Fig. 4. Compositions of phenocrysts and microlites of basaltic lavas range from Wo47 En39 Fs13 to Wo45 En37 Fs18 and belong to the diopside and augite fields of the pyroxene quadrilateral (not shown). The phenocrysts are rich in titanium (1.3-3.4 wt % TiO2) and aluminium (4.7-9.5 wt % Al2O3), the highest contents being found in rims. Assuming a crystallization temperature of 1000 °C in basalts, equilibrium pressures can be estimated at 0.27 ± 0.04 GPa (after Nimis, 1999). In phonolites, the phenocryst compositions evolve from the cores (diopside) to the rims (sodian hedenbergite, Na+ > 0.1) and are rich in TiO2 (6.1 wt %) and Al2O3 (6.0 wt %). In peralkaline phonolites, aegirine-augite microlites are rich in TiO2 (up to 6.2 wt %), Fe2O3* (> 22.0 wt %) and Na2O (12.0 wt %). In trachytes, the compositions of cores of phenocrysts range from diopside to hedenbergite and augite-hedenbergite (microlites). Peralkaline trachytes contain microphenocrysts and microlites of aegirine (Ac83). High TiO2 contents in aegirine microlites indicate a low-crystallization temperature (< 600 °C, Ferguson, 1977) and the occurrence of Fe-NAT (NaTi0.5Fe2+0.5Si2O6) in rims suggests low oxygen fugacity during crystallization (Nielsen, 1979; Duggan, 1988).

Tab. 3a and 3b Microprobe chemical analyses of clinopyroxene. ph: phenocryst ; m: microlite ; c: core; r: rim. Nomenclature and iron recalculated after Morimoto 1989. 15 kV, 40 nA and 20 s by element except Ti and Zr: 30 s.

	Lava type
	Basalt
	Hawaiite
	Mugearite

	Sample
	NG130
	NG131
	NG114
	NG139
	NG142
	NG14
	NG8
	NG14

	Position
	c
	r
	r
	c
	c
	r
	m
	c
	c
	c

	SiO₂
	45.57
	46.31
	46.08
	45.55
	49.29
	49.62
	46.90
	46.58
	47.56
	47.45

	TiO₂
	2.51
	2.44
	2.39
	3.37
	1.33
	1.90
	2.50
	2.70
	2.38
	2.58

	Al₂O₃
	8.86
	6.49
	9.31
	5.78
	4.72
	4.74
	6.44
	6.99
	6.21
	7.06

	Fe₂O₃ (calc.)
	4.49
	5.93
	2.82
	5.44
	4.34
	1.82
	3.83
	3.96
	5.08
	2.54

	FeO (calc.)
	3.30
	3.35
	7.66
	3.94
	7.07
	6.25
	5.98
	6.53
	7.15
	6.69

	MnO
	0.12
	0.18
	0.25
	0.13
	0.78
	0.30
	0.32
	0.39
	1.07
	0.27

	MgO
	12.49
	13.04
	9.82
	13.09
	10.17
	12.90
	10.74
	10.02
	8.86
	11.11

	CaO
	21.48
	21.93
	20.39
	21.98
	20.76
	21.74
	22.04
	21.25
	20.00
	21.08

	Na₂O
	0.77
	0.58
	1.23
	0.42
	1.63
	0.79
	1.00
	1.32
	2.02
	1.14

	Sum
	99.58
	100.25
	99.95
	99.70
	100.10
	100.05
	99.76
	99.74
	100.33
	99.92


c: core ; r: rim; m: microlite
	Lava Type
	Phonolite
	               Trachyte
	Peralkaline phonolite
	Peralkaline Trachyte

	Sample
	CA1X
	NG3
	NG5
	NG17
	NG22
	NG23
	NG19
	NG9
	NG20

	
	c
	c
	r
	c
	r
	c
	c
	c
	m
	c
	m
	c
	m

	SiO₂
	45.38
	50.22
	49.60
	46.51
	42.73
	51.32
	50.75
	48.89
	52.92
	53.54
	53.33
	53.05
	53.03

	TiO₂
	2.43
	1.56
	1.96
	1.70
	3.52
	1.88
	0.53
	0.64
	0.45
	6.07
	5.13
	0.81
	0.42

	Al₂O₃
	8.46
	3.03
	2.61
	6.42
	8.93
	2.07
	2.46
	1.90
	0.63
	0.79
	0.55
	0.81
	0.70

	Fe₂O₃(calc.)
	6.50
	4.79
	5.76
	7.21
	8.65
	4.65
	4.58
	6.60
	1.83
	17.32
	18.21
	26.65
	29.22

	FeO (calc.)
	4.70
	5.58
	5.24
	5.47
	6.43
	5.47
	7.31
	12.14
	13.11
	4.59
	6.18
	4.32
	3.80

	MnO
	0.41
	1.17
	1.52
	0.63
	0.67
	1.14
	1.09
	1.91
	1.17
	0.96
	1.16
	1.22
	0.97

	MgO
	9.94
	11.26
	11.05
	9.20
	7.26
	12.43
	11.56
	6.57
	9.13
	3.07
	1.67
	0.11
	0.10

	CaO
	21.57
	21.70
	20.17
	21.36
	20.79
	20.13
	20.61
	19.77
	19.09
	4.91
	3.26
	3.01
	2.65

	Na₂O
	1.29
	1.47
	1.89
	1.57
	1.63
	1.83
	1.24
	1.71
	1.61
	11.25
	11.62
	11.77
	11.96

	Sum
	100.68
	100.78
	99.80
	100.07
	100.61
	100.91
	100.12
	100.13
	99.94
	102.49
	101.11
	101.74
	102.84
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Fig. 4 Compositional variations of the clinopyroxene of Ngaoundéré Mio-Pliocene volcanism. Same legend for symbols as in Figure 3. Small symbols represent microlites or phenocrysts rims. (a): Ac-Di-Hd and (b): Wo-En-Fs diagrams

4.3.3. Amphibole (Tab. 4) 

Kaersutite occurs all along the lava series and is rich in AlIV (2.2 a.p.f.u.) and Ti (0.7 a.p.f.u.). Pargasite and hastingsite occur in some felsic lavas. Cores of pargasite are richer in Ti and Na and poorer in Al and Ca than rims. In phonolites, equilibrium temperatures of kaersutite are between 950 and 1050°C (after Helz, 1973) and correspond to low pressures (0.4 GPa with PH2O < Pt, after Merrill and Wyllie, 1975). In phonolites, kaersutite is richer in fluorine (up to 3.4 wt %) than in basaltic lavas (< 0.5 wt %) corresponding to the late stage of crystallization (Strong et Taylor, 1984).

Tab. 4 Microprobe chemical analyses of amphibole (nomenclature after Leake et al., 1997) and aenigmatite. ph: phenocryst; mph: microphenocryst; m: microlite; c: core; r: rim; 15 kV, 40 nA and 15 s by element except Ti and Ca: 20 s, Fe, Mn: 25 s, and Zr, F and Cl: 30 s. Equivalent number of oxygen for F and Cl have been subtracted from the sum.

