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Abstract Thirty-one plugs of alkaline volcanic rocks of
Cenozoic age (37 Ma in mean) occur in the Upper Benue
valley, northern Cameroon (Central Africa). The
complete alkaline series (alkaline basalts, hawaiites,
mugearites, phonolites, trachytes and rhyolites) is repre-
sented. Basalts contain phenocrysts of olivine, Al-Ti-rich
diopside, and Ti-magnetite, and hawaiites-abundant
microphenocrysts of plagioclase. Mugearites have a
trachytic texture and contain xenocrysts of K-feldspar,
apatite, quartz and unstable biotite. Phonolites are per-
alkaline. Trachytes (peralkaline and non-peralkaline) and
rhyolites are characterised by their sodic mineralogy with
aegirine-augite, richterite, and arfvedsonite phenocrysts.
There is a large compositional gap between basaltic and
felsic lavas, except the mugearites. Despite this gap,
major- and trace-element distributions are in favour of a
co-magmatic origin for the basaltic and felsic lavas. The
Upper Benue valley basalts are similar in their chemical
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and isotopic features to other basalts from both the con-
tinental and oceanic sectors of the Cameroon Line. The
Upper Benue valley basaltic magmas (*’Sr/**Sr~0.7035;
& Nd= +3.9) originate from an infra-lithospheric reser-
voir. The Sr—Nd isotopic composition and high Sr con-
tents of the mugearites suggest that they are related to
mantle-derived magmas and that they result from the
mixing, at shallow crustal levels, of a large fraction of
trachytic magma with a minor amount of basaltic magma.
Major-element modelling of the basalt—trachyte evolu-
tion (through hawaiite and mugearite compositions) does
not support an evolution through fractional crystalliza-
tion alone. The fluids have played a significant role in the
felsic lavas genesis, as attested by the occurrence of F-rich
minerals, calcite and analcite. An origin of the Upper
Benue valley rhyolitic magmas by fractional crystalliza-
tion of mantle-derived primitive magmas of basaltic
composition, promoted or accompanied by volatile,
halogen-rich fluid phases, may be the best hypothesis for
the genesis of these lavas. These fluids also interact with
the continental crust, resulting in the high Sr-isotope
initial ratios (0.710) in the rhyolites, whereas the Nd iso-
topic composition has been less affected (¢ Nd = +0.4).

Introduction

The Benue trough (Fig. 1) is an intra-continental rift
trending N50°E and belonging to the Mid-African Rift
System (MARS). The MARS propagates far inside Africa
from the earlier equatorial rifts of the South Atlantic
(Kampunzu and Popoff 1991; Guiraud and Bosworth
1997). The Benue trough extends northwards into the
Gongola branch and eastwards into the Yola branch
(Nigerian part of the Upper Benue valley). The Garoua
rift is the N120°E-130°E propagation in Cameroon of
the Yola branch and is limited by strike-slip faults. The
main stage of rifting occurred during Neocomian to
Lower Aptian times (Benkhelil 1988). Then, subsidence
during the Aptian and Albian favours the accumulation
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of voluminous conglomerates and sandstones (up to
5,000 m thick) which were folded during a regional
Santonian compression (Guiraud 1993; Ngounouno et al.
1997) and faulted during Cenozoic times.

Numerous interpretations have been given to explain
the formation of the Cameroon Line (for a compre-
hensive review, see Déruelle et al. 1991). Among these,
the Cameroon Line has been considered as:

— a volcanic alignment made of a succession of horsts
and grabens (Géze 1943; Déruelle et al. 1987, 1991);

— a volcanic and subvolcanic alignment resulting from
hot-spot activity (Duncan 1981; Morgan 1983; Van
Houten 1983);

— an active rift system produced by a thermal anomaly
in the asthenosphere, this last model being essentially
based upon the approximate "Y" shape and similar
size of both the Benue trough and the continental

segment of the Cameroon Line-Adamawa horst—Biu
Plateau (Fitton 1980, 1983).

All the above interpretations have been recently dis-
cussed (Déruelle et al. 1991), and the most widely accepted
structural explanation is that the N30°E Cameroon Line
is due to the rejuvenation of a Pan-African N70°E frac-
ture zone at the beginning of the opening of the Atlantic
Ocean (Moreau et al. 1987). More recently, the Cameroon
Line has been distinguished from a rift system, and it is
considered as a "hotline" resulting from lithospheric
cracks (N30°E) tapping sublithospheric mantle (Déruelle
et al. 1998). The mantle hotline hypothesis has been
supported by deep-imaging seismic and gravity study on
offshore Cameroon Line (Meyers et al. 1998) and recent
geochemical study on Bambouto, Oku and Adamawa
(Marzoli et al. 1999, 2000). Whether or not the volcanism
of the Cretaceous Garoua rift is related to that of the



Cameroon Line 1is still debated. Nevertheless, the
volcanism (27-35 Ma) of the Kapsiki plateau (200 km
north of the Cretaceous Garoua rift) has been recently
considered as the northernmost volcanic zone of the
Cameroon Line (Ngounouno et al. 2000). Therefore, it is
possible that the volcanism of the Upper Benue valley also
belongs to the Cameroon Line.

Geological setting

The Cretaceous Garoua rift covers an area of 4,500 km?.
It is a huge, flat basin (altitude 330 m a.s.l.) crossed over
by the 5-km-wide flood plain of the Benue River where
the river itself draws many meanders. It is composed of
two major sedimentary units separated by an unconfor-
mity (Ngounouno et al. 1997). The Jurassic-Neocomian
syn-rift lower unit consists of fan-shaped debris cones
deposited on the basement margins of the rift, and of
clays and fine-grained sandstones in its centre part. Some
ante-Aptian volcanic units are interbedded with these
sediments. The Upper Benue valley sandstones, which
are the lateral stratigraphic equivalent to the Upper Bima

Fig. 2 Geological map (after Ngounouno 1993) of the study area in
the Upper Benue valley (Cretaceous Garoua rift; for lava
nomenclature, see Fig. 3). Bangli, Kokoumi, Tcheboa and Tou-
roua villages are indicated by small closed dots
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sandstones in Nigeria, represent the Albian—Aptian post-
rift upper unit.

Gravity studies indicate the superposition of a re-
gional positive anomaly with residual negative short-
wave anomalies parallel to the E-W and NI20°E
structures which limit the Garoua rift. Whereas the re-
gional positive anomaly indicates a crustal thickness of
18 to 22 km (Poudjom Djomani et al. 1995, 1997), the
elongate negative anomalies correspond to more than
5,000-m-thick sandstone accumulations (Elf-Serepca,
unpublished data). Available seismic profiles indicate
that the bottom of the Garoua rift is a mosaic of half-
grabens and horsts covered with various sediment units
separated by unconformities and intensively hatched by
listric faults (Ngounouno et al. 1997).

Despite difficult access to the field area, all the lava and
intrusive exposures have been carefully sampled during
intensive fieldwork with the help of native inhabitants. A
1/50,000-scale geological map has been established
(Fig. 2). Thirty-one volcanic necks, domes, and basaltic
lava flows are scattered in this area. The lavas are basalts,
hawaiites, mugearites, phonolites, trachytes and rhyolites
(nomenclature: see Fig. 3). The heights of the necks and
domes vary between 150 and 250 m, the smallest dome
being only 30 m high. They are generally broadly circular
(diameter between 1 and 4 km) and sometimes elongated
(1.5%2.5 km). They are limited by steep cliffs (70°) sur-
rounded by a ring of scree made of metric to decametric
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Fig. 3 Nomenclature of the lavas of the Upper Benue valley
according to their differentiation index (D.I., Thornton and Tuttle
1960; see Table 3)

lava blocks. Sometimes, the blocks are left above sand-
stone erosion columns. The sandstones are slightly
metamorphosed (on a metric scale) into reddish quartz-
ites at the contact with felsic lavas. The total volume of
exposed lavas is around 5.3 km®. Felsic lavas (4.6 km®
exposed) and the mugearites (0.7 km? exposed) are by
far more voluminous than basaltic ones (0.001 km®
exposed). A theralite dyke outcrops at Nakong. This rock
contains small phenocrysts of olivine (16 vol%), diopside
(10 vol%) and kaersutite (5 vol%) enclosed by plagio-
clase oikocrysts. Analcite is abundant. Numerous dykes
of lamprophyres (monchiquites) of Cenozoic age
(37.5+£2.3 Ma) outcrop in the Tchircotché area. They are
composed of diopside and subsilicic kaersutite pheno-
crysts, Ba-Ti-rich biotite microphenocrysts, and
Cr-diopside xenocrysts scattered in a matrix of analcitic
composition containing oligoclase, albite and sanidine—
anorthoclase microlites and carbonate ocelli.

