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Abstract 

Metaluminous (P.I. > 1) rhyolite from Hadjer el Hamis consisted of quartz, 
alkali feldspar, clinopyroxene (hedenbergite), amphibole (F-arfvedsonite) and 
oxides-hydroxides (ilmenite, magnetite, limonite) phenocrysts is characte-
rized by the negative Eu, Ba, P, Sr and Ti anomalies. This metaluminous 
rhyolite and the early discovered peralkaline rhyolites in Hadjer el Hamis 
volcanoes derive likely from the same source, according to their coexistence 
on the same sector and their similar Zr/Nb ratios. The causes of magma he-
terogeneity are likely linked to varying amounts of extraction of an earlier 
melt phase or tectonic juxtaposition or a sudden increasing of fO2 in silicic 
magmas, triggered from a hydrothermal process, associated with F- and alka-
li-bearing fluids influx, which promoted the enrichment of Na in the heden-
bergite rims and the crystallization of arfvedsonite. 
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1. Introduction 

Metaluminous A-type rocks frequently occur in post-orogenic, extensional set-
tings [1]. The rhyolitic outcrops of Hadjer el Hamis overhang the sedimentary 
units of the SE Lake Chad [2] (Figure 1). These rhyolites can be related to a tec-
tonomagmatic stage, of the western central Africa rift system, which may con-
stitute the NNE extension of a N50˚E to N30˚E elongated succession of small  
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Figure 1. Location of the studied zone in the Lake Chad basin. 

 
alkaline complexes, from the Gulf of Guinea to the Lake Chad [3]. 

The metaluminous A-type rocks were discovered from the Lake Chad basin. 
This paper adds to an earlier paper on the petrology of peralkaline rhyolites 
from the SE Lake Chad [4] which presents a fieldwork, petrographical study, 
mineralogical and geochemical data of the metaluminous rhyolites from Hadjer 
el Hamis (Lake Chad basin). Furthermore, we present the relationship between 
these peralkaline and metaluminous rhyolites.  

2. Geological Background and Fieldwork 

The metaluminous rhyolitic rocks, which are the focus of this paper, are mostly 
welded lavas. At the Late Cretaceous times, tectonic events would have led to the 
occurrence of the eruptive rocks in southeastern edge of Lake Chad [4]. The 
volcanic eruptions, which consisted mainly of rhyolites, were probably triggered 
after the reactivation of Precambrian basement faults [5].  

The previous petrological studies of the rhyolites from the SE Lake Chad have 
mainly been concentrated on peralkaline-type, which are the predominant silicic 
volcanic rocks; and not to the coexisting aluminous and peralkaline rhyolites. 
Nowadays, the coexistence in the same domain of peralkaline and mertalumin-
ous rocks is strongly debated in order to determine their genetic relationship [6].  

Metaluminous rhyolites from the SE Lake Chad were sampled on rocky slopes 
and/or in working quarries at the flanks of Hadjer el Hamis volcanoes. Hadjer el 
Hamis (418 m a.s.l) are five domes or necks composed of both, dark green and 
grey rhyolites, showing vertical columnar jointing [4]. The rhyolitic fragments 
split from the flanks are scattered around the foothills.  

3. Analytical Methods 

The petrography of samples was determined by optical microscopy (OM) using 
an Olympus BX60 binocular microscope at the “Instituto de Geociências, Un-
iversidade de Brasília (Brazil)”. The superprobe JEOL JXA-8230, Electron Probe 
Microanalyser of the same University was used for back-scattered electron (BSE) 
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images, qualitative and quantitative analyses for the mineral phases (clinopy-
roxene, amphibole, feldspar, Fe-Ti oxides and hydroxides). The operating condi-
tions included an accelerating voltage of 15 kV and a probe current of 1.08 × 
10−8 A for elements. The counting times at the peaks were 60 s for Zr, La and Ce; 
and 20 s for the other selected elements. The diameter of the electron beam was 
10 µm. All data were corrected with standard ZAF correction procedures. Natu-
ral minerals and synthetic glasses were used as standards.  