	Lava type
	Basalt  trachyte  Phonolite
	Phonolite
	Trachyte
	Phonolite
	Trachyte
	Phonolite

	Mineral type:
	Kaersutite
	Hastingsite
	Pargasite
	Aenigmatite

	Sample
	NG130
	NG17
	NG17
	NG3
	NG1X
	NG7
	NG7
	NG7
	NG1S
	NG7
	NG1S
	NG1S
	NG16

	(wt %)
	x, c
	x, c
	x, r
	x, c
	x, c
	x, r
	ph, c
	ph, r
	ph, c
	ph, c
	ph, c
	ph, r
	ml

	SiO2
	39.03
	38.23
	38.18
	38.16
	37.69
	39.09
	38.67
	38.50
	39.42
	38.67
	39.43
	40.77
	39.56

	TiO2
	5.99
	6.09
	5.80
	5.67
	5.71
	5.13
	4.04
	3.16
	3.09
	4.04
	3.41
	3.48
	6.37

	Al2O3
	13.70
	13.21
	13.21
	13.22
	13.13
	12.82
	12.27
	12.98
	11.16
	12.27
	11.85
	10.82
	1.36

	FeO (calc.)
	12.53
	11.08
	10.70
	15.36
	11.42
	17.07
	16.80
	17.54
	15.36
	16.80
	15.20
	16.73
	40.20

	Fe2O3 (calc.)
	1.85
	1.96
	1.17
	0.00
	1.58
	0.31
	1.31
	1.68
	2.51
	1.31
	1.23
	0.76
	

	MnO
	0.26
	0.14
	0.61
	0.43
	0.32
	0.60
	1.02
	0.93
	1.49
	1.02
	1.68
	1.88
	3.32

	MgO
	10.82
	12.41
	12.47
	9.61
	11.96
	9.29
	8.84
	8.33
	9.26
	8.84
	9.17
	9.16
	0.20

	CaO
	11.07
	11.12
	11.14
	11.32
	11.11
	10.97
	10.69
	10.39
	7.97
	10.69
	9.02
	9.94
	0.80

	Na2O
	2.70
	3.25
	3.25
	3.07
	3.08
	3.14
	3.23
	3.52
	5.90
	3.23
	4.64
	3.92
	7.02

	K2O
	1.01
	1.38
	1.43
	1.48
	1.49
	1.53
	1.70
	1.93
	1.90
	1.70
	1.80
	1.83
	0.03

	ZrO2
	
	0.83

	F
	0.52
	0.75
	2.09
	1.60
	2.69
	0.30
	0.60
	1.36
	1.96
	0.60
	2.29
	1.59
	

	Cl
	0.00
	0.03
	0.04
	0.02
	0.03
	0.00
	0.00
	0.00
	0.01
	0.00
	0.05
	0.04
	

	O=F+Cl
	0.52
	0.78
	2.13
	1.62
	2.72
	0.30
	0.60
	1.36
	1.97
	0.60
	2.34
	1.63
	

	Sum (calc.)
	99.49
	99.62
	100.05
	99.92
	100.18
	100.25
	99.17
	100.32
	100.02
	99.17
	99.72
	100.88
	99.69

	Mg#
	61.4
	67.2
	68.1
	51.1
	65.9
	50.4
	49.4
	47.0
	52.7
	49.4
	52.8
	50.5
	


4.3.4. Aenigmatite (Tab. 4) 

Dark brown aenigmatite microlites (< 2 vol %; e Tab. 4) occur in phonolite NG16 surrounding Fe-Ti oxide crystals or aegirine-augite microlites. Aenigmatite has high FeO (40.2 wt %), TiO2 (6.0 wt %) ZrO2 (0.8 %) and MnO (3.3 wt %) and low Al2O3 (1.4 wt %) and CaO (0.8 wt %) contents indicating equilibrium under lower oxygen fugacities than the QFM buffer (Ernst, 1962).
4.3.5. Mica (Tab. 5) 

Biotite phenocrysts are generally rimmed by a Fe-Ti oxides corona contrarily to phlogopite phenocrysts. Biotite is rich in FeO (up to 30.5 wt %), Al2O3 (up to 13.0 wt %), TiO2 (9.3 wt %) and fluorine (up to 4.1 wt %). Occurrence of Fe3+ is expected in the tetrahedral site as Si + Al < 7.9, which is not sufficient to fill this site. The number of cations in Y-sites is below the theoretical value (6.0). High Ti contents in biotite indicate high temperature (1000 °C, estimates after Hansen, 1980), high oxygen fugacity and low pressure (estimates after Esperança and Holloway, 1987) during crystallization.
Tab. 5 Microprobe chemical analyses of biotite: phenocryst; c: core; r: rim. 15 kV, 10 nA and 20 s by element except Fe: 15 s, and Mn, Na and F: 30 s.

	Lava type:
	Trachyte                           

	Sample:
	NG27
	NG27
	NG19

	(wt %)
	c
	r
	c

	SiO2
	37.65
	37.40
	37.52

	TiO2
	4.60
	4.51
	9.28

	Al2O3
	10.82
	10.94
	12.69

	FeO*
	20.56
	20.35
	10.91

	MnO
	0.74
	0.80
	0.15

	MgO
	11.23
	11.43
	14.93

	CaO
	0.00
	0.00
	0.07

	Na2O
	0.59
	0.57
	0.71

	K2O
	9.30
	9.16
	8.87

	F
	2.35
	2.37
	1.52

	O=F
	0.99
	1.00
	0.64

	Sum
	96.48
	96.15
	95.75

	Mg#
	49.32
	49.32
	49.32


4.3.6. Fe-Ti oxides (Tab. 6)

Ti-magnetite is present as microlites in all the lavas and also as phenocrysts in the felsic lavas. MgO and Al2O3 contents decrease whilst MnO contents increase with differentiation of the host lavas from 0.5-0.8 in basaltic to 3.3-8.3 in felsic lavas. Ilmenite occurs as microphenocrysts in basalts (< 2 vol %) mainly included in part in olivine phenocrysts. Equilibrium temperatures of the oxide pairs (calculated after Stormer, 1983) are 910 ± 100 °C and oxygen fugacities ≈ 1013 atmospheres.

Tab. 6 Microprobe chemical analyses of Ti-magnetite. Iron recalculated after Stormer (1983). c : core of phenocryst; m: microlite. 20 kV and 40 nA; 40 s by element except Al and Cr: 30 s and Zn: 15 s.

	Lava type:
	Basalt
	Trachyte
	Phonolite

	Sample:
	NG131
	NG131
	NG1S
	NG27
	NG23
	NG17
	NG16
	NG6
	NG5
	NG137

	(wt %)
	Ti-magnetite                                                                                                              Ilmenite

	TiO2
	25.59
	20.85
	9.03
	16.98
	15.18
	17.52
	16.38
	10.64
	7.78
	49.36

	Al2O3
	1.78
	2.45
	0.21
	0.55
	0.00
	0.02
	0.13
	0.12
	0.55
	0.15

	Cr2O3
	0.06
	0.12
	0.04
	0.01
	0.00
	0.01
	0.00
	0.02
	0.00
	0.00

	FeO (calc.)
	17.34
	25.51
	27.46
	32.75
	31.4
	35.02
	32.05
	27.381
	28.88
	9.05

	Fe2O3 (calc.)
	49.80
	46.62
	56.22
	46.01
	49.42
	42.76
	45.77
	55.47
	58.39
	31.96

	MnO
	0.89
	0.76
	5.92
	3.22
	4.32
	4.44
	3.38
	6.94
	4.09
	0.69

	MgO
	3.25
	2.04
	0.12
	0.09
	0.07
	0.05
	0.00
	0.16
	0.33
	5.37

	Sum (calc.)
	98.71
	98.36
	98.99
	99.61
	100.39
	99.81
	97.71
	100.72
	100.02
	96.58

