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The geology of northern Tunisia is marked by magmatic extrusion that occurred during the Middle
Miocene (Langhian–Lower Tortonian), which led to the outcrops of rhyodacites in the Nefza-Tabarka
region. This event is contemporaneous with the Alpine compressional phase, which is well-characterised
in the western Mediterranean area, where intense fracturing and hydrothermalism occurred with
evidence of metallogenic consequences.

In this paper, a detailed study is presented on the acid volcanic rocks that outcrop at the core of the
Oued Belif structure in the Nefza area of northern Tunisia. The results indicate that these series
have undergone various transformations subsequent to their extrusion. These alterations include
ferrugination, silicification, argilitisation and devitrification of volcanic glass.

Petrographic observations demonstrated that the primary minerals, particularly feldspars, biotite and
mesostasis glass, were affected by hydrothermal and meteoric weathering. The mineralogical study of the
neogenic products revealed a nearly monomineral smectitic phase with relatively low levels of added
illite and/or kaolinite. These neoformed smectites were classified as ferroan beidellites–nontronite based
on thermal and crystallochemical analyses. Chemical analysis of the major elements, trace elements
and rare Earth elements (REEs) show the presence of Al, Fe and K and an enrichment of REE in the clay
fraction with a greater fractionation of light rare Earth elements (LREEs) compared with that of heavy rare
Earth elements (HREEs). The abundance of these elements is attributed to their mobility during chemical
weathering of acidic lavas and their adsorption by clay minerals.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Previous studies on the weathering of volcanic rocks have dem-
onstrated that the most common neoformed mineral is smectite,
which is typically associated with illite and kaolinite. These neo-
gene minerals are formed either by hydrothermal alteration or
through supergene alteration of acidic or basic lavas (Grim and
Güven, 1978; Meunier et al., 1984). Weathering affects primary
minerals, such as feldspars, biotites, pyroxenes and mesostasis
glass. The alteration products are closely related to the nature of
the parent rock and the physicochemical characteristic of the
geological environment, such as the transformation agent and
the weathering intensity (Christidis, 1998; Ddani et al., 2005). This
relationship has been observed in many bentonite deposits
associated with volcanic rocks, such as in Trébia, Afrah and
Ikasmeouen in Morocco (Ddani et al., 2005) and in Maghnia and
Mostaghanem in Algeria (Abdelouahab et al., 1988). In the eastern
extension of these north African volcanic provinces (i.e., the Nefza
region of northern Tunisia), smectitic minerals have been reported
as secondary products of the rhyodacite dome and its related
pyroclastic flows or ash fall deposits (Dermech, 1990; Moussi,
2012; Sghaier, 2005; current study). This region presents a suitable
environment for the neoformation of smectite by hydrothermal
alteration and/or a meteoric alteration process.

The present paper discusses the results obtained from petro-
graphic, mineralogical and crystallochemical studies of the Oued
Belif rhyodacites and the identification of their mineralogical and
geochemical responses to meteoric and hydrothermal alterations
associated with magmatic activity. In addition, this study attempts
to characterise the variation of the crystalline structure of smectite
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(as an alteration product) based on the physicochemical character-
istics of the geological environment.

In the North African margin, the Miocene period corresponds to
a compressive phase, which is typically known as the Alpine phase
(Last Burdigalian–Early Serravalian) related to the convergence of
the African and Euroasian plates (Tlig et al., 1991). This collision
led to the southward overthrusting of the internal zone onto the
African passive margin (Late Burdigalian–Langhian), the latter of
which was deformed into a fold and thrust to later create the Tel-
lian Zone during the Early Serravallian–Tortonian. This stage coe-
vals with the Sardinia counter-clockwise rotation that led to the
drifting stage of the Algiers-Provence West Mediterranean oceanic
basin with an initial aperture in the Late Oligocene–Aquitanian
(Cohen et al., 1980; Jolivet and Faccenna, 2000; Tlig et al., 1991).

