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Abstract The Bou Jaber Ba-Pb-Zn deposit is locatedt the edge of @riassic salt diapin the Salt Diapir
Belt of the Tunisian Atlas Foreland.dtovides a good example of the close association between Mississippi
Valley-type mineralization and evaporite-bearing diaphe.ores are fault-controlled and occur as
subvertical column-shaped bodies developed in dissolution brecaasavitiesn Aptian platform/reef
limestone which is covered unconformably by impermeable shale and marl of the Biiien-

Cenomanian. The limestone host rock is hydrothermally altered tateneximal to and within the ore
bodies. Quartz as fine-grained bipyramidal crystal formed during thetroal alteration of the host rocks.
The ore mineral assemblage is composed of barite, fluorite, sphatetigaiena in decreasing abundance.
The ore zones outline distinct depositional events: sphalerite-galena;bakierite and fluorite. Fluid
inclusions, commonly oil-rich, have distinct fluids salinities and homiagéaon temperatures for each of
these events: sphalerite-galena (17 to 24 wt% NaCl eq., and Th f@no1136°C; ankerite+ barite (11 to
17 wt% NacCl eq., and Th from 100° to 130°C); fluorite (19 tav@ NaCl eq., Th from 140° to 165°C).
The mean temperatures of the ore fluids in the events decreased falarigp(il25°C) to barite (115°C) and
increased during fluorite deposition (152°C); then decreased t6GHiBing late calcite precipitation. LA-
ICP-MS analyses of fluid inclusions show there are at least 2 distinct fluidgsimes in fluorite are metal-
rich (100’s to 1000’s ppm Pb, Zn, Cu, Fe) but the inclusions in barite are Pb, Zn, Cu, Fe-deficient. No
information on metal contents are available. Inclusions in fluorite have Ci¢BNafBr ratios of several
thousand, consistent with dissolution of halite while the inclusiorigsethin barite have values lower than
those of seawater which are indicative of a Br-enriched brine derivedtisavaporation of seawater plus a
component of halite dissolution. The salinity of the barite filn@usions is less than obtained simply by the
evaporation of seawater to halite saturation and requires a dilutinarefthan two times for halite saturated
fluids. This is consistent with the presence of a component of metedeiciwghe brine that deposited
barite. The higher K/Na values from fluid inclusions from barite suggasttih brines interacted with K-rich
rocks in the basement or in siliciclastic sediments in the basin. Carbongteegainerals (ankerite and
calcite) haved'*C and3d'®0 that are close to the Aptian limestone host rock values and indigdte flu
equilibrium between carbonate host rocks and warm briness®fBevalues for sphalerite and galena are
positive and very homogeneous. They fall withimeaow range (1 to 10 %o) with a bulk value of 7.5 %o,
indicating a homogeneous source of sulfur. H8 values of barite are also relatively homogeneous (22 %o),
with 6 %o higher than the §3S of local and regional Triassic evaporites (15%o). The latter are believed to be

the source of sulfate. Temperature of deposition together with sulfupésotiata indicate that the reduced
sulfur in sulfides was derived through the reduction of Triassic sulfate bydghkemical sulfate reduction
using hydrocarbons produced probably from Upper Cretaceous soukseThe®’SrfeSr ratio in the Bou
Jaber barite (0,709821 to 0.711408) together with the lead isotapees of Bou Jaber galena

(®°PbP°Phb=18.699 to 18.7379PbF*Phb=15.635 to 15.708 artfPbF’Pb=38.321 to 38.947) show that
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metals were extracted from homogenous crustal source(s). The tectonic settBai thaber ore deposit,
the carbonate nature of the host rocks, the epigenetic style of the mate@aland the mineral associations,
together with sulfur and oxygen isotope data and fluid inclusion dava tsfat Bou Jaber zinc-lead ores of
the deposit has the major characteristics of a salt diapir-related M\Pbares with superimposed events of
fluorite and of barite deposit. Field relations are consistent witlenaileposition during the Miocene
Alpine Orogeny from multiple hydrothermal events: (1) Zn-Pb sulfides fotmetie mixing of two fluids:
one fluid metal-rich but reduced sulfur-poor and a second fldigcesl sulfur rich; (2) the fluorite
precigtated from a more dilute fluid with higher temperatures; (3) barite preaipitaavolved the influx of a
meteoric water component that mixed with a barium-rich fluid. A significantlesion of the study provides
evidence that decouples the mineral assemblages (Zn-Pb, fluoribardte)l into separate and possibly
unrelated mineralization events. Consequently, the presence ofdvdtiterite mineralization in any diapiric

zone does not necessarily suggest the presence of Zn-Pb rich ores.

Keywords Fluid inclusion$ Laser ablation ICRAS°® C, O, S, Sr, Pb isotopes® diapir-related MRB&F-Pb-

Zn deposits °Bou Jaber ° Tunisia®
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Introduction

Lead-zinc ore deposits associated with evaporite-bearing diapirs are wetl knd have been exploited for
many years in North Africa and the Gulf of Mexico region ofith®.A. (Sainfeld 1956Hanna and Wolf
1934 Price and Kyle 1983; Posey et al. 19Fey form a distinct group within the MVT class of deposits,
with typically low to high tonnage and modest to high grade févtomillion tons). Recently high tonnage
(with a reserve of approximately 200 million tons of ore graéifg Zn and 1.3 % Pb are discovered in
Jinding, China (e.gLeach et al 2013 A number of North American studies have characterized some of the
processes of formation (e.gight et al. 1987; Posey and Kyle 1988; Kyle and Price 1986; Kyle ang Pose
1991).

In North Tunisia and adjacent Algeria regiafthough the numeroub-Zn (+Ba-F) deposits located at
the edges of Triassic salt-bearing diapirs were exhaustively investigatedarkd during the last eight
decades, important aspects of the metallogeny of these salt diapir-rettdiit meposits remain a subject of
debateConflicting genetic models involving syngenetic origin, epigeratigin, or a combination of both
have been proposed (e.gainfeld 1956Rouvier et al. 1985; Gharbi et al. 1985; Charef and Sheppard 1987;
Amouri 1989; Orgeval 1994; Sheppard et al. 1996; Bouzenouhkéuolle 1997Bouhlel 2005; Bouhlel et
al 2007; Bouhlel et al. 2009

The Bou Jaber evaporite diapir-relatatF-Pb-Zn deposit, is located in central-western Tunisia, 30 km
west of Tajerouine city, and lies against the Algerian-Tunisian internatiordgbig. 1). It is one of
numerous Algerian-Tunisian PAIn-Ba deposits located at the edges of Triassic diapirs and where
mineralization is hosted in Cretaceous peridiapiric limestone sBataféld 1956; Rouvier et al. 1985;
Bouhlel 1993. Unlike most of the Tunisian-Algerian salt diapir-related Pb-Zn depositBdh&aber deposit
is barite and fluorite-rich and exhibits a clear spatial relationship with ¢e@atructural elements: a salt
diapir andNW-trending faults limiting Miocene-Pliocene grabens, allowing ssitide role of these three ore
geological controls in its genesis.

Currently no comprehensive geochemical investigation has been pablBfsed on mapping, general
mineralogical descriptionsd limited geochemical database the controversy over the genesisRduh
Jaber mineralization has mainly included: (i) a syngenetic originnbalived meteoric karstification
followed by the deposition of base-metals originating from reworgfrgpntinental heavy-metal-rich soil
horizons during Upper Aptian perioBi(chs 1973; Amouri 1999and (ii) an epigenetic origin at Miocene
time, that involved replacement of limestones and infilling of hiydnanal dissolution-cavities and open
fractures by undefined fluids and precipitation proces3esl{lel 1987; Bouhlel 1993; Salmi-Laouar et al.
2004.To betterdefine ore controlghe mineralizing event (sjhe nature, origin, and evolution of the
hydrothermal fluids, metal and sulfur sources, and the processes that mmtéigbrecipitation,tis study

integrateghe geologic ore controls, ore textures and paragenesis, fluid inclusiontheticrometry,



84 halogen analyses of fluid inclusions, and stable (C, O) and radiogenic (Sr, Bpé¢ ianalyses from mineral
85 separates. The results provide new insights into the origin of the Bawdalieposit and, in a more general

86 sense, into the metallogenesis of the diapir-related carbonate-hosteeERE- deposits.
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Geological setting and regional mineralization

Bou Jaber deposit is located in the Salt Diapir Belt of the Tunisian Atlelahd fold-thrust-belt which is a
part of the Alpine Atlas mountain ranges extending through MoroccoriAlged Tunisia, and resulting from
the Miocene convergence between the Africa and Europe pfates)With its NE-SW-striking length of
200km and a fairly constant width of 50 km, the Salt Diapir Belghdycoincides with the Tunisian Trough
(Fig. 2). Itis bordered tdhe North bythe Tell thrust beltcharacterized by Miocene south-directed tangential
tectonism of Tellian and Numidian nappes and to the South by theaCBuanisia Platform. The south-
western area of the Salt Diapir Belt and large area of the Central Tulaig@r® are intersected by large
number of transverse graberkhe Tell thrust belt and the Tunisian Atlas foreland fold-threditdre formed
by about 8-10 km-thick Mesozoic-Tertiary folded cover pidagd large number of Triassic salt diapits.
the surface, the Triassic diapirs are mainly composed of chaotid¢asréaeninantly formed by gypsum with
few shale, dolostone arimhsic volcanic thatorrespond to insoluble caprocks. The few wells drilled through
diapirs encountered massive salt below 200 or 300 m of gypeumap view the diapirs occas elongated
SW-NE bodiestypically 10 x 3 km long and 1 to 2 km in width, and digtributed along 3 to 5 distinct
paralleINE-SW- directed strike-slip faults that correspond to the reactivation of fdd®eynian faults
(Perthuisot 1978; Martinez and Truillet 1987; Turki et al. 198&da0ii2002.The Bou Jaber diapir is located
on one of these diapir-bearing faults (the Tajerouine Fatilf) {). Almost everywhere in the Salt Diapir
Belt, the tectonic contacts between the Triassic salt diapirs and the éh@uetaceous to Miocene rocks are
markedby lens-shaped evaporite-dissolution breccia bodies that are the RisF{Sr mineralization
(Rouvier et al. 1985; Sheppard 198&uhlel 1993Bouhlel et al. 200)7

The Triassic substratum is only known in the Saharan Platform by deefepm drilling. It is composed
of Paleozoic shale, sandstone, arkosic sandstone and Precamiienagraenetamorphic rock®/ejri et al.
2006. The Jurassic platform carbonate deposition of central and eastern Tusisi@yhearely been
observed and is nowhere seen overlying the diapirs. Lower Cretaceoup@sedmf sandstone, clay and
limestone. Upper Cretaceous - Eocene succession is composed ofdradiaceous limestone. Oligocene
and Miocene are discordant and composed of continentakalagistone and conglomerate. This Mesozoic-
Tertiary succession forms SWE-trending folds (acquired since the Oligocene) which are cut by3¥wW-
directed faults, limiting grabens filled by Mio-Pliocene continental sedim

During the Triassic to Lower Tertiary (pre-orogenic period), the instabilityeo$édimentary basement
was almost permanent, related to repeated activity of deep accidbetgenhfrom Panafrican and
Hercynian orogens and reactivated mainly during rifting stages relatesl Adriba-Europe drift movement
(Cohen et al. 198G5uirand and Maurin (1991 These resulted in a N-S extension that persisted from the
Jurassic until Lower Aptiarin this context, the north-central Tunisia corresponded to a rifted continental

margin characterized by extensioh#t-SW and NWSE-trending faults limiting horsts, grabens and tilted

6
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blocks Boltenhagen 1985; Martinez and Truillet 198&ith particularly the individualization since the
Neocomian of two differentiated paleogeographic and sedimentary dofRajs, 1-2): to the northadeep
rifted basin called the Tunisian TrougBufollet 1956 and to the south the flat Central Tunisia Platform
which is the northern extension of the Saharan Platfofiiadly et al. 1993. In the Tunisian Trough, the syn-
rift sedimentary sequence is very thick (about 5,000 m in the Cretaatme in the El Kef area) and is
composed of deep marisediments mainly marl and argillaceous limestoDa the platform area, the
thicknesses are reduced and gaps occur locally in the series; thefadgesnposed of sandstone and clay
with shallow marine limestone and dolostone of Aptian afgie et al. 1084M’Rabet 1987).