	(Mol. %)
	

	Usp
	72.6
	59.3
	26.5
	48.3
	41.0
	47.5
	46.6
	26.6
	20.6
	


4.3.7. Feldspars (Tab. 7a and 7b)

Plagioclase (Tab. 7a) microlites occur in the basaltic lavas and their compositions range from An66 Ab33 Or1 to An48 Ab50 Or2. Microphenocrysts (and scarce phenocrysts) are present in hawaiites (An54 Ab44 Or2 to An30 Ab69 Or1) and in mugearites (An54 Ab44 Or2 to An38 Ab57 Or5). Xenocrysts of anorthose are present in basalts of Voglar (3-4 mm; Or19 Ab67 An14) and in mugearites (1 mm; Or31 Ab59 An10). Felsic lavas contain (Tab. 7b) anorthose-sanidine phenocrysts, microphenocrysts and microlites and their compositions evolve from Or20 to Or50. BaO contents are up to 3.0 wt % in phonolites. Albite phenocrysts also occur in some phonolites.

Tab. 7a and 7b Microprobe chemical analyses of feldspars (7a: plagioclase and 7b: alkali feldspar). m: microlite; ph: phenocryst; mph: microphenocryst; x: xenocryst; c: core; r: rim; iron recalculated as Fe3+; 15 kV, 10 nA and 15 s by element.

	Lava type:
	Basalt
	Hawaiite
	Mugearite

	Sample:
	NG130
	NG139
	NG121
	NG105
	NG24
	NG24
	NG8

	(wt %)
	x
	m
	m
	m
	ph,c
	ph, r
	ph, c

	SiO2
	63.45
	50.15
	53.99
	53.38
	55.23
	58.74
	64.94

	Al2O3
	21.60
	30.91
	28.37
	29.03
	28.08
	26.15
	20.67

	Fe2O3
	0.21
	0.57
	0.58
	0.70
	0.63
	0.39
	0.46

	CaO
	2.67
	13.56
	10.57
	11.08
	7.98
	7.57
	1.93

	Na2O
	7.72
	3.69
	5.44
	5.00
	7.47
	6.30
	6.47

	K2O
	3.08
	0.15
	0.31
	0.30
	1.26
	0.91
	5.31

	BaO
	0.67
	0.17
	0.15
	0.11
	0.00
	0.00
	0.00

	Total
	99.42
	99.22
	99.42
	99.60
	100.65
	100.06
	99.78

	(wt %)
	

	An
	13.1
	66.3
	50.8
	54.0
	34.6
	37.7
	9.7

	Ab
	68.9
	32.8
	47.4
	44.3
	58.9
	56.9
	58.7

	Or
	18.0
	0.9
	1.8
	1.7
	6.5
	5.4
	31.6


	Lava type
	Benmoreite
	Phonolite
	Peralkaline phonolite trachyte
	Peralkaline trachyte

	Sample (wt %)
	NG26

m
	CA1X

c
	NG11

c
	NG9

c
	NG2J

c
	CA 1Q

m
	NG25

c
	NG25

r

	SiO2
	66.30
	64.47
	66.23
	66.29
	66.32
	65.75
	67.03
	67.10

	Al2O3
	20.38
	21.13
	19.52
	19.87
	19.84
	19.61
	18.97
	19.73

	Fe2O3
	0.00
	0.00
	0.22
	0.19
	0.27
	0.00
	0.30
	0.23

	CaO
	1.37
	1.64
	0.49
	0.39
	0.50
	0.49
	0.15
	0.38

	Na2O
	7.99
	8.20
	6.59
	5.72
	7.90
	8.04
	7.01
	7.66

	K2O
	3.86
	3.61
	6.54
	8.29
	4.98
	5.33
	6.43
	5.03

	Total
	99.90
	99.05
	99.59
	100.75
	99.81
	99.22
	99.89
	100.13

	(wt %)
	

	An
	7.7
	7.8
	3.2
	1.7
	2.4
	2.3
	0.7
	2.7

	Ab
	69.9
	70.6
	58.6
	50.4
	68.9
	68.0
	62.0
	68.0

	Or
	22.4
	21.6
	38.2
	47.9
	28.7
	29.7
	37.3
	29.3


4.3.8. Feldspathoids (Tab. 8 and 9)

Nepheline (mole %) composition (Tab. 8) varies between Ne89 Ks8 Qz3 and Ne64 Ks24 Qz12. Na2O contents vary between 14.9 and 17.9 wt % and SiO2, K2O and recalculated Fe2O3 contents are high (up to 51.0, 4.9 and 1.8 wt % respectively) (Tab. 8). The crystallization temperatures are higher than 700 °C (estimates after Hamilton, 1961).

Tab. 8 Microprobe chemical analyses of nepheline phenocrysts from phonolite lavas. 15 kV, 4 nA, electron beam enlarged to 5 mm, 15 s by element.

	Lava type:
	phonolite

	Sample:
	NG3
	NG3
	NG9
	NG15
	NG15
	NG15

	(wt. %)
	
	
	
	
	
	

	SiO2
	46.96
	46.15
	46.64
	49.59
	48.77
	49.87

	Al2O3
	32.53
	32.38
	32.62
	30.85
	30.98
	30.80

	Fe2O3 (recalc.)
	0.37
	0.68
	0.63
	0.79
	1.21
	1.04

	FeO (recalc.)
	0.47
	0.00
	0.00
	0.87
	0.87
	0.86

	CaO
	0.25
	0.27
	0.00
	0.27
	0.02
	0.02

	Na2O
	16.84
	17.25
	17.55
	15.88
	16.20
	16.23

	K2O
	3.56
	3.56
	3.87
	3.15
	3.44
	3.16

	Sum (recalc.)
	100.98
	100.29
	101.30
	101.40
	101.49
	101.97

	(wt %)
	
	
	
	
	
	

	Ne
	79.1
	81.8
	88.6
	65.1
	70.1
	64.0

	Ks
	14.8
	13.1
	8.2
	23.4
	20.3
	24.0

	Q
	6.1
	5.1
	3.1
	11.5
	9.5
	12.0


Tab. 9 Microprobe chemical analyses of nosean phenocrysts from phonolites lavas. 15 kV, 4 nA, electron beam enlarged to 5 mm, 15 s by element

	Lava type:
	Phonolite

	Sample:
	NG9
	NG9
	NG9
	NG12-2
	NG7
	NG7
	NG7
	CA1X

	(wt. %)
	g.c.
	d.r.
	d.c.
	d.c.
	d.c.
	d.r.
	d.c.
	g.c.