Well-defined lineaments have been reported on the
geological map. They correspond to the main directions
formerly recognised along the Cameroon Line (N-S,
N70°E, E-W and N130°E; Moreau et al. 1987). These
directions, which are also recognised in the surrounding
Precambrian basement, correspond to crust discontinu-
ities inherited from the Pan-African orogeny and reac-
tivated during Mesozoic and Cenozoic times.

K-Ar ages

The analytical procedure which is fully described elsewhere
(Bonhomme et al. 1975; Montigny et al. 1988) is summarised
below. Potassium content is determined by flame photometry with
a lithium internal standard. Argon is extracted in a heat-resistant
glass vacuum apparatus and determined by isotope dilution (**Ar

as a tracer), using a MS20 mass spectrometer. All samples are
measured in the static mode. The set of constants recommended by
Steiger and Jager (1977) is used for age calculation. Quoted
uncertainties represent estimates of analytical precision at one
standard deviation. They are calculated after the procedure given
by Cox and Dalrymple (1967).

The striking feature of the analytical results (Table 1) is an age
convergence around 37 Ma. Irrespective of rock type, five samples
give this date and the slightly different values yielded by basalts 4P
and G22, 39.7+0.9 and 34.8+0.8 Ma respectively, cannot be
considered to be significantly different. The assumed instantaneous
cooling of the rocks, the freshness of the samples and the afore-
mentioned age convergence lead us to regard the 37-Ma age as
mirroring the emplacement of the volcanic rocks. Moreover, the
age range suggests a rather discrete event between 35 and 40 Ma.

Nomenclature and petrography

The lavas are named (Fig. 3) according to both the
differentiation index (D.I., Thornton and Tuttle 1960)
and phenocryst distribution (Fig. 4, Table 2). Basaltic
lavas include basalts and hawaiites. Felsic lavas are
phonolites, trachytes, and rhyolites. Mugearites are in-
termediate lavas between the basaltic and felsic groups.

Basalts (4P, G23, G22 and T1) have a porphyritic
texture with phenocrysts of olivine (0.6 to 2 mm), brown
clinopyroxene (no green cores have been observed), Fe—
Ti oxides and rare plagioclase. The groundmass is fine-
grained with an intergranular texture, and composed of
plagioclase microlites, subhedral to anhedral brown
clinopyroxene and Fe-Ti oxides. Analcite of hydro-
thermal origin (<150 pm) crystallised lately between
plagioclase laths. Basalt 4P contains xenocrysts of oli-
vine (with Cr-rich spinel inclusions of ~20 pm) and
quartz (2 to 5 mm). The quartz xenocrysts are embayed
and rimmed by brown glass and surrounded by a green
clinopyroxene corona; some have completely recrystal-
lised into small crystals of clinopyroxene.

The hawaiite (sample K98) contains abundant pla-
gioclase microphenocrysts (up to 0.5 mm) and scarce
phenocrysts of clinopyroxene (with pink core and
brownish rim) and of Fe-Ti oxides. The groundmass is
rich in plagioclase, granular clinopyroxene, biotite
(<0.1 mm) and Fe-Ti oxides (10-30 pm).

Mugearites (samples BG1, BG3) have a trachytic
texture. They are distinct from basaltic lavas as they do
not contain any of the phenocrysts present in these lavas.
They contain xenocrysts of K-feldspar (sometimes
replaced by carbonates and analcite), apatite, and un-
stable biotite more or less transformed into Fe—Ti oxides

Table 1 Whole-rock K-Ar

analytical results for theUpper ~ Sample number, petrographic type K,0 100 t?i‘li%’:rr Rad. “Ar Age (+0)

Benue valley lavas (Wt%) (107" mol/g) (Ma)

(4,=0.581x10""%a"";

Jp=4.962x10"""a""; G22, basalt 2.05 84 10.39 34.840.8

YK /K =1.167x10"* mol/mol) 4P, basalt 1.33 67 7.69 39.74+0.9
4E, trachyte 5.36 89 29.24 37.5+0.6
MU, trachyte 5.41 77 29.41 37.4+0.6
F2, rhyolite 4.32 34 23.11 36.8+0.9
4L, trachyte 5.33 91 28.93 37.3+£0.6
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Table 2 Modes of Upper Benue valley lavas (in vol%) determined by counting 3,500 points
Lava type Basalt Hawaiite Mugearite Phonolite Trachyte Rhyolite
Biotite-  Biotite-richterite-bearing Peralkaline
bearing
Sample 4P G23 Tl K98 BG3 R4 N6 G5 F9 RI112 4G R6 4L F5 4E MDS5 KA4 MUI F3
Phenocrysts
Quartz 0.4%
K-feldspar 32 63 1.1 99 46 13 78 1.2 52 37 0.5 302 188
Ca-plagioclase 0.2 <0.1 <0.1 5.1*
Albite 3.8 34363 0.5 4.1
Nepheline 133 63 0.6
Olivine 10.5 104 22
Clinopyroxene 0.6 6.5 1.7 0.1 2.1 24 1.6 2.7 0.6
Amphibole 0.6 <0.1 0.8 1.1 0.2 63 <0.1 6.1 83 1.6
Aenigmatite 1.3 0.1 0.8 1.5 3.1
Biotite 43 22 0.1 02 22 06 1.3 1.1
Fe-Ti oxides 2.1 7.1 09 1.3 5.1 03 0.6 1.6 1.0 1.3 1.1 1.5 0.6 0.8
Apatite 0.1 1.3 1.9 1.2 03 0.6 0.1 09 0.1
Total 134 240 48 6.5 5.1 23.8 18.7 38.1 18.3 15.0 7.2 38132 27145 49102 492 214
Groundmass 81.2 69.8 87.6 93.5 84.5 752 81.3 61.9 81.7 85.0 92.8 96.2 86.8 97.3 85.5 95.1 89.8 50.8 78.6
Xenocrysts
Quartz 24 44 6.5 1.4
K-feldspar 4.7
Olivine 1.0
Clinopyroxene 2.0 1.8 1.1 1.0 <0.1
Biotite 4.2
Apatite 0.1
“Microphenocrysts (diameter between 0.05 and 0.5 mm)
and chlorite. The matrix is made of microlites of Phonolites are peralkaline (1.01 <P.I.<1.07) with

K-feldspar and Fe-Ti oxides and of scarce laths of normative acmite (up to 1.15%) and Na-silicate. The
plagioclase (0.1-0.2 mm long). Round-shaped xeno- texture is trachytic with hedenbergite, aegirine-augite
crysts of quartz (3 to 5 mm diameter) can occasionally be and aenigmatite phenocrysts surrounded by small,
present. aligned albite and sanidine microlites stacked upon one
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another. Nepheline occurs as large phenocrysts and is
often replaced by analcite. Hastingsite phenocrysts
partially transformed into tiny Fe-Ti oxides and sodic
hedenbergite are present in some phonolites (B2 and G5)
which can therefore be distinguished from the others.
Microphenocrysts of sodalite are observed around
rounded albite phenocrysts (R4, N6). Sphene and apa-
tite microphenocrysts are commonly present. Sieve-
textured crystals of plagioclase are common, with a
limpid core surrounded by a dark zone made of an
inhomogeneous mixture of skeletal plagioclase and
glass. Xenocrysts (up to 6 mm long) of Ca-rich clino-
pyroxene are commonly observed (sample R4).

