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Jebel Mecella and Sidi Taya Fe(BaePbeZn) deposits are located within the Fluorite
Zaghouan Province (NE Tunisia). The mineralization occurs along the unconformity
surface between the Jurassic limestones and Upper Cretaceous rocks. The mineralization
consists mainly of fluorite, barite, sphalerite, and galena. The d34S values of barite at Jebel
Mecella (14.8e15.4‰) and at Sidi Taya (21.6e22.2‰) closely match those of the Triassic
evaporites and Messinian seawater, respectively. The range of d34S values of galena and
sphalerite in both deposits (�6.9 to þ2.4‰) suggests the involvement of thermochemical
sulfate reduction and possibly organically-bound sulfur in the generation of sulfur. Lead
isotope data with 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios of 18.893e18.903,
15.684e15.699, and 38.850e38.880, respectively suggests a single homogeneous source
reservoir of Paleozoic age and/or the homogenization of the PaleozoiceCretaceous
multireservoir-derived fluids along their long migration paths to the loci of deposition
during the Alpine orogeny.

© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

The Fluorine Zaghouan Province FeBaeSr (ZnePb)
deposits (FZP) are located in the northeastern part of
Tunisia. The mineralization of Jebel Mecella and Sidi Taya,
focus of this study, is hosted in the Kimmeridgiane
TithoniceBerriasian “Ressas Formation” (Souissi et al., 1997,
Faculty of Sciences of

ali).
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2013; Touhami, 1979). These deposits preferentially occur
along or near the NEeSW-trending lineament Zaghouan
deep thrust fault. Mineralization occurs as stratabound
bodies, karstic and veins in silicified limestones and marls.
Based on fluid inclusions studies carried out on fluorite,
Souissi et al. (1997) proposed thatfluorites and quartz in the
FZP were deposited from moderate to high saline hydro-
thermal mineralizing fluids (e.g., Jebel Stah, Sidi Taya,
Hammam Zriba). With regards to sulfur and metal sources,
Jemmali et al. (2017) and Souissi et al. (2013) investigated
the Jebel Ressas and Hammam Zriba ore deposits and
ll rights reserved.
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suggested that Triassic evaporites are the main source of
sulfur for sulfides and sulfates and the upper Paleozoic deep
parts of the basin as the source of metals. While some FZP
ore depositswere investigated previously, the ore genesis of
others, however, is not thoroughly studied. The Jebel
Mecella and Sidi Taya ore deposits are among these deposits
where the sources of sulfur and metals, the mechanisms of
ore-forming fluid transport and ore precipitation, and the
age of ore emplacement remain poorly constrained. More-
over, researchers focused on the nature of the ore-forming
fluids and little attention was given to the source of sulfur
and metals for sulfides and sulfates in the studied ore de-
posits. The present study attempted to fill this gap by
reporting and interpreting the results of comprehensive
sulfur and lead isotopes data of both Jebel Mecella, and Sidi
Taya deposits. The integration of these isotopic data with
available geological and geochemical data from the litera-
ture allowed the authors to constrain the source(s) of sulfur
andmetals of the ore. By constraining the source(s) of sulfur
and metals, a comprehensive ore genetic model can be
established for these ore deposits.
2. Geology and ore distribution

The Jebel Mecella and Sidi Taya FeBa (ZnePb) deposits
are located along the NEeSW-trending Zaghouan thrust
Fault (Fig. 1). The stratigraphy of these deposits is charac-
terized by sedimentary series ranging from the Triassic to
the PlioceneeQuaternary (Souissi, 1987; Touhami, 1979;
Turki, 1985) (Figs. 2 and 3).

� Triassic rock series: the lithology of the Triassic series is
relatively heterogeneous and consists of breccias of
gypsum, which outcrop only at Jebel Mecella, variegated
clays, sandstones, and black bituminous dolostones.

� Upper Jurassic rock series (Ressas Formation): these
series consist of massive bioclastic gray micritic lime-
stones. Their thickness varies from 120 m to 300 m at
Jebel Mecella and Sidi Taya, respectively. The minerali-
zation hosted by these series consists of fluorite, barite
and minor galena and sphalerite.