In the trough, with the overburden of Jurassic and Neocomian seliggnkic movements of the
Triassic salt began. In several placethefsouth-western area of the trough (Tajerouine-Tabessa region)
about300 to 500 m-thick Aptian, and Lower Albiahallow marine bioclastic limestones, including reef
development, overlay diapiric structures (e.g., Bou Jaber, Stat&)aenzaPerthuisot 1978, Bouhlel 1987
Aptian and Lower Albian limestones, on both Central Tunisia Platform iapétid structuresare the host of
siderite or PkZn-Ba-F mineralization.

Transpression and transtension tectonics occurred during the Middle Wiltiatme reactivation of syn-
rift extensionaNE-SW andNW-SE-trending faults, limiting tilted blocks and half-grabens. It wee
intersection zones of these fault systems that accelerated salt digpidsmihere numerous diapirs intruded
their roof and emerged onto the seafl{@®olze 1954Pathuisot 198). Salt diapirs, tilted blocks, and half-
grabens will control the distribution and the nature of the sedinyefaizies Boltenhagen 1983 erthuisot
1981).

During the Upper Albian-Lower Turonian, transgressive post-rift shale and efagipsediments (300
to 1000m-thick) invaded the entire Aptian-Lower Albian platform as asethe Tunisian Trough fossilizing
uplifted blocks, half-grabens and salt diapirs. The latter structures, togethénevitpper Albian
unconformity controlled the ore emplacements. The lower part dfahsgressive series contains two
organic-rich laminated black limestones: Upper Albian Mouelha laminite%o(€2DT) and Cenomanian-
Turonian Bahloul laminites (up to 13% COT) (eSridi and Belayouni 1994; Soua 200%ese rocks are
considered as excellent hydrocarbon source rocks for the petroletamsy the region (e.gSaidi and
Belayouni 1994; Soua 200QBahloul laminites may also be the host of strata-bound replatéeypen
sphalerite-rich mineralization as the case in Bou Gilwiljlel et al. 200P The Cretaceous sedimentation
continues with the deposition of about 2000 m-thick marl and fonessuccession of Middle Turonian to
Paleocene. Subsidence and transpressional tectonics caused a sguoagidrcement during the Lower
Eocene Perthuisot 1981

The tectonic period of the Alpine orogeny in northern Tunisia beg@tigocene time and reached its
maximum during the Middle Miocene time as a result of collisioniofaplates rifted off the European

margin with the North African margin, and coincided with the pregjwe elimination of Proto-



156  Mediterranean lithosphere from west to east along the African ma&ginvier 1977; Martinez and Truillet
157 1987). Deformations consist of a NW-SE contraction phase with significant shgrtessulting in NE-SW to
158 E-W-trending folds; flow of Triassic salt into the cores of these foldstadsby tectonic loading during fault
159 inversion;NE-SW strike-slip faults resulting from reactivation of syn-rift extensioaalt§ and setting up in
160 the North of the Tell Thrust Belt composed of major thrust sheets of-Otiger Miocene “Numidian”

161  flysch emplaced over Upper Cretaceous-Eo¢@hrélian” nappes. At the base of the nappes, blades of
162  Triassic evaporitic breccias are common; these are due to detachmemtssorfacdiapiric extrusions cut
163  and trailed by moving nappes. Basic and acidic igneous rocks are destskedral places of the Tell
164  Thrust Belt (e.g. Oued Bélif region and at La Galite isldll¢n 1976 Lardhi-Ouazza 1994and

165  correspond to Upper Miocene and Pliocene magmatism activitiise Atlas Foreland, Pliocene reactivation
166  of transpressional movements created S®trending grabens3en Ayed 1986; Chihi 1995htersecting
167  and cutting across the SWE-oriented folds and Triassic diapirs. The grabens were filled by Pliocene
168 continental conglomerate and sandstone sediments. On the Tell ThrymRetogenic relaxation phase
169  resulted in conglomerate, clay and lacustrine limestone deposition im Mppeene basindJpper Miocene-

170 Pliocene basins in the Atlas Foreland and in the Tell Thrust Bethetgost of some Pb-Zn ore deposits.

171  Ore deposits

172  The Pb-zZn #(Ba, Sr, F) ore deposits in the Salt Diapir Belt and adjsegions are shown dfigurel Most
173  of the ore deposits contain low to medium size resources (1 to 8 millionttabsta 5 to 15 % Pb+Zn). The
174  ore deposits are classified into four groups based on the ore minerals présenigpositsfouvier et al.
175 1985; Bouhlel 1993; Bouhlel 20pfFig. 1). However, we point out in this report that these groups are
176  spatially and genetically distinct froech other These assemblages are not present in all deposits and where
177  they do occurthey may or may not be present in specific mineralized zone#l.dases, where they occur in
178  the same mineralized zone, there is a consistent paragenetic relationstsipetisater. These 4 groups
179 reflect a complex hydrothermal overprinting by up to 4 mineralinagicents in some deposits. These ore
180  groups are described below:

181 Group 1: Strata-bound replacement siderite deposits hosted in Aptestdime (e.g., Ouenza, Bou

182 Khadra and Jerissa deposits) with global resources of about 165 milliorf temsnetal Pohl et al. 1986
183  Bouzenoune and Lecolle 1997

184 Group 2: BatF+(Pb-Zn) strata-bound replacement-type and célliitg-fleposits in Aptian and Lower
185  Albian platform and reef limestones at the edges of Triassic salt diapirs.rdasshows two distinct

186  mineral assemblages: group 2a with Ba-F+(Pb-Zn) (e.g., Mesloula, Mz&etkfif deposits in Algeria;
187  Akrour et al. 1991and Bou Jaber in Tunisia), and group 2b with Ba+(Pb-Zn) depesits §lata, Hamra,
188 Ajred, Trozza, in Tunisia)Rouhlel 1993;Jrad and Perthuisot 1995; Béjaoui et al. J0E8rthermore PiZn-

189 Ba mineralization is also present in the Cenomanian-Turonian dolostones (Aja)Niouthe Eocene



190 phosphorite rocks (Sekarna) and even in the Mio-Pliocene daskis (Ain Khmouda)Sainfeld 1956

191  Fucks 1973; Garnit et al. 20112

192 Group 3:Pb-Zn (xcelestite) strata-bound replacement-type deposits hosted by tiigselaporitic

193 breccias at the contact zones between salt diapgalt sheets and the surrounding Cretaceous to Miocene
194  rocks (e.g., Fedj el Adoum, Kebbouch, Bou Khil, Garn Halfaya, Eir, Aguiba) The most economic is
195 the Fedj el Adoum deposit that contains about 1.5 Mt of 17% Z§SRéppard et al. 1996; Bouhlel et al.
196 2007). If the barite is present in these deposits, it always cuts the celesiiiethe Pb-Zn ore bodies.

197 Group 4: Pb-Zn strata-bound replacement-type and vein-typaepasits that lack Ba, Sr or F are hosted
198 by Upper Cretaceous limestone that envelops the Triassic salt diapirs (Bou Ghnaat O. JehsSchmith
199  1999; Bouhlel et al. 2009; Béjaoui et al. 2D1Bior to mining operations (1992-2006), the Bou Grine
200  deposit resources were about 7.3 million tons of ore at 15% Zii3@bval 199}

201 Group 5: Pb-Zn deposits occur either as strata-bound ores or as vainsiriertal Mio-Pliocene strata
202  (e.g., Sidi Driss in the Tell Thrust Belt and Koudiat Safra and Jiebihe Atlas Foreland)Rouvier et al

203  1985; Decrée et al. 20p8

204 Field observations indicate that the Bh-, Ba-F ores may be arranged as follow: a Zn-Pb event, a
205 BaSO4 event (may have trace sphalerite and galena) and a fluorite gkentner barite (may have trace
206  sphalerite and galena). These various mineral assemblages are suggestiveboficostfiom at least 4
207  distinct ore fluids and/or ore forming events that variably affected the Tridiagicic structures. The Bou
208  Jaber deposit contains a mineral assemblage that reflects mineralizatianZro-Pb event, a barite event
209  and a late fluorite event as discussed below.

210

211  The Bou Jaber deposit

212

213  The Bou Jaber deposit was first mined for lead and silver by the Ronfats42centuries), where galena
214  vyielded up to 500g/t Ag. Small and episodic mining activities noeti by Arabs and Turks{@o 17"

215  centuries), and then the French (1890 to 1950). The most (&8&tto 2004) intermittent mining

216  Aactivitiesby Tunisian state-owning mining companies focused on uoded exploitation with a total

217 production of about 50,000t Pb+Zn, 0.5 Mt barite and min@ntjties of fluorite. The production ceased in
218 late 2004 due to difficulties in the economic viability of the mines fidgmaining estimated reserves are
219  located mainlyatthe “Gite de I’Est” (the east deposit), and are of about 8 Mt with a grade of 165%.5%
220 Zn, 33 % BaS@ and 9% Caf: In 2015, European Industrial and base metal Limited concluded negotiations
221  with the Tunisian Government and earned a 90% right in the Beu tbe exploitation, while 10% are
222  detained by the Office National des Mines (O.N.M.).

223

224  Lithostratigraphy and structural evolution
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The geological map, lithostratigraphy and cross sections at Bourdgimn are presented on Fig@elhe
dipiric Triassic salt formation outcrops in the core of a Cretaceous aeatiglith consists of dissolution-mega
breccias composed of chaotic assemblage of gypsum massesiogriilioks of variegated argillite. Halite
rocks are dissolved at the surfathese gypsum-rich breccias, partly covered by Mio-Pliocene eriéih
sediments and alluvium, are similar of other Triassic outcrops in neighbaligiigs where deep drill holes
showed thick halite-rich zone beneath the gypsum breccia zone

The Aptian-Lower Albian limestone (Serdj Formation) outcrops asth flank of the diapiit is
composed of two platform and reef limestone members, respecipin and Lower Albian in age
(Dubourdieu 1956Bouhlel 1993 Vila and Charriere 1993; Braham et al 2p0the Aptian limestone member
is composed of 200 m-thick bioclastic limestone thickening up, interbdadmarl sequences (units 1-4,),
following is amassive lens-shaped bar 50 to 100 m-thick (ynibnposed of platform limestone containing
rudistid and coral reefs. Following is a marl-rich member of about 200ak (unit § consisting essentially
of alternating marlshale, fine-grained sandstone and bioclastic limestone. The Adian limestone
member (unit 7) forms a lens-shaped bar (250 to 50 m-thickpasedof metric-thick beds of bioclastic
limestone containing abundant debris of Rudistids, Corals and Echinoderms.

In the southern flank of Bou Jaber Mountafre shales and marls of thpper Albianoverlain from
east to westhe units 4 to 7 of the Aptian-Lower Albian platforosession Fig. 39. This spectacular
cartographic discordance corresponds to the Aptian/Upper Albian uncatyf@Bouhlel 1993, regionally
known as the Austrian unconformitiylgjri et al 2006 and references thereiftje Upper Albian-
Cenomanian sequence begins witimall “block complex” (1 to 5 m-thick) composed of limestone blocks of
0.5 to 3 m across ripped from the nearby Aptian uplifted blaoid in turn covered by about 600m-thick
shale, finely laminated dark biomicrite limestone and marl (Fahdene Fommatiuding the Mouelha-, and
the Bahloul organic-rich laminite member§p the south (outsideig. 33, the Upper Cretaceous series
continue with marine sediments of the Turonian to Eocene agessting essentially of alternating marl and
argillaceous limestone (1000 m-thickhd stratigraphic section continues with the Oligocene-
Miocene series. The Oligocene-Early Miocene times is represented by sandstones amtielays
Late Miocene consists of continental molasses, sandstones and claysn 2t0€lQ discordant on
a regional scale, on earlier folded series.