Whole-rock samples were crushed to fine powder in a “Siebtechnik” mill 
equipped with two agate jars at the “Instituto de Geociências, Universidade de 
Brasilia (Brazil)”. Representative electron microprobe analyses of whole-rock 
major and trace elements analyses were performed using respectively ICP-ES 
and ICP-MS methods at the Acme Analytical Laboratories, Chile. Analytical de-
tection limits (D.L) were less than 0.05 wt% for the major elements and less than 
20 ppm for the trace elements. The analysis for total carbon and sulfur were 
performed at the low analytical detection limits (0.02 wt%). Total loss on igni-
tion (L.O.I) was determined gravimetrically after heating or sintering at 1000˚C. 

4. Results 

4.1. Nomenclature and Petrography 

The compositions of all the samples from Hadjer el Hamis fall within the rhyo-
lite field in TAS diagram (Figure 2; [7]). The peralkaline index (P.I. = molar 
[Na2O + K2O]/Al2O3) is higher than unity for the peralkaline rhyolites and low 
for the metaluminous (Figure 3) rhyolites (P.I.: 0.95).  

Rhyolites from Hadjer el Hamis are both, dark green (peralkaline) and grey 
(metaluminous), with abundant feldspar phenocrysts in a groundmass of 
fine-grained dark and light minerals. Indeed, samples are porphyritic with partly  

 

 
Figure 2. Total alkali-silica (TAS) diagram [7] for the rhyolites from Hadjer el Hamis. 
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Figure 3. Diagram for discrimination of peralkaline and metaluminous rhyolites from 
Hadjer el Hamis. 

 
fluidal groundmass, marked by the presence of oriented microlites.  

Hadjer el Hamis metaluminous rhyolites contain phenocrysts of quartz (up to 
1.5 mm), alkali feldspar (~4.6 mm), amphibole (~1.5 mm), clinopyroxene (~1 
mm) and Fe-Ti oxides (~1 mm), scattered in the groundmass, consisting of alkali 
feldspar, amphibole and Fe-Ti oxides microlites, enclosed by a thin glassy phase.  

This groundmass is very finely crystallized. Quartz phenocrysts are euhedral 
to subhedral, with corrosion gulfs. Euhedral and subhedral feldspar phenocrysts 
are irregular, colourless to yellow brown, with spongy structure. In the interstic-
es left by these phenocrysts occur microlites of feldspar and Fe-Ti oxides. The 
dark greenish amphibole phenocrysts are sometimes pseudomorphosed or en-
closed with fine-grained Fe-Ti oxides. Apatite microcrysts are included in am-
phibole. Clinopyroxene phenocrysts are green or brown, with anhedral to sub-
hedral shape, overgrown and partly replaced by Fe-Ti oxides. 

4.2. Mineral Chemistry 

4.2.1. Clinopyroxene 
The compositions of clinopyroxene (Table 1) fall in the fields of the hedenber-
gite (Wo45−46En3−3). These compositions (Table 1) are similar in peralkaline and 
metaluminous rhyolites, with relatively high CaO contents (up to 18.8 wt%).  

4.2.2. Amphibole 
Amphibole phenocrysts are Na-rich phases (Na2O: up to 9.14 wt%), classified as 
arfvedsonite (mg# < 0.5; AlVI < Fe3+); according to the nomenclature of [8]. 
These amphibole phenocrysts (Table 2) are characterized by the relatively high 
amount of F (up to 2.6 wt%). 
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Table 1. Representative chemical analyses of clinopyroxene from Hadjer el Hamis rhyolites.  

 E1 E1 E1 

SiO2 (wt%) 47.19 47.67 47.15 

TiO2 0.00 0.00 0.02 

Al2O3 0.08 0.15 0.18 

FeO* 29.34 29.66 28.88 

MnO 1.45 1.49 1.44 

MgO 0.78 0.87 0.87 

CaO 18.64 18.12 18.82 

Na2O 1.23 1.10 0.93 

Total 98.73 99.07 98.27 

Wo (%) 46.02 43.77 45.35 

En 3.04 3.26 3.26 

Fs 50.93 52.97 51.39 

Q 1.706 1.742 1.765 

J 0.198 0.177 0.150 

FeO*: Total Fe. 
 

Table 2. Representative chemical analyses of amphibole from Hadjer el Hamis rhyolites. 