� Cretaceous rock series, which consist of:
B Berriasian rocks (2e10 m), consisting of siliceous bio-

clastic black limestones overlying in discontinuity the
upper Jurassic Ressas Formation;

B ValanginianeHauterivian (Neocomian) rocks
(100e140 m), which are clayey-limestones and marls
intercalations. This level constitutes the hanging wall
of the mineralization;

B the Barremian rocks (170 m) is represented by dark
marls with intercalations of clayey limestones and rare
beds of quartzite, which outcrop only in the NW flank
of the Jebel Mecella.

� Albian-Cenomanian rocks (100e300 m): at the north-
western flank of Jebel Mecella are outcrops of alter-
nating facies of the AlbianeVraconian marlelimestone
(Fahdene Formation).

� The EoceneeOligocene and Miocene rocks (up to
200m): outcrops are visible only at Sidi Taya and consist
of marls with rare intercalations of marl-limestones.
� The PlioceneeQuaternary consists of continental sedi-
mentary series, mainly conglomerates and sandy clays.

The Zaghouan ore district is part of a complex
MesozoiceTertiary tectonic evolution that affected north-
eastern Tunisia. This district was affected by two major
compressional events, which are the first and second Alpine
compressional phases of Eocene and Upper Miocene age,
respectively. These compressional phases overlapped with
extensional events that occurred in the Oligocene,
earlyemiddle Miocene and PlioceneeEarly Quaternary
(Arfaoui et al., 2017; Ben Ayed, 1993; Bouaziz et al., 2002).
The studied ore deposits were affected by most of these
tectonic events. With regards to the tectonic setting at Sidi
Taya (Souissi, 1987), the limestones of Ressas Formation
constitute a monocline structure, dipping 40�e55� NNE.
This structure was affected by a vertical NEeSW-trending
major fault called Zaghouan Fault. The reactivation of this
fault during the Alpine orogeny resulted in the uplift of the
limestones (Turki, 1985). This brittle tectonic had also frac-
tured the limestone of the Ressas Formation and resulted in
the brecciation of the Lower Cretaceous marl limestones.
Field observation of this brittle tectonics at Sidi Taya led to
distinguish three different fault systems (Souissi, 1987,
Fig. 3). The first fault system that crosscuts the Ressas For-
mation consists of N100eN120�E-trending normal faults,
dipping 30�e40� NNE. These faults are mineralized and
were formed during the Cretaceous extensional phase. The
second system truncated the previous N100eN120�E-
trending normal faults and consists of major NEeSW-
trending faults, which include the Zaghouan thrust Fault.
These faults also host the mineralization and occurred and
were reactivated during the upperMiocene phase. The third
fault system, formed during the PlioceneeEarly Quaternary
extensional phase, is represented by N110eN120�E� and
N160eN170�E-trending vertical to sub-vertical, normal
faults, which are usually filledwith calcite and crosscut both
the Ressas Formation and the JurassiceCretaceous breccias.
According to Touhami (1979), Jebel Mecella is an asym-
metric anticline, with a Jurassic core with horst and graben
structures on the western flank. These structures are
delimited by NWeSE-trending normal faults, which facili-
tated the upward migration of mineralizing fluids to the
paleo-surface (Fig. 2). Owing to the proximity of the NEeSW
Zaghouan thrust fault, the hinge of the anticline structure,
which consists mainly of Jurassic limestone, was intensively
deformed and brecciated. Based on the crosscutting rela-
tionship among the three fault sets described above, the
chronological order, from the oldest to the youngest, of the
development of these faults is established as follows: (i)
N100eN120�E-trending normal faults; (ii) NEeSW-trend-
ing faults; and (iii) N110eN170�E -trending faults. These
three sets of faults were reactivated during the Alpine
orogeny and acted as potential pathways for the ore-
forming fluids (Souissi et al., 1997).
3. Mineralization

The distribution of ore at Jebel Mecella is controlled by
the unconformity surface between a footwall of the Ressas