Trachytes and rhyolites are characterised by their
sodic mineralogy with aegirine-augite, richterite, and
arfvedsonite phenocrysts. Trachytes do not contain
quartz microphenocrysts whereas these are ubiquitous in
rhyolites. Some trachytes are almost aphyric whereas
others are highly porphyritic (up to 49 vol% pheno-
crysts), with anorthoclase as the dominant phenocryst
phase. The matrix of trachytes is composed of flow-
aligned alkali feldspar, richterite, biotite, apatite, and
Fe-Ti-oxide microlites. Analcite is interstitial and quartz
Xenocrysts may occur.

Two types of trachytes occur (peralkaline and non-
peralkaline), independently of their quartz-normative
content.

Peralkaline trachytes (MUI1, KA4) contain pheno-
crysts of aegirine-augite, richterite, arfvedsonite,
aenigmatite, albite and sanidine—anorthoclase. Aegirine-
augite crystals are sometimes pseudomorphosed by
magnetite. Peralkaline trachytes have normative acmite
(up to 1.7%) and Na-silicate, and their P.I. is comprised
between 1.0 and 1.1.

Non-peralkaline trachytes can be classified into two
quartz-normative groups. Trachytes from both groups
have neither acmite nor Na-silicate in their norms, and
their P.I. is lower than one. All contain phenocrysts of
anorthoclase rimmed by sanidine. Biotite-richterite-
bearing trachytes (4G, MD4, R6, 4L, DJ1, F5, 4E, MDS5)
are distinct from biotite-bearing trachytes (B8, F7, F9,
F10, R111, R112). The former contain phenocrysts and
microlites of arfvedsonite or richterite; the phenocrysts of
biotite and richterite are sometimes replaced by carbon-
ates. The latter contain phenocrysts of Fe—Ti oxides.

The rhyolites (F2, F3) contain quartz and alkali
amphibole microphenocrysts (<0.6 mm), aegirine-
augite and anorthoclase phenocrysts. They have a
microlitic porphyritic texture and are peralkaline, with
normative acmite (up to 0.8%) and Na-silicate, and high
P.I. (=1.1). The matrix is made of aegirine-augite
(<0.2 mm) and arfvedsonite microphenocrysts, and late
analcite and calcite.

Mineralogy

All mineral analyses were performed on an automated SX Cameca
electron microprobe at the University Pierre et Marie Curie, Paris

(Ngounouno 1993; eTables 1 to §; note that eTables can be found
in the electronic supplementary material). They display evolution-
ary compositional trends according to increasing differentiation of
their host lavas.

Olivine

Meg-rich olivine (eTable 1) occurs only in basalts and is often the
dominant phenocryst phase. The crystals are generally homoge-
neous, but can sometimes have Mg-rich cores (Fogs 7;) and less
magnesian rims (Fo7, ¢g). Crystallisation temperatures for pheno-
crysts have been estimated at 1,150 =20 °C (after Roeder and Emslie
1970, and Leeman 1978, using bulk-rock composition as a liquid).

Clinopyroxenes

Ca-rich pyroxene occurs in basalts and hawaiites (eTable 2).
Compositions range from WoyugEnsgFs;y to WoysEngsFsy, and
belong to the diopside field of the pyroxene quadrilateral (not
shown). The phenocrysts are rich in aluminum (3.3-7.2 wt%
Al,O3) and titanium (1.8-4.8 wt% TiO,), the highest Al and Ti
contents being found in rims. Ti/Al ratios are almost constant (0.32
to 0.35) in cores and rims. Assuming a temperature of 1,000 °C,
equilibrium pressures can be estimated at 2.7+0.4 kbar (after
Nimis 1999) for the cores of phenocrysts in basalts. In phonolites,
peralkaline trachytes and rhyolites, pyroxene phenocrysts and
microlites display a large compositional range (Fig. 5), from sodic
hedenbergite to aegirine. Their Na, Fe* ", and Ti contents increase
with decreasing Ca and Mg contents. High TiO, contents
(3.4 wt%) in aegirine microlites indicate a low-crystallisation tem-
perature (<600 °C; Ferguson 1977). The occurrence of Fe-NAT
(NaTiy sFe?.5S1,0¢) in aegirine microlite rims suggests low oxy-
gen fugacity during crystallisation (Nielsen 1979; Duggan 1988).

Amphiboles

Hastingsite, richterite and arfvedsonite occur in phonolites,
trachytes and rhyolites (Fig. 6; Table 3). Cores of hastingsite

Ac

@ basalts
M hawaiite

O phonolites

X peralkaline trachytes
+rhyolites

Di Hd

Fig. 5 Compositional variations of the pyroxene phenocrysts and
microlites from the Upper Benue valley felsic lavas in the Di-Hd-
Ac diagram (diopside-hedenbergite—acmite, cation%; nomencla-
ture after Morimoto 1989). Phenocrysts from basalts and hawaiite,
and xenocrysts from basalts and phonolite R4 are also indicated
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phenocrysts are richer in Mg, Ti, and Ca, and poorer in Fe and
Na than rims. Richterite occurs as subhedral phenocrysts and as
microlites. Phenocrysts are zoned with Al-Mg- and Fe-Mn-poor
cores. Richterite is characterised by a wide range in Mg# (0.10—
0.23), high alkali ((Na,O+K,0)>8.0 wt%) and FeO contents
(up to 33.9 wt%), moderate TiO, (0.2 to 1.6 wt%), and low
AlLO3 (0.2 to 1.7 wt%) contents. Al-Ti substitution occurs at low
levels (less than 0.2 atom per formula unit). Iron occurs as Fe**
Arfvedsonite is rich in Mg (up to 3.6 wt% MgO), poor in Al
(<0.4 wt% Al,O3) and Ca (0.7-1.4 wt% CaO), and contains
unusually large amounts of Mn (up to 7.3 wt% MnO) and F (up
to 4.6 wt%). Such high Mn contents could result from low oxy-
gen fugacities which prevent Fe-Ti-oxide crystallisation in the
peralkaline trachytes and rhyolites. In peralkaline trachytes, the
high Fe contents in richterite indicate temperatures around
950 °C, oxygen fugacities equivalent to the FMQ buffer, and low
pressure during crystallisation (Charles 1975). Nevertheless, high
F contents in richterite and arfvedsonite indicate crystallisation
under low oxygen fugacity in a late magmatic-subsolidus stage
(Strong and Taylor 1984). Amphibole compositions vary in the
peralkaline felsic lavas (Fig. 6) from hastingsite to richterite and
arfvedsonite, involving dommantly substitutions under reducing
conditions according to the Al'Y«>Ca substitution. We refer to
this evolution from hastingsite and richterite (igneous) to arfv-
edsonite (oikocrystic amphiboles) as the subsolidus trend (Giret
et al. 1980).

Biotite

Biotite phenocrysts (eTable 4) and microlites occur in trachytes.
They are rich in Fe (Mg/Fe=1.1-1.7), Ba (up to 6.2 wt% BaO), Al
(=13.5 WtA) AIZO ) and Ti (up to 8.5 wt% TiO,, Fig. 7). Occur-
rence of Fe* " is expected in the tetrahedral site, as Si and Al are
not sufficient to fill this site (Si+ Al<7.9), and the number of ca-
tions in Y-sites is below the theoretical value (6). Fluorine contents
are high (up to 2.4 wt%). High Ti contents in biotite indicate high
temperature (1,000 °C, estimate after Hansen 1980), high oxygen
fugacity, and low pressure (estimates after Esperanga and Hollo-
way 1987) during crystallisation.
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Fig. 7 Compositional variations of the biotite from the Upper
Benue valley lavas in the TiO,-Mg# diagram. Arrows indicate the
core to rim zonation of the phenocryst or xenocryst

Aenigmatite

Phenocrysts and microlites of aenigmatite (eTable 5) occur in
peralkaline trachytes and in some phonolites. Aenigmatite phe-
nocrysts are always adjacent to Fe-richterite and/or Na-heden-
bergite ones. Phenocrysts in peralkaline trachytes have high Mn
(up to 4.2 wt% MnO) and Ti (up to 6.9 wt% TiO,) contents.
Higher contents (6.9 and 8.8 wt% respectively) are found in
microlites of phonolites. In peralkaline trachytes and in phonolite
R4, aenigmatite is rich in niobium (0.13 <NbyOs wt% <0.45),
although not as rich as that from one phonolite of Rumpi Hills,
SW Cameroon (Nb,Os wt%=0.70; Farges et al. 1994). Fe con-
tents (0.5 to 1.3 a.p.f.u.) allow calculatlon of large amounts of
Fe-aenigmatite (up to 34%) and of Fe* " -Tschermak (up to 19%)
in their respective sites. Contents in CaO (0.1 to 0.5 wt%) and
ALO; (0.5 to 1.7 wt%) are low. Such high Fe** contents indi-
cate oxygen fugacities lower than those of the FMQ buffer
(estimates after Ernst 1962), and such low Ca and Al contents
indicate low temperature (estimates after Larsen 1977) during
crystallisation. There is no Fe-Ti oxide coexisting with
aenigmatite in phonolites and peralkaline trachytes, in conformity
with the "no-oxide" field established by Marsh (1975) in a fO,T
diagram for similar lavas which also contain the Na-pyroxene—
aenigmatite association.

