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A B S T R A C T

The Oued Amizour granitoids of North Africa were studied in order to assess the role of magma processes in the
formation of the large Zn-deposit in the region. Access to material from a ∼800m drillhole cutting the entire
igneous succession greatly facilitated the investigation. The rocks reveal, from the top to the bottom, two distinct
lithologies: volcanic, mainly pyroclastic rocks and sub-volcanic microgranitic – plutonic granodioritic rocks.
Both lithologies were subject to hydrothermal alteration. The boundary between the two lithologies is marked by
a massive, ∼10m thick anhydrite layer. The geochemistry of these rocks shows that they are intermediate to
felsic in composition and exhibit high-K to shoshonitic calc-alkaline features with I-type signature. The negative
Eu, Sr and Nb anomalies and the high LILE and LREE enrichment observed in the whole igneous suite indicate
that the various volcanic and plutonic rocks are genetically related. The granitoids are considered to have
formed under post-collisional geotectonic regime during the Miocene, similar to those described in the Alpine
Belt of northern Africa.

The main sulphide mineralisation is dominated by sphalerite with rare marcasite, melnikovite, galena and
minor but ubiquitous pyrite. The sphalerite ore body of about 20–30m thick is hosted by hydrothermally altered
andesite breccias and volcanic tuff, between the anhydrite layer at the base and the volcanic pile at the top.
Replacement, colloform and open space filling are the main ore texture patterns which indicate hydrothermal
processes throughout successive percolation phases.

δ34S of sulphides (sphalerite, pyrite and chalcopyrite) vary between −7.2‰ and +4.5‰ (n= 22 ;
mean=−1.3‰), suggesting that magmatic fluids have played a major role in the formation of the Oued
Amizour Zn-deposit. However, δ34S of sulphates (anhydrite and gypsum) which are isotopically heavier ranging
between +13.2‰ and +20.6‰ (n=10; mean=+16.3‰), likely reflect mixing between Miocene seawater
sulphate and magmatic sulphur. Fluid inclusion microthermometric measurements on anhydrite and gangue
calcite yield a mean temperature of ∼200 °C and salinity between 22.3 and 26.6% eq. NaCl. Calcite δ18OV-SMOW

varies between +11.2 and +20.2‰ (n= 12, mean=+16.7‰) and δ13CV-PDB varies between −3.7 and
−11.0‰ (mean=−7.8‰). These results confirm the magmatic origin of the mineralising fluids, with a marked
contribution of seawater, for precipitation of the Oued Amizour Zn mineralisation. Low δ13CV-PDB could, how-
ever, be attributed to the contribution of carbon from unconsolidated mudstones and/or magmatic carbon. The
observed data on the Oued Amizour Zn deposit show that the mineralisation is part of VHMS group with a
Kuroko-type signature.
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1. Introduction

A number of Miocene igneous rocks crop out along the North
African margin and are distributed from the Galite Isle in Tunisia along
the Algerian coast to northern Morocco. The emplacement of these ig-
neous rocks is believed to be a consequence the western Mediterranean
subduction-collision between the African and European plates during
the Oligo-Miocene (e.g., Auzende et al., 1975; Cohen, 1980; Maury
et al., 2000; Carminati et al., 2012; Chazot et al., 2017). This tectonic
episode was also responsible for the actual tectonic structure of the so-
called Alpine Belt of the western Mediterranean Basin (e.g., Bellon,
1976; Durand-Delga and Fontboté, 1980).

In northern Algeria, the composition of the Miocene magmatic rocks
ranges from predominantly mafic compositions in the west to felsic
compositions in the east showing different emplacement conditions
from plutonic through sub-volcanic to volcanic environments (Benali,
2007). The igneous bodies in northeastern Algeria intruded both the
metamorphic basement and the overlying sedimentary cover of the
Internal Zones (Fig. 1) at ca. 17–11Ma (Bellon, 1981; Marignac and
Zimmermann, 1983; Abbassene et al., 2016). The previous geological,
geochemical and isotopic studies on these rocks (e.g., Hilly, 1962;
Fougnot, 1990; Ouabadi et al., 1992, Ouabadi, 1994; Ahmed-Said et al.,
1993; Semroud et al., 1994; Laouar et al., 2002; Laouar et al., 2005;
Bouabsa et al., 2010; Maury et al., 2000) show two post-collisional
main types of magmas: a mantle-derived magma which has undergone
variable crustal contamination (e.g., Edough, Chetaibi and Cap de Fer;
Laouar et al., 2002; Laouar et al., 2005) and a magma generated by
partial melting of metasedimentary rocks (e.g., Cap Bougaroun Filfila;
Ouabadi et al., 1992; Bouabsa et al., 2010). The petrological and geo-
chemical features of these two types of magmas correspond to the I-type
and S-type granitoid classification of Chappell and White (1974, 2001)
respectively.

The magmatic activity in northeastern Algeria was accompanied by
various degrees of hydrothermal fluid circulation which resulted in
three main types of mineralisation: (1) Pb-Zn-Cu vein ores; (2)
W–As–Au deposits related to skarns; and (3) Sb–Au vein mineralisation.
These are exposed either as small prospects (e.g., Chetaibi-Cap de Fer
and Edough massif) or giant ore bodies (e.g., Oued Amizour, El-Aouana
and Aïn Barbar; Benali, 2007; Villemaire, 1987; Marignac, 1983).

Oued Amizour massif is an example of this magmatic activity that
was accompanied by the emplacement of the largest Zn deposit in north
Algeria. The massif has been previously studied by Semroud (1981) and
Semroud et al. (1994) who presented a detailed geological framework
of the igneous rocks, including petrological and mineralogical in-
vestigations. However, few geochemical data (major and trace ele-
ments) were published. The recent work of Benali (2007) who discussed

the ore deposits associated with the igneous rocks of north Algeria, gave
a detailed description of the Oued Amizour volcanic-hosted miner-
alisation and proposed a ‘Kuroko-type’ for the genesis of deposit.

In this paper we present new petrological and geochemical (major,
trace and rare earth elements) data from the Oued Amizour igneous
rocks, since few data were published on this important massif. The
results are then used to infer the petrogenesis of volcanic-plutonic rocks
in order to interpret their melt sources and magmatic evolution. We,
then, provide, for the first time, stable S-, O- and C-isotopic composition
and fluid inclusion data on the volcanic-hosted base-metal mineralisa-
tion, including gangue carbonates and sulphates, to determine the
characteristics of the mineralising fluids. The petrological, geochemical,
fluid inclusion and stable isotope criteria are used to advocate for, and
against, magmatic–hydrothermal contributions in these supposed
‘Kuroko-type’ volcanic-hosted massive sulphides.

2. Geology

The Oued Amizour massif is located on the north coast of Algeria,
15 km west of the coastal Mediterranean Sea city of Bejaia and 180 km
west of the capital, Algiers. It forms the western part of the Amizour – El
Aouana Basin. The igneous rocks of the Oued Amizour massif intruded
the Bouhatem metamorphic basement and the Baborian carbonate
units, and were emplaced into Cretaceous flysch formation that is lo-
cally covered by Tertiary sediments (Fig. 2a). The Bouhatem basement,
which is part of the Kabylian basement of the Alpine Belt, consists of
Palaeozoic metamorphic rocks that crop out as a window through the
Cretaceous flysch formation in northern part of the massif (Fig. 2a). It is
composed mainly of high-grade gneisses, micaschists and marbles
grouped as “Gneiss Complex” which is overlain by low-grade pelites
and subordinate volcanics (Bossière and Peucat, 1985; Monié et al.,
1988). These lithologies are cross-cut by quartz and pegmatite veins up
to 2m wide (Leikine, 1971, 1974; Obert, 1981). The sedimentary rocks
consist of two different formations: the allochthonous flysch and the
Baborian units. The allochthonous flysch formation is composed of the
so-called ‘Massylian flysch’ of Cretaceous age and the ‘Mauretanean
flysch’ dated Cretaceous to Eocene. They consist mainly of carbonates,
shale and sandstone. The Oligocene-Miocene ‘Numidian’ flysch forma-
tion overlays the Massylian and the Mauretanean flysch and is com-
posed of clays at the base and sandstone. The Baborian units are known
as Brek Gouraia and Barbacha units. The Brek Gouraia unit (Fig. 2a) is
composed of Triassic gypsum-bearing marls and Cretaceous carbonate
formation. The Barbacha unit consists of Liassic to Cretaceous litholo-
gies, mainly carbonates and pelitic facies (Semroud, 1981, Semroud
et al., 1994).