Fig. 1. Tectonic and metallogenic map of the Fluorite Zaghouan Province (modified from Morgan et al., 1998) showing the approximate locations of the Jebel
Mecella and Sidi Taya deposits.
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Formation's carbonates and a hanging wall of the
ValanginianeHauterivian marls (Fig. 2). The ore is also
tectonically controlled. In fact, the Jebel Mecella deposit is
located near an important structural NEeSW-trending
lineament that corresponds to the Zaghouan thrust Fault.
According to Touhami (1979), mineralization at Jebel
Mecella occurs as (i) lenticular orebodies along the
JurassiceCretaceous unconformity; and (ii) karstic



Fig. 2. Geological map of Jebel Mecella (modified from Touhami, 1979).
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orebodies within the carbonate Ressas Formation. In the
lenticular orebodies, fluorite occurs as 5e20-cm-thick
bands of white to translucent crystals. These bands alter-
nate with bands of organic matter-rich black siliceous
bituminous carbonates with occurrences of honey-colored
translucent sphalerite crystals and rare spherulites of barite
and celestite; the latter mineral forms the cement of fluo-
rine crystals. In the karstic orebodies, sulfide- and sulfate-
rich ore in the Ressas Formation are hosted within
densely fractured networks located near the hanging wall
contact. Sulfide fillings are hosted in brecciated and frac-
tured limestone and are mainly represented by massive
galena and rare sphalerite crystals. These sulfides are
cemented by barite-celestite that occur as powdery or
needle-like shape. Disseminated pyrite crystals occur in
limestone as well as inclusions within sphalerite, and
fluorite. Calcite occurs as white crystals within the karst
and the host limestones. At Sidi Taya, two main ore styles
are recognized (Souissi, 1987): (i) disseminated and (ii)
karstic. Disseminated ores consist of mm-to cm-sized
crystals of sphalerite and galena with subordinate
tetrahedrite, celestite, and barite. These minerals are
disseminated within the Upper Jurassic (Kimmeridgiane
TithoniceBerriasian) limestone, which is rich in bipyra-
midal quartz crystals. Galena and sphalerite occur as
mm-to cm-sized euhedral crystals and are mainly associ-
ated with organic matter-rich black siliceous limestones,
and occasionally with fibrous barite and celestite. The
karstic ore style is hosted within the Jurassic limestones
associated with EeW-trending fractures. Fluorite occurs as
massive, colorless, euhedral crystals and is associated with
galena and subordinate sphaleritewith traces of tennantite,
pyrite, and chalcopyrite, barium-strontium sulfates, and
quartz. Galena and sphalerite represent 1e10% of karstic
filling and occur both as mm-to cm-sized crystals. The ore
mineralogy of both ore deposits is similar and consists of at
least four mineralizing stages (Bejaoui, 2012; Souissi, 1987;
Touhami, 1979; this work). An early stage is represented by
the silicification of the carbonates of the Ressas Formation.
This silicification consists of mm-to cm-sized euhedral
quartz. The second and main stage consists of galena,
sphalerite, and pyrite. The third stage is composed of
barite-celestite and fluorite. The last stage is represented by
calcite.

4. Sampling and methods

A total of 30 ore samples (sulfides and sulfates) from the
Jebel Mecella and Sidi Taya FeBa (ZnePb) deposits, espe-
cially from lenticular and karstic orebodies, were taken
from the unconformity zone between a footwall sequence
of predominantly bioclastic limestones of the Ressas For-
mation and a hanging wall of marls attributed to the Val-
anginian. Selected samples were subjected to electron
probe microanalysis (EPMA) for trace elements in assess-
ment of pyrite and sphalerite. The EPMAwas carried out at
the Earth Science Department, State University of Milan,
Italy, using a JEOL JXA-8200 electron probe equipped with
five wavelength-dispersive spectrometers. Sulfur isotope
compositions of galena (n ¼ 16), sphalerite (n ¼ 6) barite
(n ¼ 8), and gypsum (n ¼ 2) were acquired at the Institute
of Mineralogy and Geochemistry of the University of



Fig. 3. Geological map of Sidi Taya (modified from Souissi, 1987).
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Lausanne (Switzerland) using a Carlo Erba 1100 elemental
analyzer (EA) connected to a Thermo Fisher Delta S isotope
ratio mass spectrometer (IRMS). Lead isotope compositions
were measured on galena from selected ore samples
(n ¼ 23). Pb isotope compositions were analyzed using a
multicollector-inductively coupled plasma mass spec-
trometer (MC-ICP-MS) instrument (Nu Instruments Ltd) at
the Radiogenic Isotope facility at the University of Bern
(Switzerland).