A subsident perimediterranean basin was consequently formed
and filled by the Late Oligocene–Early Burdigalian Numidian Flysch
(a thick silicoclastic turbidite formation), which was overthrusted
to the south onto the Tellian Zone at the end of the Burdigalian
(Ould Bagga et al., 2006; Riahi et al., 2010; Rouvier, 1977). Post-
dating of the thrusting, several of the volcanic rocks were
emplaced along the faulted area (Dermech, 1990; Halloul, 1989;
Laridhi Ouazaa, 1994; Mauduit, 1978; Negra, 1987; Rouvier,
1977; Talbi, 1998; Talbi et al., 2005). The last recorded magmatic
activities in north Tunisia occurred during the Miocene–Basal
Pliocene with a transition of calc-alkaline acid rocks to subalkaline
and alkaline basic rocks (Bagdazarjan et al., 1972; Faul and Foland,
1980). The acid rocks primarily occurred in the Galite and
Nefza-Tabarka regions during the Langhian to Lower Tortonian
(15–8 Ma). On Galite Island, intrusive granitoids are composed of
granodiorite, microgranite and granitic aplite. However, in the
Nefza-Tabarka region, there are small-scale outcrops that
include domes and flows of granodiorite (Ragoubet el Alia),
rhyodacite (Ragoubet Es Seid, Aïn Deflaîa and Jebel Haddada) and
Oued Zouara pyroclastics (Fig. 1). These acidic rocks are associated
with basaltic sills and dykes that occurred during the Upper
Tortonian–Messinian (8–5.8 ± 1 Ma) and outcrop in the localities
of Boulanague and Mogods. Recently geophysical studies have
shown that the extent of the subsurface igneous bodies beneath
Fig. 1. Geological sketch map of the studied area
the Numidian nappes is actually larger than the area occupied by
the outcropped volcanic rocks (Jallouli et al., 1996).

In both the surface and subsurface, these igneous rocks have
undergone transformations subsequent to their emplacement. Pre-
vious studies have shown that post-magmatic alteration is extre-
mely advanced in the pyroclastic rocks (Halloul, 1989; Laridhi
Ouazaa, 1994), granodiorites (Dermech, 1990; Halloul, 1989;
Kasaa et al., 2003; Negra, 1987; Talbi, 1998) and rhyodacites but
is moderate in the basaltic lavas (Halloul, 1989; Laridhi Ouazaa,
1994; Negra, 1987; Talbi, 1998).

The acidic lavas and their pyroclastics have been frequently
altered by fumaroles and hydrothermal circulation (Mauduit,
1978; Negra, 1987). As a result, the volcanic glass has been devit-
rified and transformed into phyllosilicates (Negra, 1987). However,
the nature of the secondary phyllosilicates remains to be deter-
mined, and their crystallochemical characteristics have not been
intensively studied until now. Therefore, this present work focuses
on reviewing the clayey transformations undergone by the rhyoda-
cites of Ragoubet Es Seid, which is located in the core of the Oued
Belif structure.
2. Geological setting

The study area (Oued Belif) is located in the Nefza window that
separates the Mogods and the Kroumirie mountains (Rouvier,
1987). This area is limited to the south by Ed Diss jebel (Fig. 1),
where Rouvier (1977) defined the Ed Diss Tellian units (Upper Cre-
taceous to Eocene). This unit consists of alternating marls and
limestones and is overlain by the so-called Numidian Flysch. The
latter consists of approximately 3000 m of alternating turbiditic
sandy and clayey formation of Oligocene–Lower Miocene age
(Riahi et al., 2010; Rouvier, 1977; Yaich, 2000). In the north, the
Oued Belif structure is bordered by two small post-nappe basins
(the Sidi Driss–Tamra basins) which host minor Pb–Zn–Fe ores
(Bouzouada, 1992; Decrée et al., 2008a, 2008b; Dermech, 1990;
Doumbouya, 1999; Gottis, 1952; Gottis and Sainfeld, 1952;
Sainfeld, 1952).
(modified and redrawn from Rouvier, 1977).



D. Sghaier et al. / Journal of African Earth Sciences 100 (2014) 267–277 269
The Oued Belif area represents a deep-rooted structure shaped
in an oval of approximately 6 � 3 km, which fits perfectly within
the Upper Miocene ferruginous breccias (Fig. 1). The area encloses
several outcrops of post-Miocene volcanic (rhyodacite) rocks,
intrusive lava (granodiorite), saliferous Triassic rocks (magmatic
host rocks) and skarn deposits, which are outlined by a ferruginous
breccia (Bellon, 1976; Chaftar, 1997a,b; Decrée et al., 2013; Gottis
and Sainfeld, 1952; Halloul, 1989; Mauduit, 1978; Perthuisot,
1978; Rouvier, 1977, 1987, 1988). These extrusive bodies pierce
the allochthonous cover. The extrusive rocks are represented by
the rhyodacite domes of the Ragoubet Es Seid. Numerous flows
are derived from the base of this dome and reveal extrusive brec-
cias. These breccias contain millimetre- to centimetre-scale sub-
spherical to angular blocks of highly altered rhyodacites and
reworked elements of saliferous rocks, which are cemented by a
siliceous matrix. Mylonitic banding has also been observed at the
level of these breccias, providing evidence of a late fumarolic activ-
ity (Mauduit, 1978). The interaction between the lava and the Tri-
assic host rock could intervene in the brecciation processes of the
lava and in its impregnation with ferric oxide.

