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Abstract Alunite mineral was recently identified at the
upper Eocene clay deposits associated with laminated pri-
mary gypsum and iron oxide in Central Tunisia, particularly
at El Gnater site. The alunite characterization has been
performed by several analytical techniques [atomic ab-
sorption spectroscopy (AAS), X- ray diffraction (XRD),
scanning electron microscope (SEM), thermogravimetric
analysis (TGA) and differential thermal analysis (DTA)].
The mean features of their chemical composition are its
deficiency of Al, water excess content, small replacement of
K by Na and absence of impurities such as Fe. The X-ray
diffraction pattern reveals the purity of the alunite samples.
The SEM micromorphological study shows a compact fa-
cies which is made up by homogeneous pseudocubic mi-
crocrystals having approximately the same diameters of
1 pm. Thermal behaviour of El Gnater alunite closely
matches published literature which shows two major en-
dothermic peaks at 528 and 744 °C with total weight loss
17.27 and 29.09 %, respectively. The former corresponds to
the dehydroxylation processes and the latter corresponds to
sulphate decomposition reaction. The association of studied
alunite with laminated primary gypsum, hematite and clay
minerals implies its late diagenetic origin in reduced con-
ditions and in evaporitic environment. However, jarosite

M. E. Gaied
Institute of Fine Arts, Place de la Gare, Sousse, Tunisia

F. Chaabani
Geology Department, Faculty of Sciences of Tunis,
L.R: Ressources Minérales, El Manar, Tunisia

W. Gallala (X))

Faculty of Sciences of Gabes, Department of Earth Sciences,
Riadh City, Zirig, 6072 Gabes, Tunisia

e-mail: gallala_wissem @yahoo.fr

was produced by oxidation of pyrite which was very
abundant in the claystone host.

Keywords Alunite - Late diagenesis - Upper Eocene -
Clay - Gypsum - Jarosite

Introduction

In general, minerals of alunite group are generally de-
scribed in the products of hydrothermal alteration of vol-
canic materials (Ross et al. 1968; Mutlu et al. 2005) and
also in sedimentary deposits where they are often consid-
ered as weathering products of clays (Keller et al. 1967,
Goldbery 1980; Chitale and Giiven 1987; Rouchy and
Pierre 1987; Khalaf 1990; Long et al. 1992). In both these
cases, Al-minerals are alunitized by sulphuric acid, which
is generated by the oxidation of hydrogen sulphide or of
metallic sulphides during early or late stages of diagenesis
(Lombardi and Sheppard 1977; Hall 1978; Goldbery 1980).

Alunite associated with halloysite has been reported in
Lechuguilla cave in the Guadalupe Mountains and has been
assumed to be an alteration product of the clay host, which
is also due to the action of sulphuric acid (Palmer and
Palmer 1992).

Occurrence of early diagenetic Na—alunite was recently
described in the Middle Miocene evaporitic succession
from the Sinai at Ras Sudar on the eastern coast of the Gulf
of Suez.

Na-alunite was developed within cryptalgal sediments
which end a regressive sedimentary sequence represented
by intertidal lithofacies grading to subtidal lithofacies. Its
formation was related to bacterial sulphate reduction, fol-
lowed by the reoxidation of sulphide and production of
sulphuric acid which reacted with clays (Goldbery 1980).
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Fig. 2 Geological location of El Gnater sector

Rouchy and Pierre (1987), presented a new finding of
sedimentary natroalunite in the middle Miocene evaporated
cap rock of the diapir on the Gemsa Peninsula, in the south-
western coast of the Gulf of Suez. In this case, sedimen-
tological and isotopic data demonstrate the late diagenetic
origin of Na—alunite.