	SiO2
	36.84
	36.90
	35.60
	34.45
	34.22
	33.87
	34.69
	36.63

	Al2O3
	30.22
	29.32
	26.63
	28.01
	28.36
	28.29
	28.84
	29.01

	Fe2O3
	0.96
	2.32
	4.60
	2.12
	1.77
	1.72
	4.59
	0.93

	CaO
	0.48
	0.28
	1.19
	1.94
	2.59
	2.27
	0.04
	0.90

	Na2O
	18.17
	16.83
	16.64
	20.26
	19.71
	20.46
	18.72
	20.95

	K2O
	2.01
	2.17
	6.30
	0.88
	1.13
	1.30
	1.05
	1.03

	SrO
	0.17
	0.17
	0.00
	0.27
	0.00
	0.00
	0.00
	0.00

	SO3
	10.11
	10.71
	8.63
	11.99
	11.57
	11.87
	12.32
	8.39

	Cl
	0.57
	0.64
	0.28
	0.34
	0.39
	0.40
	0.65
	2.81

	Sum
	98.96
	98.70
	99.59
	99.92
	99.35
	99.78
	100.25
	97.84


4.3.9. Sodalite
Sodalite crystals (Tab. 9) occur as phenocrysts in phonolites of the northern zone. Most phenocrysts are euhedral indicating crystallization as a primary phase (Wooley and Platt, 1988). Dark grey crystals with a light rim are distinguished from light grey ones with a dark grey rim. Dark rims contain numerous pyrite microcrystals and have been interpreted at Mt. Vulture (Italy) as the result of a rapid crystallization driven by exsolution of S-scavenging fluid phase (Di Muro et al., 2004).
The sodalite + nepheline + sanidine association indicates low pressures of crystallization (0.16 < P GPa < 0.28; estimates after Wellman, 1970)

4.3.10. Apatite (Tab. 10)

Apatite has low F contents F (< 1.0 wt. %) in hawaiites compared to compositions in mugearites and phonolites (3.5 wt. %). (La2O3 + Ce2O3) contents (> 0.65 wt. %) are higher in phonolites than in basalts (< 0.50 wt. %).

Tab. 10 Microprobe chemical analyses of apatite phenocrysts from phonolite lavas. 15 kV, 4 nA, electron beam enlarged to 5 mm, 15 s by element

	Lava type
	Mugearite
	Phonolite

	Sample
	NG14
	NG 24
	NG 24
	NG14
	CA 1X
	
	NG7

	(wt%)
	mph
	
	
	
	
	
	

	SiO2
	0.41
	0.25
	0.25
	0.43
	0.61
	0.38
	29.46

	Ce2O3
	0.20
	0.20
	0.28
	0.33
	0.23
	0.16
	0.36

	La2O3
	0.09
	0.09
	0.09
	0.16
	
	0.18
	0.27

	TiO2
	0.03
	0.02
	0.02
	0.01
	0.03
	0.03
	35.64

	ZrO2
	
	
	
	
	
	
	0.37

	Nb2O3
	
	
	
	
	0.07
	
	0.76

	Al2O3
	
	
	
	
	
	
	1.51

	FeO
	0.22
	0.98
	0.43
	0.86
	0.24
	0.18
	1.51

	MnO
	0.07
	0.12
	0.13
	0.01
	0.07
	0.03
	0.15

	CaO
	53.56
	52.82
	53.38
	53.12
	53.50
	53.72
	26.20

	SrO
	0.62
	0.40
	0.55
	0.70
	0.75
	0.86
	0.12

	P2O5
	40.39
	41.14
	41.31
	40.27
	39.74
	39.87
	0.16

	F
	2.65
	2.52
	2.75
	2.39
	3.50
	3.53
	0.03

	Na2O
	0.31
	0.33
	0.32
	0.37
	0.27
	0.25
	0.08

	K2O
	0.00
	0.01
	0.00
	0.01
	
	
	0.01

	SO2
	0.49
	0.31
	0.22
	0.58
	0.64
	0.46
	0.01

	Nd2O3
	0.11
	0.14
	0.17
	0.02
	0.13
	0.10
	0.64

	Pr2O3
	0.05
	0.18
	0.07
	0.12
	
	0.06
	0.28

	SmO
	0.21
	0.04
	0.15
	
	0.04
	0.04
	0.14

	Y2O3
	0.06
	0.02
	
	
	0.03
	0.07
	0.20

	Sum
	99.46
	99.57
	100.11
	99.37
	99.83
	99.92
	97.89


4.3.11. Titanite (Tab. 11)

Titanite phenocrysts, microphenocrysts and microlites occur in mugearites, phonolites and trachytes (up to 10 vol. % in samples NG8, NG14). Zr (4200-11400 ppm) and Nb (7600-13000 ppm) contents in titanite are high at Ngao Doufoui (NG7) and Ngao Léré (CA1X) and are still higher (up to 17000 ppm and 13500 ppm, respectively) at Walaounké Sud (NG11). Zr/Nb ratios are lower than 2.0.

Tab. 11 Microprobe chemical analyses of titanite phenocrysts from phonolite lavas. 15 kV, 4 nA, electron beam enlarged to 5 mm, 15 s by element

	Lava type
	Phonolite
	Trachyte

	Sample
	CA1X
	NG9
	NG7
	CA1Q

	(wt. %)
	
	
	
	

	SiO2
	29.75
	29.56
	29.73
	29.54

	TiO2
	33.26
	32.70
	35.39
	34.58

	ZrO2
	0.76
	2.19
	0.64
	0.91

	Nb2O5
	1.83
	2.21
	0.81
	1.26

	La2O3
	0.60
	0.58
	0.34
	0.54

	Ce2O3
	0.83
	0.89
	0.24
	0.91

	Nd2O3
	0.71
	0.46
	0.55
	0.97

	Y2O3
	0.36
	0.16
	0.24
	0.33

	Al2O3
	1.58
	1.33
	1.47
	1.32

	FeO
	2.16
	2.11
	1.68
	1.94

	CaO
	25.85
	25.94
	26.65
	25.34

	Na2O
	0.09
	0.17
	0.07
	0.15

	Sum
	97.78
	98.30
	97.81
	97.79


4.4. Geochemistry

Major and trace element data (Tab. 12) for the Cenozoic lavas of north and east of Ngaoundéré have been obtained from ICP-AES and ICP-MS at C.R.P.G., Nancy, France, following the method described by Carignan et al. (2001).
Tab. 12 Chemical composition and CIPW norm of representative Ngaoundéré lavas

	Lave type
	Basalt
	
	Haw.
	Mug.
	Benm.
	Phon.
	Peralk. Phon.
	Peralk. Tra.

	Sample
	NG139
	NG105
	NG142
	NG24 
	NG 26
	NG1X-1
	NG9
	NG 20

	(wt. %)
	
	
	
	
	
	
	
	

	SiO2
	41.76
	41.66
	44.24
	49.47
	60.20
	57.99
	56.01
	62.58

	TiO2
	4.58
	4.50
	3.22
	2.28
	0.79
	0.63
	0.30
	0.19

	Al2O3
	14.00
	14.59
	15.43
	17.59
	18.35
	18.90
	22.43
	16.75

	Fe2O3
	14.94
	14.23
	11.76
	9.85
	4.85
	3.59
	2.13
	4.43

	MnO
	0.22
	0.20
	0.24
	0.26
	0.25
	0.24
	0.18
	0.57

	MgO
	6.72
	6.57
	4.07
	2.74
	0.85
	0.75
	0.09
	0.03

	CaO
	10.41
	10.20
	9.71
	6.82
	2.85
	2.68
	0.72
	1.02

	Na2O
	3.60
	3.55
	3.82
	4.83
	6.07
	6.50
	10.16
	7.71

	K2O
	0.79
	0.92
	2.84
	2.74
	4.53
	5.45
	5.66
	4.76

	P2O5
	0.79
	0.87
	1.69
	1.29
	0.25
	0.17
	0.08
	0.05

	LOI
	1.31
	1.78
	2.76
	1.05
	1.26
	2.07
	1.39
	1.48

	Sum
	99.12
	99.07
	99.79
	98.92
	100.25
	98.97
	99.14
	99.57

	Na2O+K2O
	4.39
	4.47
	6.66
	7.57
	10.60
	11.95
	15.82
	12.47

	D.I.
	27.7
	29.2
	40.9
	53.9
	78.1
	80.4
	93.1
	90.1

	P. I.
	0.48
	0.47
	0.61
	0.62
	0.81
	0.88
	1.02
	1.06

	
	