Another notable feature of this structure is its location in the
mining province of Tamra (iron) and Sidi Driss Dhouahria Boukhc-
hiba (Pb–Zn) (Decrée et al., 2008a,b). The establishment of this
mineralisation is linked to the magmatic activity and hydrothermal
fluids (Decrée et al., 2008a,b; Dermech, 1990; Halloul, 1989; Negra,
1987; Talbi, 1998; Talbi et al., 1999, 2005). This complex structure
has been interpreted as a volcanic caldera (Talbi, 1998) and is also
mostly attributed to significant hydrothermal activity (Dermech,
1990; Talbi, 1998). Talbi (1998) stated that the hydrothermal alter-
ation was porphyritic in depth and epithermal ‘‘acid-sulphate-like’’
in shallow areas. This hydrothermal alteration is evidenced by sev-
eral processes, such as argillic alteration, chloritisation, albitisa-
tion, propylitisation, carbonation, tourmalinisation and
silicification (Talbi, 1998). In contrast, Crampon (1971) and
Mauduit (1978) considered that this complex structure is a salt
diapir associated with magmatism.
3. Materials and methods

Magmatic rock samples were collected from the Oued Belif
structure and from the immediate surrounding geological units.

X-ray diffraction (XRD) was performed on both randomly ori-
ented powders and oriented preparations of three different states:
air-dried (AD) samples, ethylene glycol-solvated samples using a
60 �C vapour phase (EG) and samples heated to 500 �C (HAD).
The XRD patterns were recorded using a PANalytical X’Pert PRO
X-ray diffractometer equipped with an automatic slit, Xcelerator
and Cu Ka radiation, which used a Ni-filter and was generated at
40 kV and 40 mV.

Scans were using an angular range of 2–30�2 h, a step size of
0.025�2 h and a counting time of 4 s for the oriented preparations;
for the randomly oriented powders, an angular range of 5–65�2 h, a
step size of 0.025�2 h and a counting time of 8 s were used.

The chemical analyses, texture and composition of the rock
samples and clay minerals were examined using a JEOL JSM-
5600LV scanning electron microscope (SEM) coupled with an
energy dispersive spectrometer (EDS) (Bruker AXS Microanalysis)
at Poitiers University. The analyses were performed on pressed
and carbon-coated pellets.

The major elements were measured from both the bulk rock
and clay fraction (<2 lm) using inductively coupled plasma-emis-
sion spectroscopy (ICP-ES). The concentrations of trace elements,
including REEs, were determined by inductively coupled plasma-
mass spectroscopy (ICP-MS) at the Centre de Recherches Pétro-
graphiques et Géochimique (CRPG) in Vanoeuvre-lès-Nancy
(France). Chemical analyses of the major, trace and REEs were per-
formed using the LiBO2 fusion method for powdered rocks fol-
lowed by dissolution in HNO3 acid.

The structural formula was calculated based on the O10(OH)2.
Infrared spectroscopy was performed on pressed pellets using a

KBr beamsplitter and a DTGS/KBr detector on a Nicolet 510 FTIR
spectrometer.

The pellets were prepared by mixing 1 mg of sample with
150 mg of well ground KBr. The mixture was then pressed for
5 min at 5 tons and 4 min at 12 tons. The prepared pellets were
placed in oven, which was maintained at 110 �C overnight prior
to the analyses. Middle infrared (MIR) spectra were recorded
between 4000 and 400 cm�1.

Differential and thermogravimetric analyses were obtained
using a SETARAM SETSYS-1750 instrument operating in helium
atmosphere and heated at a rate of 10 �C/min to a maximum tem-
perature of 1000 �C.
4. Results