Ti-magnetite

In basalts, Ti-magnetite occurs as subhedral crystals enclosed in
olivine or Ti-diopside phenocrysts (Fe recalculated after Stormer
1983). In phonolites, Ti-magnetite is Mn-rich and Ti-depleted
(12.2-15.9 wt% TiO,; eTable 6). Contents in MnO increase (0.5 to
5.9 wt%) and contents in MgO (4.4 to 0.1 wt%) and Al,O5 (6.2 to
0.1 wt%) decrease from basalts to phonolites and trachytes.

Feldspars

The basalts contain plagioclase microlites and microphenocrysts
the compositions of which range from AngAbssOr; to
AnysAbs Ory (Fig. 8; eTable 7). Hawaiite K98 contains plagio-
clase microphenocrysts and microlites of significantly distinct
compositions (Ans;Abs;Or, and An,gAbgOrg respectively). The
phonolites contain microlites of albite (An,Aby;Or;) and sanidine
(An;AbgOry;) and resorbed phenocrysts of albite (AnsAby4Ors)
which are crenellated due to a late overgrowth of sanidine, as in
sample R4. The peralkaline trachytes contain phenocrysts of albite
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basalts

hawaiite

mugearites (xenocrysts)

phonolites

trachytes :
biotite-bearing
biotite-richterite-bearing
peralkaline

rhyolites

An

orHe

+ x0OD

Fig. 8 Compositions of feldspars (mol%) from the Upper Benue
valley lavas (microlites in basalts, microlites and microphenocrysts
in hawaiites, xenocrysts in mugearites, and phenocrysts in
phonolites, trachytes and rhyolites

(Abgg to Abgg) and microlites of anorthoclase (AbgyOryy to
Ab730r;,5) whereas the other trachytes contain phenocrysts and
microlites of anorthoclase (Ans ¢Absg 500r7.44). The rhyolites
contain alkali feldspar phenocrysts (Or5s to Or,g). The evolution of
feldspar compositions from albite to sanidine in phonolites and
peralkaline trachytes can tentatively be explained by the presence
of F-rich fluids which induced decreasing of liquidus temperature
and depolymerisation of silicate liquids (Mysen 1991).

Feldspathoids

Nepheline composition (mol%) varies between NeggKs1,Qzg and
Nes;KsgQzss (Fig. 9; eTable 8). Na,O content varies between 14.8
and 17.2 wt%, and K,O and recalculated Fe,O3 contents are high
(up to 4.9 and 1.8 wt% respectively). The temperature of crystal-
lisation of nepheline in phonolite R4 is mostly lower than 700 °C
whereas it is higher in phonolite N6 (estimates after Hamilton
1961). Petrographic observations indicate that the nepheline crys-
tallised as a primary phase. In phonolites, analcite and sodalite
occur as accessory mineral phases and sodalite is anomalously rich

Si02 Qz

Phonolites
o R4 50
® N6
Ks
10 20 -
NaAISiO, KAISiO,

Fig. 9 Compositions of nepheline (mol%) from the Upper Benue
valley phonolites. Isotherms (after Hamilton 1961) and the trend
(dashed line) of natural low-T nephelines (after Barth 1963) are
indicated

in Na,O and Cl (22.3 and 6.8 wt% respectively). The soda-
lite + nepheline + sanidine association indicates low pressures of
crystallisation (1.6 <P kbar <2.8; estimates after Wellman 1970).

Xenocrysts

Olivine xenocrysts are easily distinguished from phenocrysts by
their rounded shape and their numerous cracks. They occur in
basalt 4P together with Cr-spinel xenocrysts. Olivine xenocrysts
have higher Mg# (Fog, g7) and Ni contents, and lower Mn and Ca
contents than phenocrysts (¢Table 1). Their crystallisation tem-
perature (1,265 +70 °C, estimate as for phenocrysts, see above) and
pressure (7 kbar, estimate after Presnall et al. 1978) correspond to
those occurring at the discontinuity between the lower crust and the
upper mantle (=20 km).

Quartz xenocrysts surrounded by a clinopyroxene corona occur
in basalt 4P. This pyroxene is Ca-rich (Wog4g 46Ensg 37Fsi4 17),
poorer in Al (Al,03<0.35 wt%) and Ti (Ti0,<0.70 wt%) and
richer in Na (Na,O up to 1.45 wt%), Si and Ca than the Ca-rich
pyroxene phenocrysts (Fig. 5, eTable 2). Pyroxenes of such com-
position are commonly observed surrounding quartz xenocrysts in
basaltic lavas. High Si and Ca, and low Fe, Ti, and Al contents are
generally explained through a reaction between SiO, and the
basaltic magma. This reaction, which took place at the interface
between quartz crystals and the magmatic liquid, illustrates
increasing localised silica activity around the quartz crystals.

Meg-rich pyroxene xenocrysts (Di;oHd;gAcs) occur in phonolite
R4. Their composition (Fig. 5) is similar to that of Ca-rich py-
roxene phenocrysts found in basalt 4P.

Biotite in mugearites is strongly zoned with a greenish brown
core surrounded by a light brown, intermediate zone and a greenish
yellow rim, and has a reverse chemical zonation, similar to that
sometimes observed in biotite-bearing trachytes (Fig. 7).

Other xenocrysts are sanidine (Ang_;Abgs 3,013, ¢7) and apatite
in mugearites.

Conclusions
Mineral inspection pinpoints several features:

— the series is of definite alkaline character;

— the presence of olivine, pyroxene and quartz xenocrysts in bas-
alts testifies of wall-rock magma interaction in the crust;

— the occurrence of pyroxene xenocrysts in phonolites with a
composition similar to those of the pyroxene phenocrysts of the
basalts is a strong argument in favour of magma mixing. The
same argument applies for the sanidine and biotite xenocrysts of
the mugearite which are similar in composition to the pheno-
crysts observed in the trachytes;

— the high contents of fluorine (4.6 wt% in arfvedsonite, 2.4 wt%
in biotite), chlorine (6.8 wt% in sodalite) and CO, (attested by
the occurrence of carbonates in all the felsic lavas), and the late
transformation of nepheline into analcite stress the important
role played by fluids during the crystallisation of mineral phases.

Geochemiistry
Overview

Major- and trace-element compositions of selected rep-
resentative samples of the Upper Benue valley lava series
are presented in Table 3. Alkali basalts, hawaiites,
mugearites, phonolites, trachytes and rhyolites have
been analysed; they all belong to the alkaline series. The
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basaltic lavas (alkali basalts and hawaiites), the mugea-
rites, the phonolites and the peralkaline trachytes con-
tain normative nepheline (12.5 to 14.0%, 1.0 to 2.3%,
13.5 to 20.6%, and 0.5 to 1.8% respectively). Other
trachytes and rhyolites are quartz normative (2.3 to
13.7% and 18.8 to 20.9% respectively). Basaltic lavas
have moderate MgO contents (5.8 to 10.0 wt%).
Mugearites (61.6 <D.I.<65.2) plot between basaltic
(D.1.<40.3) and felsic lavas (D.I. >82.5) in all element—
element diagrams. These intermediate lavas disrupt the
clear bimodality of the series, contrarily to what has
been observed on the Kapsiki plateau, 200 km north-
wards (Ngounouno et al. 2000). In biotite-bearing and
biotite-richterite-bearing trachytes, normative corun-
dum is present. This is not an artefact resulting from
weathering because these lavas are petrographically
fresh (as attested by microscope observation) and have
rather low LOI contents, as all other lavas (except

mugearites), and also because they are peraluminous
(molecular (Na+ K+ Ca)/Al<1.0).