From a structural point of viewhe Bou Jaber E-W- to SEE-trending diapiric structure
corresponds to a complex southeast-overturned anticline formed bydoretanarine strata that are pierced
by a Triassic salt diapir. This structural organization is the resaltooig-live salt diapir halokinesis and
piercement that begun during the Aptian and continued duringdimpression, faulting and thrusting events

of the Miocene Alpine orogenfpuring these events, the Aptian/Upper Albian unconformity is overpgrinte

10
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by the E-W to NESW-trending Bou Jaber FauB¢uhlel 1987. Furthermore numerous N-S to NW-SE
trending faults cut the peridiapiric Cretaceous strata into a number of displacksl and the NE
termination of the Bou Jaber diapiric structure is intersected by the NW-trendingtgmem graben filled

by Miocene and Pliocene continental conglomesdadstone and clay.

Mineralization

The known carbonate-hosted mineralization at Bou Jaber diapiric strémtunseseveral small to medium
size depositdault-controlled and hosted by peridiapiric strata of the Aptian and iLé¥éan platform
limestone. The deposits are dominated by barite or sphalerite+galenarite:flikb+Zn+Ba at th&gite du
col”; Pb-calciteat the “gite du centre” ; Pb-Zn+calcite athe “gite Esperance”; andBa-F+Pb-Zn athe “gite
de I’Est” (Fig. 39. This indicates that the western deposits are dominated by Pb-Zn aadtdre deposits
are dominated by Ba-F (with minor Pb and Zn). Fluorite-rich zoreeprabably genetically related to the
NW-trending faults limitinghe Bou Ghanem graben.

The“gite de I’Est” mineralization ig. 4) is hosted in the unit 5 of the Aptian platform/reef limestone
which is uncomfortably overlain by mid-upper Albian-Cenomanian shalenanid Mineralization fills
breccia bodies and hydrothermal dissolution cavities distributed along rdelyaulted zones
overprinting the Aptian/Upper Albian unconformity. Ore rich zones #iendocated at the intersection zones
of NE- andNW-trending faults. In the central part of the deposit, near shaft Sonéshform three roughly
vertical ore bodies termed A, B and Ed. 4d. Each of these ore bodies has a thickness of 5 to 40 m, and is
roughly E-Wstriking length of about 500 to 700m and extends to a depths greate4®0 m. Underground
mapping and drill holes show that most ore bodies have the follawimation, from the border to the ore
body core: sulfide rich-zone, mixed barite/sulfide zone and latebafit-zone.

A number of liquid hydrocarbon seeps occur along fractures ghihwarious porous zones of the
permeable Aptian host limestone and as impregnations and residue witbieghk consists of degraded
liquid hydrocarbons composed of saturated hydrocarbon (18.9%)aticdih2%), asphaltene (55.6%), and
resin (18.3%) (laameri and Daadouch 198@he total of the heavy hydrocarbon fraction is about 74%, and
the resin/asphaltene ratio is 0.34a@meri and Daadouch 198@otential source rocks belong to the Upper
Albian-Cenomanian calcareous shales of the Fahdene Formation, cantéinin% to ~13 wt% COTSaidi
and Belayouni 1994 This organic-rich formation was buried during the Campanian-Eoesiao a depth
of about 3,000 m and organic maturation processes producedi@ha as demonstrated by the numerous oil
seeps in the Bou Jaber mine and neighbouring regions and byllsisaugrced from the Aptian limestone in
the Central Tunisian Platform (e.g., Douleb and Semmama oil fidkdayouni et al. 1992 Oil generation
probably began in the Maastrichtian-Eocene times, resulting from snbsjdrit peak petroleum generation
probably occurred in the Miocene and PlioceBeldyouni et al. 1992n parallel with the Alpine orogenic

events.
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In the absence of direct dates on ore emplacement, constraintsage thieore formation can be made
from geological relationships of the geological controls on the depositar&hare strongly controlled by
regional faults and therefore the age of ore must be as old asngeydhan these faults. The structural
elements are: a) the Bou Jaber digplocatedon the regional deep Tajerouine Fault; 2) the ores are located
along E-W- to NESW-trending faulted zones including the faulted Aptian-Upper Albiazonformity) and
ore-rich zones are concentrated at the intersection of the SW-NE witBENt&ults. These tectonic elements
were derived from the Miocene tectonic events of the Alpine orogéms the timing of the ore
emplacement at Bou Jaber must correspond to (or possibly youaggthk Alpine orogeny in the Miocene
times Sainfeld 1956; Bouhlel 1993 Furthermore, this time of mineralization coincides well with the
maximum stratigraphic burial and subsequent hydrocarbon genenatianigration into the peridiapiric

strata.

Sampling and analytical methods

About 100 samples of Aptian limestone, ankerite, sphalerite, galeita, bad calcite were collected from
underground, open pit exposures and drill cores. The majotityecfamples were collected on the -63, -69
and -95 m levels of the mine and are representative of the A, B; anelbodiesKig. 49. Within a given

ore body, minerals were collected from different zones (e.g., sulfide rebd marite/sulfide and barite

rich). Gypsum was obtained from Triassic evaporites outcropping on the nerthf Siebel Bou Jaber and
from other Triassic evaporite diapirs of the region. Mineral separates forS; 3D, Pb isotope analysis were
prepared by hand-picking or by use of a dental drill.

Ore textures, mineralogy and petrographic relationships were deteramiteeshd samples on thin and
polished sections using transmitted and reflected light microscopy.

Fluid inclusion studies were carried out on a variety of minerals fhenmain stage of mineralization
sphalerite, barite, fluorite, and calcite. Samples were prepared aargt200- to 500pum-thick doubly
polished wafers. The measurements were carried out at the Earth Sciencasn@wpBeculty of Sciences of
Tunis, using a Linkam THM600 freezing-heating stage on a Le#mstope. The system was calibrated
using pure Cfluid inclusion (-56.6 °C), the freezing point of® (0°C), and melting points of Merck
standards. The precision was +0.5°C. Fluid salinities were calculated as periggnit NaCl equivalent (wt%
NaCl eq.) using the equation Bbdnar (1993)Standard procedures were carried out, with initial petrography
to determine inclusion types and paragenesis in order to select materialsknseft micro-thermometric
measurements. The 200 to 400um doubly polished wafers werecatemed with an epi-fluorescent
microscope to observe the fluorescence of hydrocarbon-bearingigmgu

Fluid inclusions hosted in fluorite and barite were analysedithgally by LA-ICPMS. Inclusions were
chosen that were clearly primary, occurring in growth zones, taddition, fluid inclusion assemblages

(FIA’s) that were pseudosecondary and in some cases secondary in origin, were analysed to determine the full
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range of possible fluid compositions in the ore-deposit. Individualsiaris, or groups of small related
inclusions were analysed by Laser-ablation inductively-coupled massespetry (LA-ICPMS) using an
Agilent 7500c mass spectrometer, combined with a Geolas ablation sykisrsystem uses a Compex 103
ArF excimer laser with a wavelength of 193 nm and an enengsity betweerd0— 15 Jcnv at the sample
surface. The operating frequency of the laser was typically SHizspit sizes of 25um and 50, the main
criteria being that the size was greater than that of the inclusions. Sawatkinclusions could be ablated
together to provide sufficient mass for analysis if inclusions were veal.srhe ablated material was
transported from the ablation cell to an Agilent 7500c ICP-MS 18580999% He flowing at 2 ml mihinto
a cyclone mixer where it was combined with the Ar carrier gas flowidgd2 ml mint. The mixer prolongs
the signal from the ablated inclusions and improves precision by increasingrttber of cycles through the
selected elements and therefore the number of determinations of their ratie tela. The instrument
was operated in reaction cell mode using 2.5 mtn8i9.9999% Hto remove interferences frot¥Ar on
40Ca and fron?®ArO on®Fe. Element/Na intensity ratios were converted to weight ratios using the NIST
glass standard SRM-610. For K/Na the soda lime standard SRM-1412 was addition to SRM-610 as it
has a K/Na ratio of 1 which was closer to the analysed ratios of K/Na in Whaiigethe K/Na ratios in
fluorite are closer to the value of SRM-610. Instrumental drift waskeldeasing SRM-610, which was
insignificant over each day’s analysis. Integration of the standard and sample signals used the SILLS software
package Guillong et al. 2008 Full details of the analytical protocols and calibration of the instntiare
presented iMllan et al. (2005) The moderate to high salinities of the inclusions and their sizdesnthe
signal from the ablation of fluid inclusions to be easily distinguished &oymmatrix signal. The ablation of
the host fluorite or barite precedes opening of the inclusions amiciwes after the inclusion signal has
ceased. Therefore, any signal from the sample matrix is easily etiserd can be removed by the SILLS
software. The distinction between inclusion and matrix is baséteosharp rise and then decrease in the
inclusion signal over a period of c. 10-15 seconds, whereas thig gignal is more constant over the entire
ablation period. In addition, areas of fluorite and barite that fveeeof inclusions were ablated for a total of
200 pulses to determine if they contained any significant concentrafitmes @ements to be determined in
the inclusions. In fluorite-hosted samples there was no contaminationhfeomatrix except for Ca and Sr in
one sample. In barite there was considerable contamination from the mia@ialfor elements such as Fe,
Zn, Sr, in addition to Ca and Ba from the fluid inclusion hosenaih This signal from the contamination
could not be resolved from that of the fluid inclusions becausasitt@o erratic.

Stable isotopes analyses were obtained at the U.S.G.S. Crustal Geopitysiepahemistry Science
Center stable isotope laboratory in Denver following the proceduids©fea (1950for carbonateand

Giesemann et al. (1999r sulfur minerals. Isotopic compositions are reportesHmotation relative to
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360  VPDB for carbon, VSMOW for oxygen, and VCDT for sulfur. Precision of the analyses is better than =0.1%o
361 (10) for carbonates, +0.2%o for sulfur, and +0.5%o. for oxygen in sulfates.

362 Strontium isotopes analyses were performed on nine barite gspanaton one gypsum sample. Sample
363  separates were finely milled, dried for four hours, than leached okiemi§N HCI at 100°C overnight. Dry
364  residues were dissolved in 2.5N HCI. After centrifugation, strontium was sepasitgdstandard cation
365  exchange procedures. Sr isotopes ratios were measured on a thermabioniaa spectrometer at the
366  Centre Petrographique et Géochimique (CRPG), Nancy, France. Stratetiiation of analysis was usually
367  +0.00004.

368 Lead isotopes analyses were performed on galena separates selected fighiiag under a binocular
369 microscope and then rinsed with doubly distilled water. Lead isotopbsianaere performed using the
370  Thermal lonization Mass spectrometry (TIMS) at the Geochronologjysatope Geochemistry Laboratory,
371 University of North Carolina, Chapel Hill, following the procedure desdrlipeSkaggs et al. (2012) and

372  Garnitetal. (2012)

373 Results

374  Ore textures and mineralogy

375  The ore mineralogy consists of three distinct mineral assemblages repreaefeis) three mineralizing
376  events. (1) breccia-hosted sphalerite-galena ores with rare pyriteraadettahedrite micro-inclusions in
377  galena; (2) cavity-fill barite-rich ores; (3) replacive and geodic fluoriteit®nPb-zn sulfides). Post-ore
378  calcite fills thin fractures. Alteration mineral assemblage is represented hijteuakel quartz. A generalized

379 paragenetic sequence for the minerals at the Bou Jaber mine is givgnn

380  Breccia-hosted sphalerite-galena ores (stage 1)

381  The sphalerite-galena ores are hosted in dissolution-collapse brecciasuttiogsthe Aptian limestone

382  strata. Breccia elements are composed of light grey Aptian limestonet2Zm acrogsand are

383  surrounded by black matrifig. 6, ac). The latter is composed of kaolinitic mudstoménor fine-grained

384  cubic pyrite (20 to 150 pm in size), calcite relicts, organic matter dadigbundant fine-grained

385 hydrothermal bipyramidal quartz (100-200 ptajg( 6 e-g). This black mudstone matrix is also observed in

386  small veins and stylolites. This matrix is the main host the sulfide concentg@iti. 6 b-c). Sphalerite

387  occurs as honey to light brown euhedral crystals 1 to 8 mm across détrk brown core~(g. 6, d-J.