	
	
	
	
	
	
	

	Mg/Fe+Mg
	62.60
	0.71
	54.56
	0.53
	0.35
	0.39
	0.11
	0.02

	
	
	
	
	
	
	
	
	

	K
	6574
	7636
	23597
	22742
	37599
	45202
	46961
	39508

	Be
	1.5
	1.9
	2.3
	2.3
	4.4
	4.9
	7.0
	19.0

	Rb
	58
	45
	60
	48
	111
	148
	240
	350

	Sr
	806
	967
	1714
	2256
	1140
	604
	201
	31

	Cs
	0.31
	0.44
	0.54
	0.30
	1.01
	0.98
	2.25
	4.45

	Ba
	493
	564
	1083
	1312
	1834
	840
	140
	15

	V
	318
	319
	147
	67
	7
	17
	11
	

	Cr
	86.4
	25.5
	< L.D.
	5.3
	
	< L.D.
	< L.D.
	

	Co
	47.9
	43.1
	19.8
	12.6
	1.8
	1.6
	0.4
	0.2

	Ni
	45.8
	23.6
	8.0
	4.8
	
	< L.D.
	< L.D.
	

	Cu
	28
	31
	12
	8
	4
	< L.D.
	< L.D.
	

	Zn
	143
	159
	163
	170
	161
	157
	141
	406

	Y
	27.5
	32.1
	43.8
	43.7
	39.7
	39.2
	17.6
	137.5

	Zr
	293
	435
	470
	385
	748
	1021
	1244
	2004

	Nb
	63
	87
	116
	106
	175
	180
	172
	725

	Hf
	6.8
	9.3
	9.0
	7.8
	14.4
	20.5
	21.7
	52.4

	Ta
	4.95
	5.86
	8.45
	6.79
	11.93
	12.33
	6.88
	50.51

	Th
	5.08
	6.12
	9.22
	7.10
	15.36
	21.56
	28.19
	85.86

	U
	1.50
	1.77
	2.99
	1.91
	4.13
	6.70
	11.57
	21.29

	
	
	
	
	
	
	
	
	

	La
	46.3
	53.1
	92.2
	93.6
	128.9
	139.5
	57.4
	249.8

	Ce
	96
	115
	188
	196
	240
	240
	88
	524

	Pr
	11.9
	12.8
	22.5
	22.1
	23.9
	23.0
	7.7
	53.5

	Nd
	49
	56
	89
	94
	89
	74
	22
	189

	Sm
	10.1
	11.4
	17.3
	17.0
	13.9
	10.9
	3.3
	32.1

	Eu
	3.20
	3.56
	5.37
	5.50
	4.23
	2.96
	0.94
	3.38

	Gd
	8.60
	9.67
	13.65
	13.27
	10.20
	8.07
	2.63
	23.49

	Tb
	1.182
	1.314
	1.862
	1.733
	1.429
	1.218
	0.436
	3.851

	Dy
	6.22
	6.88
	9.38
	8.84
	7.67
	6.95
	2.79
	22.37

	Ho
	1.06
	1.16
	1.60
	1.50
	1.37
	1.30
	0.58
	4.29

	Er
	2.55
	2.91
	3.95
	3.74
	3.71
	3.77
	1.85
	12.29

	Tm
	0.33
	0.37
	0.51
	0.48
	0.53
	0.57
	0.33
	1.89

	Yb
	2.03
	2.29
	3.11
	2.92
	3.54
	3.93
	2.56
	12.46

	Lu
	0.29
	0.34
	0.44
	0.43
	0.55
	0.62
	0.44
	1.82

	
	
	
	
	
	
	
	
	

	Ga
	24
	26
	22
	24
	25
	29
	40
	50

	Ge
	1.4
	1.5
	1.4
	1.4
	1.5
	1.4
	1.2
	2.8

	As
	< L.D.
	1.2
	2.2
	1.3
	1.6
	2.1
	7.4
	5.9

	Mo
	3.4
	3.1
	3.7
	2.9
	6.9
	4.7
	6.7
	9.7

	Cd
	< L.D.
	
	0.3
	
	0.6
	0.6
	0.6
	1.7

	In
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	< L.D.
	0.1

	Sn
	2.3
	2.8
	2.5
	2.5
	3.0
	2.3
	1.5
	12.0

	Sb
	< L.D.
	
	< L.D.
	
	0.24
	0.20
	0.66
	1.24

	W
	0.7
	0.5
	0.5
	0.4
	1.4
	1.2
	1.8
	6.7

	Pb
	2.45
	3.18
	4.67
	5.72
	11.32
	12.06
	15.00
	44.92

	Bi
	< L.D.
	
	< L.D.
	
	< L.D.
	< L.D.
	< L.D.
	0.2


4.4.1. Major element distribution

Major element distribution is illustrated in Fig. 5. Contents in MgO, Fe2O3, TiO2 and CaO decrease while contents in Al2O3, Na2O and K2O increase from basaltic to felsic lavas. Al2O3 contents increase from basaltic lavas to phonolites then decrease till peralkaline trachytes. P2O5 contents increase in basalts and hawaiites then strongly decrease to very low values in felsic lavas, nearby the detection limit.

[image: image5]
Fig. 5 Major-element vs SiO2 from the North and East of Ngaoundéré Mio-Pliocene lava series.

4.4.2. Trace elements distribution

Thorium (Th) is employed as a differentiation index owing to its wide compositional range (from approximately 6 ppm in basalts to 86 ppm in peralkaline trachytes) and its strongly incompatible behaviour throughout the lava series. The distribution of trace elements is presented in Figs. 6 and 7.

Transition element concentrations (Fig. 8) show a pronounced decrease from relatively primitive basalts to more evolved felsic lavas, in which these elements commonly fall below analytical detection limits. In contrast, Rb and Cs concentrations increase systematically with the degree of magmatic differentiation, attaining notably high values in peralkaline trachytes (Rb ≈ 350 ppm; Cs ≈ 4.5 ppm).

Strontium (Sr) and barium (Ba) concentrations exhibit an overall increase from basaltic compositions to mugearites, followed by a marked decline in felsic lavas. Beryllium (Be), on the other hand, displays a steady and progressive enrichment from basaltic to peralkaline trachytic compositions.


[image: image6]
Fig. 6 Incompatible trace-elements distributions vs Th for the North and East of Ngaoundéré lavas (see text for explanation)
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[image: image8]
Fig. 7a Alkaline earth metals variation diagrams vs Th for North and East of Ngaoundéré lavas (see text for explanation) ; 7b Evidence of fractional crystallization and selective crustal contamination processes which are involved in the petro genesis of Mio-Pliocene Ngaoundéré volcanism.


[image: image9]
Fig. 8 Transition-element variation diagrams vs Th for north and east of Ngaoundéré lavas (see text for explanation).