 E1 E3 

SiO2 (Wt%) 49.71 48.83 

TiO2 0.01 0.11 

Al2O3 0.44 0.45 

FeO* 26.40 33.40 

MnO 0.88 1.16 

MgO 5.62 0.50 

CaO 3.45 1.33 

Na2O 8.07 9.14 

K2O 0.98 1.26 

BaO 0.02 0.14 

SrO 0.00 0.00 

F 2.64 2.57 

Cl 0.00 0.04 

Total 98.22 98.93 

Al iv (a.p.f.u) 0.07 0.03 

Alvi 0.02 0.06 

Ti 0.00 0.00 

Fe3+ 0.17 0.15 

Fe2+ 3.36 4.50 

Mg 0.29 0.02 
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4.2.3. Feldspar 
In the rhyolites of Hadjer el Hamis, alkali feldspars are ubiquitous and show 
three main groups, separated by considerable gaps: nearly pure albite (Ab99−98), 
anorthoclase-Na-sanidine (Or35Ab64) and nearly pure sanidine (Or86). These 
anorthoclase and sanidine cristals, analyzed from the Hadjer el Hamis rhyolites 
are characterized with low BaO (<0.10 wt%) and low SrO (<0.07 wt%) contents 
(Table 3).  

4.2.4. Fe-Ti Oxides and Hydroxides 
The ilmenite crystals (TiO2: 51.5 wt% - 52.1 wt%) occur with the FeO and MnO 
contents reaching 45.7 wt% and 3.7 wt% respectively (Table 4). Some FeO-rich 
hydroxides (FeO: up to 64.9 wt%; OH: 28.4 wt% - 53.9 wt%), which could be 
considered as limonite are present in the core of the destabilized clinopyroxene 
and around the F-arfvedsonite phenocrysts. Magnetite crystals (FeO: up to 86.6 
wt%; MnO: <0.1 wt%) are present, generally around or inside the destabilized 
clinopyroxene and amphibole.  

4.3. Geochemistry 

Major-elements compositions of metaluminous rhyolite from Hadjer el Hamis 
are more or less similar to those of the peralkaline rhyolites (see Table 5), except 
that, CaO and Na2O contents decrease in metaluminous rhyolite. SiO2, TiO2, 
Al2O3, Fe2O3, MnO contents are roughly constant from peralkaline to metalu-
minous rhyolites.  

Except the slightly enrichment of Rb content from peralkaline (~56.8 wt%) to  
 

Table 3. Representative chemical analyses of feldspar from Hadjer el Hamis rhyolites. 

 E1 E1 E3 E3 

SiO2 (wt%) 65.67 67.82 67.82 67.75 

TiO2 0.02 0.02 0.02 0.00 

Al2O3 18.31 15.99 15.99 14.99 

FeO* 0.45 0.30 0.30 0.79 

MnO 0.00 0.00 0.00 0.10 

MgO 0.00 0.00 0.00 0.00 

CaO 0.03 0.07 0.07 0.04 

Na2O 7.90 13.39 14.39 1.32 

K2O 6.58 0.12 0.12 13.42 

SrO 0.01 0.06 0.06 0.04 

BaO 0.07 0.09 0.09 0.00 

Total 99.04 97.84 98.84 98.46 

Or (%) 35.29 0.79 0.65 86.80 

Ab 64.60 98.91 99.18 13.09 

An 0.14 0.30 0.30 0.23 
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Table 4. Representative chemical analyses of oxides and hydroxides from Hadjer el Ha-
mis rhyolites. 

 E3 E3 E3 E3 E1 E1 E1 

SiO2 (wt%) 0.00 0.90 0.89 0.08 0.02 0.00 0.00 

TiO2 0.02 0.01 0.03 0.01 51.51 52.05 0.00 

Al2O3 0.02 0.36 0.16 0.05 0.00 0.00 0.00 

FeO* 60.12 64.95 43.46 56.30 44.71 45.69 53.10 

MnO 4.21 2.72 0.50 7.46 2.97 2.21 4.08 

MgO 1.94 1.83 0.04 1.65 0.00 0.01 0.00 

CaO 1.09 0.50 0.16 0.75 0.10 0.05 0.13 

(OH) 32.51 28.45 53.96 33.58 0.16 0.00 41.92 

Total 99.90 99.74 99.20 99.89 99.46 100.01 99.22 

 
Table 5. Major and trace elements for peralkaline and metaluminous rhyolites from 
Hadjer el Hamis (Lake Chad basin). 