Alunite—jarosite minerals can be described by the
general structural formula MR3(SO4),(OH)g; where M is
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the 12-fold coordination site, commonly occupied by
large cations: K", Na™, Rb™, NH4+, Ag+, H3O+, Ca2+,
Pb>", Ba't, Sr**, Ce’*, Tit, Hg?"; and R is the octa-
hedral coordinated site which is occupied by A1 (for
alunite) or Fe’" (for jarosite); whereas the sulphate te-
trahedral can be replaced by PO’~, AsO}~ or CrOj~
(Ossaka et al. 1982; Hartig et al. 1984; Scott 1987, 2000;
Long et al. 1992; Stoffregen and Alpers 1992; Rattray
et al. 1996; Dutrizac and Jambor 2000; Stoffregen et al.
2000; Drouet and Navrotsky 2003; Rudolf et al. 2003;
Drouet et al. 2004). For the alunite structure MAI1;(-
S04)>(OH)g, the most frequent chemical substitutions in
M site, are K™, Na*, H;0". This may reduce the ex-
tension of the natural solid solutions to the ternary system
(K", Nat, H;0™") for the triangle: alunite, natroalunite
and hydronium alunite, as given by the following gener-
al formula K,;_x_,Na,(H30)xAl,(SO4)2(OH)¢_3:3—2—w)
(H20)3(3—,—w) proposed by Drouet et al. (2004), in which
implies non-stoichiometry of alunite species and an ex-
cess of water due to the lack of Al (Hartig et al. 1984;
Bohmhammel et al. 1987; Ripmeester et al. 1986; Lager
et al. 2001).

Tunisian alunite has been twice reported, in El Gnater
site, during a regional geological survey of the area by
Gaied (1991, 1996), who gives some geological details
about this recent discovered occurrence.

The main aim of this work is to give some further in-
formation about the geological setting as well as the min-
eralogical characterization of alunite at El Gnater site
(Kairouan District) of Central Tunisia. This is to clarify the
genesis of the studied alunite.
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Fig. 3 a Lithological section of El Gnater sector; b details of the upper member of Cherahil formation showing lenticular alunite horizons

Analytical methods

In order to isolate any contamination, El Gnater alunite was
sampled with a geologist hammer and carefully separated
from its coat, which is made up by gypsum and hematite.
Chemical analysis of two samples was carried out at the
Tunisian National Institute of Scientific and Technological

Research “Institut National de Recherche Scientifique et
Technologique (ILN.R.S.T.)” and at the National Mines
Board “Office National des Mines (O.N.M)”, with atomic
absorption spectroscopy for K,O, Na,O, CaO, MgO, Fe,03,
Al,O3 and SiO,. The gravimetric method is used only for SO;.

The total water amount was determined by two different
methods: from thermogravimetric curve and by heating the
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Fig. 4 Mineralogical
association of El Gnater
deposits showing the upper
level of white alunite nodules
(a), Jarosite and lamellar
gypsum (b), details of an alunite
nodule that is surrounding by
laminated primary gypsum and
locally by iron oxide

Table 1 Analysed chemical composition of alunites

K-O Na,O CaO ALO; Sio, MgO Fe,03 SO, LIO Total

Alunite this work (1) 9.15 2.16 0.00 31.15 0.43 0.03 0.3 36.48 17.80 97.47
17.27€

Alunite ideal (2) 11.40 0 0 37.00 0 0 0 38.60 13.0 100
Natroalunite ideal (3) 0 7.8 0 38.4 0 0 0 40.20 13.6 100
H;O-alunite ideal (4) 0 0 0 38.81 0 0 0 40.63 20.55 100
Alunite® (5) 10.0 NA NA 32.3 NA NA NA 38.4 13.04 93.7
H,;O-alunite ideal® (6) NA 0.1 0.5 36.5 NA NA NA 41.42 20.1 98.6

LIO loss on ignition by heating at 600 °C, € the water loss at 600 °C, calculated from DTA curve, NA non analysed

Chemical composition of natural alunite, this work, compared with three calculated ideal end members of: alunite (2), natroalunite (3) and IH;0—
alunite (4), (5) and (6) correspond to alunite and hydronium alunite respectively from Lager et al. 2001)

alunite powder at 600 °C over 12 h. The thermogravi-  Measurements were taken from 25 to 1,200 °C at ambient
metric analysis (TGA) and differential thermal analysis  atmosphere with a heating rate of 10 °C/min.
(DTA) were performed with a coupled thermal analyser The powder diffraction measurement of alunite was

(SETARAM TG/DTA 92) DTA-TGA instrument. conducted with the X’Pert MPD Pro PANalytical

@ Springer
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Fig. 5 X-ray diffraction
patterns in the 5°-100°, 20 [wor
range of the compact alunite

sample from El Gnater

19X+

10+

bt

automated X-ray diffractometer at INRST using CuKa
radiation.