Major and trace elements

Major- and trace-element distributions vs. Rb content
are presented in Figs. 10 and 11. Rubidium has been
used as a differentiation index because of its large range
of variation (from 30 ppm in basalts to 230 in phonolites
and to 450 ppm in rhyolites), and because this element is
strongly incompatible and is excluded from the frac-
tionation processes.

Silica content increases with differentiation except in
phonolites where it is less abundant than in trachytes.
TiO,, Fe,O5* and CaO contents are high in basaltic
lavas (3.6, 16.0, and 9.8 wt% respectively) and decrease
strongly in felsic lavas. MgO and P,Os also decrease

Fig. 10 Major-element f f f f e basalts
variation diagrams vs. Rb for 701 Si02 * 1 = hawaiite :ra;hz:e_sb: fin
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drastically: the MgO content is typically less than
0.30 wt%, and the P,Os content less than 0.25 wt%
in felsic lavas (except in biotite-bearing trachytes).
The aluminium content is low in basalts and rhyo-
lites (Al,O3 wt% <13.8) and is higher in phonolites
(18.8 <ALLO; wt% <19.7). Compared to basalts, ha-
waiite and mugearites have high aluminium content
(Al,03 wt%=16.6). The Na,O contents and Rb con-
centrations (=40 ppm) in basalts are similar to those for
other basalts from the Cameroon Line (e.g. Mt Cam-
eroon, Déruelle et al. 2000) with similar D.I. (=30).
Mugearites, biotite-bearing trachytes, and rhyolites have
similar Na,O content (=5.5 wt%) but peralkaline
trachytes, and above all phonolites have much higher
content (Na,O wt% up to 9.4 in phonolites). The con-
tent in K>O increases from basalts and hawaiite

(1.2<K,0 wt% <2.3) to biotite-bearing trachytes (up
to 6.0 wt%); then it regularly decreases with differenti-
ation (K,O wt%=4.4 in rhyolites).

Only two basalts have high transition metal element
contents (Ni and Cr ppm>200, Co ppm>40, and
Sc ppm > 20); the other basalts have very low contents
of these elements. In felsic lavas the abundances of metal
transition elements (V, Cu, Cr, Co, and Ni) are usually
below the analytical detection limit. Zinc is high
(>200 ppm) in rhyolites and one peralkaline trachyte.
Beryllium contents increase from basalts (23 ppm) to
rhyolites (up to 15 ppm), except for biotite-bearing
trachytes which have low Be contents (=2 ppm) near the
analytical detection limit (0.9 ppm).

Basalts, hawaiites and mugearites are characterised

by high Sr and Ba contents (Sr>960 ppm and
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Ba > 670 ppm) and Sr/Ba ratios comprised between 1.3
and 2.0, but Sr contents are low (<150 ppm) in felsic
lavas. Biotite-bearing trachytes reveal high Ba contents
(> 1,200 ppm) and moderate to low Sr contents (87—
67 ppm); accordingly, Sr/Ba are about 0.1. Other types
of trachytes yield low Sr/Ba ratios varying between 0.1
and 0.5, reflecting high to moderate Ba contents and
moderate to low Sr contents. Contents in zirconium
increase from basaltic lavas and mugearites (250 to
500 ppm) to biotite-bearing trachytes (400 to 600 ppm)
and phonolites (~1,200 ppm) but decrease in rhyolites
(800 ppm). Contents in niobium are low in biotite-
bearing trachytes (80 to 110 ppm), basaltic lavas, and
mugearites (95 to 155 ppm), but higher in biotite-
richterite-bearing trachytes, phonolites and peralkaline
trachytes (up to 315 ppm), and even higher in rhyolites
(~450 ppm). The Zr/Nb ratios are nearly constant
(around 4) for the whole series, from basalts to phono-
lites and peralkaline trachytes (Fig. 12). The rhyolites
have drastically lower Zr/Nb ratios (=1.7), possibly
due to aegirine-augite (up to 1.07 wt% ZrO,) and
aenigmatite (up to 0.16 wt% ZrO,) fractionation in the
peralkaline trachyte magma. Yttrium contents range
between 20 and 50 ppm for all the lavas (biotite-bearing
trachytes having the lowest Y contents), except for the
peralkaline trachytes (=70 ppm). Concentrations in Yb
are higher in felsic lavas than in basaltic ones, except in
biotite-bearing lavas. Thorium contents increase regu-
larly from basalts to rhyolites, but biotite-bearing
trachytes and biotite-richterite-bearing trachyte MD4
plot below the main trend.

All the Upper Benue valley basalts are rich in light-
REEs (Fig. 13a) and have high (Ce/Yb)n (16.8-20.4)
compared to those of basalts with similar D.I. values
(30<D.I. <38) from the Kapsiki plateau (Ngounouno
et al. 2000) and Mt Cameroon (Déruelle et al. 2000).
The REE distributions of the basalts and hawaiite are
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Fig. 12 Zr-Nb diagram for Upper Benue valley lavas

quite similar, with high (La/Yb)y ratios (23.5-29.9) and
(La/Sm)y ratios varying between 3.8 and 4.3. Norma-
lised patterns show a regular decrease from La to Lu,
with a steep slope and no europium anomaly. By
contrast, felsic lavas display various distributions
(Fig. 13b):

— biotite-bearing trachytes yield normalised patterns
close to those of basalts, with (La/Yb)y ratios~24
and (La/Sm)y ratios~5;

— phonolites show (La/Yb)y ratios comprised between
22.8 and 27.1, high (La/Sm)y ratios between 9.7 and
13.6, and pronounced negative europium anomalies
(Eu/Eu*=0.5);
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Fig. 13a, b Primitive mantle-normalised REE diagrams for a
basalt, hawaiite, mugearite and biotite-bearing trachyte; and b

phonolite, trachytes and rhyolite from the Upper Benue valley
(normalisation data after Hofmann 1988)



— biotite-richterite-bearing and peralkaline trachytes
have somewhat different (La/Yb)y ratios (21.1-31.6)
whereas they all display remarkably constant (La/
Sm)y ratios (6.3-7.3) and significant negative Eu
anomalies;

— mugearite yields a peculiar REE pattern relative to

other felsic rocks, with low (La/Yb)y and (La/Sm)y

ratios (17.0 and 3.3 respectively) and no Eu anomaly;
rhyolite is also remarkable in the REE distribution,
with a low (La/Yb)y ratio (10.2), high (La/Sm)y ratio

(8.1), quite high HREE contents, and a well-defined

negative Eu anomaly.

Sr and Nd isotopes

Samples for Rb—Sr and Sm—Nd isotopic analyses were
dissolved in mixed HF-HNO; (10:1), and chemical sep-
aration was carried out by cation-exchange chromatog-
raphy; blanks were <1 ng. Sr and Nd isotopic ratios were
measured on a VG Sector 54 multicollector thermal
ionisation mass spectrometer. Replicate analyses of the
Merck Nd standard gave an average '*Nd/'**Nd value of
0.512742 +8 (normalised to '**Nd/'**Nd =0.7219), and
measurements of NBS 987 Sr yielded an average ®’Sr/*°Sr
value of 0.710247 + 7 (normalised to 3°Sr/*¥Sr=0.1194).
Epsilon Nd values were calculated assuming '*’Sm/
"Nd=0.1967 and "**Nd/'"**Nd = 0.512638 for CHUR
(after Ashwal et al. 2002).

Sr isotopic composition has been measured for the
whole sequence of lavas (basalts, hawaiite, mugearite,
phonolites, various trachytes, and rhyolites, Table 4).
Initial isotopic compositions (Sr;) have been recalculated
at 37 Ma. The basalts have uniformly low Sr; values of
0.70340 £0.00003. The phonolites (0.7034-0.7042) and
mugearite (0.7048) are slightly higher. The trachytes are
quite variable—their Sr; range from 0.7065 to 0.7106
(for KA4 peralkaline trachyte). The rhyolite also has a
high Sr; of 0.7107.