Structurally, the Oued Amizour massif is located between two main

Fig. 1. Geological sketch map of northeastern Algeria
showing the location of the igneous complexes. CBC:
Cap Bougaroun, BTC: Beni Touffout, EMC: El Milia,
FP: Filfila peraluminous plutons, BAC:
Bejaia–Amizour, EA: El Aouana, CDFC: Chetaibi-Cap
de Fer. (Modified from Durand-Delga, 1978; Vila,
1980; Fourcade et al., 2001).
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geological domains of north Algeria: the Internal Domain to the north
comprising the Kabylian basement of Bouhatem and allocthonous
flysch sediments, and the External Domain which consists of Brek-
Gouraya and Barbacha Baborian units at the south (Fig. 2a). The massif
itself is divided into several mining sectors: Ait Bouzid (Tala Hamza),
Ihaddadene Ait Ouyahia, Tamazirte, Regrag, Bouzenane, Ait Dali and
Ait Ayad (Fig. 2b). Previous studies (e.g., the mining studies carried out
by the Algerian mining companies: SONAREM (Société Nationale de
Recherche Minière), EREM (Entreprise de Recherche Miniére) and
ORGM (Office National de Recherche Géologiques et Minières) fol-
lowed more recently by the Australian WMZ (Western Mediterranean
Zinc) – Terramin international company, as well as research studies,
such as those of Gravelle (1959), Semroud (1981), Semroud et al.
(1994), and Benali (2007)), show that the Oued Amizour igneous massif
is composed of plutonic rocks located at the periphery and at the base of
the igneous series, and volcanic rocks at the top. The latter are sub-
divided into two units: a lower unit (600– 800m thick) composed of
andesitic rocks and comprising the main Zn-ore deposit, and an upper
unit consisting mainly of rhyolitic and dacitic lithologies.

The Oued Amizour massif is affected by multiple Alpine (Eocene-
Miocene) fault generations; those striking ENE-WSW and NW-SE are the
most important, since they are believed to be the pathways for the
mineralising fluids (e.g. the Takrant Nait Larbi fault (Fig. 2a)); and
younger faults striking NNE-SSW and NNW-SSE which show no re-
lationship with the mineralisation (Gravelle, 1959; Graine and

Marignac, 2001). The Tala Hamza deposit of Ait Bouzid sector, the
subject of this study, is located in the central part of the volcano-plu-
tonic massif and hosts the main massive sulphide (Zn-Pb) mineralisa-
tion. Mineralisation is characterised mainly by yellowish sphalerite
occurring as a 20–30m thick, oval ore body embedded within ‘strati-
fied’ andesitic tuffs and breccias. These units are located on top of the
plutonic metasomatised granodiorites (Fig. 3). The contact between the
two lithologies is marked by a 10m thick hydrothermal anhydrite layer
that overlies a highly metasomatised granodioritic zone. The top con-
tact of the anhydrite layer against the andesitic breccias and tuff is
relatively sharp, whereas the base that is in contact with highly frac-
tured and metasomatised granodiorite, often shows thin anhydrite veins
and impregnations within the granodiorite. In places, anhydrite is re-
placed by prismatic gypsum. Subordinate mineralisation occurs also as
veins and dissemination within tuffs and andesites. Emplacement of the
main Zn ore body and associated Pb and Fe sulphides was accompanied
by hydrothermal alteration of the host rocks, such as argillic, calcitic,
chloritic, kaolinitic and sericitic alteration (Fig. 4). According to Benali
(2007), the Oued Amizour mineralisation belongs to volcanic hosted
massive sulphide deposits (VHMS) with some Kuroko-type signatures.

3. Petrology of the igneous rocks

Field observations and petrological studies of an approximately
800m long drillhole that cross-cuts the whole plutonic, sub-volcanic

Fig. 2. (a) Geological sketch map of Bejaia-Oued Amizour region. (b) Simplified geological map of the Oued Amizour region showing the Ait Bouzid (Tala Hamza)
sector (After O.R.G.M., 1998, unpub. doc.).
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and volcanic masses show the following lithologies from the top to the
bottom: pyroclastic rocks, andesites, lavas flows, vesicular andesites,
microgranites, tuff and lava flows, volcanic breccias and highly altered
andesite that are intruded by aplites, metasomatised granodiorites and,

finally, massive granodiorites (Fig. 4).

Fig. 3. Geological cross sections through the Ait Bouzid (Tala Hamza) sector showing the location of the main mineralisation.

Fig. 4. Drill-core log showing the lithologies, alteration and mineralisation of Oued Amizour.
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3.1. Pyroclastic rocks

The pyroclastic rocks are generally greenish gray rocks of andesitic
composition and are mainly crystal tuffs which consist of quartz frag-
ments, laths of twinned plagioclase, pseudomorphs of altered horn-
blende and rare K-feldspar angular grains (Fig. 5a). These crystal
fragments (∼0.5 to 2mm in size) are embedded within a matrix which
often shows fluidal-like textures. Subhedral pyrite minerals are often
disseminated within the matrix which underwent extensive calcitic,
sericitic and chloritic alteration.

3.2. Andesites

The andesites are the most abundant volcanic rocks in the Oued
Amizour region. They are often porphyritic mesocratic rocks and show
greenish colour when altered. The andesites (Fig. 5b) are composed
mainly of twinned and zoned plagioclase phenocrysts (An40-55),
chloritised biotite, altered subhedral hornblende, rare quartz and K-
felspar phenocrysts (mainly sanidine). The groundmass consists of mi-
crolaths of plagioclase showing a flow texture. The accessory minerals
are monazite, zircon and ubiquitous, disseminated, euhedral pyrite that
in places fills the microcracks of the rocks.

Fig. 5. Photomicrographs of the Oued Amizour granitoides: (a) pyroclastic rock, (b) andesite, (c) lava flow, (d) volcanic tuff, (e) vesicular andesite, (f) fresh
microgranite, (g) metasomatised granodiorite, (h) granodiorite. (Pl: plagioclase, Or: orthoclase, Se: sericite, Chl: chlorite, Hbl: hornblende, Amp: amphibole, Cal:
calcite, Qz: quartz, Py: pyrite, Act: actinolite, Kf: k-feldspar, Anh: anhydrite).
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3.3. Lava flows

The lava flows are composed of perthitic K-feldspar phenocrysts (up
to 1mm in size) often altered to sericite, recrystallised quartz and
chloritised biotite. These phenocrysts are embedded within a micro-
lithic groundmass (Fig. 5c). Apatite and sphene crystals are the main
accessory minerals, and alunite, calcite and pyrite are the common
secondary minerals.

3.4. Tuff

The tuff formation is about 150m thick and is mainly composed of
lithic tuffs which exhibit grey, dark grey, to black colour. Sedimentary
xenoliths are present and show various shapes; they are composed of
marl and Oligocene sandstone fragments. Vitric tuff is locally stratified
and often shows glassy texture, though recrystallised fine-grained
(< 0.2mm) quartz can be distinguished. The volcanic tuff formation is
cross-cut by andesite dikes and calcite veins. Calcite veins, mm to cm
wide, are often plugged by disseminated euhedral to subhedral pyrite
and acicular actinolite crystals (Fig. 5d).