388  Galenais less abundant than sphaleFitg. (6, b-c) and precipitated during and after sphalerite deposition as

389 indicated by geometric relationships and overgrows. (69. Minor epigenetic galena crystals, 1 to 2 cm

390  across occur as irregular disseminations that replaced the limestone waatitkphalerite and galena

391  contain abundant inclusions of micrite grains (up to 200 microns), bipyahmidrtz (100-200 pm), organic
14
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matter (5-20 um) and pyrite microcrysta?${50 pum). These insoluble residues were inherited from the
decalcification of the black matrix hosting the sulfide assemblageritbed below, as well from the
dissolution of Aptian limestone host rocks. Bipyramidal quartz is the firgpbtiyermal alteration of the host
rocks and pre-date sulfide deposition. Only rare barite (barite-1) atggdgave been observed in the sulfide-
rich ore zones or in laterally equivalent breccias, so it seems unlikethéhsulfides replaced barite in this
deposit. The black mudstone-hosted sulfides may represent limestdablmsesidue, which is common in
most carbonate-hosted deposits and districts where carbonate dissolution bregeieseateand commonly
described as internal sedimerfis¢s-Gustkiewics 1996; Leach and Sangster 1993; Matlock aral 19i88;

Bouabdellah et al. 1996

Barite- and ankerite-rich ore (stage 2)

Barite-rich ores fill hydrothermal dissolution cavities up to several meters iretiagig. 79. The wall
rocks of the cavities have been partly to completely replacedérgesgrained ankerite (ank-1) that forms 5
to 20 cm-thick halos lining the barite-rich ore bodies. Ankerite-liscas aggregates of well-formed
rhomohedral crystals, 1 to 5 mm acrdsg)( 7. In numerous places, the barite-rich ores consist of
alternations of white and black coloured barfeg.(7, c-d). The black bands are composed of black
mudstone similar to that described above in the sulfide stage contfim@rgrained quartz-baritel-
sphalerite-galena assemblage overprinted by aggregates of stage 2 &akkeitite-2) which is often
replaced by black fluorite-1 (see fluorite stage below). The whitelfy 2 to 20 cm in thickness, are
essentially composed of stacked or intergrown tabular barite criisasite-2), 0.5 to 3cm-thich and 2 to
20cm-long. In the central part of the barite-rich ore bodies, late-stage (baite-3) forms spectacular very
large white to transparent barite crystals (50 cm to up to 1.5 meteasmhgp 10 to 30 cm-thick) that

occupie 80 to 90% of the cavitiesig. 79.

Fluorite (+ minor sulfides) stages and post-ore calcite (stage 3)

Massive dark to black fluorite (fluoritey,lwith small amounts of sphalerite and galena, most commonly fills
polygonal spaces between intergrown barite crystals. In detail the flldrés-partially to completely
replaced the calcite and ankerite that previously cemented sulfideartedchystalsKig. 7). The black-
colour of this fluorite is due to abundant solid inclusions (e.9alepte, micrite, ankerite, black clay, and
fine-grained hydrothermal bipyramidal quartz), and to abundhinictusions. Following the fluorite-1 stage,
fluorite-2 (with minor sulfidesforms geodic cubic crystals from few mm to 5 cm across, which are
colourless or purple. This fluorite is commonly coated by rhombohedral crystai&erite up to 5 mm

across (ank-3), and by late stage calcite occurring as large scalenoedris caysita up to 5 cm acrass

15



423 Post-ore spar calcite occurs in thin open fractures (5 to 20 cm evascutting the previous described ores

424  and the host rocks.

425 Fluid inclusions petrography and microthermometry

426 Few fluid inclusions are observed in sphalerite; however barite-, fluaitdlate-stage calcite contain

427 numerous primary and secondary fluid inclusions suitable for fluid inclgsimly. In these minerals primary
428  fluid inclusions were identified in the context of Roed(i&¥84)andGoldstein and Reynolds (1994)hey
429  are classified in three typei¢. 9): (1) Liquid water + vapour (+V); (2) Liquid petroleum + Vapour

430  (Le+V); (3) Liquid water + Liquid petroleum + VapourytLe+V).

431  Aqueous fluid inclusions microthermometry

432  The microthermometric data derived from the primary fluid inclusions ialsgte, barite, and fluorite from
433  the Bou Jaber “Gite de I’Est” are given inTable 1 Sphalerite contains small (5- to 20 um size}V. and
434  Le+V fluid inclusions. Microthermometric analysis preformed on the\Linclusions yielded first melting
435  temperature () values in the range e#0° and —30 °C. The final ice melting temperatures (Tmice) vary
436  from —18° to —13°C with a mode at —16°C. The homogenization temperatures (Th) range from 120 to 136°C
437  with a mode at 128°C (+ 5°C). Calculated salinities range from 17 wi%MaCl eq. with a mode at 19
438  wt% NaCl eq. (+ 1%)

439 Transparent and geodic barite crystals (barite-2 and barite-3) contagraus two-phase inclusions
440 (LwtV) (5- to 200pum size) that form locally abundant clusters. Fluid inclasiaticating stretching or
441  necking downRoedder 1984; Ulrich and Bodnar 19@&@e not measured. It is well known that barite is
442  susceptible to stretching of the fluid inclusions by modest heating bélyeindrapping temperaturé{rich
443  and Bodnar 1998 Therefore, only sets of primary fluid inclusions that had the §amalues are reported.
444 Nevertheless, there is an unknown level of uncertainty regarding the Th dagaiter consequently the
445  reported Th values should bensidered “maximum” temperatures for fluid trapping. In general the (k+V)
446 inclusions present generally the same volumetric proportion of thid kig vapour phases (L = 90 to 95 %; V
447 =5 to0 10 %). The first melting temperaturen{jTvalues range between about —45 to —19 °C (ave. —34+7°C,
448  n=36). The final ice melting temperatures (@range from —14 to —8°C (ave. —10+1°C; n=31). The

449 homogenization temperatures (Th) range from 100 to 130°C (avel@X@} Calculated salinities range
450  from 11 to 15 wt% NaCl eq. (ave. 13 wt% NaCl eq. * 1%).

451 Fluorite-1 and fluorite-2 samples contain abundant two-phaagsionk (lw+V) (5- to 200pum size). The
452 Tim recorded temperatures range from —45° to —28°C. The final ice melting temperature (Tmi) values vary

453 from —20° to —12 °C with a mode of —17°C. The homogenization temperatures range from 140°to 165°C
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(mean = 152+7°C). Calculated salinities range from 16 to 23 wt% Na@lithga mean =20+1.5 wt% NacCl
eq.

Transparent late-stage calcite crystals (cajteverlapping fluorite in druses and caves, contain small
but numerous two-phase inclusionsvflV) of about 5- to 50- um size. The first melting temperaturg) (T
values range between —33 to —30 °C. The final ice melting temperatures (Tmice) were in the range of —18° to
—15.5°C with a mode of —17°C. The homogenization temperatures (Th) range from 109° to 117°C (ave.

114+2°C). Calculated salinities range from 19 to 21 wt% NaCl eq., witbde of 20 wt% NaCl eq.

Petroleum fluid inclusions

Liquid hydrocarbon fluid inclusions are observed in sphalerite and arglabt in fluorite. The inclusions in
sphalerite are less than 5 to 10um in size. Large inclusions (80 to 200 poh¥areed in the core- or along
growth zones of fluorite crystals. In black fluorite crystals, petroleum-beighgsions represent more than
30% of the total inclusions. The black coloured fluorite is dueetmf@um inclusion abundances.

Two types of primary fluid inclusions are observeghtV and Lw+Lp+V fluid inclusions that are isolated
or distributed along growth zones. These inclusions may coexist inrtfeersgeral zones with aqueous
inclusions (L+V). Secondary &+V and Le+V fluid inclusions are located along fractures, cracks and
cleavage planes. In transmitted light, liquid hydrocarbon inclusions aaiyustown- to yellow-colored. In
epifluorescence observations, most of the hydrocarbon inclusions Isimogstence emissions in the light
yellow to light or deep blue colours.

Primary L+V inclusions recorded homogenization temperatures that range betweten1@0°C, and
are lower than the Th values of coexisting aqueous inclusionstd@6%5°C). The differences in
homogenization temperatures are about 20°C which probably reflectsrtifferia pressure corrections
caused by the greater compressibility of oil than wéateefider 19683

Semi-quantitative compositions of hydrocarbon inclusions trappearite tand fluorite crystals were
determined by infrared microscopy and microfluorometry, as descriliedilinaumou et al. (1990Both
techniques show the presence of aliphatic and aromatic compan#éresoil, but microfluorometry shows
that in barite the components are aliphatic dominant and in iueméimatic compounds dominate. The
transition from aliphatic-rich oil inclusions to more aromatic componentelates with the timing and
temperature of barite to fluorite depositions. The temperatures assodift¢dendeposition of barite are low
at around 100° to 130°C, whereas in fluorite the temperature islEighsund 140° to 165°C. In addition,

fluorite, beingparagenetically later than barite indicates there was more time for tteerodture.

17



484  Homogenization temperatures-salinity relationships

485  salinities and homogenization temperatures from primary fluid inala¢ia+V) in sphalerite, barite,

486  Aluorite and calcite are shown Fig. 9 The data indicate that sphalerite, barite, fluorite, and late stage calcite
487  were probably deposited from fluids with homogenization temperabfitestween 100 to 165°C (ave.

488  130°C+18°C) and salinities in the range of 11 to 22 wt% NaClaa®. 17.5+3 wt% NaCl eq.).

489 Based on the mineral paragenesis and the defined mineraligtges, the brine fluids are of three
490 types: (1) the fluid that deposited sphalerite (A fluid) is characterized by higitieal(17 to 24 wt% NaCl
491  eq.), and homogenization temperatures (112° to 136°C); (2) tHedkponsible for barite deposition (B
492  fluid) is characterized by low salinities(11 to 17 wt% NaCl eq.), and loweestures (Th = 100° to 130°C);
493  (3) fluorite was deposited by fluids (C fluid) with salinities ranging from 121tevt% NaCl eq. (ave. 20%),
494  and relatively high homogenization temperatures of 140° to 165°Q4tate-stage calcite was deposited
495 by a fluid (D fluid) with Th raging from 109° to 117°C and calculatetinities between 19 to 21 wt% NaCl
496  eq. (mode at 20 wt% NaCl eq). The mean temperatures of the ore Boigssied from sphalerite (125°C) to
497 barite (115°C) and increased during fluorite deposition (152°C);dhereased to ~110°C during the late

498  stage calcite precipitation.