Some Nd isotopic measurements have been per-
formed (Table 4). The four analysed samples have pos-
itive &€ Nd(37 ma) values, ranging from + 3.9 for the
basalt and phonolite down to + 0.4 for the rhyolite. The
& Nd(37 ma) value for the single analysed trachyte is
+3.9.

Sr and Nd isotopic compositions for a gneiss sample
(IN4, Table 4) from the neighbouring Pan-African
basement (¥’Sr/*°Sr37 pay: 0.74900; & Nd 37 pay: —11.9)
are typical of the continental crust.

Discussion

Basalts contain phenocrysts of olivine (Fogs_gg), Al-Ti-
rich diopside and Ti-magnetite and xenocrysts of olivine
(Fogy g7) with Cr-Ti-rich spinel inclusions, and of
quartz. The hawaiites contain abundant plagioclase
microphenocrysts and Al-Ti-diopside phenocrysts. The

Table 4 Strontium and neodymium isotopic compositions. Rb and Sr have been measured by high-precision XRF unless otherwise indicated (see tablenotes). Data for the IN4 gneiss

sample from the Pan-African basement have also been indicated

Neodymium

Sample Strontium

Rock type

& Nd37 ma

143Nd/l44Nd 20

147Sm/l44Nd

Nd

*’Sr/**Sr)37 ma S

8Rb/%Sr  ¥7Sr/%%Sr 26

Sr

Rb

(ppm) (ppm)

(ppm) (ppm)

0.703480 0.000011 0.70342

0.114

957
953

37.7

4P

Basalt

0.703436  0.000010 0.70338

0.703407 0.000011

0.116

382
41

G23
Tl

0.000011 +3.86

0.512814

0.1066

99.3

17.5

0.70336

0.083

1,426
1,176

139

0.704904 0.000008 0.70483

0.151

61

BGl
R4

Mugearite

+2.06

0.000010

0.512814

45.7 0.0987

7.3

0.705946  0.000008 0.70364

4.393

211

210

Phonolite

0.709364 0.000010 0.70419

9.838

61.8

G5

99

+3.91
+0.37
-11.92

0.000008
0.000010
0.000009

0.512720
0.512639
0.512015

0.0966
0.1218
0.1495

107.9
28.3
7.1

7.6
5.7
4.2

1

0.71065

0.000010 0.70657

0.711197 0.000010 0.70822

0.710781
0.717407 0.000009 0.70858

0.720436  0.000011
0.734494  0.000007 0.71067
0.751236  0.000012 0.74900

5.669
8.006
16.805
18.593
45.335
4.257

71.5
55.7
35°
23.5°
29b
112

140
154
203P
151
453
164

R111
4L
MD5
KA4
F3
IN4
ple measured by isotope dilution mass spectrometry

Samples measured by ICPMS (see Table 3)

Biotite-bearing trachyte
Biotite-richterite-bearing trachyte
Peralkalinetrachyte

Rhyolite

Gneiss(Pan-African basement)
4Sam

b
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mugearites have a trachytic texture and contain mag-
netite phenocrysts, xenocrysts of sanidine, quartz, and
biotite. Phonolites are peralkaline with Na-hedenbergite,
+ Mg-hastingsite, aegirine-augite, Ti-aenigmatite,
nepheline and albite phenocrysts; they also contain mi-
crophenocrysts of sodalite, sphene, apatite, and xeno-
crysts of Ca-rich diopside. Two types of trachytes occur.
Peralkaline trachytes contain phenocrysts of aegirine-
augite, richterite, arfvedsonite, aenigmatite, albite and
sanidine—anorthoclase. Non-peralkaline trachytes are
classified into two groups: biotite-bearing trachytes with
phenocrysts of Ba-Ti-rich biotite and Ti-magnetite and
biotite-richterite-bearing trachytes. The rhyolites are
peralkaline, with Ti-aegirine-augite and F-Mn-arfveds-
onite microphenocrysts.

The Upper Benue valley lavas and the "Daly gap"

In major-element distribution diagrams for co-magmatic
alkaline lavas series, a compositional gap is systemati-
cally observed between basaltic lavas and felsic ones, the
lack of lavas of intermediate composition ("Daly gap")
being a characteristic feature of many alkaline series.
This is also the case for the Upper Benue valley lava
series: excepting the mugearite with SiO, wt% =53.6
(the petrogenesis of which will be discussed below), there
is no lava in the silica range 48-59 wt% SiO,. The gap is
also clearly observed in TiO,, CaO, Fe,03*, K,O dis-
tributions (Fig. 10). Sampling cannot be invoked for this
peculiar distribution because all lava outcrops have been
systematically sampled as the result of a painstaking
fieldwork. Three hypotheses have been put forward re-
cently to explain such a compositional gap: (1) the gap
may be a consequence of the failure of intermediate
magmas to erupt because of a rapid differentiation over
a narrow temperature range (MacDonald 1987), (2) the
gap may result from small variations in magma resi-
dence time, and cooling rate which may induce a mag-
matic bifurcation interrupting the liquid line of descent
(Bonnefoi et al. 1995), and (3) the gap may result from
crystal fractionation which increases the viscosity and
inhibits eruption of magmas with intermediate compo-
sition (Thompson et al. 2001).

As already stated for the Cameroon Line (see
Ngounouno et al. 2000), it is a long-standing question
whether the quartz-normative trachytes (on a CIPW-
normative basis) and the alkaline rhyolites which
commonly occur in continental settings conjointly with
basaltic lavas represent extreme differentiates of the
associated basalts or are derived from some other pro-
cesses. In the first hypothesis, the suites are qualified as
bimodal (co-magmatic) and genetically related by frac-
tional crystallisation (Nigerian Upper Benue: Grant
et al. 1972; Adamawa: Nono et al. 1994) whereas in the
second one, both basaltic and felsic lava groups are
considered to be independent and thus have distinct
genesis, the former being related to mantle-derived
magmas and the latter to crustal anatexis (Deccan Trap:

Lightfoot et al. 1987; Basin and Range Province: Draper
1991).

In the following discussion, it will be shown that the
basalts and rhyolites of the Upper Benue valley are not
simply related by a fractional crystallisation process
from mantle-derived magmas, but that crustal contam-
ination, magma mixing, and fluids have played a sig-
nificant role in the genesis of the felsic lavas.

Origin of the basaltic lavas

Among the Upper Benue valley basalts, only two (4P,
G23) have high MgO contents (x=10.0 wt%; Mg#~60)
and high Ni and Cr contents (> 200 ppm). Although the
mantle origin of the magmas from which these basalts
originated is certain (occurrence of Fog,_g; olivine and
Cr-spinel xenocrysts), these basalts are not primitive.
They are similar to those with identical or lower D.I.
values from volcanoes from the Cameroon Line (Mt
Cameroon: Déruelle et al. 2000; Kapsiki plateau:
Ngounouno et al. 2000) and Adamawa (Tchabal Nga-
nha: Nono et al. 1994). The other two basalts (G22, T1)
and the hawaiite (K98) of the Upper Benue valley con-
tain significantly less magnesium (MgO wt% <5.9;
Mg#~42), nickel (Ni<33 ppm) and chromium
(Cr<11 ppm). This is strong evidence of olivine + clin-
opyroxene + Fe-Ti-oxide fractionation in the genesis of
the Upper Benue valley basalts. Modelling of the major-
element distribution by mass-balance crystal fractiona-
tion has been attempted, using the compositions of the
fractionated mineral phases (olivine, clinopyroxene and
Ti-magnetite from eTables 1, 2 and 6 respectively). The
occurrence of quartz xenocrysts in the presumed basalt
parents (4P and G23) has also been taken into account
by subtracting 0.5 wt% SiO,. This modelling gave the
sum of squares of residuals lower than 1.8.