3.5. Vesicular andesites

Vesicular andesites (∼30m thick) are similar to the andesites de-
scribed above; they are greenish in colour, exhibit porphyritic texture
and are composed mainly of plagioclase (An35-45) phenocrysts
(∼3mm), chloritised hornblende, relicts of pyroxene and rare K-feld-
spar. Calcitisation is observed on altered plagioclase, pyroxene and
hornblende. Vesicles are rounded to elongated spaces filled by calcite,
quartz and pyrite (Fig. 5e).

3.6. Microgranites

The microgranites, of about 200m thick, are strongly silicified; they
are pink to pale pink in colour and consist of euhedral, often perthitic,
K-feldspar phenocrysts, recrystallised quartz and chloritised biotite
(Fig. 5f). Subhedral sphene and prismatic apatite are the main accessory
minerals; apatite is often enclosed in biotite flakes. The groundmass is
composed of microliths and microcrystals of feldspar, with both the
matrix and K-feldspar phenocrysts extensively replaced by sericite and
calcite. Euhedral pyrite is ubiquitous and is randomly disseminated in
the rocks.

3.7. Aplites

White, metre-thick aplites veins crosscut andesitic breccias (cf.
Fig. 4). They are composed of fine-grained quartz and rare K-feldspar
crystals displaying granular texture. Silicification of aplite is shown by
recrystallised, xenomorphic, fine-grained quartz aggregates. Fractures
are filled with subhedral to euhedral pyrite, sphalerite and galena.

3.8. Metasomatised granodiorites

Metasomatised granodiorites are located between the massive plu-
tonic granodiorite at the bottom and the highly altered andesites above
(cf. Fig. 4). They are composed of quartz aggregates, K-feldspar and
secondary fine-grained calcite crystals. Impregnated anhydrite crystals
are also present. The granular texture of the granitoid is wholly ob-
literated and the rock is transformed into a metasomatite (Fig. 5g),
containing euhedral disseminated pyrite grains, up to 2mm in size.
Massive anhydrite forms a layer of more than 10m thick and is com-
posed of cm size crystals associated in places with pyrite grains.

3.9. Granodiorite

The granodiorite forms the base of this igneous series (cf. Fig. 4). It

consists of quartz aggregates, K-feldspar phenocrysts, subhedral plagi-
oclase of oligoclase-andesine composition, and biotite (Fig. 5h). Sphene
and apatite are the main accessory minerals. The rock is often fissured
and the microcracks are filled with anhydrite and pyrite. Pyrite is also
disseminated within the rock as euhedral, 1–5mm grains.

4. Mineralisation

The Oued Amizour Zn-deposit is an example of many ore deposits
related to the Tertiary magmatic activity in the Alpine Belt of north
Algeria and is considered the largest in this zone (e.g.. Ain Barbar
(Marignac, 1983); El Aouana (Villemaire, 1987); Edough (Laouar et al.,
2002)). A number of exploration programs have been undertaken by
Algerian mining companies (SONAREM, EREM and ORGM) since 1970,
as a result of which the Tala Hamza Zn-Pb deposit was discovered.
According to mineral showings that are observed at several localities,
the massif was divided in a number of sectors, e.g., Ait Bouzid (Tala
Hamza), Ihaddadene Ait Ouyahia, Tamazirte, Regrag, Bouzenane, Ait
Dali and Ait Ayad. Recently, the Australian Terramin Company has
taken over the project for further prospection and exploitation, starting
with Tala Hamza deposit which is the most important with 68.6 million
tonnes at 4.6% zinc and 1.1% lead in the measured, indicated and in-
ferred resources (Terramin Australia Ltd. Report of December 2009;
unpublished).

The main ore body at Tala Hamza occurs as lens-shaped body that is
interbedded within the andesitic breccias and highly altered tuffs, at a
depth of 400 to 500m. The ore body, which is southerly dipping, has a
thickness that varies between 30 and 200m. The main base metal mi-
neralisation consists of sphalerite and galena; pyrite is widespread
while chalcopyrite rarely occurs. Pure sphalerite mineralisation of
about 20–30m thick shows lenticular shape within the main ore body.

The mineralisation styles range from massive through semi-massive,
stockwork, breccia and disseminated sulphides. Mineralisation is often
fine-grained at upper levels, but becomes medium to coarse-grained
towards the main ore body. The latter consists of massive sulphides
dominated by Zn sulphides (sphalerite and schalenblende), galena and
Fe-sulphides (pyrite, marcassite and melnikovite). Sphalerite is char-
acteristically a honey-yellow colour mineral. It often occurs as massive
form filling the interstices of the brecciated andesites (Fig. 6a), but
millimeter- to centimeter-thick veins associated with pyrite and galena
can also occur within the andesitic tuffs (Fig. 6b).

Microscopically, sphalerite often shows xenomorphic, millimetric
grains that are sometimes replaced by marcasite and melnikovite. The
latter shows colloform structures (Fig. 7a) that are also observed on
hand specimen (Fig. 6c). Schalenblende which is yellow to brownish in
colour also shows colloform structures (Fig. 6b and 7b). Inclusions of
galena and sphalerite often occur within schalenblende minerals
(Fig. 7b). Galena occurs as (i) millimeter-thick veins of large, xeno-
morphic crystals (Fig. 6b), (ii) disseminations within the rock often
associated with pyrite (Fig. 7c), or (iii) a space filling mineral associated
with calcite (Fig. 7a). Pyrite is ubiquitous and usually occurs as dis-
seminated grains throughout the whole volcanic pile (Fig. 6d). Occa-
sionally, it shows zoned, space-filling aggregates (Fig. 6e) or mm wide
veinlets cross-cutting the rocks (Fig. 6f). Microscopically, pyrite occurs
as euhedral millimetric crystals disseminated within the rock (cf.
Fig. 5e) or associated with calcite in the veinlets (cf. Fig. 5d). Rare,
zoned subhedral crystals are often associated with or replaced by galena
and sphalerite in the main ore body (Fig. 7c). Anhedral pyrite is
sometimes associated with magnetite and chalcopyrite (Fig. 7d and e).
Marcasite and melnikovite often replace pyrite aggregates; marcasite is
often twinned, occurring commonly as overgrowths on subhedral to
euhedral pyrite crystals, while melnikovite is more colloidal and zoned
with reddish yellow colour. Chalcopyrite is rare and occurs as xeno-
morphic interstitial fine-grained crystals within the rocks and is usually
corroded by magnetite (Fig. 7f). Sulphate minerals are mainly anhy-
drite with subordinate gypsum. Anhydrite is often prismatic, 1–5mm in
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size and occurs as a thick layer (Fig. 6g) underneath the main sulphide
ore body. It also occurs as fine, xenomorphic, interstitial crystals within
the main ore body. Gypsum often replaces anhydrite and occurs as

millimeter-thick veins cross-cutting the underlying granodiorite
(Fig. 6h). Iron oxides are represented by magnetite which is brownish
gray and is usually fine- to medium-grained crystals, sometimes

Fig. 6. Textures of the Oued Amizour mineralisation and host rocks: (a) breccia texture showing clasts of andesites cemented by massive sphalerite, (b) veins of
sphalerite, scalenblende, galena and pyrite within the andesitic tuffs, (c) melnikovite colloform structure and space-filling calcite within the main ore body, (d)
disseminated pyrite within the rock, (e) mineralised vein cross-cutting kaolinitised andesite and showing euhedral galena, pyrite and sphalerite cemented by calcite,
(f) veinlets of pyrite cross-cutting the rock, g: massive anhydrite overlying the metasomatised granodiorite, (h) gypsum vein within the granodiorite.
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surrounded by hematite. Iron oxides usually replace pyrite and chal-
copyrite (Fig. 7d–f); this replacement texture could be explained by
hydrothermal processes taking place from reduced to oxidising en-
vironment in the main ore body.