4.1. Petrographic and mineralogical study of rhyodacites

The macroscopic and microscopic examination of the rhyoda-
cite samples of the Oued Belif shows that they are of green–grey
in colour when unweathered and become red or yellow patina
when weathered. The rhyodacite samples have a microlitic texture
and contain plagioclase phenocrysts (often zoned), sanidine (occa-
sionally with Carlsbad twinning), biotite, quartz, apatite, zircon,
monazite, opaque vitreous minerals with a pearlitic matrix and
colourless mesostasis glass. These lavas occur regularly in a highly
altered state (Fig. 2), which is supported by the fact that the struc-
ture of the original rock is not preserved as well as the occurrence
of ferruginous weathered products of biotite, opaque minerals and
glass (Fig. 2). The latter can be fresh or devitrified and altered
(Fig. 3B). The quartz crystals are deeply corroded by mesostasis
and show a rhyolitic quartz aspect (Fig. 2A). Biotite crystals are
either euhedral, fractured, corroded and/or lightly leached and
show cleavage planes that have been frequently oxidised (Fig. 2B
and D). Locally, several of the biotite crystals are pseudomorphised
into phlogopites or partially chlorotised (Dermech, 1990; Talbi,
1998). Feldspars are intensively altered (Fig. 2B–D). Additionally,
several dissolution cavities that affect the plagioclase crystals were
observed using optical microscopy and SEM (Fig. 3). These pores
are filled by neoformation products, such as phyllosilicates and
iron oxides (Figs. 3 and 4). In addition to the ferruginisation and
argilitisation, intense silicification also affected these acid rocks.
This silicification is clearly evident at both the northern and north-
western borders of the Ragoubet Es Seid dome. In the upper part of
this dome, Negra (1987) identified a weathering sequence at the
rhyodacite consisting of three horizons: bed rock, saprolite and
an upper clayey horizon, which is primarily composed of beidellite
with a small amount of kaolinite. In the Ragoubet el Alia, the gran-
odiorites were also weathered. The late- or post-magmatic circula-
tion of hydrothermal fluids provoked the albitisation of K-feldspar
and the sericitisation or tourmalinisation of biotite in the granodi-
orite (Dermech, 1990; Talbi, 1998).
4.2. Mineralogical study of clays from rhyodacites

The mineralogical study of the fine fraction extracted from the
poorly preserved samples shows that the mineral assemblage pri-
marily consists of smectite, illite and traces of kaolinite (Figs. 5 and
6). The swelling phase represents the major fraction (>90%). Pure
smectitic phases have been preferentially encountered in the
weathered lava adjoining the Triassic sedimentary formations



Fig. 2. Images of thin sections of Nefza volcanic rocks observed under a polarised microscope. (A) Rhyolitic quartz deeply corroded by mesostasis. (B) Brown glass present as
an interstitial phase. (C) Sanidine phenocryst with simple twinning and a size of up to 8 mm size; phenocrysts exhibit dissolution cavities filled with clays and iron oxides. (D)
Partly devitrified microlitic porphyric texture with transparent glasses. Zoned Plagioclase phenocrysts set in a fine matrix of biotite laths.

Fig. 3. (A) Scanning electron microscopy (SEM) photomicrograph showing a crystal of feldspar that has dissolution pores indicative of weathering. The empty spaces are
partially filled with oxides and neoformed clays. S: smectitic clays; P: dissolution pores; Ox: oxide; F: feldspar. B: SEM image showing euhedral crystals of biotite (B) lined by
clays, all of which are contained within a siliceous groundmass (volcanic glass). Neoformed clays (S) obtained from the transformation of volcanic glass (V) and the dissolution
of feldspars (F); (P): pores.

Fig. 4. TEM images showing iron oxides adsorbed on the surface of the clays (A and B) and in the intrastructural micropores (C).
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Fig. 5. XRD patterns of randomly oriented powders of the fresh bulk (A), altered rock (B) and clay fraction (C) of the Oued Belif samples. Sm: smectite, Biot: biotite, G:
goethite, Cr: cristobalite, Qz: quartz, Sn: sanidine, Pl: plagioclase.
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and the volcanic rocks. At this level, the facies have a dark rose to
red tint, which is comparable to that of the Tamra Formation and
the Triassic red clays, which progressively evolve to a light yel-
low-to-grey tint as the rock becomes fresh. The obtained powder
diffraction diagrams are within the <2 micron fraction, which has
an interplanar distance band of (0 6 0) close to 1.49 Å and confers
a dioctahedral character (Fig. 5). The micaceous phase represented
by the illitic minerals does not exceed 10% of the entire clay frac-
tion. The kaolinite appears sporadically.