5. Results

5.1. Sulfur isotopic composition

In order to constrain the source(s) of sulfur present in
sulfides and sulfates, barite samples (n ¼ 8) were collected
from ore deposits from the karst of Sidi Taya and Jebel
Mecella, whereas sulfides (sphalerite and galena) were
sampled from lenticular and karst of both deposits. Sulfur
isotope values of barites from Jebel Mecella (Table 1, Fig. 4)
exhibit a narrow range of 14.8e15.4‰. These values plot
within the range of those of the Triassic evaporites
outcropping at Jebel Ressas (Fig. 4; Jemmali, 2011). In
contrast, barites from Sidi Taya have heavy d34S values
ranging from 21.6 to 22.2‰. This isotopic composition
overlaps with the signature of the Messinian seawater
(20.7e24‰; Claypool et al., 1980). The overall d34S values of
sulfides from Jebel Mecella deposit range from �4.3 to
�5.9‰ and from �2.2 to �2.9‰ for galena and sphalerite,
respectively (Table 1, Fig. 5). Galena samples of the Sidi Taya
also display a narrow range of d34S values varying between
�6.9 and þ 2.4‰ (Table 2, Fig. 5).

5.2. Lead isotopic composition

Twenty-three samples of galena, from different ore-
bodies, were analyzed for Pb isotopic compositions to shed
light on the possible source(s) of lead and by inference
other metals. The Pb-isotope data are presented in Table 2
and plotted on conventional co-variation uranogenic and
thorogenic diagrams in Fig. 6. Other ore deposits in the
Fluorine Zaghouan Province were also plotted in these di-
agrams for comparison. The Pb isotope ratios of galena
samples of Jebel Mecella deposit are homogeneous



Fig. 4. Sulfur isotope compositions of sulfates (barite) from the Jebel Mecella
and Sidi Taya deposits and d34S ranges for Triassic gypsum from the Jebel
Ressas deposit (Jemmali, 2011). Also shown for comparison is the sulfur
isotope range for Triassic and Messinian seawater sulfate (Claypool et al.,
1980).
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(206Pb/204Pb ¼ 18.891e18.903; 207Pb/204Pb ¼ 15.684e
15.699, and 208Pb/204Pb ¼ 38.850e38.880). The Pb isotope
ratios of galena samples from the Sidi Taya deposit are also
homogenous, ranging from 18.945 to 18.955 for
206Pb/204Pb, 15.688 to 15.699 for 207Pb/204Pb, and 38.845 to
38.883 for 208Pb/204Pb.

6. Discussion

6.1. Source(s) of sulfur and precipitation mechanisms

The sulfur isotopic composition of barites from Jebel
Mecella (d34S values ¼ 14.8e15.4‰) falls within the range
of those of the Jebel Ressas's Triassic evaporites (15e17.9‰)
and Triassic seawater (11e20‰; Claypool et al., 1980).
Therefore, it can be suggested that Triassic evaporites are
the main source of sulfur in barite from the Jebel Mecella.
This is consistent with the occurrence of abundant Triassic
evaporitic series outcropping in the proximity of the Jebel
Mecella ore deposit. The proposed source of sulfur was also
reported by numerous researchers for the majority of the
PbeZn deposits in Tunisia (e.g., Charef, 1986; Decr�ee et al.,
2008; Jemmali, 2011; Souissi et al., 2013). Conversely, the
d34S values of the Sidi Taya deposits (21.6e22.2‰) is
consistent with the range observed for the Messinian
seawater (20.7e24‰; Claypool et al., 1980) and are closer to
those of the Triassic evaporites. It can be suggested that the
sulfur of this ore derived from the dissolved sulfates of the
Triassic evaporites and the Messinian seawater. The latter
Table 1
Sulfur isotope data from Jebel Mecella and Sidi Taya sulfides and sulfates.