The diffractograms were obtained over the 20th range
from 3° to 100° at a scan speed of 1/2 deg/min.

Micromorphological investigation and qualitative ele-
mental composition of various minerals in the samples
were determined with a Philips XL30 scanning electron
microscope (SEM) at the Sciences Faculty of Sfax:
“Faculté des Sciences de Sfax (FSS)”. The operating
conditions are respectively maintained at 20 kV and
60 mA for the accelerating voltage and current intensity.
The SEM specimens were prepared from freshly broken
surfaces of the rocks. The powder was mounted on an Al
metal stub, then covered with gold using a BAL122 TEC
MED 020 coating system equipped with an argon gas for
purging purposes. The microscope working distances
ranged between 10 and 15 mm, with magnification up to
100,000, depending on the height and quality of the
crystals as well as on the efficiency of the gold coating.
SEM micrographs of the solids were recorded with
video-printer  attached to the scanning electron
microscope.

Geographic and geological setting

The alunite occurrence of Central Tunisia is located at El
Gnater site (Kairouan District) at mid way between the
cities of El Ala and Hajeb El Aioun (Fig. 1). From El Ala
centre, a paved rural road leads towards the most outcrops
of the El Gnater site. The latter corresponds to the
periclinal closure of the Rebeiba anticline (Fig. 2). The
heart of this tectonic structure is mainly Cenomano-Turo-
nian marl overlaid by the middle and upper Eocene clay

* 40 =) o) » & A o
Poalicn| 2Thety)

sediments of the Cherahil formation. The El Gnater outcrop
section shows three members (Fig. 3a).

The lower member (35 m thick) is mainly made up of
bioclastic and dolomitic limestone. It begins with con-
glomeratic deposit that overlies Turonian marl of the
Rbeiba structure;

e The middle member is made up of 120 m of alterna-
tions of sand, claystone and shelly limestone levels;

e The upper member (60 m thick) is dominated by clay
deposit; it shows thin intercalations of shell and shelly
oysters’ rich limestone. This member is overlaid by
Oligocene white sand.

Alunite occurs in three horizons of lenticular inter
bedding at the top of the upper member (Fig. 3b), espe-
cially on the northern flank of the anticline structure. These
horizons extend for at least 100 m and vary in thickness
from 0.1 to 0.5 m (Fig. 4a). They are intercalated by thick
sequences of green clay (2.2 m to about 7 m) and they
contain secondary gypsum and thin veins of jarosite
(Fig. 4b, ¢).

Results
Chemical composition

Chemical composition (Table 1) shows that El Gnater
alunite is relatively pure member.

Only trace amounts of SiO, and Fe,O; are detected.
The former may correspond to a minor amount of clay
minerals and the latter may be related to the presence of
free iron oxide. However, some excessive water is ob-
served, (H,O = 17.80 %) compared to the chemical
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Fig. 6 SEM study of alunite sample: a, b SEM photomicrographs illustrating two different scales of pseudocubic small crystals of alunite;

¢ qualitative microanalysis of single crystal of alunite

composition of an ideal alunite (H,O = 13 %) and to the
natural alunite (sample No. 5, Table 1). The deficiency
of Al requires some excessive water and confirms the
non-stoichiometry of the alunite (Hartig et al. 1984;
Bohmhammel et al. 1987; Ripmeester et al. 1986; Lager
et al. 2001).

El Gnater alunite structural formula is calculated on
atomic value. Atomic number of SO, is fixed at 2 because
percentage of this oxide is very similar from ideal alunite
and the other cations are reported by correction: (Kggg
Nag27) Aly76(SO4)2(OH)g.