 E1 E2 E3 

SiO2 (wt%) 70.85 70.23 70.74 

TiO2 0.30 0.30 0.30 

Al2O3 12.72 12.56 12.49 

Fe2O3* 4.42 4.40 4.19 

MnO 0.13 0.14 0.14 

MgO 0.08 0.06 0.08 

CaO 0.57 0.63 0.74 

Na2O 5.09 4.49 3.98 

K2O 4.99 4.94 4.93 

P2O5 0.03 0.03 0.02 

LOI 0.60 2.00 2.20 

Total C 0.08 0.40 0.30 

Total 99.77 99.75 99.79 

P.I. 1.08 1.01 0.95 

D.I. 5.26 4.00 5.52 

Be (ppm) 4 <1 2 

Rb 56.8 58.6 65.5 

Cs 0.2 0.2 0.2 

Ba 280 251 240 

Sr 23.4 16.4 15.8 

V 9 8 <8 

Ni 0.9 0.4 0.2 

Cr <20 30 <20 

Co 1.4 1.3 0.6 

Cu 2.3 0.9 1.1 

Cd 0.3 0.4 0.3 
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Continued 

Zn 59 150 143 

Pb 7.0 3.8 4.8 

Mo 4.0 0.5 0.9 

Ga 33.3 33.1 31.6 

Sn 13.0 7.0 4.0 

W 0.9 0.8 0.6 

Bi 33.3 33.1 31.6 

Ta 4.7 4.9 4.4 

Nb 76.2 84.8 79.2 

Th 8.8 9.7 8.0 

U 2.2 2.2 1.8 

Zr 523 586 519 

Hf 12.7 13.7 13.0 

Y 54.9 57.0 52.2 

La 71.2 78.7 71.8 

Ce 152.4 163.2 146.1 

Pr 16.86 18.76 15.87 

Nd 63.6 69 60 

Sm 12.96 14.34 12.12 

Eu 2.46 2.35 2.13 

Gd 12.38 12.96 11.84 

Tb 1.83 1.98 1.78 

Dy 10.93 10.95 9.98 

Ho 2.02 2.11 2.04 

Er 5.47 5.79 5.09 

Tm 0.77 0.84 0.76 

Yb 5.3 5.13 4.88 

Lu 0.68 0.77 0.7 

ƩREE 359 387 345 

Ga/Al 4.95 4.98 4.78 

Y/Nb 0.72 0.67 0.66 

Rb/Nb 0.75 0.69 0.83 

Sc/Nb 0.01 0.01 0.03 

Zr/Nb 6.87 6.91 6.55 

Rb/Sr 2.43 3.57 4.15 

Rb/Ba 0.20 0.23 0.27 

K/Rb 730 700 625 

Eu/Eu* 0.59 0.53 0.54 

(La/Yb)N 9.1 10.4 10.0 

Fe2O3*: Total Fe as Fe3+; L.O.I.: Loss on ignition; D.I.: Differentiation index; P.I.: Peralkaline index; D.L.: 
Detection limit. 
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metaluminous (65.5 wt%), the composition of the studied rocks are more or less 
similar. Whereas Ba, Sr and Y contents are low.  

The total REE concentrations ranging from 359 - 387 ppm to 345 ppm, re-
spectively from peralkaline to metaluminous rhyolites. Overall, peralkaline and 
metaluminous rhyolites from the Lake Chad basin exhibit the similar Zr/Nb ra-
tios (see Table 5), just below 7 (Zr/Nb: 6.5 - 6.9).  

Primitive mantle-normalized [9] REE (Rare Earth Elements) patterns for all 
samples are subparallel (Figure 4). The rhyolites from the Lake Chad basin ex-
hibit high enrichment in LREE and display fractionated REE pattern with 
(La/Yb)N ratios ranging from 9.1 to 10.4.  

The REE patterns (Figure 4) show negative Eu anomalies, with Eu/Eu* 
( ( )N N NEu Eu * Eu Sm Gd= × ) ranging from 0.53 to 0.59, which may indicate 
removal of feldspar by crystal fractionation. Primitive mantle-normalized [9] 
multi-element patterns (Figure 5) show negative Ba, P, Sr and Ti anomalies.  

5. Discussion 

5.1. Petrological Implications 

The peralkaline and metaluminous rhyolitic magmas from Lake Chad basin derive 
likely from the same source, according to their coexistence in the same dome (Had-
jer el Hamis) and their similar Zr/Nb ratios. According to the Y vs Nb diagram 
(Figure 6), the silicic rocks of the Lake Chad are from within plate domain and 
likely the product of the intraplate magmatism [2]. The values of K/Rb, Rb/Sr, 
Rb/Ba and Ga/Al ratios (see Table 5; Figure 6) for the Lake Chad rhyolites are sim-
ilar to those exhibited for the A-type granite [10]. A-type granites ([11] [12] [13]) 
are generated in association with uplift and major strike-slip faulting.  