Name of the deposit Mineral phase d34S (‰, VCDT)

Jebel Mecella Karstic galena �5.7
�5.9
�5.6
�4.6
�4.7
�4.3

Karstic sphalerite �2.5
�2.2
�2.4
�2.5

Lenticular sphalerite �2.9
�2.8

Karstic barite 14.8
15.3
15.0
15.4

Gypsum 15.2
16.0

Sidi Taya Disseminated galena 2.4
2.3

Karstic galena �6.9
�6.9
�5.0
�4.9
�6.2
�6.1
�3.8
�3.7
21.8

Karstic barite 21.6
22.2
22.0

Fig. 5. Sulfur isotope compositions of sulfides (galena and sphalerite) from
the Jebel Mecella and Sidi Taya deposits.
was also proposed as a source for the Sidi Driss deposit
located in northern Tunisia (Decr�ee et al., 2008). The sulfur
isotope compositions of galena from both deposits have
d34S values ranging from �6.9 to þ2.4‰ (avg. of �5.9‰ for
Jebel Mecella; avg. of �3.9‰ for Sidi Taya.) The d34S values
of sphalerite from Sidi Taya vary between �2.2 and �2.9‰
(avg. of �2.5‰). Possible mechanisms explaining sulfur
reduction from sulfate include bacterial sulfate reduction
(BSR) and thermochemical sulfate reduction (TSR). These
processes are temperature-dependent. BSR typically occurs
under relatively low temperatures (less than 60e80 �C;
Machel, 2001). TSR takes place at a temperature environ-
ment fluctuating mainly between 80 and 130 �C (Orr, 1974).
This temperature range generally does not sustain micro-
bial life (Machel, 2001). Sulfur isotope compositions of



Table 2
Lead isotope data from Jebel Mecella and Sidi Taya.

Name of the deposit 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

Mecella 18.903 15.695 38.861
18.901 15.695 38.856
18.895 15.684 38.852
18.902 15.699 38.880
18.895 15.689 38.854
18.891 15.687 38.850
18.898 15.692 38.857

Sidi Taya 18.945 15.692 38.863
18.952 15.699 38.883
18.948 15.695 38.872
18.954 15.698 38.879
18.952 15.697 38.876
18.953 15.697 38.877
18.951 15.697 38.867
18.941 15.688 38.845
18.945 15.692 38.855
18.947 15.694 38.863
18.945 15.692 38.857
18.947 15.694 38.869
18.955 15.699 38.876
18.952 15.696 38.873
18.946 15.690 38.870
18.951 15.696 38.873

Fig. 6. Plots of 207Pb/204Pb vs. 206Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb for
the Jebel Mecella and Sidi Taya deposits (this study), Fluorite Zaghouan
Province (Jemmali et al., 2011a; Souissi et al., 2013). Curves of growth trends
for Pb isotope ratios are from the plumbotectonic model of Zartman and Doe
(1981).
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sulfides generated through BSR are by around 40‰ lower
than those of the original sulfates (Ohmoto and Rye, 1979).
However, fractionation induced by TSR of sulfate to sulfide
can lower d34S to values around 15‰ lighter than those of
the parent sulfates in MVT hydrothermal systems (e.g., Orr,
1974; Ohmoto et al., 1990). The difference between d34SSO4

and d34SH2S is approximately 14e24‰ (Krouse et al., 1988).
The homogenization temperatures of the fluid inclusions at
Jebel Mecella range from 145 to 170 �C for fluorite (Souissi,
1987) and from 129 to 145 �C for sphalerite (Bejaoui, 2012).
Homogenization temperatures in the fluorite from Sidi Taya
range from 135 to 150 �C (Souissi et al., 1997). These high
ore-forming temperatures are not favorable for bacterial
activity, and, thus, in situ BSR is a priori excluded as a
mechanism for sulfate reduction. It follows that the TSR of
dissolved sulfates of the Triassic evaporites and Messinian
seawater is considered the main reducing process that
generated enough sulfur for the formation of the ore. This is
consistent with the calculated fractionation difference be-
tween sulfates and sulfides (d34SSO4

e d34SH2S ¼ 17e25‰).
Moreover, TSR mechanism is supported by the presence of
sufficient SO4