The amount of K,O and Na,O (11.31 wt%) is ap-
proximately equal to the expected amount of alkalis cations
in the theoretical alunite (11.40 wt%). Hence, the alunite of
El Gnater belongs to the alunite-natroalunite solid solution
and is near end member.

@ Springer

Mineralogical characterisation

The mineralogy of the host clays has been identified by
X-ray diffraction. Bulk rock contains quartz, gypsum, jar-
osite, feldspars and carbonates. The clay fraction is com-
posed of 80 % smectite, 10 % kaolinite and 10 % illite
(Gaied 1996).

The X-ray powder diffraction data of alunite (Fig. 5)
confirm the chemical analysis and suggest the high purity
of this substance according to the A.S.T.M files (14/130)
and to Brown and Brindley (1980) data. The main diag-
nostic reflections of alunite occur approximately at 5.70,
4.93, 3.49, 2.97, 2.84, 2.26, 1.89, 1.74 and 1.641 A
(Fig. 5). These quite values prove notable agreement with
alunite literature (Stoffregen and Alpers 1992; Lager et al.
2001; Rudolf et al. 2003).
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Fig. 7 DTA and TGA curves of
El Gnater alunite; loss of

water = 17.27 % and loss of
SOz = 29.09 %

TG(%)

Scanning electronic microscope study

The SEM photographs show small well-formed pseu-
docubic crystals of alunite that are equigranular in diameter
of approximately 1 pum in size (Fig. 6a, b). Qualitative
microanalyses (Fig. 6¢) indicate that S, Al, K, Na and
oxygen are the major elements as expected from chemical
composition of El Gnater alunite (Table 1).

Thermal analysis

Thermal analysis of alunite shows two well-defined stages
of endothermic reactions corresponding respectively to
dehydroxylation (loss of OH) and desulphuration (loss of
SO;) (Fig. 7) (Davey et al. 1963; Kubisz 1970; Slansky
1973; Fielding 1981; Pysiak and Glinka 1981;
Bohmhammel et al. 1987). During the first endothermic
reaction, at 520 °C, alunite is transformed to KAI(SO,),
crystalline alkaline aluminium sulphate and to amorphous
Al,O3. Whereas, during the second endothermic reaction,
at 745 °C, the alkali aluminium sulphate is decomposed
into aluminium oxide, alkali sulphate (K,SO,4) with the loss
of SO, (Bohmhammel et al. 1987; Piga 1995; Cipriani
et al. 1997; Lager et al. 2001). These reactions and de-
composition temperatures are explained by Piga (1995).
According to the TGA data, ignition loss at 600 °C
(17.27 wt%) is higher than expected for alunite (13 wt%).
Therefore, this loss should be expressed as structural bound
OH and the non-OH structural bound H,O. The latter
(4.27 wt% excess) corresponds to the absorbed water as
H,0, H;0" or some trace amounts of amorphous materials

209",
'

bl

)
Heat flow (uV)ymg

/
|

Temperanue (°C

associated with the alunite separates. The excess of water
(4.27 wt%) can be related to the H,O and not to H;O™,
because hydronium is not justified for this alunite.

Discussion

Generally alunite and jarosite formed in sedimentary en-
vironments are associated with clayey or terrigenous host
sediments. This group of minerals may be authigenic in-
terbedded with evaporitic ones, or hypogene product under
hydrothermal alteration, or supergene product under anoxic
conditions in open lagoon or intertidal zone. The latter can
be likely the case for alunite studied. This alunitic miner-
alization was observed only at the top of the argillaceous
formation of Late Eocene age, completing a regressive
sequence. The presence of the jarosite, disseminated within
the argillaceous levels, reflects oxidizing conditions.
Whereas, alunite can be formed only under reducing con-
ditions starting from the marine water supersaturated in
cations A13+, K™, Na' and in anion SO427. The cations are
the products of alteration of smectitic clays of Late Eocene
age. The excess of SO,*~ can be linked to Ca®>" which can
be released from calcic smectites to give laminated primary
gypsum. The SO,*~ was generated by sulphuric acid at
warm temperature (about 30 °C) which may be attested by
fine pseudocubic crystals of alunite that have about 1 pm
as announced by Rye et al. (1992).