Primary diversity in source rocks, varying amounts of extraction of an earlier 
melt phase, or tectonic juxtaposition can be suggested as causes of magma hete-
rogeneity [6].  

 

 
Figure 4. Primitive mantle-normalized [9] REE diagrams for rhyolites from Hadjer el 
Hamis. 
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Figure 5. Primitive mantle-normalized [9] multi-element diagrams for rhyolites from 
Hadjer el Hamis. 

 

 
Figure 6. Composition of rhyolites from SE Lake Chad in Y vs Nb (a) and Ga/Al vs Zr (b) 
diagrams. 

 
However, other processes such as different degrees of partial melting or re-

moval of successive batches of magma from a suitable source might also produce 
ranges of subalkaline to peralkaline magmas. Indeed, the trace-element variations 
of the Lake Chad rhyolites suite, such as subparallel primitive mantle-normalized 
REE and multi-element patterns, indicate that they are likely the cogenetic 
products. 
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5.2. Crystallization Process 

The occurrence of nearly pure albite and sanidine are regarded as reflecting al-
kali exchange during sub-solidus hydrothermal reactions or as corresponding to 
late-stage recrystallization at hydrothermal conditions [4]. Quartz phenocrysts 
with corrosion gulfs were probably generated during ascent to the surface upon 
eruption, during decompression of the rhyolitic magmas.  

The destabilization of hedenbergite phenocrysts core, breaking down into 
limonite and ilmenite, was probably caused by a sudden increasing of fO2 in 
silicic magmas, triggered from a hydrothermal process, associated with F- 
and alkali-bearing fluids influx; which promoted the enrichment of Na in the 
hedenbergite rims and the crystallization of arfvedsonite. This hydrothermal 
process accompanied by an influx of F- and alkali-rich fluids is evidenced by the 
presence of F-arfvedsonite and the Na-rich phases such as pure albite. Thus, the 
presence of limonite, in addition to showing variable water content, frequently 
have other elements reported due to the intimate mixture of the hydrous iron 
oxides with colloidal silica, as well as small of hydrous aluminum oxides.  

The occurrence of phases such as arfvedsonite (K, Ba, Ti), ilmenite (Ti), apa-
tite (P) and alkali feldspar (K, Sr, Eu) in the rhyolitic lavas from Lake Chad basin 
are consistent with the well-developed negative Ba, P, Sr, Ti and Eu anomalies. 
The oxygen fugacity of melts, the minerals in fractional process and the stability 
of minerals in the magma system ([14] [15] [16] [17]) are sometime affected by 
the halogen-rich fluids such as F and Cl. As described for the destabilization of 
hedenbergite from the Lake Chad rhyolites, hydrothermal fluids can react with 
pre-existing minerals ([18] [19] [20]) to generate others (i.e. arfvedsonite, limo-
nite).  

6. Conclusion 

The metaluminous rhyolites from Hadjer el Hamis are characterized by the oc-
currence of phases such as arfvedsonite, hedenbergite, ilmenite and alkali 
feldspar consistent with the well-developed negative Ba, P, Sr, Ti and Eu anoma-
lies. The occurrence of nearly pure albite and sanidine is regarded as reflecting 
alkali exchange during sub-solidus hydrothermal reactions or as corresponding 
to late-stage recrystallization at hydrothermal conditions. Indeed, the studied 
metaluminous rhyolites are from within plate domain and likely the product of 
the intraplate magmatism. According to their coexistence in the same dome with 
peralkaline rhyolites and their similar Zr/Nb ratios these rocks are from the 
same source (cogenetic). The heterogeneity of the rhyolitic lavas (metaluminous 
and peralkaline) from Hadjer el Hamis could be linked to the destabilization of 
hedenbergite phenocrysts core, breaking down into limonite and ilmenite, which 
involved a sudden increasing of fO2 in silicic magmas and promoted the 
enrichment of Na in the hedenbergite rims; and the crystallization of arfvedso-
nite and the Na-rich phases such as pure albite. These therefore cause the de-
creasing of Na2O contents in the magma source and the generation of metalu-
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minous A-type rhyolite.  
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