499  Composition of fluid inclusions using LA-ICPMS

500 Approximately 200 fluid inclusions hosted in fluorite and barite weréysed individually by LA-ICPMS. A
501  summary of the element/Na weight ratios for individual fluid inclusiams their reproducibility (based on
502 more than 30 measurements for each sample) is preseniedlan 2. The average weight ratios have also
503 been converted to elemental concentrations (ppm) based on theeasaliady of the inclusions in fluorite
504 (18 equiv. wt% NaCl) and barite (13 equiv. wt% NaCl) determined by mimmismetry Banks et al. 2000
505  The accuracy of the calculation relies on the ability to measuref #iie cation/Na ratios in the inclusion
506  which are impossible for Ca and Ba because these are the catiomdstimeineral. In fluorite it was possible
507 to estimate the Ca/Na ratio from the ice and hydrohalite melting tetapesand using the NaCl-Ca&i,0
508 phase diagram to calculate the Na/Ca ratio, which was found to be iapgiedy 0.5. In barite, Ca is present
509 as CaC@and Caksolid inclusions in the mineral matrix and contaminates the fluid analysess also not
510 possible to observe the ice-hydrohalite melting relationship in these inclugiensfore it was not possible
511 to directly estimate the Ca/Na ratio of these inclusions. Based on sieslasittween other elements in
512  fluorite and barite hosted inclusions, we assume the Ca/Na ratesionbar to that in fluorite. In the barite
513 the ratios of Ba, Zn, and Sr to Na were also unreasonable highexadcclearly from contamination in the
514  host mineral.

515 The fluid inclusions in fluorite are dominated by Na>Ca>K>Mg, with tbncentrations of Sr, Fe and

516  zn each being equivalent to that of Mg. Concentrations of ore metdisasiCu are 250 to 450 ppm, Zn 850
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to 2100 ppm, and Pb150 to 430 ppm. The difference indheentrations between the different fluorite-
hosted fluids are, in the majority of cases, statistically significant andiuedio the precision of the replicate
analyses. The composition of the major cations in the barite-hiostadions are different to those in
fluorite. These are dominated by K>Na>Ca>Mg, with Cu and Pb rifisantly lower concentrations than in
fluorite. Due largely to the different K/Na ratios, bivariate plots of pairsadifidual inclusions analyses
(Fig. 10 al) show there are 2 distinct fluid compositions, whereas other ratios, s, &i, Sr, Cu, Pb
and Mn/Na are broadly similar. The elemental ratios of the 3 fluoritelearapgely overlap indicating a
common fluid. Differences in the Mg/Na and K/Na between samples BJ9fBeanther samples are real

but not significant enough to indicate these inclusions contain anothactiktid.

Isotope geochemistry

Carbon and oxygen isotopes in carbonates

The isotopic results for barren Aptian limestone (n=4), mineralized lime&te®¢, ore ankerite (n=8) and
post ore calcite (n=18) are listedTiable 3and shown oifrig. 11

The limestone havé'3C values ranging from2-to 3.9 %o and 80 values ranging from 26.2 to 30.1%o,
within the ranges typical of marine limestones of Cretaceousvageef and Hoefs 1976; Land 1980 he
values are comparable to values reported for Aptian limestones elsewBemrrial Tunisia and eastern
Algeria (M’Rabet1987; Bouzenoune and Lecolle1997

Ankerite-1 (n=3) which precipitated after the sulphide stage ameobérite, hag'*C values of 2.7 to
3.6%o and 880 values of 26.8 to 26.9%.. Ankerite-2 (n=3), which precipitated after barite, B&E values of
2.4 10 3.6 %o and 880 values of 26 to 27 %o. Ankerite-3(n=3), which precipitated in geodes after fluorite, has
S13C values 0f6.5 to 1.5%o and 880 values of 19.6 to +22.9%o.

Five samples of early calcites (calcite-dhich precipitated in geodes after fluorite-2 and ank-3, have
S13C values of 1.3 to 3.8%o and 580 values ofl 8.8 to +23.1%.. Late calcite (calcite-2) (n=11) hag'3C values
0f 2.6 t0 6.2 %o and 80 values of 24.8 to 27.4%.. Calcite-2 occurs in late thin fractures and appears to be
precipitated after the end of the mineralized hydrothermal system.

The pre-barite ankerite (ankerit¢-and post-barite ankerite (ankertgshow similar ranges @#°0
values, 26.826.9 %o and 26-27 %o, respectively, isotopically similar to the lowest 180 Aptian limestone
(26.2-30.1%0); whereas the fluorite—ankerite-3-calcite-1 sequence contains the ankerite and calcite with
lower 5180 values, 18.823.1%o and 19.6-22.9%o, respectively, although there is greater isotopic variation in
the hydrothermal carbonates (ankerite-1,2,3 and calcite-12%8) than in the Aptian limestones (26.2-

30.1%o0) (Fig.11).
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The§3C values of host limestones and hydrothermal ankerites are quite uniform: 2.01.9%o for the
limestones, 3.1+0.5%o for pre-barite ankerite, 2.6+0.3%o for post-barite ankerite, and 0.5+1%o for post-fluorite
ankerite. The isotopic similarity indicates that carbon in all three aalgeiterations was derived from the
local Aptian limestones, and that carbon isotopic equilibrium was estabbstween hydrothermal fluids
and the host limestones during the main stages of ankerite and pudfdijgitation. Late stage calcite shows
higher83C values (3.6+1%o).

Oxygen isotopic compositions of limestone host rock are restricted to a naramger(26.230.1%o)
than the hydrothermal ankerite and calcite generations-04860). The limestones represent the
isotopically heaviest carbonates. T31€0 values of carbonates display a general downward trend in the
following sequence: limestone (263®.1%0) — pre-barite ankerite (26-86.9%o) ~ post-barite ankerite
(26.8-26.9%0) — post-fluorite ankerite (19.622.9%o) ~ post-fluorite calcite (18.823.1%o). This trend
resembles similar trends that have been observed at other MVT depgsijtsréak and Lohmann 1986;
Nesbitt and Muehlenbachs 1994; Spangenberg et a). i®9hich isotopically lighter O is seen in
paragenetically late carbonates compared to the unaltered host ¢esb@ha carbonates exhibit a positive

covariation in &%C vs§%0 plot.

Sulfur isotope characteristics in sulfides and sulfates

Sulfur isotopic compositions were determined on 18 sphalerite, 43 galeyré#te34b barite and 22 gypsum
samples Table 4 Fig.12)The pyrites havé3*S values of about 16%o, and sphalerites range from 8.4 to

9.8%o. There are no significant differences in sphalerite compositions among different sampled ore bodies, or
within ore zones in a single ore body, or even among sulfide stagkmas associated with the analyzed
sphalerites range from 1.1 to 9.6%o. Most of the galena §%*S values occupy a narrow interval between 5 and
6%o. There is no significant difference between the galena that replaced the bredcir imaissolution
cavities-type ores (1-8.2%o; ave. 5.7%o), and epigenetic galena porphyroblasts in the host rocks or galena
associated with the fluorite stage event{8.2 %o; ave. 6.6%o).

The &3S values of Triassic gypsum range from 13.4 to 17.0%o (ave. 15%o, n=12) similar to previously
reported compositions for Triassic gypsum of the Diapir Béieppard et al. 1996; Salmi-Laouar et al.
2007). These values match tB&S values of Triassic seawater {18%.) (Claypool et al. 1980;
Kampschulte and Strauss 2004

The§%4S values of barite range from 18.4 to 24.5%o (ave. 22%o, n=45) (Table 4 Fig. 12, a-. Despite
their wide spatial distribution, either within a single ore body or througithe three ore bodies, the barites

show a relatively narrow range &S values.
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Oxygen isotope characteristics in sulfate minerals

The 880 values for Triassic gypsum range from 13 to 16%o, in good agreement with the 8180 value of marine
sulfate in Triassic timeQlaypool et al. 1980 Thed'80 values of barites vary between 19.6 and 23.5%o (ave.
22%o, n=13). The higher values imply that barite did not form simply by dissolution and re-precipitation of
Triassic evaporite minerals. In fact, the basitéO values are higher than the value of marine sulfate of any
age Claypool et al. 1980 Thus, rather than reflecting the source of the sulfate, the values refiect e
isotopic exchange, possibly involving oxygen exchange with dtiven by hydrothermal heating, or a

reservoir effect associated with partial reduction of a fixed sulfate poo

Radiogenic isotopes

87Srf8Sr ratio in barite and gypsum

In order to constrain the origin of high-barium fluids and to memitssible changes in fluid composition
during barite deposition, nine samples of barite from the mairetstaiges were selected f68rfeSr
analysis. In addition one sample of anhydrite from the Triassidrdigs analysed. Results of tH&rfSSr
analysis are listed iiable 5and presented dfig. 13 RegionaP’Srf%Sr ratios for Cretaceous sediments
(Calvez et al. 1986are also shown for comparison. A slight trend’8f-enrichment is observed from early
to late generations of barite crystals. This trend indicates extensive exceactiens between hydrothermal
fluids and source rocks. A similar trend was observed in calcite generatarb@mate-hosted Pb-Zn
depositsl(ange et al. 1983; Spangenberg et al. 996

Bou Jaber barites show Sr isotope compositions ranging from 0.7098Z111408; these values are
radiogenic compared to Triassic anhydrite witfgafSr ratio of 0.70800, whichis close to the estimated
ratio for seawater during Triassic times (0.7073—0.7080; Veizer and Compston 1974; Burke et al. 1phe
barite Sr-isotopes values are also more radiogenic than the Tunisian @rstsediments (0.707400 to
0.707600,0rgeval 1994 that are close to the ratios of 0.70730 to 0.70750 for Cretacmawater
(Koepenick et al. 1995 The radiogenic strontium of the Bou Jaber barite might reflect leaohengeldspar-

rich reservoir containing rocks and/or rubidium-rich minerals

Lead isotopes

Sixteen samples of galena were collected from the Bou Jaber omtdeptead isotope analysis. Results are
presented imable 6and plotted irFig. 14 and are compared to fields of sulfide lead compositions from 24
Tunisian Pb-Zn deposits of the Tell thrust zone and the Atlas Forétandlgl et al. 201Band to the Pb-

isotope compositions of a 15 Ma biotite microgranite sample from the Neficn Oecrée 200Band from
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the Galite island in the Tunisian offshodeifeau et al. 1986 about 120 Km and 150 km north of Bou Jaber
area, respectively=(g. 1).

Bou Jaber galenas hai¥PbP*Pb,20PbP*Pb, andP*®PbP4Phb values ranging from 18.691/8.786 (ave.
18.729), 15.64315.762 (ave. 15.679), and 38.7089.228 (ave. 38.842) respectively. Results show
remarkable homogeneity of lead isotope compositions that plot véthisrrow field, indicating a single or
homogenous source and suggesting a short duration of the mat#alizvent.

Lead isotope compositions form an elliptic field inb&PbP*Pb versug®®PbPPb and*®PbP’Ph
versus?®PbPoPh plots. The majority of the analyzed galena samples plot in @& the upper crust
evolution curve in the orogenic pldti(.149 and above the orogen cur¥ed. 14h indicating the
dominance of continental crustal sources. In the orogenic plot, Sdime galena samples plot clearly above
the upper crust curve (i.e. high ), indicating a large compoffientaaiogenic source. Some others plot
below the upper crust curve (i.e. low ), indicating a large compoh@oh-radiogenic sources. The lead
field of Bou Jaber lies within the lead isotope field defined by thenffainisian Pb-Zn deposit8¢uhlel et
al. 2013.

Given the homogenous Pb-isotopic compositions of the Bou Jalsragsamples, it is reasonable to
propose that the Bou Jaber ores were formed from fluids that péssedh the same well-mixed source
rock (s) over a relatively restricted period of time. Bou Jaber is locatede@@W-NE-trending Tajerouine
Fault Fig. 1), reflecting the main Paleozoic-basement structural features that edapetm and probably
influenced fluid migration. It is possible that the lead may haem xtracted from the basement or from
siliciclastic feldspar-rictiocks in the basin, consistent with tH8rf8Sr ratios in barite.

The Pb-Zn isotopic lead field also overlaps that of the Miocene felsic adcke Galite Island and the
Nefza region. These rocks, related to Miocene anatexis, were derivedafrmetaluminous basement
(Belayouni et al. 200). This feature may indicate that the ore lead and the felsic rocks vigirealy from
similar source rocks, and/or probably extracted at the same period.