The initial isotopic composition of the basaltic lavas
(Sr;=0.70340, ¢ Nd~ + 3.9) is similar to those of basalts
from both the oceanic and continental segments of the
Cameroon Line (Halliday et al. 1988; Ngounouno et al.
2000; Demaiffe et al., unpublished data) and Adamawa
(Nono et al. 1994; Marzoli et al. 2000). The quartz xe-
nocrysts occurring in some basalts (4P, G23) do not
have any detectable influence on the Sr isotopic com-
position.

The similar trace-element patterns and the compara-
ble isotopic compositions of the Upper Benue valley
basaltic lavas and of other basalts from the continental
and oceanic sectors of the Cameroon Line (Fitton 1987)
and of Adamawa (Nono et al. 1994; Marzoli et al. 2000)
are strong arguments in favour of a common mantle
source. Pb and Hf isotopic compositions (Halliday et al.
1988; Ballentine et al. 1997) suggest a HIMU-type
source. Nevertheless, high (Ce/Yb)y values (18-20) for
the Upper Benue valley magmas, when compared to
those for other basalts of the Cameroon Line (e.g. (Ce/
Yb)n=15 for Mt Cameroon basalts), may reflect very
low degrees of partial melting of the mantle source. It



has already been stated that this source is probably lo-
cated in the asthenosphere or below, since it is obvious
that the young (<140 Ma) oceanic lithosphere and the
old (>500 Ma) continental lithosphere have followed
totally different evolutions since their genesis, and that
their present-day geochemical and isotopic signatures
are clearly distinct.

Origin of the mugearites

These lavas have a mineralogical composition and a
texture similar to those of biotite-bearing trachytes but
their chemical composition is more akin to those of
basaltic lavas. They contain xenocrysts (=10 vol%) of
sieve-textured sanidine, rounded quartz, apatite and
biotite (Table 2; Fig. 7). In geochemical diagrams
(Figs. 10, 11 and 12), the mugearites plot on the evo-
lution trends of the Upper Benue valley lavas, between
the mafic and felsic ones, that is, in the Daly gap. The
Sr; value of BGI1 (0.7048) is significantly higher than
that of basalts (=0.7034) but its high Sr content
(~1,200 ppm), similar to those of basalts and hawaiite
(950-1,425 ppm), seems to preclude bulk crustal as-
similation. The occurrence of quartz and sanidine xe-
nocrysts (1.4 and 4.7 vol% respectively) can account
for both the slight increase in SiO; (~4.2 wt%) and the
higher Sr; value. Modelling of mass-balance mixing
between basalt (or hawaiite) and biotite-bearing trac-
hyte can explain the SiO, content of the mugearites but
failed to explain the MgO, CaO and K,O contents. In
fact, calculated contents for MgO, CaO and K,O (2.20,
3.81, and 4.38 wt%) are distinct from the measured
values (1.06, 6.56 and 3.00 wt% respectively). This
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implies that materials other than the Benue lavas
should be considered in the modelling. It is suggested
that the mugearite results from the mixing, at shallow
crustal levels, of a large fraction of a phenocryst-
bearing (quartz and sanidine) trachytic magma with a
minor amount of basaltic magma. Such mixings be-
tween basaltic and felsic magmas are commonly ob-
served in North Cameroon volcanics, i.e. at Tchabal
Djinga (Ezangono et al. 1995) and the Kapsiki plateau
(Ngounouno et al. 2000), and the resulting mixed lavas
have compositions in the range hawaiite-mugearite—
benmoreite.

Origin of the phonolites and trachytes

The systematic low contents of TiO,, Fe,O3*, MgO,
CaO, and P,0s5 (Fig. 10), and of V, Cr, and Ni (Table 3)
in Upper Benue valley phonolites and trachytes are
qualitatively easily interpreted in terms of fractional
crystallisation of Fe-Ti oxides = olivine £ clinopyrox-
ene = apatite. The depletion of Ba, Sr and, to a lesser
extent, Eu may result from fractionation of feldspar
(Fig. 14).

Although two types of phonolite may be distin-
guished according to the presence or absence of ha-
stingsite, their compositions are similar. Their spoon-
shaped REE patterns (Fig. 13) indicate fractionation of
amphibole + aegirine-augite & sphene + apatite (Mahood
and Stimac 1990). Their normalised trace-element pat-
terns are quite similar to those of the other felsic lavas
(except the biotite-bearing trachytes), and therefore
significantly distinct from those of basaltic lavas
(Fig. 14). However, the initial isotopic compositions of

Fig. 14 Primitive mantle-
normalised multi-element
diagrams for Upper Benue
valley lavas. A Pan-African
gneiss (IN4) from the
surrounding area is also
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the phonolites (Sr;~0.7036-0.7042; ¢ Nd values~+2.1)
are only slightly more radiogenic than those of basalts
(Sr;=~0.7034; ¢ Nd values~+ 3.9), suggesting a mantle
source of similar composition. Furthermore, the trace-
element patterns of Upper Benue valley phonolites and
non-peralkaline phonolites of Tchabal Nganha and the
Kapsiki plateau are quite similar, and a mantle source
origin has also been proposed for the latter (Nono et al.
1994; Ngounouno et al. 2000). Nevertheless, the rela-
tively low Ba contents (< 190 ppm) of the Upper Benue
valley phonolites, compared to Kapsiki phonolites
(780 ppm), imply the presence of residual phlogopite in
the mantle source region of the former.

Major-element modelling of the basalt—trachyte
evolution, through the hawaiite and mugearite com-
positions, leads to very small proportions of trachytic
residual liquid (x0.6 wt%), with Sr*>15. This pre-
cludes an evolution through a closed-system fractional
crystallisation process alone. Nevertheless, fractional
crystallisation modelling has been attempted for
evolution from biotite-richterite-bearing trachyte (4L)
to peralkaline trachyte (MDSY). The least-square mass-
balance modelling failed, using the compositions of
the mineral phases previously analysed by electron
microprobe (K-feldspar, biotite, richterite, arfvedso-
nite, aenigmatite, and aegirine-augite, eTables 2 to 7),
as the sum of the squares of the residuals remained
higher than 1.8.

Some biotite-bearing trachytes have high P,Os con-
tents (up to 0.50 wt%), compared to those of other felsic
lavas (<0.25 wt%). They also have high modal apatite
content (up to 1.9 vol%; Table 2). So, apatite may have
crystallised late in these lavas, and P fractionation could
thus be ineffective. Most biotite-bearing trachytes have
higher Ba contents (1,200-1,500 ppm) than basaltic la-
vas (Figs. 11 and 14). So, biotite, which is quite Ba-rich
(5.5 to 6.2 wt% BaO), may also have crystallised late in
these lavas, and Ba fractionation would thus also be
ineffective. These trachytes do not present any negative
Eu anomaly (Fig. 13) and thus have not undergone in-
tensive feldspar fractionation. They have relatively low
incompatible-element contents compared to other
trachytes. Their trace-element-normalised patterns are
roughly parallel to those of basalts (except Sr, Ti) and
distinct from those of all other felsic lavas in the Upper
Benue valley.

On the contrary, fractionation of apatite, biotite, and
feldspar has been effective in biotite-richterite-bearing
trachytes, as shown by the strong P, Ba, Sr and Eu de-
pletions (Fig. 14). Depletion in light and middle REEs
(Fig. 13) may result from apatite fractionation, accord-
ing to its high partition coefficients for these elements
(Mahood and Stimac 1990).

Origin of the rhyolites

Various hypotheses are usually proposed to explain the
genesis of alkaline rhyolites in continental settings:

— simultaneous fractional crystallisation of basaltic
magmas and their contamination by continental crust
(e.g. DePaolo 1981);

— partial melting of the continental crust and melt as-
similation by mantle-derived basaltic magmas during
their more or less long ascent through the continental
crust (e.g. Creaser et al. 1991); and

— partial melting of metasomatised mantle under fluid-
rich conditions (e.g. MacDonald 1987).

The relative importance of these processes varies
from author to author.