4.3. Crystallochemical study

To determine whether the smectites are montmorillonitic or
beidellitic clays, the charge of the dioctahedric clays was neutra-
lised by the migration of a small cation (lithium) in the unoccupied
octahedral cavities by heating to 250 and 300 �C (Hofmann and
Klemen, 1950; Schultz, 1969; Fig. 6). The Hofmann–Klemen effect
showed that highly weathered samples (from the volcano-sedi-
mentary breccia) correspond to an intermediate phase between
the montmorillonitic and beidellitic poles (Fig. 6A). The Hof-
mann–Klemen treatment that was performed on less weathered
samples showed two peaks, at 17 Å and 8.74 Å, which are indica-
tive of beidellitic sheets. The intensity of the peak at 9.95 Å was
invariant after lithium treatment, which excludes the presence of
montmorillonitic smectite (Fig. 6B). Regarding the least-weathered
samples (collected nearest to the fresh rock), the swelling sheets
dominated with a relatively significant illitic proportion (Fig. 6C).
The lithium saturation resulted in two peaks at 17 Å and 8.74 Å,
which supports the presence of beidellitic sheets, whereas the
9.96 Å peak matches a dual micaceous and smectitic dual stage.



Fig. 6. XRD spectrum of the <2-lm fraction of the Oued Belif samples after Hofmann–Klemen treatment (A: OB3 (grey solid line), B: OB6 (black dots) and C: OB24 (black solid
line)).
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This peak includes both illitic and montmorillonitic layers due to
its increased intensity compared with that observed prior to the
lithium treatment.

The sheet charge of the phyllosilicates was determined using
the sample saturation process with Ca and Ca–K followed by Ca–
K–Ca (Sato et al., 1992; Fig. 7). The first calcium saturation of the
most distal samples (Fig. 7A) revealed the presence of mono-min-
eral smectite.

The same preparation saturated with K exhibited heterogeneity
in the distribution of the sheets: highly charged sheets behaved
like micaceous minerals, which were then heated at �110 �C and
remained closed at 10 Å after re-saturation with Ca2+ and ethylene
glycol (Fig. 7A); and poorly charged sheets (12 Å) shifted to 15 Å
after the second Ca2+ saturation and swelled in the presence of eth-
ylene glycol. Therefore, this sample includes two types of smectite
with at different proportions: montmorillonite (dominant) and
beidellite. Regarding the less-altered-samples (Fig. 7B and C), the
interfoliar spaces folded down to 12 Å after successive saturations
with Ca and K and then shifted to 15 Å during the second Ca2+ sat-
uration. The potassium ions that are weakly adsorbed on sheets
were completely removed by the Ca2+ cations.

The values of the cation exchange capacity (CEC) and surface
area values determined using the Brunauer, Emett and Teller
method (BET) are given in Table 1. The CEC, which was measured
at a pH of 7, ranged from 61 to 79.2 meq/100 g, which is less than
the CEC of smectites (60–120 meq/100 g). Furthermore, the spe-
cific surface area measured by nitrogen adsorption ranged between
53.14 and 80.08 m2/g.

4.4. Infrared spectroscopy

The cation distribution in both the octahedral and tetrahedral
layers of the clays identified by XRD, were determined by IR spec-
troscopy with hydroxyl linking.

The IR spectra revealed intense bands at 3628 cm�1 (Fig. 8),
which are attributed to the AlAlOH stretching vibration of beidel-
litic smectite (Petit et al., 1995). The band at 883 cm�1 is attributed
to the AlFe3OH bending vibration, and the 524 cm�1 band matches
the SiOAl bending vibration. The band at 467 cm�1 coincides with
the SiOMg bending vibration. The farthest samples from the
rhyodacitic dome have stretching vibrations bands of hydroxyl
groups and deformation bands, which are characteristic of a smec-
tite-like mixed with a single Wyoming beidellitic component. The
IR spectra of the least-altered samples collected near the fresh rock
(i.e., OB24) revealed that the valence vibrations field included
hydroxyl groups and AlAlOH deformation bands d (Al2OH) and d
(OHAlFe) at 3630 cm�1, 923 cm�1 and 881 cm�1, respectively,
which is typical of a beidellitic smectite.