The Bou Jaber galena samples gi¥%®bf°®Pb model ages from the plumbotectonic modeZaftman
and Doe(1981), between 400 and 300 M&ig. 143, older than the proposed Miocene age of the Atlassic
metallognic eventsSainfeld 1956; Rouvier et al. 1985; Bouhlel 20bhis retardation which is was also
observed for the Miocene felsic rockSecrée 2008 may be due to the contribution of a less radiogenic

material with low uranium content such as the lower crust).

Discussion

The Bou Jaber Ba-Pb-Zn deposit is located adjacent to a Triassic salt diapir in the Salt Didp{iFBel).
Although there are more than 100 diapirs in this belt, only a rebhafie®l have spatially associated economic

ore deposits. The diapir-related ore deposits in the Salt Diapir Belt ctimtaéndistinct ore assemblages
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dominated by sphalerite and galena, barite, or fluorite. Some deposBelikéaber contain ores of all three
assemblages-(g. 1) whereas others contain only one assemblage (i.e., Bou Grine with sphalegtdemad
Bouhlel et al. 200Q The presence of the three paragieally distinct ore assemblages in a single diapiric
zone at Bou Jaber provides an opportunity to better understanil dtoall, these mineral assemblages may

be related and insights into regional controls on th&®&barite-fluorite mineralization.

Comparison to similar ores of the world

Until the recent studies at the giant Jinding diapir-hosted deposit i Cleiach et al. 201)3 the resources

of diapir-related Zn-Pb ores were considered to be relatively small assweltammon relative to the
abundance of diapirs worldwide. Other than Jinding) the most significant digigd ores were at the Bou
Grine Zn-Pb deposit (about 7 million tons 12% combined Zn+Pb)r@igieknown diapir relate
mineralization is also known from the Gulf Coast, United States with theléjoblome being well studied
(e.g.,Kyle and Posey, 1991 and references th@r®uoe to the relatively small number of mineralized diapir-
related ores, there are few observations and data about the fundamectatimis.

The new data presented here show that the diapir-related Bou Jaber teatzihave many geological,
textural and geochemical features of MVT lead-zinc ore deposits$edagjenski 1986; Leach et al. 2005
However, the presence of coeval barite or fluorite with the Zo+Bs is rare in MVT ores (e.@¢.each and
Sangster 1993; Leach et al. 2D0&/here minor barite does occur in MVT ores, it is either early or latesin
paragenetic sequence and typically has distinctly different sulphur isotoppositions from sulfide
minerals and different fluid inclusion compositions from associated sulfidgangue minerals, consistent
with different mineralizing events (e.dg.each et al. 2009n the giant Ozark MVT province in the
midcontinent of the United States, the world-class Southeast Missouri distRtt is devoid of barite or
fluorite occurrences. Howevdarge barite deposits in the region formed from compositionally didtuids
and the ores are stratigraphically, spatially and temporally distinctlu@te that transport and deposit MVT
or Clastic Dominated (CD) Zn-Pb ores can contain oxidized sulphur (and insign#firoannts of reduced
sulfur) that significantly limits Ba transport with significant sulph&tedke et al. 2000 Barite and or
celestite are present in minor amounts in the Hockley-, and JiRthidg mineralization, however the barite
in these ores is interpreted to represent separate events related to the dimgesfetimation of the original
gypsum/anhydrite and not directly with Zn-Pb mineralization. In vieth@world occurrences of
mineralized diapirs, the presence of abundant barite and fluottie ifunisian Salt Diapir Belt is unusual.

Perhaps the best examples of coeval fluorite with carbonate-hoste @imeralization are the fluorite-
dominated districts of southern lllinois and Central Kentucky of the UniegesS These deposits have been
considered a sub-type of a larger family of MVT ores becauseatieegommonly associated with continental
rifts and are suspected of being related to a magmatic componerarofdithat mixed with basinal brines

(Plumlee et al.1994; Leach and Sangster 1993, Kendrick et al. 288¢h, et al. 2005A late fluorite-barite
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assemblage overprints the main Zn-Pb MVT event in the Central TeendS&T district but this is likely to
be related to the nearby lllinois fluorite event. There are many Zmdtb MVT ores in France and a few
deposits have a late fluorite event, which is considered to represemrdarseperimposed on an older Zn-Pb
event Macquar et al. 1990

Other than the Bou Jaber deposit, fluorite is not present in the Pb-Zweibearing diapirs either in
Tunisia (e.g. Bou Grine, Fedj el Adoum) or in China (Jinding) nor is it repodedthe Gulf Coast diapirs.
Fluorite-rich diapirs, low in Zn-Pb mineralization are known botfunisia (e.g., the Zaghouan district;
Bouhlel 1982; Bouhlel et al. 198&nd Morocco (e.g., TirremBouabdellah et al. 20).3However, a fluorite
+ barite (low Zn-Pb) * calcite-dolomite-quartz mineral assemblage is mom@oin some vein deposits
(e.g., U.S. Central Tennesseeach and Sangster, 199Zaghouan distri¢tTunisia,Bouhlel 1982; Bouhlel
1985; Bouhlel et al. 199&nd the Cevennes area, Franidacquar et al. 1990 particularly where basement-

connected vein deposits cut the cover rock sequences.

Evidence for separate mineralizing events at Bou Jaber

The Bou Jaber ores display three mineral assemblages that are spati@iypmcry distinct: (1) Pb-Zn
sulfides within breccia bodies; (2) barite with early minor sulfides in dissolotwities (3) fluorite ores

with minor sulfides that invade and crosscut the sulfide and bargeaark(4) three distinct fluids as shown
from the mineral paragenesis and fluid inclusion microthermomieiyyre 5shows the paragenetic relations
of these three events: the main stage of sphalerite and galena was falotiedbarite event and finally by
the fluorite event. The combined fluid inclusion temperature-salihity(Fig. 10) clearly shows three
distinct groups based on salinities and temperatures for sphalerite, bafiteaitet a higher temperature-
salinity field for fluorite, lower temperature-salinity field for barite amdintermediate field for sphalerite.
Although this distribution could possibly be interpreted as a coolingléuibn trend of a single fluid, the
LA-ICPMS analyses show the fluid inclusions in barite and fluorite havdifferent fluid compositions; no
data are available on sphalerite. Inclusions in fluorite are meta{196hs to 1000’s ppm Pb, Zn, Cu, Fe) but
the inclusions in barite are metal-deficient. Bi-variant plots of pairs ofithéiVinclusions analyse&ig. 10
a-l) show there are 2 distinct fluid compositions based largely on theediffi€/Na ratios while other ratios,

such as Mg, Li, Sr, Cu, Pb and Mn/Na are broadly similar.

Source of the ore fluids

The origin of high salinity brines that form sediment-hosted Zo#eb is generally attributed to evaporated
seawater with or without involving some minor amount of dissolvéitehAlthough information on the
composition of ore fluids in diapir-related ores are scarce, data for twio-dikgted metallic deposits, the

Ordufia-Murgia deposits in Basque-Cantabrian basin Northern $paindja et al. 2003and the Jbel
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Tirremi fluorite-barite deposit in Morocc®¢uabdellah et al. 20)3how the ore fluids were dominated by
high salinity brines representing a mixture of evaporated seawater and didsalite

Unfortunately, there are no data on the composition of the Zn-Fluit® other than the fluid salinity
from the fluid inclusionsTherefore, nothing can be concluded about the origin aZtheb fluids other then
they plot in a temperature-salinity space (Fig. 9) that differs fromubaté and barifluids. Inclusions in
fluorite from the Bou Jaber deposit have CI/Br and Na/Br ratios efakthousand, consistent with
dissolution of halite whereas the inclusions analysed in barite hawsvaiuer than those of seawater which
are indicative of a Br-enriched brine derived from the evaporafiseawater plus a component of halite
dissolution. The Bou Jaber fluorite ore fluids are Na-Ca dominatedamitiMg concentrations indicating
significant dolomitization of limestone by the fluids. The salinity oftihéte fluids could be the result of
evaporation of seawater prior to halite saturation or by the dilutiommfra saline fluid with meteoric water.
Furthermore, the higher K/Na values of fluid inclusions from barite sudwebrines interacted with K-rich
rocks in the basement or in siliciclastic sediments in the basin. Oxygepasmmpositions of the ore fluid
calculated from late stage calcite indicate thab#@ of the fluid varied between = +3 and = +8%o. Such a
fluid most likely originated from formation waters in isotopic equilibrium wtd host rocks. The oxygen
isotopic composition of the fluids that deposited the Bou Jaber BaZ# ores are similar to that of modern
sedimentary basinal brines and MVT deposits (&lg.Limans 1975Mc Limans1977 as well as in the

nearby Fedj el Adoum depostlifaref and Sheppard 1937

Sources of the metals

The sources of metals in sediment-hosted ores are poorly understoexteAsive analysis of lead isotopes
from sediment-hosted Zn-Pb oréséch et al. 2005concluded that no single host rock type could explain
the lead isotopic compositions of galena in the deposits. In many examplEsdtisotopic compositions of
the ores suggest that the ore fluids may have interacted with the basackettte weathered regolith or
basal sandstones or with detritus in the sediment cover rocks that containd mesgtiared from the
basement rocks.

Interpretations of the lead isotope data from Bou Jaber indicates that theaeaterived from upper
crustal rocks and it is reasonable to assume that these rocks were asortie oZn, Fe andBa. In Figure
14, the isotopic data for Bou Jaber lies within the large field defined BrRieposits of the Tell Thrust Belt
and the Atlas Foreland. These regions have the same Paleozoiehiasecks, which suggest that the
basement rocks or sediment derived from the basement may haxibuted metals in both regions. This
suggestion is consistent with compilations of lead isotopes compositionglfsbad MVT ores (Leach et al.,
2005) that suggest a relationship between the isotopic compositiomsesfin the district and the

compositions of the basement rocks.
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Bou Jaber barites have Sr isotope compositions that are radiogenic abtopBriassic anhydriter the
estimated ratio for seawater during the Triassic and are also more radibgerticet marine Tunisian
Cretaceous sediments. The most likely source for the more radiogenic strontienbarites feldspar-rich
rocks and/oRb-rich minerals.

The possible sources for fluorine are problematic. The common spatiaiadies of world fluorite
deposits with continental rift basins leads to the speculation that fluorineoasiblg derived from deep-
seated basement sources (i.e., mantle gases as in the lllinois fluorite @iktridge et al1994; Kendrick et
al. 2003. This suggestion is consistent with the abundance of fluorite depgsitemitto Mio-Pliocene
graben structures in the Tunisian Atlas Foreldfid.(1). Note that Bou Jaber lies along the border of the one

of these grabens at the intersection with a salt diapir.

Sources of Sulfur

Based simply on proximity, gypsum in the nearby Triassic evapaaipirs is the most obvious sulfur source
for the Bou Jaber ores. However, sulfate minerals or sulfate-bearing farmaiiers within overlying,
younger strata would also be plausible sources inasmuch as ore formatioh @idur until Miocene-
Pliocene time.

The reduced sulfur in sphalerite and galena was most likely produdkdrinochemical sulfate
reduction (TSR). The evidence supporting this interpretation is two-fuokl, the minerals show relatively
narrow isotopic ranges and relatively higMS values compared with the ranges and values that commonly
result from bacterial sulfate reduction (BSR) in marine sediments or marine kbekisg] et al. 1996
Second, the fluid inclusion microthermometry indicates that temperaturesuficient to drive abiotic
reactions between sulfate and organic matter{80<T<156-200°C,Machel et al. 1995 the presence of
which is confirmed by organic inclusions in sphalerite. Additional evidesrdavourable temperatures for
TSR are found in the isotopic results for 13 sphalerite-galena pairs, whiclegieidtent isotopic
equilibration temperatures in the range 12@0°C (Table 9.