The EI Gnater alunite has certainly diagenetic origin, but
in which stage of diagenesis was it formed? Once com-
pared with those met in Middle East which were formed in
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middle Miocene sedimentary environments, it can be af-
firmed that El Gnater occurrence is similar to Ras Sudar
(Sinai, Egypt). It may be formed in late diagenesis condi-
tions within a regressive sedimentary sequence represented
by infra-tidal Eocene clay deposit grading to subtidal Oli-
gocene sand deposit. This is indicated by the following:

The interbedded of nodules horizons with the clay
levels (Fig. 4a);

The presence of syndiagenetic fault sealed by Fortuna
sand deposit (Fig. 4a);

The covering of the nodules by laminated primary
gypsum (Fig. 4c).

Therefore, the preliminary approach of the El Gnater

alunite genesis mode can be the following one (Fig. 8):

@ Springer

Phase I Formation of sulphuric acid that results from
tow oxidation reactions of the pyrite contained in clays
deposit:

1. Fezs + 3H20 d Fe203 + st
2. st + 202 g HQSO4

Phase Il Formation of the jarosite by the following
reaction: K + Fe,S + H,O — KFe3(S04),(OH)g.
Phase III Attack clays sediments rich in A13+,
Na't and K' with H,SO,. The result is the
formation of alunite: (Kggo Nag,7) Als 76(SO4),
(OH)¢ and gypsum: CaSQ4, 2H,0 in evaporated
conditions.

In this phase, smectite clay minerals of the Late Eocene,

rich with aluminium, potassium, calcium and sodium
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change progressively to alunite under the action of the
sulphuric acid.

This acid is probably due to the oxidization of sul-
phurized gas (H,S) that comes from depths (Khalaf 1990)
and/or from the oxidization of pyrite, which occurs fre-
quently in the clay series. The presence of the iron oxide
associated with the alunite pleads in favour of this last
hypothesis. The stratification of El Gnater alunite with
jarosite rich clay levels might be attributed to the lowering
climatic conditions (Long et al. 1992). The oxidation
conditions encourage more the jarosite crystallization than
alunite which may explain the abundance disseminated
jarosite more than alunite in the El Gnater region.

Conclusion

El Gnater alunite would probably crystallize in a
sedimentary environment approximately at the top of the
regressive deposit sequence between the Eocene tidal clays
and the Oligocene subtidal sands. The white deposits of
alunite occur as small lens and it was probably resulted
from the sulphuric acid attack on smectitic clays during
late diagenetic conditions. Chemical composition, X-ray
powder diffraction, thermal analysis and SEM show that El
Gnater alunite has characteristics close to the alunite end
member. Its composition belongs to the K-Na alunite
series.

It contains a slight excess of water and little amount of
Na. The water excess can be related to the lack of Al and
can be expressed by the adsorbed water molecule. The El
Gnater alunite is very well crystallized as shown by SEM
and the equigranular pseudocubic crystals are sized ap-
proximately 1 pm. Structural formula (Kq93 Nag o) (Al 3
S134) Og indicates the high purity of El Gnater alunite
when compared with the published ones. Thermal analysis
of El Gnater alunite is similar to the previously published
data of pure alunite. The only dehydroxylation phase,
identified here, indicates that the small excess of water
reported from the chemical analysis is not related to the
hydronium H;O0" and may be due to the loss of absorbed
water H,O.

The jarosite, which is the isostructural with the alunite,
has been found in the same occurrence. But it is not or-
ganized in nodules like alunite and it is associated with
secondary gypsum. The genesis of alunite can be attributed
to the reducing climatic conditions. However, the oxidation
conditions encourage the crystallization of jarosite. That is
why there are more interbedded levels of jarosite than
alunite.
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