2� anions provided by pervasive evaporites
and reactants such as organic bituminous dolostones and
hydrocarbons (Souissi, 1987). In the studied ore deposits,
the absence of sphalerite with microspherulitic or collo-
form textures typical of BSR described in several ore de-
posits (e.g., Hazelhurst salt dome, Mississippi, Southam and
Saunders, 2005; the Bleiberg ZnePb deposit, the Sidi Driss
and Douahira PbeZn deposits, northern Tunisia; Decr�ee
et al., 2008) also points to TSR. Furthermore, no
galena with BSR-related skeletal or framboidal textures
described by Fallick et al. (2001) in Navan, Ireland, was
observed in the MecellaeSidi Taya ore deposits. The
observed negative d34S values in sulfides of the
MecellaeSidi Taya ore deposits can be, therefore, explained
by (i) BSR mechanism that may have taken place prior to
the onset of the hydrothermal ore-forming fluids and/or (ii)
organic matter-derived sulfur. The lack of BSR-related tex-
tures and the occurrence of organic matter in the ore are in
favor of the contribution of the organically bound sulfur,
though probably minimal. Based on the aforementioned
discussion, it can be concluded that the source of sulfur for
the ore is mainly the TSR of dissolved Triassic and Messi-
nian sulfates, with a possible contribution from the
organically-bound sulfur. Using the isotopic equilibrium
equation (D34Ssphaleriteegalena ¼ 0.73 � 106/T2; Ohmoto and
Rye, 1979), the calculated isotopic equilibrium tempera-
ture ranges between 220 and 316 �C. This temperature
range is higher than the one obtained from fluid inclusion
study (Th ¼ 129e145 �C; Bejaoui, 2012). This suggests that
equilibrium has not been reached (Ohmoto, 1986). This
disequilibriumwas likely caused by themixing between the
ascending ore-bearing hydrothermal fluids and a shallower,
sulfur/sulfate-rich fluid. This mixing triggered the precipi-
tation of sulfides and later barite at the site of deposition.
The cooling of the ore-forming fluids during the fluiderock
interaction may have also contributed to the precipitation
of the ore, as indicated by the occurrence of intense silici-
fication that affected the carbonate host rocks. These
ore-precipitating mechanisms are known to cause the
precipitation of MVT ore deposits (e.g., Leach et al., 2006).
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6.2. Age of ore emplacement and source(s) of metals

The absolute age of the ore emplacement has not been
assigned to the Jebel Mecella and Sidi Taya ore deposits.
Fieldwork, as well as sulfur isotope data led us to narrow
and constrain the age of ore precipitation. Mineralization of
the studied ore deposits is hosted in the Jurassic and the
Upper Cretaceous rocks (Souissi et al., 1997). Hence, the ore
may be post-Upper Cretaceous. However, the fact that
sulfur in the barite from Sidi Taya was derived mainly from
Messinian seawater imposes an upper Miocene age as the
age of ore emplacement. Another line of argument in favor
of an upper Miocene age is the fact that the N110 to N120�E
and N160 to N170�E normal faults, formed during the
PlioceneeEarly Quaternary, do not host ore. Hence, the ore
predated the onset of the PlioceneeQuaternary extensive
tectonic phase. Based on the aforementioned arguments,
the upper Miocene is the proposed age of ore emplacement
in these ore deposits. The proposed age agrees with that
suggested by other researchers based on geological evi-
dence (Benchilla et al., 2003; Jemmali et al., 2011b and
Souissi et al., 2013). The suggested age coincides with the
second compressional upper Miocene tectonic phase that
remobilized the metals for deep parts of the basin. The Pb
isotopic composition of galena from Jebel Mecella and Sidi
Taya are similar and overall homogenous. The Pb isotope
ratios plot close to the average Pb crust evolution curve in
the plumbotectonics model of Zartman and Doe (1981)
(Fig. 5), suggesting a single crustal source. Overall, the Pb
isotope ratios of galena from Jebel Mecella and Sidi Taya
plot within the field defined by galena samples from the
FZP (Souissi et al., 2013), implying similar metal source(s) of
these ore deposits (Fig. 6). Owing to the radiogenic Pb
signature of the analyzed galena samples, the siliciclastic
Paleozoic rocks are likely a potential source of metals.
Although the Paleozoic rocks are likely the main source of
metals, the Triassic to Jurassic rocks, through which the
deep-seated Paleozoic-derived fluids flowed, can also be a
source of metals. Two interpretations can account for the
overall uniformity of Pb isotopic composition in the studied
ore deposits. In case the lead derived from different rock
reservoirs of Paleozoic to Cretaceous age, the Pb uniformity
is likely ensured through the mixing of the fluids as they
traveled through the thick PaleozoiceCretaceous rock se-
quences towards the loci of deposition where ore was
deposited. To ensure the Pb isotopic composition's homo-
geneity, the mixing took place before the site of deposition.
This mixing is capable of averaging and homogenizing the
Pb isotopic composition of fluids prior to the site of depo-
sition (Vaasjoki and Gulson, 1986). Alternatively, the uni-
formity of the Pb isotopic composition may also suggest
that lead and presumably othermetals derivedmainly from
the Paleozoic rocks, with an overall homogeneous
composition.