The paragenetic sequence can be divided into two main hydro-
thermal stages followed by two alteration processes:

- Stage I characterised by the deposition of disseminated pyrite and
chalcopyrite;

- Stage II in which the main minerals were deposited within the ore
body. This stage started with the deposition of massive pyrite,
sphalerite and galena (stage IIa), followed by the formation of
pseudomorphic macasite, open space-filling melnikovite, schalen-
blende and the deposition of calcite and anhydrite which are in-
terstitial minerals within the main sulphide ores (see Fig. 7). (stage
IIb);

- Stage III in which anhydrite was partially transformed into gypsum;
- Stage IV characterised by oxidation processes that developed iron
oxides and oxyhydroxides.

5. Alteration assemblages

The Oued Amizour igneous rocks were subjected to severe hydro-
thermal alteration that contributed to mineralogical and chemical
changes. However, the alteration intensities differ based on rock type
and depth. Fig. 4 illustrates different types of alteration and their cor-
responding depth. The products (mineralogy) of hydrothermal altera-
tion were determined by petrographic examination and X-ray diffrac-
tion analysis. Alteration zoning can be clearly observed on the
granitoid’s lithological drill-core (Fig. 4): (i) within the metasomatised
granodiorites, alteration zone is characterised by chlorite, calcite and
sericite, but also quartz and pyrite; (ii) towards the main Zn orebody, an
argillic assemblage is represented by kaolinite ± montmorillonite ±
illite ± pyrophylite and rare sericite that characterises the brecciated
andesite; (iii) towards the surface, the alteration products are mainly
chlorite, sericite, calcite, pyrite and quartz, in addition to iron-oxide in
the microcracks. A general feature is that alteration increases in
strength from surface to depth towards the proximal zone of the Zn-Pb
orebody where the argillitic assemblage becomes more abundant.
Weathering, however, dominates at shallower depths.

Fig. 7. Photomicrographs in reflected light showing the ore textures of Oued Amizour deposit: (a) sphalerite (Sp) replaced by marcassite (Mrc) and melnikovite (Mk);
the latter shows colloform structures, (b) schallenblende (Schl) showing colloform structures and galena (Gn) inclusions; calcite (Cal) is a space-filling gangue
mineral, (c) subhedral, zoned pyrite (Py) partly replaced by sphalerite and galena, (d) and (e) chalcopyrite (Ccp) and pyrite replaced by magnetite (Mag); anhydrite
(Anh) is interstitial and space-filling mineral, (f) anhedral chalcopyrite replaced by magnetite; anhydrite is a space-filling mineral.
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Table 1
Major (wt%), trace (ppm) and rare earth elements (ppm) analyses of the Oued Amizour granitoids.

Microgranites Aplites Granodiorites

029 032 036 037 069 137 105 107 159 165

SiO2 69.70 66.71 68.30 67.50 75.20 75.10 60.50 61.50 56.60 69.80
Al2O3 14.90 14.70 15.75 15.50 13.45 14.90 15.20 15.95 14.75 14.35
Fe2O3

t 2.17 2.62 2.02 2.36 1.49 0.24 5.18 4.46 6.33 1.44
CaO 0.74 1.34 0.77 0.77 0.44 0.43 2.20 3.03 5.54 1.98
MgO 1.47 1.07 1.69 1.97 0.26 0.05 3.94 3.86 4.42 1.23
Na2O 1.33 3.16 3.54 3.24 4.45 8.51 3.56 4.08 3.86 6.86
K2O 7.69 5.94 6.12 6.20 0.62 0.18 4.37 2.99 2.83 0.42
TiO2 0.46 0.45 0.48 0.64 0.24 0.04 0.72 0.73 0.66 0.42
MnO 0.03 0.04 0.03 0.05 0.01 <0.01 0.04 0.04 0.03 0.06
P2O5 0.10 0.08 0.08 0.11 0.04 0.06 0.18 0.17 0.27 0.13
LOI 2.91 2.37 2.42 2.31 3.58 0.83 3.03 1.40 4.08 2.37
Total 101.61 98.48 101.27 100.71 99.79 100.37 98.97 98.26 99.43 99.07

Ba 861 290 448 53 27 17 299 181 173 23
Cr 9 6 9 9 9 9 10 10 20 9
Cs 10 – 8 7 8 1 10 10 13 3
Ga 18 – 21 21 14 6 19 20 20 17
Hf 9 – 8 13 5 4 8 7 5 6
Nb 16 15 14 17 10 1 15 10 9 1
Rb 455 416 388 422 49 10 266 227 247 34
Sr 105 117 133 128 108 230 181 247 312 130
Ta 2 – 2 2 1 – 1 1 1 1
Th 34 28 30 33 35 2 26 19 25 22
V 38 41 45 54 22 4 98 108 245 59
Y 30 23 24 26 11 2 40 23 33 13
Zr 334 81 301 499 165 176 291 251 217 217
Ce 82 55 64 77 14 4 103 55 72 28
Dy 5 4 4 4 2 – 7 4 6 2
Er 3 2 2 3 1 – 5 3 3 1
Eu 1 1 1 1 1 – 1 1 1 1
Gd 5 4 2 4 1 – 7 4 6 2
Ho 1 – 1 1 1 – 1 1 1 1
La 39 27 33 42 7 2 49 30 33 14
Lu 1 – 1 1 1 – 1 – 1 –
Nd 32 – 24 27 5 2 44 23 31 11
Pr 8 22 6 7 1 – 11 6 8 3
Sm 6 4 5 5 1 – 8 4 6 2
Sn 8 – 9 9 7 2 13 10 9 8
Tb 1 – 1 1 – – 1 1 1 –
Tm 1 – 1 1 – – 1 – 1 –
U 27 – 21 21 17 2 26 12 11 13
W 7 – 1 2 – – 2 1 1 4
Yb 4 2 3 3 2 – 5 3 3 2

Pyroclastites. andesitic lava and volcanic tuff of Oued Amizour

005 011E 014 016E 022 24 049 055 058 122 122E 125

SiO2 67.80 64.00 59.40 52.90 57.10 57.90 58.20 64.20 61.80 57.70 55.30 72.70
Al2O3 15.00 16.85 17.45 17.00 14.35 16.30 18.20 15.50 16.80 20.20 17.85 13.60
Fe2O3

t 2.46 3.03 4.69 11.55 9.06 6.30 4.80 5.14 4.85 4.19 7.26 2.39
CaO 1.32 2.19 2.72 0.33 2.36 0.95 1.16 0.22 1.16 0.67 1.34 0.25
MgO 1.79 1.94 2.05 3.06 4.98 6.46 3.55 1.63 3.09 2.24 4.63 1.00
Na2O 2.67 5.59 4.06 2.50 4.51 3.06 4.93 0.11 0.41 0.62 6.56 0.16
K2O 3.61 1.81 3.20 3.50 0.60 2.50 3.64 5.48 4.21 8.20 0.19 4.18
TiO2 0.45 0.68 0.54 0.69 0.69 0.73 0.86 0.75 0.77 1.00 0.72 0.66
MnO 0.03 0.04 0.05 0.05 0.06 0.10 0.08 0.01 0.05 0.03 0.10 0.01
P2O5 0.07 0.10 0.12 0.12 0.15 0.15 0.19 0.09 0.15 0.18 0.11 0.14
LOI 4.94 4.00 5.23 8.37 5.70 5.05 4.29 6.21 6.88 5.32 5.20 5.80
Total 100.18 100.31 99.58 100.09 99.60 99.50 99.97 99.35 100.18 100.42 99.31 100.92