Contents in other incompatible elements (Th, U, Nb, Ta, Pb, Hf, Zr) increase regularly from basalts to peralkaline trachytes. Th-REE correlations for basaltic and felsic lavas are distinct (Fig. not shown). Meanwhile, REE contents increase regularly from basalts to mugearites, the trends are not so well established in felsic lavas. La and Yb distributions have a similar distribution in the lava series, with a strong increase in basaltic lavas and a smoother increase in felsic lavas with increasing Th contents. In both Th-La and -Yb diagrams, the same four felsic samples (phonolite NG11, peralkaline phonolite NG9, and trachytes NG18 and NL6) plot apart of the main trend. Two distinct trends are observed for basaltic and felsic lavas in Th-Sm and -Eu diagrams. In basaltic lavas, contents in Sm and Eu increase from basalts to mugearites, and decrease from the less evolved phonolites to trachytes (except peralkaline trachytes), whereas contents in La and Yb increase from basalts to peralkaline trachytes (except NG18 and NL6).

As a typical feature of alkaline basaltic lavas worldwide, REE normalized patterns have a regular decrease from La to Lu and do not have europium anomaly. Felsic lavas are characterized by spoon-shaped patterns particularly for the peralkaline phonolites (NG9). Peralkaline trachytes have high REE contents and a noteworthy Eu anomaly (Eu/Eu* as low as 0.6, Fig. 9).

[image: image10]
Fig. 9 Primitive mantle-normalized REE diagrams for: (a) basaltic lavas and (b) felsic lavas from North and East of Ngaoundéré after Hofmann (1988). Kink in light-REE pattern characterized peralkaline trachyte.

In spiderdiagrams, basalt patterns are similar to typical OIB patterns with positive Nb-Ta and negative K and Pb anomalies. Negative Ti anomaly characterizes hawaiites and mugearites (Fig. 10). Felsic lava patterns are characterized by positive anomalies in Rb, Th, U, Nb, Ta, Hf and Zr and marked negative anomalies in P, Sr and Ti, and slight negative anomaly in K. Peralkaline phonolites are depleted in REE. Peralkaline trachytes have more pronounced positive and negative anomalies. There is no Eu-anomaly (except for peralkaline trachytes).

[image: image11]
Fig. 10 Primitive mantle-normalized traces elements (after Hofmann, 1988) for basaltic (a) and felsic (b) of Mio-Pliocene volcanic lavas of the north and east of Ngaoundéré

4.4.3. Sr, Nd and Pb isotopes
Strontium, Nd and Pb isotopic ratios have been measured for the whole sequence of lavas (basalts, hawaiite, mugearite, benmoreit, phonolites, trachytes, peralkalin phonolite and trachyte) and in the Ngaoundéré basement rock (Tab. 13). Initial isotopic compositions (Sri) have been recalculated at 9 Ma (Fagny et al., 2012; Fagny et al., 2020). The basalts have uniformly low Sri values at 0.703135 ± 0.000012. Sr-isotopic initial ratios (age: 9 Ma) for basalt, hawaiite (0.703699 ± 0.000005) and mugearite (0.703323 ± 0.000010) are in the same range. Benmoreite ratio (0.704125 ± 0.000012) is slightly higher than those of basaltic lavas. The isotopic ratios of phonolites, peralkaline phonolite and trachytes are in the range of 0.703390-0.704087 (±0.000009). Trachyte NG18-1 and peralkaline trachyte NG20 have distinct highest value: 0.706072 (±0. 000009) and 0.710526 (±0.000008) respectively.
Tab. 13 Sr, Nd and Pb isotope analyses of studied lavas.

	Sample
	Rock
	Rb
	Sr
	87Sr/

86Sr
	
	Sm
	Nd
	143Nd/

144Nd
	
	U
	Th
	Pb
	206Pb/

204Pb
	207Pb/

204Pb
	208Pb/

204Pb

	
	
	(ppm)
	(ppm)
	 
	
	(ppm) 
	(ppm)
	 
	
	(ppm) 
	(ppm) 
	(ppm) 
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	NG 105
	bas
	45.2
	967
	0.703135
	0.000012
	11.37
	55.83
	0.512891
	0.000014
	1.77
	6.1
	3.18
	19.9764
	15.6861
	39.563

	NG 24-1
	haw
	42.1
	1413
	0.703699
	0.000005
	14.49
	75.46
	0.512777
	0.000052
	1.93
	6.93
	4.09
	20.0196
	15.7063
	39.3979

	NG 14
	mug
	77.2
	1623
	0.703323
	0.00001
	15.25
	87.31
	0.512857
	0.000013
	4,0
	14.04
	7.02
	19.985
	15.7059
	39.7768

	NG 26
	benm
	111.4
	1140
	0.704125
	0.000012
	13.88
	88.87
	0.512755
	0.000012
	4.13
	15.36
	11.32
	19.2884
	15.6642
	39.1409

	NG 9
	peral. phon
	240
	200.9
	0.703614
	0.000005
	3.29
	21.85
	0.512826
	0.000013
	11.57
	28.19
	15,0
	20.2353
	15.7258
	39.8054

	NG 12-2
	phon
	114.2
	1421
	0.70339
	0.000009
	15.41
	98.52
	0.512837
	0.00001
	4.35
	16.28
	9.13
	19.9456
	15.7081
	39.7348

	NG 1X-1
	phon
	147.5
	603.9
	0.704087
	0.000006
	10.86
	73.54
	0.512759
	0.000033
	6.7
	21.56
	12.06
	19.5024
	15.6811
	39.7001

	NG 18-1
	trach
	210.2
	44.8
	0.706072
	0.000009
	19.84
	133.4
	0.512742
	0.000008
	9.27
	34.66
	24.2
	19.038
	15.6856
	39.0108

	NG 2F
	trach
	141.7
	406.5
	0.703766
	0.00001
	8.07
	59.53
	0.512809
	0.000014
	5.92
	21.35
	13.99
	19.4539
	15.6924
	39.2008

	NG 20 
	peral. trach
	349.8
	31.2
	0.710526
	0.000008
	32.05
	189.3
	0.512754
	0.000016
	21.3
	85.86
	44.92
	19.2958
	15.6946
	39.4234

	S1
	diorite basement
	64.2
	755
	0.706886
	0.000005
	6.55
	32.52
	0.512312
	0.000013
	0.83
	1.77
	17.06
	17.8948
	15.6051
	37.8736


Nd isotopic measurements have been performed (Tab. 13). The selected analysed samples have positive εNd (9Ma) values, ranging from + 3.9 for the basalt and phonolite down to +2.4 for the peralkaline trachyte. Sr, Nd and Pb isotopic compositions for a gneiss sample (S1, Tab. 13) from the neighbouring Pan-African basement are also measured.

Lead isotope compositions of the Ngaoundéré volcanism present slightly different values to that of regional variations (Halliday et al., 1994; Halliday et al.1990; Lee et al., 1994; Yokoyama et al. 2006 ; Kamgang et al., 2010). These Pb ratios (206Pb/204Pb: 19.04-20.24; 207Pb/204Pb=15.66-15.73; 208Pb/204Pb: 39.01-39.81) are intermediate between those from volcanoes located near the continent-ocean boundary (Bioko, Mt Etinde and Mt Cameroon: 206Pb/204Pb= 20.52; 208Pb/204Pb= 40.34) and that of continental volcanoes (e.g. Pagalù, the southernmost island: 206Pb/204Pb= 19.01; 208Pb/204Pb= 38.83). 
5.
Discussion
5.1. Differentiation by fractional crystallization (FC) 

5.1.1. Evidences of fractional crystallization 
A systematic evolution in the composition of phenocryst phases—particularly olivine, pyroxene (Fig. 4; Tables 3a and 3b), amphibole, and feldspars—is observed from basaltic to highly evolved lavas, including peralkaline phonolites and trachytes, within the Ngaoundéré volcanic series. Correspondingly, equilibrium crystallisation temperatures of these minerals exhibit a general decrease from mafic to felsic compositions.