The meart34S values for sphalerite and galena, 9 and 6%o, respectively, are 6-9%o lower than the average
value for the Triassicvaporites (15%o, Table 4. The offset in values is smaller than the kinetic isotope effect
associated with TSR-10 to—20%.; Machel et al. 1995 which implies that TSR consumed a substantial
fraction of the available sulfate causing the isotope effect to be artly preserved\lachel et al. 1996
Thermochemical reduction of younger marine sulfate would alsorbpatible with the data. For example,
the isotopic offset of sphalerite and galena from marine sulfate of Miogen@34~22%o.; Paytan et al.

1998 would be 1316%o., consistent with the full expression of the kinetic isotope effect.
The meart3*S value for barite (22%o) matches Miocene marine sulfate (~22%o) better than Triassic

gypsum (~15%., Table 9, but the Triassic cap rock is more likely to have been the safitzarite sulfate.
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The supporting evidence can be seen in a pl&#4&f versus'®O (Fig. 12, which shows that the barite data
extend toward the measured composition of Triassic gypsum rather ¢haontposition of Miocene marine
sulfate §3%5~22%o, 51%0~11%.; Paytan et al. 1998; Turchyn and Schrag 20THe colinearity of gypsum

and barite strongly suggests that Triassic cap rock was the source of sulfatédédiobmation and that the
sulfate was isotopically modified by sulfatersuming chemical reactions and possibly also by oxygen
isotopic exchange reactions. Qualitatively, the isotopic modifications arensbiéd be expected where TSR
operated under conditions of limited sulfate supply, the increa¥é3mreflecting the kinetically-controlled
preferential reduction of'S-depleted sulfate and the increas&® reflecting either preferential reduction
of 180-depleted sulfate or thermally-driven oxygen exchange betwéfatesior reduction intermediates) and
H20. In that they show effects consistent with TSR under conditions ofdimitéate supply, the isotopic
compositions suggest that barite may have formed from sulfate thainesl at the site of ore formation after
sphalerite and galena had precipitated. Thus, the simplest interpretationlafali®that Triassic evaporites

furnished sulfur for both the sulfide and the barite event.

Processes of ore deposition

Sphalerite-galena stage: At the temperatures of ore deposition in thecdiapiof a carbonate-rich

seajuence, ore-forming concentrations of Zn and Pb are possible inidrere the ratio of sulfate to reduced
sulfur is very high. The deposition of the sphalerite-galena assesnbbEgmost likely achieved by mixing
this metal-bearing brine from deep in the basin with a reservoir ofeddulfur already present in the diapir
area. In this scenario, TSR processes involving organic matter in the digsithad reduced sulfate in the
diapir or in the fluids residing in the peridiapiric strata prior to the infiithe metaliferous brines. It is
possible that some TSR processes may have contributed to the redificedudget by in situ TSR of sulfate
in the inbound metaliferous fluid by local organic matter. Mixingcpeses of a metal-rich brine with reduced
sulfur not only precipitates sulfides but also generates large amounts tifataicust be buffered by the
carbonate host rocks. This process is shown by the abundance oftidisdmieccia and collapse-breccia,
caves, and enhanced pore space, host rock replacements and extegggiygorosity in the host rocks.
Cooling of the ore fluid, as suggested by the cristallization ofdia@ed bipyramidal quartz, may have also

contributed to the precipitation of sulfides, but to a lesser degree.

Barite stage: The previous discussion of sulfur isotopes show that theacoyioé sulfur isotopes for
gypsum and barite strongly suggests that Triassic cap rock was the saulfateffor barite formation and
that the sulfate was isotopically modified by sulfate-consuming chemicaloesiie., TSR) and possibly
also by oxygen isotopic exchange reactions. Therefore, barite deposit&s have been produced when a

Ba-rich fluid with low Zn, Pb and perhaps with high-reduced sulfureahiwith the sulfate brine in the area of
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the diapir. Acid is also produced in this reaction that also led to trmigent dissolution of the carbonate

host rocks.

Fluorite stage (+minor Pb-Zn sulfide): The high temperature of fluid®nsgige for fluorite deposition, and

the dominance of a Na-rich fluid derived from the dissolution oféhalie permissive for the formation of
CaF- complexes. The high temperatures also account for the high omtalts measured in the fluid
inclusions. At high temperatures, some reduced sulfur can be transportednogittzn and PbYardley
2005. A fluid with this metal load and fluorine transport as a CaF compledeposit fluorite together with

sphalerite and galena simply by cooling and fluid dilution.

Timing of mineralization, structural controls, tectonic triggers and fluid migration

It is clear that multiple fluid reservoirs that include hydrocarbon-bearingsfleihporated seawater, halite
dissolution brines as well as a presumed meteoric component were involvethire¢heistinct ore events at
Bou JaberKig. 14. The interactions of these fluids with other fluid reservoirs containing-eebtlsulfur

(H2S) or oxidized sulphurSQy) were essential to precipitate sulfides and barite. Assuming the evaporated
seawater component formed during the deposition of the Triassic eeaptirése very dense and low
viscosity brines probably migrated into the deep parts of the badlglimg the Palaeozoic basement rocks.
Given that fluid mixing was likely an important depositional processatitent of the dense, deep basinal
fluid into upper stratigraphic levels required exceptional hydrologicaitevalthough hydrological

modelling of fluids in and about salt diapirs show complex fluidmegi such as thermohaline and density
convection, release of geopressured fluids and focusing of fluidg apermeable evaporites and diapiric
structures (e.gKyle and Price 1986; Evans et al. 1994&e suggest that normal basin and diapir-controlled
fluid migration was not singularly responsible for ore deposition. If the Tunis#pir-related ores formed
from normal basin processes involving diapirs, then we would expec¢hénatshould be many more diapiric
related ore deposits in the Tunisia Diapir Belt as agiih the Tethyan diapirs of Central Algeria- and
Western Morocco parts of North Africa, as well as in Europe and other diapiisces in the world.

There is an increasing appreciation that major sediment-hosted Zn-Pb dersexkas a result of large-
scale tectonic triggers.¢ach et al. 201)xhat released deep-seated fluids into favourable geochemical traps.
This may be the situation for Bou Jaber and the other ore depositsTafrifsia salt diapir belThe first
significant tectonic event after evaporite formation was mid-Cretaceous riftiimgdhe Africa-Europe plate
separation that produced tilted blocks, half-grabens and sailtisiaprhere is no evidence for ore
emplacement during this tectonic and diapirism period. However we stisgettte compressional event in
mid-Miocene Rouvier 1977 related to the African European plates subduction-collision that prdduce
thrusting,SW-NE-trending folds and the return of salt diapirism, may have beeedtmnic trigger that
brought deep-seated brines into the upper parts of the diapir bodiyt@titke peridiapiric cover rocks. The
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ascent of deep-seated Zn-Pb brines would have interacted sourcesefirsdlfur and hydrocarbons and
precipitated the main-stage sphalerite and galena ores.

The diapirs may have focused fluid flow along the southeast flartke dfiapirs that define the Alpine
thrusting. Diapir development was also responsible for the developmeattwiré permeability and creation
of hydrocarbon and reduced sulfur chemical traps in the cover fagkbermore, peak oil generation
occurred in the Miocene and Pliocelayouni et al. 1992during accelerated burial in parallel with the
Alpine orogenic events. About 50 km south of the Bou Jaber minmalmeoil fields produce hydrocarbons
from the Aptian limestones reservoir, similar to that hosting the Bou dedPerhaps the reason for
mineralization irsome diapirs and not others could be the “quality” of the chemical traps or the involvement
of some“speciarl steeply dipping deep-seated faults (perhaps the NW-SE faults thia¢ dNEtSW trend of
the diapirs). The proposed migration of the deep-seated brines theiAdpine orogeny, related to the
effects of Alpine collision, provided uplift of the basin and ovesgueed fluids from thrust stacking and
burial maturation of organic matter.

The previous discussion on deposition of the Zn-Pb rich ores ggdofluid-mixing precipitation model
that applies to many sediment hosted Zn-Pb ores (&gke et al, 2000; Leatal, 2005. However, an
enigmatic question is how do the barite and fluorite events conneot t the Zn-Pb ores at Bou Jaber?
Although Zn-Pb, barite and fluorite ores do occur together in gmmeones in Bou Jaber, this association is
inconsistent with the deposit as well as in the region (few mineralized diapirs contaihves! mineral
assemblages)hiethree mineral assemblages are clearly geochemically and paradgndistiact but yet
they were controlled by the same diapiric structures related to theeAdpigeny in the Miocene-Pliocene
times As pointedout previously, the geochemical constraints on a hot bbisiine in a carbonate platform
limits the ability of a single fluid to transport ore-grade amoun&ePb, Ba and F. Consequently, we
suggest that an evolving tectonic and structural regime during the Almgery, resulted in the ascent of
fluids from distinctly different fluid reservoir&n-Pb rich ores formed by the mixing of an oxidized Zn-Pb
brine into a hydrocarbon reduces sulphur gas reservoir, barite forntled fmixing of a Ba-rich fluid with
sulphate-rich fluids and meteoric water in the diapiric zone and fluorite epasithd in the diapiric zone

from aNacrich brine by cooling, dilution, pH change in the diapiric zone.

Exploration Implications

Given the abundance of salt diapirs in the region, an obviestiqn is why do only a few have significant
Zn-Pb mineralization? A likely factor that determines whether minetaizavill occur in a diapir zone is the
quality and size of the hydrocarbon and reduced sulfur reserirgire3sential role of a salt diapir in the
mineralization process is the formation of a structural trap or reservoirdatioe diapir for hydrocarbon and

reduced sulfur gases. The hydrocarbon and reduced sulfur-richoiese the peridiapiric zone provides a

29



872
873
874
875
876
877

878
879
880
881
882
883
884
885
886
887
888
889
890

891

892
893
894
895
896

897
898
899
900
901
902
903

chemical trap for ascending metalliferous brines. Factors that influemcgidiity of the trap are the
abundance of gypsum/anhydrite in the mother salt, the size stirttotural trap and the permeability and
porosity of the reservoir. The traps at Bou Jaber may have involveliaghieitself or the Albian shale as the
reservoir “seal” in the peridiapiric zone. Additionally, contacts between the Triassic evaporites and the
Cretaceous shale (on both sides of the evaporite diapir) are potentially inhpagarthat have not been

recognized in the past.

The ores at Bou Jaber and other large tonnage deposits in the disaiedocated in -or adjacent to-
organic-rich peridiapiric rocks along the south-eastern flank of northwgshd diapirs. Mineralization is
especially common at the NE and SW extremities of the diapir. Thiédlos®f the ores appear to coincide
with the possible intersections of the SW-NE deep basement faults ariceNilihg faults limiting Miocene-
PlioceneNW-trending grabens were controlled by the interaction of NW-SE to EW tigratep seated and
steeply dipping faults that may have been the vertical pathwagéending metalliferous brines that
precipitated ores in the peridiapiric zone. Therefore, the conneaivitwlts in the basement with the upper
diapiric zones must have been essential. Lacking the conneaigi#yt diapiric zone would remain sterile in
sulfide mineralization.

A significant conclusion of the study provides evidence that déestipe mineral assemblages (Zn-Pb,
fluorite and barite) into separate and genetically unrelated mineratizatemts. Consequently, the presence
of barite or fluorite mineralization in any diapiric zone does noessarily suggest the presence of Zn-Pb

rich ores.

Conclusions

This paper provides new insights into the ore-forming environment, sodritessare components and
geological controls that produced the sphalerite, galena, barite and farestef the Bou Jaber deposit. In
contrast to previous authors, we show that the Zn-Pb, barite andeflooni¢ral assemblages were produced
by at least three separate and possibly unrelated mineralization events. Kdvieuaclear how these

separate events are related to specific tectonic events and structural controls.