Ba 236 214 168 120 88 639 335 136 121 525 20 232
Cr 9 320 200 30 110 43 40 10 10 30 260 100
Cs 11 8 16 27 5 – 5 29 37 20 1 34
Ga 18 14 18 26 23 – 22 30 25 24 18 20
Hf 8 2 2 3 3 – 5 7 7 3 2 3
Nb 16 5 5 5 14 8 10 13 13 6 4 13
Rb 305 132 279 372 31 116 204 596 492 672 12 324
Sr 88 213 168 42 148 162 137 8 24 54 194 31
Ta 2 1 1 1 1 – 1 1 1 1 1 1
Th 32 5 6 6 10 13 18 24 23 7 5 10
V 37 91 142. 212 161 147 141 110 127 279 134 239
Y 21 12 13 15 28 21 21 29 25 17 23 22

(continued on next page)
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6. Analytical techniques

Various igneous lithologies were sampled from a representative
bore-hole (about 800m deep) that was recently drilled by WMZ
(Western Mediterranean Zinc Company) (cf. Fig. 4). The bore-hole is
located at the central part of the Oued Amizour Zn deposit and cross-
cuts the whole volcanic-plutonic pile. About 120 samples were col-
lected for the present study.

Based on detailed petrographical investigation, only 22 samples,
including three enclave specimens (011E, 016E and 122E) from the
volcanic breccias and tuff formation, were selected among the least
altered lithologies for geochemical analyses. The samples were trimmed
to centimeter-size grains and sent to ALS Minerals, Seville, Spain, for
major, trace and rare earth element analysis. Prepared samples were
analysed using ICP-AES and ICP-MS for major and trace elements re-
spectively. The results are summarized in Table 1.

Fluid inclusion study was carried out on anhydrite and calcite
samples from the stage II of the main mineralisation. The anhydrite
sample was collected from the massive anhydrite layer just underneath
the main Zn-ore body, whereas the calcite sample is the gangue mineral
of the main sulphide mineralisation. Doubly polished rock wafers (less
than 1mm thick) were used for microthermometric measurements of
primary fluid inclusions at the ‘Laboratoire de Minéralogie et
Géochimie Appliquée, Faculté des Sciences, Université El Manar, Tunis’,
using a Linkam THMS G600 heating-freezing stage, with a temperature
range between −180 and +600 °C (Roedder, 1984a). If fluid inclusions
within individual clusters showed dissimilar homogenisation tempera-
tures, they were likely stretched, and the microthermometric data were
discarded. The obtained data reasonably and sufficiently characterise
both the anhydrite layer and ore formation conditions because miner-
alisation was uniformly developed throughout this zone of the Oued
Amizour deposit at this stage.

For sulphur isotope study, 22 sulphide samples including pyrite,
sphalerite and chalcopyrite were prepared (7 samples from the volcanic
upper unit, 7 samples from the main ore body and 8 samples from the
plutonic rocks). For sulphates, 10 samples were selected: 7 anhydrite
and 3 gypsum samples collected from the veins at the transition zone
between the plutonic and volcanic rocks, just below the main ore body.
For carbonate carbon and oxygen isotope studies, twelve (12) gangue
calcite samples were collected from the whole volcanic pile, including
the main ore body. In all cases, calcite occurs as white, spathic crystals
of 0.5–1 cm. Pure minerals were separated by careful handpicking
techniques under a binocular microscope then cleaned using bi-distilled

water.
Stable isotope analyses were carried out at the Scottish Universities

Environmental Research Centre, East Kilbride, Glasgow, UK. For S
isotope analysis, SO2 gas was produced from both sulphides and sul-
phates following the standard technique of Robinson and Kusakabe
(1975) and 34S/32S ratios were determined on a VG Isogas Sira 2 mass
spectrometer. Results are reported in the standard ‘‘delta’’ (δ) notation
as per mil (‰) deviations relative to Cañon Diablo Troilite (V-CDT)
standard. Analytical reproducibility is± 0.2‰ at 1σ; NBS 123 gives
−17.1‰ and IAEA –S-3 −32.1‰.

For carbonate O and C isotope analyses, the sample powders were
converted to CO2 by reacting with phosphoric acid (H3PO4) 100% at
25° C (McCrea, 1950). The isotope analysis of oxygen and carbon of
prepared CO2 was carried out on a separate VG Sira 2 mass spectro-
meter according to the method described by Craig (1957, 1965). Results
are expressed in per mil (‰) relative to V-PDB standard for carbon and
V-SMOW for oxygen. Reproducibility is± 0.2‰ or better at 1σ and
standardisation is via NBS 19.

7. Results

7.1. Rock geochemistry

The selected samples for chemical analyses are considered the least
altered rocks, though the loss on ignition (LOI) contents may reach 5%
in the intermediate to mafic volcanic rocks which often show traces of
calcitisation (see Fig. 5). Samples that show LOI more than 5% are
considered hydrothermally altered and are therefore excluded from the
discussion of magmatic evolution. The entire geochemical data are
summarized in Table 1.

The SiO2 concentrations of all granitoids, including mafic enclaves,
range from 52.9 to 75.2 wt%. The Na2O and K2O contents in the altered
rocks show the effect of post magmatic alteration; e.g. Na2O contents in
the aplites are very low (> 1%) compared to K2O which shows high
values (up to 8%). However, these classic mobile elements exhibit a
magmatic behaviour in the less altered rocks.

7.2. Fluid inclusions

All observed primary fluid inclusions contain two phases: liquid and
vapour (Fig. 8). These inclusions show variable forms but most of them
are rectangular, and their sizes vary from 5 to 30 µm. The vapour phase
is often spherical and represents 5–20% of the whole inclusion.

Table 1 (continued)

Pyroclastites. andesitic lava and volcanic tuff of Oued Amizour

005 011E 014 016E 022 24 049 055 058 122 122E 125

Zr 298 88 86 95 130 167 212 272 272 121 89 122
Ce 87 27 21 54 221 56 45 19 70 13 101 7
Dy 4 2 2 2 5 3 4 5 4 3 4 4
Er 2 1 2 2 3 2 2 3 3 2 2 3
Eu 1 1 1 1 2 1. 1 1 1 1 1 1
Gd 4 2 2 2 7 4 4 3 4 3 4 4
Ho 1 1 1 1 1 – 1 1 1 1 1 1
La 44 15 12 29 140 30 22 9 35 5 55 3
Lu 1 – – – – – – 1 – – – –
Nd 31 12 10 18 69 – 20 9 28 8 30 6
Pr 9 3 2 5 20 23 5 2 7 2 9 1
Sm 5 2 2 3 9 4 4 2 6 3 5 3
Sn 7 8 6 21 7 – 5 28 28 8 4 5
Tb 1 – – – 1 – 1 1 1 1 1 1
Tm – – – – – – – 1 – – – –
U 17 4 5 8 5 – 12 11 10 6 4 6
W 2 9 5 4 2 – 3 8 6 13 9 4
Yb 3 1 2 2 3 2 2 4 3 2. 2 3

Fe2O3
t: Total iron.
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Major concerns are often associated with analyzing fluid inclusions
in anhydrite, including (i) potential stretching (Bodnar and Bethke,
1984), (ii) partial dissolution, and (iii) precipitation during heating and
formation of gypsum from reaction of anhydrite with the trapped
aqueous fluid (Le Bel and Oudin, 1982). Nevertheless, the consistency
of the measured homogenisation temperatures and salinity results in
anhydrite samples along with the similarity of these data to those ob-
tained in calcite samples from similar depths in the main ore body,
argue against the influence of any of the above factors.