4.5. Thermal study

The results of the differential thermal analysis (DTA) and ther-
mal gravimetric analysis (TGA) of the clays are shown in Fig. 9.
DTA curves of the clays extracted from the altered rhyodacite reveal
similarities in the low-temperature range. The thermograms show
the following. (i) A pronounced endothermic peak system at low
temperatures (<200 �C), which corresponds to the loss of hydration
water. (ii) A strong endothermic peak appears at 510–513 �C, which
is related to the presence of iron in the octahedral sites, which
decreases the temperature. This peak has been reported in nontro-
nite-type Fe-smectites. (iii) A dehydroxylation reaction that
occurred at approximately 700 �C is followed by the S-form endo–
exothermic reaction, which extends from 872 to 926 �C and is char-
acteristic of Wyoming-type montmorillonite clays (Al, Fe). All of the
thermal curves of the various samples showed a small peak at
approximately 300 �C due to the presence of iron oxides. The TGA
curves reveal a montmorillonite character and indicate three stages
of mass loss at 100 �C, 150 �C and 500 �C. The first TG slope is
related to the adsorption of water into the external surface and/or
between the clay layers. As result of desorption and dehydratation
reactions, there was a 2.25% loss in weight, which is less than that
observed in similar source clay minerals (Guggenheim and Koster
van Groos, 2001). This phenomenon could be related to the exper-
imental conditions (in this study, the samples were dried at 60 �C
before being placed into the crucible). The dehydration of the inter-
layer cations caused the second slope, which corresponded to a
0.95% loss in weight. The third weight loss (1.18%) can be mainly
attributed to the dehydroxylation of smectitic clay.

4.6. Chemical analyses

The results of the chemical analysis (Table 1) show that the
rhyodacitic lavas are characterised by silica supersaturation and
Al2O3 excess. This high ratio of aluminium is reflected in the pres-
ence of normative corundum (Laridhi Ouazaa, 1994). The alumina
saturation index (A/CNK) (Al2O3/Ca2O + Na2O + K2O) varies
between 1.8 and 2.29; this index (>1) gives these rocks a peralumi-
nous character (Chappel and White, 1974; Clarke, 1981). An atyp-
ical potassium content (4%) was observed, which is typical of Oued
Belif rhyodacites. Moreover, the analysis of REEs indicates that the
Nefza acid rocks contain typical concentrations similar to the aver-
age chemical composition of Earth’s crust (Halloul, 1989; Taylor



Fig. 7. XRD patterns of Ca, CaK, CaKCa-saturated samples of Oued Belif. (A) OB3; (B) OB6; (C) OB24.
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and McLennan, 1981). The clay fractions isolated from the weath-
ered rhyodacite show an alumino-ferriferous character, which is
occasionally potassic.

The structural formulae of pure smectitic phases established
from the punctual EDS analyses are given in Table 1.

The upper crust normalised REE patterns (normalisation value
from Taylor and McLennan, 1981) show a strong enrichment of
light REE (LREE) compared to heavy REE (HREE), and a negative
anomaly in europium was observed for all samples (Table 2,
Fig. 10). The comparison of the distribution curves of lanthanide
for the entire rock and the clays shows an enrichment of the
fine-fraction REE with a fractionation of LREE relative to HREE.
5. Discussion and conclusion

Petrographic investigation showed that the structure of the ori-
ginal rock is not preserved, which was confirmed by the intense
alteration of plagioclase and biotite crystals. At the borders of the
dome structure of the Oued Belif, we noted the presence of the fer-
ruginous weathered products, which increases at the expense of
ferromagnesian minerals (biotite), opaque minerals and glass,
which evolve into clays. The conversion of magmatic glass to smec-
titic minerals has been described in several bentonitic deposits
throughout the world (c.f., Christidis, 1998; Christidis and
Dunham, 1997; Ddani et al., 2005).



Table 1
Chemical analyses of the major elements (%), loss on ignition (LOI) in weight %, cation exchange capacity (CEC), surface area (BET) of the rhyodacites, microprobe analyses of the
associated clays and structural formulae based on O10(OH)2.

RTOB3 AROB3 RTOB6 AROB6 RTOB24 AROB24

SiO2 66.24 57.40 64.24 52.14 67.48 53.63
Al2O3 14.57 15.97 16.40 17.25 14.92 21.79
Fe2O3 3.39 7.99 3.23 9.76 2.49 6.97
MnO 0.038 0.015 0.018 0.004 0.035 0.00
MgO 1.17 3.15 1.35 1.93 0.98 1.98
CaO 1.68 0.74 2.51 0.88 1.94 2.02
Na2O 2.84 0.75 3.00 1.79 3.34 1.76
K2O 4.09 0.89 3.77 0.45 3.90 0.82
TiO2 0.37 0.34 0.37 0.13 0.34 0.33
P2O5 0.13 0.35 0.18 0.05 0.093 0.00
LOIa 4.69 4.82 3.47
Total 99.22 99.88 98.99 89.31
(Al2O3 + Fe2O3)/MgO 17.47 7.61 18.79 13.99 17.46 10.41
SiO2/Al2O3 4.55 3.59 3.92 3.02 4.52 2.46
K2O/Na2O 1.44 1.19 1.26 0.25 1.17 1.46
Si 3.96 3.78 3.65
IVAl 0.04 0.22 0.35
VIAl 1.26 1.25 1.40
Fe3+ 0.42 0.53 0.36
Mg 0.32 0.21 0.20
Ti 0.02 0.01 0.02
Mn 0.00 0.00 0.00
Ca 0.05 0.07 0.15
Na 0.10 0.25 0.23
K 0.08 0.04 0.07
Tet. charge 0.04 0.22 0.35
Oct. charge 0.24 0.20 0.24
Interlayer charge 0.28 0.43 0.60
Layer charge 0.28 0.42 0.59
CEC (meq/100 g of dry clay)b 69.79 61 71
Surface area (m2/g)c 80.08 54.55 53.14