Origin of the Benue rhyolites through a crystal
fractionation process using peralkaline trachytes as
hypothetical parent magma (with their K-feldspar and
aegirine-augite as removed mineral phases) is unrealis-
tic, because of too high SiO, and too low Al,O; con-
centrations in the rhyolite. In trace-element versus Rb
abundance diagrams (Fig. 11), the rhyolites plot along
the extension of the trends determined by most Upper
Benue valley lavas for Nb and Th, and for Sr and Ba
which are strongly depleted (=30 ppm). Compared to
phonolites and peralkaline trachytes, the rhyolites are
depleted in zirconium (Fig. 11) but zircon is absent
from these lavas. They contain F-rich arfvedsonite (up
to 4.6 wt% fluorine), and F-rich fluids can control Zr
distribution, as shown by Pearce and Norry (1979).
Their relatively low LREE contents compared to those
of other Benue felsic lavas, the negative europium
anomaly, and the relatively high HREE contents
(Fig. 13b) cannot readily be explained by any fractional
crystallisation process from basaltic or trachytic mag-
mas. These features are common for rhyolites from
alkaline series (Azambre et al. 1992) and, if they remain
unexplained in many cases, high (even extreme)
enrichment in HREEs may be the result of F-rich
vapour-phase crystallisation, as proposed for peralu-
minous rhyolites of Trans-Pecos in a continental arc
setting (Price et al. 1990).

Geophysical data (Stuart et al. 1985) indicate ab-
normally thin continental crust (23 km), and low seis-
mic wave velocities (6 km/s) can be an argument in
favour of a partially melted crust beneath the Upper
Benue valley Cretaceous sandstones. Nevertheless, the
existence of good correlations in binary diagrams (Rb—
Th, Yb and Nb, Fig. 11) does not support the forma-
tion of the rhyolite magma by partial melting of the
Pan-African continental crust. The Pan-African conti-
nental crust exposed to the north and south of the
Upper Benue valley is composed of a metamorphic
basement intruded by mafic to intermediate plutonic
bodies of calc-alkaline affinity, with a typical Nb
trough in primitive mantle-normalised diagrams
(Fig. 14). Geochemical data of one gneiss from this
basement (sample IN4, Table 3) are similar in SiO,,
TiO,, Al,O3, MgO, CaO, and P,Os but they are richer
in Sr and Ba, and poorer in Rb, Th, REEs (except
Eu), Zr and, above all, Nb, when compared to the
Upper Benue valley rhyolites. The dissimilarity between



(La/Sm)n, Zr/Nb and Rb/La values in the rhyolite
(sample F3: 8.1, 1.7 and 6.2 respectively) and the upper
crust materials (IN4: 2.7, 15.4 and 9.2 respectively)
suggests that the rhyolite is not derived from the upper
continental crust by a partial melting process. Its gen-
esis is probably dependent upon volatile- and halogene-
rich fluids, as attested by the occurrence of F-rich
minerals, calcite and analcite in these rhyolites, and
these fluids could be derived from a metasomatised
mantle source (e.g. Dautria et al. 1992; Hauri et al.
1993; Rudnick et al. 1993, McDonough and Rudnick
1998). The nearby occurrence in the same Upper Benue
valley (at Tchircotché) of carbonated lamprophyres
(monchiquites) supports the presence of a fluid-rich
mantle source. These fluids have interacted with the
upper continental crust, resulting in the high Sr;
(0.7107) and a low & Nd(37 ma) value (+0.4) measured
in the rhyolites when compared to basalts and phon-
olite (Table 4).

Crustal contamination

Xenocrysts of quartz occur in basaltic lavas, mugearites
and trachytes (up to 6.5 vol%). These quartz xenocrysts
presumably come from the Upper Benue valley sand-
stones. A magmatic origin has been suggested for the
quartz on the basis of their fluid inclusions (Clochiatti,
personal communication 1991). Although CO, inclu-
sions predominate in number, they appear contempora-
neous with aqueous inclusions. CO, inclusions have a
centripetal distribution inside the quartz crystals. The
quartz grains of the Upper Benue valley sandstones de-
rive from the plutonic and metamorphic rocks of the
basement which have been eroded during Cretaceous
times. Quartz crystals occur in trachytes and rhyolites
whereas these lavas plot in the sanidine field, far from the
cotectic line in a Q—-Ab-Or diagram (Fig. 15), implying
that quartz cannot have crystallised in such magmas and
therefore that those quartz crystals are inherited from the
surrounding sandstones. In fact, the assimilation of
quartz only modifies the silica contents of the lavas.

All the Upper Benue valley, felsic lavas (except some
biotite-bearing trachytes) exhibit high positive Zr
anomalies (Fig. 14). Similar anomalies have been re-
ported for other felsic lavas from Cameroon (Tchabal
Nganha volcano: Nono et al. 1994; Kapsiki plateau:
Ngounouno et al. 2000) as well as for nepheline syenites
from the Kokoumi anorogenic complex (Ngounouno
et al. 2001) in the Upper Benue valley. The Zr enrich-
ment (755 to 1,185 ppm) in the Upper Benue valley felsic
lavas which lack zircon phenocrysts can readily be
explained by the fact that zircon crystallisation is
inhibited in peralkaline liquids (Watson 1979). These
high Zr abundances are not related to bulk assimilation
of partially melted crustal materials by the magmas from
which these felsic lavas derived, as crustal materials are
characterised by rather low Zr contents (sample IN4:
63 ppm Zr; Fig. 14).
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Fig. 15 Plots of normative Q, Or, and Ab compositions for
trachytes and rhyolites of the Upper Benue valley with 5-kbar
curves (after Carmichael et al. 1974) for water-saturated liquids in
equilibrium with quartz and alkali feldspars

The initial (at 37 Ma) Sr; isotopic compositions in-
crease in the sequence basalt (0.7034)-mugearite
(0.7048)—trachyte (0.7066 to 0.7106)-rhyolite (0.7107)
(Fig. 16). These data define a trend of increasing Sr; with
increasing SiO, contents which suggests a progressive
crustal contamination during magmatic evolution, the
crustal influence being strongly marked for lavas with
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Fig. 16 Plot of the initial (at 37 Ma) Sr isotopic composition versus
SiO, content (wt%) for Upper Benue valley lavas
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more than 62 wt% SiO,. AFC modelling (after De Pa-
olo 1981), using partition coefficients from Mahood and
Stimac (1990) and a Pan-African gneiss country rock
(sample IN4: Sr=112 ppm; (*’Sr/**Sr)s7 ma=0.749;
Table 4) as a contaminant, has been attempted. The
differentiation from biotite-richterite-bearing trachytes
to peralkaline trachytes (or to rhyolite) requires a Ma/
Mc ratio of 0.1 and a fractionation process (F~0.9) in-
volving only feldspar to comply with the (*’Sr/*°Sr)37 ma
values (=0.710) of the considered lavas.

Conclusions

The genesis of the alkaline lava series of the Upper Be-
nue valley probably began with the segregation of pri-
mary magmas of basaltic composition within the infra-
lithospheric peridotite mantle which has a HIMU-type
geochemical signature. The trace-element and Sr and Nd
isotopic composition of the primary magma is the same
as those of other magmas from which basalts were
generated all along the Cameroon Line, in both conti-
nental and oceanic sectors. These primary magma
ponded in infra-crustal reservoirs where they inherited
olivine (=~Fogg) and spinel xenocrysts. The basalts de-
rived from these magmas through crystal fractionation
of olivine, clinopyroxene and Fe-Ti oxides. The muge-
arites have a hybrid origin resulting from mixing be-
tween basaltic and felsic magmas. Most basaltic magma
batches have been involved in such mixing processes, as
attested by the relatively high volume of mugearites
compared to that of basalts. The phonolites have
roughly the same (or slightly more evolved) Sr- and Nd-
isotope signatures as the basalts. They presumably
derived through further crystal fractionation of amphi-
bole + aegirine-augite £+ sphene + apatite. The trachytes
were probably generated by the same process followed
by protracted fractionation of apatite + biotite £ alkali-
feldspar and concomitant contamination by assimilation
of crustal-derived fluids. The rhyolites are probably de-
rived from peralkaline trachyte magmas contaminated
by crustal components through assimilation—fractional
crystallisation. Fluids from deep mantle origin also
played a significant role in the genesis of the felsic lavas,
as attested by the presence of carbonates, F-rich biotite
and arfvedsonite.
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