The microthermometric data obtained from the observed primary
inclusions are presented in Table 2. Homogenisation temperatures (Th)
range from 170 to 202 °C, with a maximum frequency at 190 °C for
anhydrite and 220 to 224 °C with a peak at 222 °C for calcite (Fig. 8).

Eutectic temperatures of inclusions in all cases were below that of
the eutectic NaCl-H2O system (−20.8 °C); they are between −32.8 and
−60 °C. Usually, these temperatures are attributed to the presence of
other divalent cations, such as Na+, Ca++ and Mg++ and are char-
acteristic of H2O-NaCl-CaCl2 ternary system (Borisenski, 1977;
Crawford, 1981; Roedder, 1984b). Salinities are determined by com-
bining the melting temperatures of hydrohalite (Thh) with the corre-
sponding melting temperature of ice (Tmi). The computer programme
of Chi and Ni (2007) was used to determine the salinity. At Oued
Amizour Zn-deposit, the latter varies between 22.3 and 26.6 wt% eq.
NaCl for anhydrite fluid inclusions and from 22.3 to 23.0 wt% eq. NaCl
for calcite (Table 2).

7.3. Stable isotopes

Sulphur isotope measurements were carried out on sphalerite,
chalcopyrite and pyrite separates from the main Zn deposits and dif-
ferent igneous lithologies described above, and the results are presented
in Table 3 and Fig. 9. δ34SV-CDT of sulphides varies between−7.2‰ and
+4.5‰ (n= 22 ; mean=−1.3‰). There is no significant spatial
variation in sulphur isotopic composition in the sulphides. Also, the
distribution of the isotopic composition of sulphur from the sulphides is
not closely related to their spatial distribution in the deposit. However,
larger values interval is observed within the main ore deposit (δ34S
varies between −5.6 and +1.4‰ (n= 7)). The δ34S of sulphate mi-
nerals (anhydrite and gypsum) are higher ranging from +13.2‰ to
+20.6‰ (n= 10; mean=+16.3‰). The lowest values are observed
within the anhydrite layer close to the main Zn ore.

Oxygen and carbon isotope results of the twelve gangue calcite
samples are shown in Table 4. Analyses gave δ18OV-SMOW values varying
between +11.2 and +20.2‰ (mean = +16.7‰) and δ13CV-PDB values

ranging from −3.7 to −11.0‰ (mean value=−7.8‰).

8. Discussion

The SiO2 concentrations of the Oued Amizour igneous rocks and
associated enclaves vary between 52.9 and 75.2 wt% indicating that
they span the range of compositions from intermediate to acidic
lithologies, with the enclaves being the most mafic lithologies. On the
total alkali (Na2O+K2O) vs. silica (SiO2) (TAS-IUGS) classification
diagram of Le Maitre (2002), the Oued Amizour volcanic and their

Fig. 8. A: Photomicrographs of fluid inclusions hosted in anhydrite (a and b) and calcite (c and d) from the Oued Amizour ore deposit. B: Histograms of thermometric
measurements on anhydrite and calcite. Th: homogenisation temperature; Tmi: melting temperature of ice.

Table 2
Data of fluid inclusion microthermometric measurements in anhydrite and
calcite of the Oued Amizour ore deposit. Th: homogenization temperature (°C);
Te: eutectic temperature (°C); Tmi: melting temperature of ice (°C); Sal: salinity
(wt.% eq. NaCl);

Anhydrite Calcite

Te Tmi Th °C Sal Te Tmi Th Sal

1 −43.0 −20.3 189.1 22.3 −60 −21 220 23
2 −45.0 −23.5 200.0 24.3 −58 −20 222 22.3
3 −38.0 −24.7 201.0 24.9 −57 −21 223 23
4 −45.0 −22.0 182.0 23.6 −55 −21.5 224 23
8 −43.0 −22.3 189.9 23.6
9 −36.0 −25.7 202.0 25.5
10 −34.0 −24.4 188.0 24.9
11 −35.0 −20.2 194.0 22.3
12 −33.0 −21.8 184.7 23.0
13 −39.0 −25.0 190.2 25.5
14 −36.0 −24.1 197.3 24.9
15 −44.0 −25.0 189.2 25.5
16 −40.3 −23.0 199.0 24.3
17 −42.0 −25.8 192.0 25.5
18 −45.0 −25.6 196.6 25.5
19 −32.8 −22.2 194.6 23.6
20 −33.4 −23.3 193.0 24.3
21 −35.0 −25.1 190.1 25.5
22 −40.9 −26.5 189.7 26.6
23 −38.9 −26.3 191.1 26.6
24 −39.1 −25.7 191.3 25.5
25 −34.5 −25.8 198.6 25.5
26 −41.0 −23.9 190.0 24.3
27 −41.0 −25.5 192.5 25.5
28 −40.0 −24.9 198.1 24.9
29 −35.0 −24.5 169.9 24.9
30 −40.0 −26.1 202.0 26.6
31 −38.0 −25.0 196.6 25.5
32 −37.0 −22.6 192.3 23.6
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equivalent sub-volcanic and plutonic rocks plot in the field of basaltic
trachyandesite (the mafic enclaves), trachyandesite, andesite,

trachydacite, dacite and rhyolite (Fig. 10a). The AFM diagram
(Fig. 10b) of Irvine and Baragar (1971) shows the calc-alkaline char-
acter of the Oued Amizour granitoids. On the SiO2 against K2O diagram
of Peccerillo and Taylor (1976), the majority of samples display high-K
calc-alkaline to shoshonitic character; few samples plot in the low-K
tholeiitic field (Fig. 10c). These features are similar to those of the
majority of the Miocene magmatic rocks of northeastern Algeria (see:
Fougnot, 1990; Ahmed-Said et al., 1993; Semroud et al., 1994;
Ouabadi, 1994; Fourcade et al., 2001; Laouar et al., 2005).

The variation of incompatible elements with SiO2 contents shows
the usual positive correlation (Fig. 11). On the other hand, CaO, Al2O3

and compatible elements, such as total iron (Fe2O3
t) and MgO show the

common negative correlation with SiO2.
On the chondrite-normalised multi-element and REE diagrams

(Fig. 12), both the volcanic and plutonic lithologies show similar pat-
terns: enrichment in large ion lithophile elements (LILE) and light rare
earth elements (LREE) with respect to high field strength elements
(HFSE) and heavy rare earth element (HREE) respectively. These high-K
calc-alkaline rocks also have pronounced Nb and Sr negative anomalies
and slight negative Eu anomaly (Fig. 12).

Ba, Rb and Sr are classic LILE that replace K and Ca in the common
igneous major mineral phases such as feldspars and micas; their beha-
vior can be used to model the role of these minerals on the evolution of
granite magmas (e.g., Taylor, 1965). During granite magma

Table 3
Results of sulphur isotope analyses of the Oued Amizour mineralization.