a LOI – loss on ignition at 1000 �C; RT: bulk-rock; AR: clay fraction.
b Cation exchange capacity.
c Surface area determined by the method of Brunauer, Emett and Teller (BET).

Fig. 8. Middle infrared (MIR) spectra of the clay samples (red curve: OB3; green
curve: OB6 and blue curve: OB24). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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The observation of altered rocks using optical microscopy
revealed the presence of plagioclase crystals, which showed sev-
eral dissolution cavities at the crystal edges and in the hub, where
they form a dense network. These microcavities have been formed
by the leaching of feldspar crystals by hydrothermal fluids that are
then partially filled with neoformed phyllosilicates.

The XRD analysis of the clay fraction revealed an almost homo-
geneous mineral composition which, corresponds to a nearly
smectitic phase with an insignificant amount of illite and kaolinite.
The presence of illite and kaolinite suggests that they are derived
from crystalline rocks that contained feldspar and mica. The pres-
ence of kaolinite and illite in the <2-lm fraction of the Oued Belif
samples and the nature of the sheets (montmorillonitic or Beidel-
litic) caused a decrease in the CEC and external surface area values.

The nature of the swelling clay types was determined using IR
spectroscopy, performed in support of the XRD analyses, to charac-
terise the clay minerals. These results helped to confirm the alumi-
no-ferriferous nature of the samples located in the distal part of the
dome and the aluminous character of the samples nearest to the
fresh rock.

Mineralogical and spectroscopic analyses were supplemented
by differential thermal analysis. All samples presented similar
thermal curves typical of smectitic clays. Clear differences were
observed regarding the position, shape and intensity of the differ-
ent peaks, which are attributed to the diversity of the saturating
cations, which have different hydration energies.

The geochemical studies of both fresh and weathered rocks
samples clearly indicated their peraluminous and potassic nature,
which is linked to a crustal origin (Halloul, 1989; Laridhi Ouazaa,
1994) and to a potassic metasomatism (Talbi, 1998). The compar-
ison of the chemical composition among the rhyodacites and the
clays extracted from the weathered rocks showed a concentration
of several chemical elements in the fine fraction (i.e., Al, K, Mg, Fe,
Ca and Mn), which is clearly related to the leaching of these ele-
ments during the hydrothermal and supergene alteration of acidic
lavas and their fastening in smectites (Christidis, 1998). The
remarkably high content of aluminium in the fine fraction of the
weathered rock may be due to the conversion of volcanic glasses
into clay minerals (Altaner and Grim, 1990), whereas the relative
mass increase of iron is undoubtedly due to the supply of iron from



Fig. 9. TG–DTA curves of the clay samples (A) OB3; (B) OB6; (C) OB24.

Table 2
Chemical compositions of the trace and rare earth elements of rhyodacite and
associated clay (ppm).