6.3. Ore genesis model

Based on geology, sulfur and lead isotopes and fluid
inclusion data from the literature, an ore genesis model is
proposed for the Jebel Mecella and Sidi Taya ore deposits.
The N100eN120�E-trending normal faults and frac-
tures, formed during the Cretaceous extensive phase and
reactivated during the OligoceneeMiocene extensional
tectonic phases, had likely acted as potential pathways for
the downward fluid flow of the shallow, cooler superficial
fluids into deep parts of the basin. The extensional tectonic
phase, during which the superficial fluids percolated,
cannot be precisely determined. Nevertheless, considering
the late Miocene age of ore emplacement, this phase can be
constrained to one of these extensive tectonic phases:
Cretaceous, Oligocene, or earlyemiddle Miocene. The
Alpine compressional forces together with the topography
gradient caused the circulation of large amounts of deep-
seated fluids. The major NEeSWe and NWeSE-trending
faults were reactivated during the Miocene Alpine orogeny
(Morgan et al., 1998; Turki, 1985) and acted as potential
pathways for the migration of the ore-forming fluids from
the Paleozoic basement towards the JurassiceCretaceous
unconformity where ore deposition occurred. At the site
of deposition, the ore-forming fluids were probably mixed
with a shallower, TSR-derived sulfur-rich, metal-poor fluid.
This fluid mixing triggered the precipitation of sulfides at
the JurassiceCretaceous unconformity. During the late
stage, the ore-forming fluids encountered and mixed with
rather SO4

2e-rich Triassic evaporites and Messinian sea-
waters’ reservoirs, leading to barite precipitation.

7. Conclusions

The geological, mineralogical observations, and the
sulfur and lead isotopic geochemistry of the Jebel Mecella
and Sidi Taya FeBaeSr (ZnePb) deposits provide con-
straints on the sources of metals and sulfur, the mode of
fluids migration and ore precipitation, and the age of ore
emplacement. These constraints are summarized below.

1) The ultimate source of the sulfur for barite derived from
the Triassic evaporites and Messinian seawater. The
sulfur of sulfides was generated by TSR process with a
contribution of organically-bound sulfur.

2) The source(s) of lead and by inference other metals (Zn,
Ba, Sr) is mainly the siliciclastic Paleozoic basement.
The uniformity of the Pb isotope compositions of galena
reflects a single homogeneous source reservoir of
Paleozoic age and/or the homogenization of the
PaleozoiceCretaceous multireservoir-derived fluids in
the course of their long migration to the loci of
deposition.

3) The upper Miocene compressional tectonic phase had
caused compression and topographic highs, which are
effective for driving large amounts of the deep-seated
fluids from the deep parts of the basin towards the
margins.

4) At the site of deposition, the ascending metalliferous
fluid encountered and mixed with cooler, metal-poor,
and sulfur-rich superficial fluids. This fluid-mixing
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process led to the precipitation of sulfides (galena,
sphalerite) and later of sulfates (barite, celestine).
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