Sample δ34SV-CDT
(‰)

Comments

Volcanites sulphides
O16 py −0.1 Millimitric pyrite veins
O22 py −2.7 Disseminated pyrite within calcite veins

within tuff
O23 py +0.3 Millimitric pyrite veins
O27a sph −2.2 Fine-grained sphalerite
O27b sph −2.7 Coarse-grained spalerite
O31 cp −1.5 Space filling fine grained chalcopyrite
O44 sph +4.5 Space-filling sphalerite (geodic)

Main orebody
O69 py −0.7 Veins of pyrite within metasomatite
O70 cp +1.4 Massive chalcopyrite
O70 sp −2.2 Collomorphic sphalerite
O70 py +1.9 Massive pyrite
O75 sp −4.0 Powder-like sphalerite
O77 sp −5.6 Massive sphalerite
O77 py +1.2 Massive pyrite

Plutonites
O84 Py +2.6 Pyrite associated with gypsum veins
O88 cpy +2.4 Massive chalcopyrite
105 py +3.0 Disseminated pyrite
135 py −1.7 Coarse-grained pyrite in brecciated rock
136 cpy −6.9 Massive chalcopyrite
136 py −2.0 Massive pyrite
138 py −7.2 Massive pyrite
161 py −6.2 Disseminated pyrite within anhydrite

veins

Plutonites sulphates
O84 gy +14.7 Gypsum vein
O87 anhy +13.2 Anhydrite disseminations
O98 anhy +14.1 Anhydrite vein
104 anhy +20.6 Anhydrite vein
105 gy +19.3 Gypsum vein
153 anhy +17.1 Anhydrite vein
155 anhy +16.0 Anhydrite vein
157 anhy +14.2 Meter thick anhydrite vein
161 anhy +15.0 Cm thick anhydrite vein
166 gy +18.7 Gypsum vein

Fig. 9. Histogram showing the sulphur isotopic compositions of the Oued Amizour sulphides and sulphates.

Table 4
Carbon and oxygen isotopic composition of gangue calcite from Oued Amizour
Zn deposit.

Sample δ13CV-PDB (‰) δ18OV-SMOW (‰)

016ca −8.2 16.2
19ca f −9.1 11.2
023caf −6.5 15.3
026ca g −11. 20.1
027ca g −9.6 20.2
034ca g −8.9 16.01
037ca −9.1 17.9
44ca −9.6 16.8
060ca −7.4 12.7
136ca −6.4 16.8
138ca −4.5 18.5
144ca −3.7 19.1
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fractionation, Sr, similarly to Eu, is often the first to have a compatible
behavior, as a result of plagioclase removal; it is followed by Ba which
is taken into the K-feldspar structure, whereas Rb remains relatively
incompatible until the last more felsic differentiates, unless the magma
is hydrous enough to stabilize biotite and/or muscovite earlier on (e.g.,
Taylor, 1969; Culbert, 1972). Almost all the Oued Amizour igneous
lithologies show negative Eu anomalies, with the most acidic cases
showing the most pronounced anomaly (Fig. 12). This is systematically
accompanied by Sr negative anomalies which can be explained by
fractional crystallization of plagioclase either in magma chamber or
during magma ascent (Wilson, 2007). This is supported by the observed
negative correlations between CaO, Al2O3, and SiO2 (Fig. 11). The Eu,
Sr and Nb negative anomalies and the high LILE enrichment observed in
the whole igneous suite indicate that the various volcanic and plutonic
rocks are genetically related. They are also common characteristics of
the high-K calc-alkaline series of active continental margins. Nb and Ta
negative anomalies along with LREE and LILE enrichment point to a
‘subduction-related signature’ for the genesis of the Oued Amizour
magmas. On the other hand, the presence of mafic to intermediate rocks
comprising sulphides with S-isotopic signature close to that of the
mantle (see below), suggest the involvement of subduction-metasoma-
tised mantle material in the genesis of the magmas. The Nb+Y versus
Rb diagram of Pearce et al. (1984) (Fig. 13) confirms that the Oued
Amizour granitoids belong to the Miocene post-collisional magmatic
events. This was already proposed by Fourcade et al. (2001) and Laouar
et al. (2005) when studying the post-collisional Miocene igneous rocks
of north-eastern Algeria. Recently, Chazot et al. (2017) pointed out that
the Kabylian subcontinental lithospheric mantle previously metaso-
matised during the Paleogene subduction of the Tethys oceanic litho-
sphere is the most likely source region for the post-collisional magmas

of northeastern Algeria.
The δ34S values of Oued Amizour sulphide minerals vary from −7.2

to +4.9‰ (n= 22; mean=−1.3‰). The mean value of −1.3‰ is
∼23‰ lower than that of coeval Miocene seawater sulphates (+22‰;
Paytan et al., 1998), whereas the sulphate minerals (anhydrite and
gypsum) exhibit significantly higher values (+13.2 to +20.6‰). The
lowest sulphate values are recorded in the anhydrite layer close to the
main ore deposit, whereas the highest values, approaching those of
coeval Miocene seawater sulphates, are observed in the anhydrite veins
within the metasomatised granodiorite. The range of δ34S values of
Oued Amizour sulphides overlaps that of sulphides recorded in igneous
rocks of mantle origin (δ34S ranges from −3 to +3‰; Sakai et al.,
1984; Ohmoto, 1986; Taylor, 1987), with few values outside the ig-
neous range, especially within the main mineralised zone. From these
data, two major sources of sulphide-sulphur are envisaged: (1) sulphur
was derived from partial inorganic reduction (thermochemical process)
of marine sulphate combined with dissolution of rock sulphur as sea-
water convected through the volcanic andesitic breccia and tuff un-
derlying the main ore body; a well known process in most VHMS de-
posits (e.g., Sasaki, 1970; Solomon et al., 1988); and (2) sulphur
originates from magmatic–hydrothermal fluids (Ohmoto et al., 1983;
Solomon et al., 1988), where disproportionation of magmatic SO2 to
form aqueous sulphate and H2S according to the reaction (Huston et al.,
2011):

+ = + +
+−4SO 4H O 3HSO H S 3H2(g) 2 (l) 4 2 (aq)

Huston et al. (2011) pointed out that the highly acidic fluids pro-
duced by this process contribute to the formation of advanced argillic
alteration assemblages, and that this reaction is significant at tem-
peratures below 400 °C in oxidised magmatic-hydrothermal fluids.

Fig. 10. a: Total alkali-silica (TAS) plot with IUGS fields after Le Maitre (2002) for the Oued Amizour granitoids; b: AFM diagram of Irvine and Baragar (1971)
showing the calc-alkaline character; and c: K2O vs SiO2 plot of Peccerillo and Taylor (1976) showing the high-K to shoshonitic, calc-alkaline features of the Oued
Amizour granitoids.
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Under these conditions, sulphur isotope fractionation between sul-
phates and H2S (Δ34Ssulphate–H2S) becomes significant; it varies from
18‰ at 400 °C to 29‰ at 200 °C (Ohmoto and Rye, 1979). Further-
more, Arribas (1995) noted that, in high-sulphidation epithermal de-
posits, disproportionation of magmatic–hydrothermal fluids resulted in
Δ34Ssulphate–sulphide of 20–30‰, with sulphide minerals commonly
having δ34S values between −10‰ and 0‰.

The range of δ34S values of Oued Amizour sulphides is in agreement
with the data observed in most VHMS deposits (e.g., Franklin et al.,
1981; Gemmell and Large, 1992; Cook and Hoefs, 1997; Ohmoto and
Goldhaber, 1997; Gemmell and Fulton, 2001; Sharman et al., 2015;
Torró et al., 2016). These values can be assigned to: (a) sulphur sourced
from underlying magmatic rocks; (b) thermochemically reduced sea-
water sulphate; or (c) a combination of both sources. The relatively
large range of variation in δ34S values of sulphides within the main ores
(between −5.6 and+ 1.9‰) along with the presence of argillic al-
teration and the narrow range of δ34S variation within the whole 800m
borehole (between −2.7 and +4.5‰; Fig. 14) indicates that the

significant source of sulphur is of magmatic origin. Both dis-
proportionation of magmatic-hydrothermal fluid alluded to by Huston
et al. (2011), and dissolved rock sulphide processes, are most likely,
since they give similar sulphur isotopic compositions (Ohmoto and Rye,
1979; Ohmoto and Goldhaber, 1997; Huston et al., 2011).