RTOB3 AROB3 RTOB6 AROB6 RTOB24 AROB24 Upper
crust

As 77.60 197 16.30 33.90 43.40 137
Ba 1216 700 600 427 442 264
Be 6.84 6.18 4.60 9.54 5.79 7.19
Bi 1.26 1.92 0.16 0.39 1.20 6.55
Cd <l.d. <l.d. <l.d. <l.d. 0.17 <l.d.
Ce 77.50 72.0 84.60 15.00 78.70 99.20 33
Co 4.07 4.89 4.01 2.41 5.67 5.04
Cr 13.10 6.40 13.10 10.80 14.70 14.10
Cs 31.00 32.9 5.33 6.08 24.70 23.60
Cu <l.d. 20.6 8.30 15.00 7.80 28.50
Dy 2.18 1.58 3.85 1.46 2.03 3.05 3.7
Er 1.08 0.721 1.71 0.673 1.03 1.26 2.2
Eu 0.875 0.550 1.310 0.258 0.947 0.986 1.1
Ga 24.30 23.8 27.60 30.00 24.70 21.60
Gd 3.11 2.41 5.65 1.70 2.98 4.79 3.3
Ge 1.79 0.85 1.48 0.44 1.73 1.16
Hf 4.70 1.96 4.98 2.53 4.74 1.32
Ho 0.386 0.267 0.669 0.256 0.366 0.491 0.78
In <l.d. 0.650 <l.d. <l.d. <l.d 0.34
La 45.90 46.000 43.50 7.12 45.50 62.40 16
Lu 0.193 0.102 0.238 0.109 0.193 0.165 0.3
Mo 1.58 2.280 0.49 0.44 1.02 1.30
Nb 13.9 10.900 13.7 5.99 13.3 5.76
Nd 26.4 24.200 36.2 7.32 26.6 34.70 16
Ni 6.2 7.000 10.8 8.3 7.4 8.60
Pb 77.7 152.000 44.4 18.2 106 615.
Pr 7.98 7.150 10.1 1.92 8.05 9.72 3.9
Rb 331 79.300 139 16.4 279 52.50
Sb 1.44 3.310 0.8 1.52 1.61 2.92
Sm 4.71 4.450 7.42 1.89 4.54 7.38 3.5
Sn 7.32 8.920 6.11 9.53 5.82 9.66
Sr 688 1831 400 120 564 1716
Ta 1.44 1.340 1.53 1.05 1.42 0.67
Tb 0.431 0.335 0.78 0.266 0.408 0.64 0.6
Th 20.7 19.400 23.5 9.63 24.4 19.10
Tm 0.168 0.105 0.246 0.107 0.164 0.17 0.32
U 9.29 2.08 5.12 1.44 7.7 2.39
V 32.9 23.50 38.2 45.3 34.4 42.90
W 4.56 4.49 7.08 8.74 4.6 6.20
Y 11.5 8.09 19.8 7.4 11.1 13.50
Yb 1.21 0.691 1.57 0.743 1.21 1.18 2.2
Zn 129 1156 301 1008 197 1403
Zr 175 50.5 182 46 177 32.20

<l.d. – amount lower than the detection limits.
Normalisation was performed according to Taylor and Mclennan (1981).

Fig. 10. Variation of the REE normalised to the crust of the Oued Belif rhyodacites
and associated clays; normalisation was performed according to Taylor and
Mclennan (1981).

D. Sghaier et al. / Journal of African Earth Sciences 100 (2014) 267–277 275
the Tamra iron mine. Iron can also be derived from the pseudomor-
phose of the biotite. The enrichment of potassium can be attributed
to the leaching of feldspars (Munch et al., 1996), which may con-
tribute to the neoformation of illitic minerals. The distribution of
the major and trace elements and REEs of the studied samples
revealed variations what were closely related to the degree of rock
weathering. It is well known that clays are the most important host
minerals for REEs in alteration products (Kanazawa and Kamitani,
2006; Nyakairu et al., 2001; Roy and Smykatz-Kloss, 2007). More-
over, the important fractionation of LREEs compared with HREEs
reflects the nature of these calco-alkaline lavas. However, the neg-
ative europium anomaly indicates the fractionation of plagioclase.
The general shape of the curves for the lanthanide rhyodacitic lavas
is characteristics of those clays.

The texture, primary mineralogy and alteration of the studied
samples were characterised based on macroscopic and petrographic
observations. The transformations that affected the acid lavas
mainly included ferrugination, silicification and clayey alteration.
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The mineralogical study of the fine fraction of the studied samples
showed that the cortege of clay minerals is homogeneous with an
extremely slight variation depending on the sample location relative
to the unaltered rock. This result therefore demonstrates that the
nature of the clayey species depends on the intensity of the transfor-
mations that affect the rock. Generally, clays associated with acid
volcanic rocks of Oued Belif are smectitic.

The supergene and hydrothermal alterations generated inter-
mediate mineral species that have a similar intermediate character
between the montmorillonitic and the beidellitic end-members. A
similar example has been described in the Milos Island Greece,
where the smectite was derived from acidic precursors and dis-
played significant compositional variations between beidellite
and montmorillonite (Christidis and Dunham, 1993, 1997).

A less-intense alteration induced by hydrothermal processes
primarily resulted in beidellite aluminous clays. Moreover, the dis-
tribution of major and trace elements and REEs of the investigated
samples was used to characterise the chemical modifications sub-
sequent to their emplacement. This chemical process mainly
occurred as rare Earth leaching during lava alteration and their
trapping in the clay fractions.
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