The progressive decline in major oxide contents (MgO, Fe₂O₃, TiO₂, and CaO) with increasing SiO₂ (Fig. 5) reflects the fractional crystallisation of olivine, clinopyroxene, and Fe–Ti oxides from the parental basaltic magma. In felsic magmas, reductions in Al₂O₃, Na₂O, and K₂O are attributed primarily to feldspar fractionation, whereas the decrease in P₂O₅ is linked to apatite crystallisation.

Fractional crystallisation (FC) modelling of major element variations was undertaken using a mass-balance approach based on the compositions of mineral phases identified as phenocrysts in the lavas. These mineral compositions were previously determined through electron microprobe analyses (Tables 2–11). The calculated whole-rock compositions and the proportions of fractionated mineral phases were derived by minimising the sum of squared residuals in the mass-balance calculations.

The modelling results, which trace the evolutionary trend from basaltic to felsic compositions (Fig. 11), adopt sample NG139 basalt as representative of the parental magma for the entire lava series. The outcomes of the fractionation modelling are summarised in Table 14. The sum of squared residuals (∑r²) remains low (< 0.1) for basaltic differentiation trends, indicating a good fit, but increases for felsic compositions (0.2 < ∑r² < 0.6). This discrepancy likely reflects the influence of additional processes, such as magma mixing and fluid interaction, which suggest that felsic magmas did not evolve under strictly closed-system conditions. Nevertheless, the transition from alkaline to peralkaline compositions yields comparatively robust modelling results (∑r² ≈ 0.1).

Tab. 14 Results of fractionation modeling by major elements.

	Lava type
	Parent samples
	Lava type
	Daughter sample
	F
	Ol
	Cpx
	Hbl
	Pl
	K-Felds Fe-Ti Ox Ap
	Tit
	Ha
	∑ square residuals

	Basalt
	CA2L
	Hawaiite
	NG142
	52.0
	5.0
	19.0
	0.0
	17.0
	0.0
	7.0
	0.0
	0.0
	0.0
	0.084

	Basalt
	NG139
	Hawaiite
	NG24-1
	54.5
	5.1
	15.2
	0.0
	16.0
	0.0
	9.0
	0.0
	0.0
	0.0
	0.012

	Peralkaline trachyte
	NG20
	Peralkaline phonolite
	NG9
	32.9
	0.0
	12.0
	0.0
	0.0
	55.1
	0.0
	0.0
	0.0
	0.0
	0.105

	Benmoreite
	NG26
	Peralkaline trachyte
	NG20
	78.9
	0.0
	8.3
	0.0
	0.0
	12.0
	0.8
	0.0
	0.0
	0.0
	0.168

	Hawaiite
	NG24-1
	Hawaiite
	NG24
	65.9
	4.7
	12.0
	0.0
	9.0
	0.0
	5.8
	2.7
	0.0
	0.0
	0.411

	Hawaiite
	NG142
	Mugearite
	NG8
	67.0
	1.4
	15.6
	0.0
	6.3
	0.0
	6.3
	3.4
	0.0
	0.0
	0.072

	Phonolite
	NG11
	Peralkaline phonolite
	NG9
	59.7
	0.0
	0.0
	0.0
	0.0
	39.0
	12.0
	0.0
	0.1
	0.0
	0.063

	Phonolite
	NG5
	Trachyte
	NG1Q
	77.0
	0.0
	8.0
	0.0
	0.0
	6.0
	1.0
	0.0
	0.0
	8.0
	0.059

	Mugearite
	NG8
	Phonolite
	NG5
	77.9
	0.0
	4.9
	8.6
	1.9
	0.0
	4.6
	2.1
	0.0
	0.0
	0.029

	Mugearite
	NG8
	Phonolite
	NG1X
	64.2
	0.0
	0.8
	20.0
	9.1
	0.0
	3.2
	2.7
	0.0
	0.0
	0.561

	Trachyte
	NG25
	Peralkaline trachyte
	NG20
	84.0
	0.0
	1.0
	0.0
	0.0
	15.0
	0.0
	0.0
	0.0
	0.0
	0.186

	Trachyte
	NG18-1
	Peralkaline trachyte
	NG20
	82.8
	0.0
	1.0
	0.0
	0.0
	16.0
	0.2
	0.0
	0.0
	0.0
	0.309

	Trachyte
	NG21
	Peralkaline trachyte
	NG20
	80.7
	0.0
	1.1
	0.0
	0.0
	18.0
	0.2
	0.0
	0.0
	0.0
	0.518

	Peralkaline trachyte
	NG1Q
	Peralkaline phonolite
	NG9
	45.3
	0.0
	6.0
	0.0
	0.0
	46.8
	1.5
	0.0
	0.4
	0.0
	0.081



[image: image12]
Fig. 11 Modeling of the differentiation by fractional crystallization of Ngaoundéré lavas using major-element data in the least square mass balance calculation. Sums of the square residues (Ʃr2) are indicated.

Trace elements modeling of closed-system Assimilation and Fractional Crystallization (AFC, DePaolo, 1981) has been attempted using bulk distribution coefficient values from the literature (Wöner et al., 1983; Irving and Frey, 1984; Green, 1994) and mineral proportions as previously determined in major element modeling (Tab. 14); results of modeling are consistent with a differentiation of the whole lava series dominated by AFC (Fig. 12). It occurred that modeling using such an AFC process failed for tentative derivation of some phonolites and trachytes from any proposed parental felsic lavas of the series.

[image: image13]
Fig. 12 Tests of closed-system fractional crystallization used for the genesis of the north and east of Ngaoundéré Mio-Pliocene lavas (from basalt to felsic) : (1) from basalt to hawaiite, (2) from hawaiite to mugearite, (3) from mugearite to benmoreite and (4) phonolite, (5) from trachyte to perlakaline trachyte. Primitive mantle-normalized (after Hofmann, 1988) trace elements patterns of calculated, daughter and analyzed parental liquids for each test are indicated.

5.2. Mixing: Daly gap

Harker and element–element variation diagrams (Figs. 3, 5, and 6) consistently reveal a compositional gap between basaltic and felsic lavas, corresponding to 41 < D.I. < 71 and 47 < SiO₂ < 54. The scarcity of lavas with intermediate compositions—represented in the present study area of Ngaoundéré by only three mugearites and a single benmoreite—is a characteristic feature of many alkaline magmatic series and is commonly referred to as the “Daly gap”.

Although minor occurrences of intermediate compositions have been documented within this gap along the Cameroon Volcanic Line (Déruelle et al., 1991; Marzoli et al., 1999; Déruelle et al., 2007) and on the Adamawa Plateau (Nkouandou et al., 2008, 2010), their overall abundance remains limited. In the Ngaoundéré region, the presence of this compositional gap cannot be attributed to sampling bias, as all accessible outcrops were systematically investigated.