The presence of the anhydrite layer and veins underneath the Zn-
mineralised zone of the Oued Amizour deposit are distinctive features
of the Kuroko type deposits (e.g., Lambert and Sato, 1974; Farrell and
Holland, 1983; Shikazono et al., 1983; Ohmoto, 1996). According to
petrological observations, anhydrite is considered to be precipitated
before gypsum which clearly replaces anhydrite (see the Geology sec-
tion above). This is also a feature of the Kuroko deposits, where
Matsubaya and Sakai (1973), Ogawa et al. (2007) and Yeats et al.
(2017) pointed out that gypsum is considered to be a secondary mineral
that was formed by hydration of anhydrite. Moreover, it is considered
that the anhydrite in the Kuroko-type deposits is formed by the sub-
seafloor mixing of hydrothermal solution with seawater (e.g.,
Shikazono et al., 1983; Teagle et al., 1998; Chiba et al., 1998; Ogawa

Fig. 11. Harker diagrams of major oxides versus SiO2 (wt.%) of Oued Amizour granitoides: (sample symbols as in Fig. 10).
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et al., 2007). The sulphur isotopic composition of the Oued Amisour
sulphates (+13.2 to +20.6‰) is much closer to that of coeval Miocene
seawater suphates (δ34S≈+22‰; e.g., Cendón et al., 2004; Hryniv
et al., 2007) than that of igneous sulphur (δ34S≈−3 to +3‰). The
data indicate that the sulphate sulphur originates directly from Miocene
seawater sulphate, though a mixture with low δ34S sulphate sulphur
derived from disproportionation of magmatic-hydrothermal fluid is not
excluded, especially proximal to the Zn-mineralised zone. This is shown
in the δ34S values of anhydrite and gypsum of +13.2 and +14.7‰,
respectively, at the top of the anhydrite layer close to the main Zn ore,
and +20.6 and +19.3‰ at the bottom, in the anhydrite-gypsum veins
within the granodiorites. Mixing between seawater and hydrothermal

solution is already alluded by Ogawa et al. (2007) when studying the
mechanisms for anhydrite and gypsum formation in the Kuroko massive
sulfide-sulfate deposits, north Japan.

The calculation of the oxygen isotope composition of the hydro-
thermal fluid in equilibrium with the analysed gangue carbonate sam-
ples is carried out in order to determine the origin the mineralising fluid
(s). The fluid inclusion microthermometric investigation performed on
anhydrite and calcite samples gave homogenisation temperatures (Th)
range from 170 to 202 °C, with a maximum frequency at 190 °C for
anhydrite and 220 to 224 °C with a peak at 222 °C for the gangue cal-
cite. The salinities vary between 22.3 and 26.6 wt% eq. NaCl for an-
hydrite and from 22.3 to 23.0 wt% eq. NaCl for calcite (see above).

Fig. 12. Chondrite–normalised trace element and REE of the Oued Amizour granitoids.
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These data indicate that the fluid temperature is relatively hot within
main sulphide ore body and decreases slightly towards the anhydrite
layer, whereas salinity of the fluid increases. The oxygen isotope
composition of the fluid in equilibrium with the gangue calcites was

calculated for this range of temperature, using the temperature de-
pendent calcite-H2O fractionation factor of Friedman and O’Neil
(1977). The calculated δ18Ofluid cover a range between +2.9‰ and
+7.8‰ (mean=+5.3‰; two calcite samples with anomalously low
δ18O are excluded (samples 19ca f: +11.2‰ and 060 ca: +12.7‰)).
The high temperatures coupled with 18O-rich ore fluids, relative to
seawater and meteoric waters, are consistent with dominant magma-
tic–hydrothermal fluids. de Ronde (1995) has previously suggested that
a magmatic–hydrothermal origin could account for elevated salinities
in VHMS-style mineralisation. Moreover, Huston et al. (2011) pointed
out that the evidence for magmatic–hydrothermal contributions to
VHMS deposits includes extreme enrichment of ore fluids in 18O
(δ18O > 5‰) and consistently elevated ore fluid salinities relative to
modern seawater (more than three times). As these two characteristics
are difficult to produce from known processes that modify seawater in
VHMS systems, they are considered to be strong evidence for the in-
corporation of magmatic–hydrothermal fluids. Other evidence for
magmatic–hydrothermal contributions to the Oued Amizour Zn deposit
is the occurrence of aluminous advanced argillic alteration assemblages
(e.g., kaolinite, pyrophyllite, montmorillonite and illite (see above)).
The occurrence of such advanced argillic alteration in some VHMS
deposits where magmatic-hydrothermal fluids played a major role in
the ore deposition is reported by Sillitoe et al. (1996); Huston and
Kamprad (2001); Dubé et al. (2007). This alteration process is inter-
preted to have been caused by disproportionation of SO2 in

Fig. 13. (Y+Nb) versus Rb (Pearce et al., 1984) diagram to distinguish the
tectonic setting of the Oued Amizour magmatic rocks; the area showing the
post-collisional setting is from Pearce (1996) (sample symbols as in Fig. 10).

Fig. 14. Distribution of the stable S, O and C isotope data through the whole igneous suite.
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magmatic–hydrothermal fluids derived from oxidised magmas in these
VHMS deposits (Huston et al., 2011 and references therein).

The same gangue calcite samples analysed for oxygen isotopes also
provided carbon isotope ratios. Their carbon isotopic composition is
depleted in 13C, with values ranging from−3.7 to−11‰ (see Table 4).
Similar to many VHMS (Huston, 1999), there is no correlation between
δ13C and δ18O (r= 0.03). The observed δ13C values of calcite samples
could have been derived (i) by mixing seawater carbonate with carbon
derived from oxidation of methane produced by degradation of organic
carbon (δ13C values of –20 to –30‰: Berger and Vincent, 1986) in
underlying sedimentary rocks as suggested for some VHMS deposits
(Huston, 1999), (ii) by mixing of seawater carbonate with carbon of
igneous derivation (δ13C values of –5 to –10‰: Ohmoto and Goldhaber,
1997) or (iii) through thermal processing of organic matter, with
oxygen supplied from water. Input of marine carbon (with δ13C values
typically ranging from −3 to +3‰) into the mineralising fluid is
possibly shown in the two relatively 13C-enriched calcite samples (−3.7
and −4.5‰).

9. Conclusions

The Oued Amizour magmatic complex is composed of igneous rocks
with diverse compositions and emplacement style. They vary from
plutonic (granodiorites) through sub-volcanic (microgranites) to vol-
canic rocks (pyroclastites, andesites, lava flows). These rocks exhibit a
calc-alkaline character and are mainly highly potassic to shoshonitic.
Petrological and geochemical data as well as geotectonic discrimination
diagrams indicate that the Oued Amizour magmatic rocks are post-
collisional I-type, the Kabylian subcontinental lithospheric mantle
previously metasomatised during the Paleogene subduction of the
Tethys oceanic lithosphere being the most likely source of the magmas.
The emplacement of these granitoids was accompanied by hydro-
thermal fluids responsible for the deposition of the largest Zn-deposit
(sphalerite with minor base metal sulphides, such as pyrite, galena and
chalcopyrite) in Algeria. Stable S, O, and C isotopic composition of the
sulphides, sulphates and gangue calcite indicate: (1) a major con-
tribution of a relatively hot (∼200 °C) and saline (between 22.3 and
26.6% eq. NaCl) magmatic fluid to the generation of primary sulphide
mineralisation: (2) the contribution of Miocene seawater sulphur for the
generation of anhydrite; and (3) the input of organic carbon from un-
consolidated mudstone and/or magmatic carbon (with negative δ13C
values) into the fluids during the calcitisation processes. The detailed
metallogenetic and isotopic studies of the deposit as well as the dif-
ferent alteration processes indicate that the mineralisation is part of the
VHMS group with a Kuroko-type signature.
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