Several hypotheses have been advanced to account for the Daly gap (Thompson et al., 2001). These include: (i) the inability of intermediate magmas to erupt due to a restricted temperature interval; (ii) increased viscosity resulting from crystal fractionation, which may inhibit the ascent and eruption of intermediate magmas; and (iii) variations in magmatic residence time and cooling rates, potentially leading to a bifurcation in the liquid line of descent (Bonnefoi et al., 1995). A further explanation, which appears particularly applicable to the Ngaoundéré volcanic series, is that the gap reflects the extremely low proportion of residual melts of intermediate composition (< 0.2 wt.%). This interpretation is consistent with observations from the Mount Bambouto volcanic complex (Marzoli et al., 1999), where similarly limited volumes of intermediate magmas have been reported.

5.3. Source characteristics

Ratios of La/Ta and Th/Ta are similar to those of Tchabal Nganha volcano in Adamawa (9.8 and 1.1 respectively, Nono et al., 1994), the continental sector (Mt Cameroun: 10.4 and 1.1 respectively, Déruelle et al., 1987b) and oceanic sector (Bioko: 11.6 and 1.1, Déruelle et al., 1991) of the CVL and to those in basalts from some southern Atlantic ocean islands (St. Helena: 9.9 and 1.1, Ascension: 9.6 and 1.1, and Bouvet: 9.3 and 1.0, respectively, Weaver et al., 1987; Weaver, 1990).

5.4. Origin of the Ngaoundéré Miocene basaltic lavas

The contents of transitional elements (Ni: 120 ppm, Co: 55 ppm, Cr: 300 ppm, and V: 370 ppm) and of MgO (≈ 7 wt %) in basalts suggest the evolved character of their parental magma in comparison with a magma issued from low rate of partial melting of a lherzolitic mantle source with Fo90 and Ni=400 ppm (Green et al., 1974). Sr, Nd and Pb isotopic ratios of Ngaoundéré basaltic lavas are not quite similar to those of HIMU-type St Helena basaltic lavas (Chaffey et al., 1989 ; Zindler and Hart, 1986).

Numerous compositions of multicomponent mantle sources have been proposed for alkaline lava series worldwide (e.g. Stracke et al., 2005). Following the models proposed for the genesis of the magma sources of French Polynesia (Chauvel et al., 1992), we propose for the genesis of the Ngaoundéré basaltic magmas a model of the melting of a peridotitic mantle source with residual phlogopite + garnet phases. The best fit for the calculated composition of the magma source of Ngaoundéré basaltic lavas is: 0.18 DM + 0.81 MORB + 0.01 sediment (wt. %, Plank and Langmuir, 1998) with a partial melting rate of 2 wt. % (Fig. 13). The low partial melting rate is consistent with the high (Ce/Yb)N ratios (10.0-14.7) and which is similar to those calculated for the continental and oceanic sectors of the CVL (12 < (Ce/Yb)N < 22, Kamgang et al., 2010). The melting may take place at a depth of ≈ 80 km in the garnet + phlogopite stability fields. The composition of this source is slightly different (in Sr-Nd-Pb isotope) from that of FOZO-type source proposed for the CVL (Déruelle et al., 2007) and has probably been further affected by the metasomatism process (Wendland & Harrison, 1979). Felsic lavas may contain high La (up to 310 ppm) and Ce (up to 524 ppm) thus enhancing the highly enriched in LREE of the CO2 vapours metasomatism agent activity (Frey et al., 1974).

[image: image14]
Fig. 13 Partial melting rate of the north and East of Ngaoundéré Mio-Pliocene volcanism. Result of REE (a) and trace elements (b) modeling.

5.5. Crustal contamination

The mean Zr/Hf value (47.2) for Ngaoundéré basalts is in the range (36.6 ± 2.9-39 ± 5, Jochum et al., 1986 to 44.4± 5, Dupuy et al., 1992) of worldwide intracontinental alkali basalts. The low Zr/Nb ratios (39.2 ± 5) of peralkaline trachytes may probably result from fractionation of aegirine-augite (with Zr contents up to 8000 ppm, Tab. 3b) (Duggan, 1988; Farges et al., 1994). In the normalized diagrams, the Ngaoundéré lavas present positive anomalies in Nb and Ta, which rule out any assimilation of materials of continental crust composition (Kelemen et al., 1993). The relatively low contents in Ta (Fig. 6 and 7b) and Nb (Tab. 12) measured in the peralkaline phonolite (NG9) compared to those in other felsic lavas of Ngaoundéré may be the result of titanite fractionation (trachyte DTa=16-19, Green and Pearson, 1987)

Sr and Nd isotopic data of Ngaoundéré basaltic lavas (Tab. 13) fall within the range of continental and oceanic sectors of the CHL (0.7030 < 87Sr/86Sri < 0.7034, +1.7 < εNd < + 7.0, Déruelle et al., 2007) and of the Adamawa plateau (0.7030 < 87Sr/86Sri < 0.7032, εNd ≈ + 3.6, Nono et al., 1994, and unpublished). Such ratios preclude any contamination of basaltic magmas by continental crust materials. Some felsic lavas, such as trachyte (NG18-1) and peralkaline trachyte (NG20), have high 87Sr/86Sri ratios (0.7043 and 0.70685, respectively). Nd isotopic data for felsic lavas are similar to those of basaltic lavas (+2.4 < + εNd < 3.9). Peralkaline trachyte (NG20) has a lower εNd value (+ 2.3).
6. Conclusion

Petrographic, mineralogical, and geochemical investigations of the Cenozoic volcanic rocks from the Ngaoundéré region indicate the presence of a cogenetic alkaline lava series. Magmatic differentiation is predominantly governed by fractional crystallisation processes, despite the existence of a compositional gap between basaltic and felsic lithologies.

Petrogenetic modelling of the parental magma compositions for the entire series suggests derivation from a low degree of partial melting (approximately 1–2 wt.%) of a FOZO-type mantle source, comprising approximately 18 wt.% mid-ocean ridge basalt (MORB), 81 wt.% depleted mantle (DM), and 1 wt.% pelagic sediment. Melting is inferred to have occurred within the garnet stability field at an estimated depth of ~80 km, with residual phlogopite present in the source.

The resulting parental magmas subsequently evolved through fractional crystallisation of olivine, Fe–Ti oxides, and clinopyroxene (± plagioclase), generating hawaiitic compositions. Continued crystallisation of these phases, together with amphibole, apatite, and titanite, led to the formation of mugearitic magmas. More evolved compositions, including benmoreites and other felsic lavas, were produced through further fractionation involving K-feldspar, clinopyroxene, amphibole, biotite, Fe–Ti oxides, nosean, nepheline, and aenigmatite.

The characteristic spoon-shaped rare earth element (REE) patterns observed in felsic lavas are attributed to the late-stage crystallisation of amphibole and accessory phases such as titanite. Basaltic lavas appear to have remained largely unaffected by crustal contamination. In contrast, certain felsic lavas, including trachyte (sample NG18-1) and peralkaline trachyte (sample NG20), exhibit evidence of limited crustal assimilation during their evolution. Nevertheless, the felsic lavas of the Adamawa Plateau cannot be interpreted as products of continuous crustal contamination, in contrast to models previously proposed for some felsic magmas of the continental sector of the Cameroon Volcanic Line.
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