The exact age/s of the ores are uncertain. Field relations are consisteningithl deposition during the
Miocene Alpine Orogeny from multiple hydrothermal events: (1) Zn-Pb sslfiolrmed the mixing of two
fluids: one fluid metal-rich but reduced sulfur-poor and a secoridhntaining reduced sulfur; (2) the
fluorite precipitated during from a more dilute fluid with higher tempeestu3) barite precipitation
involved the influx of a meteoric water component that mixed avitlarium-rich fluid.

Although the Bou Jaber ores are hosted in peridiapiric rocks, tharherdal genetic characteristics of

the ore deposit are remarkably similar to those for the MVT faffigre are no obvious connections to
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igneous events. The presence of abundant barite and fluoritdhe/itmtPb ores is unusual for a MVT
deposit; however they overprinted a distinct and older Zn-Pb eMesrtefore, the ores of Bou Jaber can
clearly be classified as “MVT” or as a “MVT sub-type” or as Salt Diapir-related Zn-Pb ores

The deposition of Zn-Pb ores was determined by the presence afcacdmpon-reduced sulphur reservoir
about the salt diapir. Undoubtedly, the quality of the sulphur tea@@ a major role in the endowment of
Zn-Pb of the deposit. Factors that influence the quality ofrtipeare the abundance of gypsum/anhydrite in
the mother salt, the size of the structural trap and the permeabdifyoaosity of the hydrocarbon-reduced
sulphur reservaoir.

The Zn-Pb ores at Bou Jaber resulted from the mixing of metalliferoimsesgdry brine with reduced
hydrocarbon-reduced sulfur reservoir in the peridiapiric environment. Qoeistly, a deep-seated
(basement?) fluid component must have an efficient fluid pathway todasderthe chemical sink in the
peridiapiric zone. Therefore, the connectivity of faults in the basewitnthe upper diapiric zones was
essential.

The studies presented here provide new insights into the genesis of thati®olPliZn-Ba-F ore deposit
and suggest that new research will be needed to improve our undergtaf MVT ores in diapiric
environments both in Tunisia and globally. In view of the giant diapigs of Jinding China, future
discoveries of large resources of diapir-related ores in North Africa anallglobquire an increased focus on

exploration in the peridiapiric environment.
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showing the distribution of theb-Zn-Fe-Ba-Sr-F deposit groups discussed in text. Most of the ore deposits are
spatially connected to Triassic diapirs. Bou Jaber is located at the SW are&alt hapir Belt that
corresponded to the SW margin of the Tunisian Trough. A-B lioeiss section shown in Figure 2. Regional

location is shown on inset map.
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Fig. 3 Geology map of the Bou Jaber Triassic salt diapiric structure showing stratigrapbipgbr
structural elements and the mailB&Pb-Zn deposits. Circled numbers (1 to 5) correspond to the
cross sections in figure B.Present day NVWSE cross section showing the geometry of the Triassic
salt intrusion trough the Tajeroui®dV-NE-tending Fault (Cross section is located by the A-Biline
figure 3a and the Tajerouine Fault is shown in Figre hterpretative NS cross section of the Bou
Jaber dagric structure at the end of the Middle Miocene Alpine compression (not to scale)



NW SE

Om

200m

400m

Drill hole

Ore bodies in dissolution breccias
and cavities (Pb-Zn sulfides, barite
and fluorite)

NW SE

Late Albian-Cenomanian
(Fahdene Formation: shale and marl)

i Aptian/Upper Albian unconformity

-

E Reef limestone (unit 5)

= Thin bedded bioclastic limestone
=1 and marl (unit 4)

Pre-reef limestone (unit 3)

Thin bedded bioclastic limestone
and marl (unit 2)

Pre-reef limestone (unit 1)

Aptian-Lower Albian limestone
(Serdj Formation)

- Triassic anhydrite-rich cap rock

0 100m

Fig. 4 NW-SE cross sections a, b, cofithe Bou Jaber “Gite de I’Est”, illustrated on the basis of field mapping

in mining open pits, underground working exposures and drill hdhes sections show some of the vertical and
lateral variations in volumes of the dissolution-cavities filled with th&®Ba-F ore cross-cutting the Aptian
limestone strata. (for location see a, b, c @rthes in Figure B).
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Fig. 5 Schematic paragentic sequence of the ore-, and mineral alteration assemhlaB®inJaber (Gite de
I’Est) Pb-Zn-Ba-F depositBars thicknesses reflect abundance of minerals. Hydrocarbons occur asagkeseep
the ore and asilebearing fluid inclusions in the sulfide- and fluorite stages
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Fig. 6 Drill core samples of zinc-lead rich-ore from dissolution cavities wtgralerite and galena occur by
replacement of carbonaceous breccia-ma#riRissolution breccia sphalerite-rich: Breccia fragments ang gre
Aptian limestone and black mudstone. The matrix is composed offaieed bipyramidal quartz, fine-grained
honey sphalerite, galena, minor fine grained barite-1 and cdljitéd hydrocarbon (HG) fills cavities in the
calcite aggregations. Core sample of high grade massive sphalerite and gal€we sample of high-grade
sphalerite (honey euhedral sphalerite cry}tadgregation in blackudstone breccia calcite-, quartz-, and
organic matter-richd Detail fromc showing sphalerite crystals cemented by calcite (red-S cologrédail
from c showing aggregations of euhedral sphalerite crystals in a quartz- ane-dakcinatrix; quartz is white
and calcite is red-S colourefdEuhedral sphalerite in a matrix of calcite and quartz. Calcite is partly refigced
fluorite. g Euhedral galena containifigpyramidal quartz relicts of the replaced quartz-, calcite-rich sulfide
matrix. d ande polished sections, transmitted lightf&andg polished sections, reflected light //.



Fig. 7 Hydrothermal dissolution and ankeritization of the Aptian limestones (unit 5) follbwedrite

deposition in the gite de I’Est deposit. a Hydrothermal dissolution of the Aptian limestones developed large
irregular cavities, meter- to plurimeteric-size. An ankerite halo gn¥- to 50 cm-thick, lines the hydrothermal
alteration of the host rock. The infilling material of cavities is composedkefis®-2 and barite postdating
minor sphalerite and galena. b SEM photograph of the euhedral coarssdgnakerite crystals (ank-1) (sample
from the ankerite halox Banded rich barite ore in dissolution cavity, showing horizontal bgratimpared to
the70°deeping of the Aptian limestones strata. White bands are barite and darkreamdomplex assemblage
of ankerite-2, sphalerite, galena and fluoritesample of banded barite-rich ore. The black matter is composed
of ankerite and sulfide where most part of the ankerite is replaced by flasrisgdgwn on Fig. 8f). The white
bands are composed by tabular cm-size crystals of barite developed oftgoathoto the dark bands.barite
zone formed by large barite crystals (central part of the hydrothermal dissaavities, underground working
at level -95 m). Barite forms tabular crystals 5- to 20 cm-thick andb5000 cm-length (scale is also shown by
the hammer)t fluorite-1 replacing ankeritenatrix of sphalerite and galena crystals, polished segtédtected
light //.
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Fig. 8a andb Primary L,+V fluid inclusions in fluorite ¢ Primary L,+V fluid inclusions in barited Primary
Lw*Lg+V fluid inclusion in fluorite.e Large primary k +V fluid inclusion in fluorite f Same as Fig e but under

epifluorescence microscope,twater; V= vapour; .= Petrolium.

Fig. 9 Plot of Th versus salinity derived from microthermometric studies if fiiclusions in sphalerite,

fluorite, barite and calcite.
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barite are distinctly different to those in fluorite indicating two fluids im&d in mineralization. Analyses from

individual samples are tightly clustered and for different fluorite samples lavgefiap.
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Fig. 12a Box plot 0f5**S values for sphalerite, galena, pyrite and barite at Bou Jabei**a8nehlues for

regional Triassic gypsum and anhydrite. The sulfur isotope compusgiwwn are isotopically relatively
homogeneous with a composition near 6 %o for galena, 9 %o for sphalerite, 22 %o for barite and 15 %o for Triassic
gypsumb Histogram distribution of th&*S values for sphalerite, galena, pyrite, barite and Triassic gygsum.
Plot 0f3'°0 vs3%'S of Bou Jaber barites. TBEO, 5*'S of Triassic anhydrite are also plotted for comparison
with barites.
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Table

Table 1 Summary of the microthermometric data derived from the studies of
primary fluid inclusions (Lw+V) in sphalerite, barite and fluorite from the Bou
Jaber “Gite de I’Est”.

Sample Mineral Nbr Te °C Tmice °C Salinity Th °C
IF Wt% NacCl
equiv.

2525C1  Sphal 38 -39t0 32  -16.8t0-14.8 18.5-19.1 (19.2) 112-133 (125
2525C3  Sphal 34 -40 to30 -18.7t0-13.4 17.3-21.5(19.13) 115-136 (12%
6921D Sphal 28 -40t0o 37 -1.7t0-13.6 17.419.99 (18.1) 116-136 (12€

Total -40t0 30  -18.7t0-13.4 17.2-2147 (19.1) 112-136 (12t
6925B1 Barite 20 -40to39 -11to-7.8 11.5-15 (13.3) 101-110 (10&
9514BA  Barite 10 -43t040 -114to-7.6 11-15(13.6) 116-124 (12C
95J1 Barite 16 -40t0 38 -10.4t0-8.8 12.6-14.4 (13.2) 110-114 (112
9533B Barite 25 -42t036  -10to-8.8 12.6-13.9 (13.4) 100-131 (11¢
63WA Barite 18 -45t0 41  -13.6to-11.6 15.6-17.4 (16.7) 115-118 (117

Total 89 -45t036  -13.6to-7.6 11.2-17.4 (13.9)° 100-131 (114
8511 Fluorite 34 -42to28 -18to 14 21.5-18.1 (20.1) 140-165 (155
B8512 Fluorite 60 -42t0 28 -13.8t019.4 22-17.6(19.8) 144-163 (154
9514AF  Fluorite 52 -32t0 28  -19.6t0 -15.8 22.1-19.3 (20.6) 140-163 (15C
95514BF Fluorite 60 -32t0 28  -20.5t0 45 22.6-18.6 (20.5) 144-162 (152

9533BF  Fluorite 40 -45t0 40 -18.2t0-12.4 21.1-16.3 (17) 146-154 (14t

Total 246 451028 -20.41t0-12.4 16.3-22.6 (20)  140-165 (152
63WB  calcite 25 é303.3 to - -18.2t0-155 20-0.9 (20.8) 113-126 (11€
63WC  calcite 22 ;63.3 to - -181t047 21.1-19.0 (20) 109-117 (112

Total 45 331080 -182t0-155 19.021.1(20.5) 109-126 (11€




Table 2 LA-ICPMS analyses of individual fluid inclusions in fluorite and barite from levéld m and 95 m,

BJ9533 Fluorite BJ6921 Fluorite BJ6925 Fluorite BJ9533 Barite

Average wt/wt StdDev %RSD ppm A\\,/v?;v%?e St?/De %S S ppm A\\,/v?/rvévi?e StdDev %RSD ppm Av\cs\r;tge StSDe %RSD ppm
Li | 0.00595 0.0020 35.1 243 0.00415 0.0013 31.9 164 0.00685 0.0019 28.1 275 0.00433 | 0.0020 48.4 84
N1 0 0 409t 1 0 o | 1 0 0 40076 1 0 0 19334
M 0.01926 0.0143 74.5 788 0.05365 0.0259 48.4 2121 | 0.03236 0.0041 12.9 1297 0.03417 | 0.0169 49.5 661
K | 0.09236 0.0740 80.2 3779 0.05780 0.0200 34.7 2285 | 0.13307 0.0842 63.3 5333 1.08053 | 0.3561 33.0 20891
€los 20951 os o os 20038 0.5 9667
M 0.00364 0.0018 50.0 149 0.00529 0.0034 64.4 209 <0'2059 <238 0.00714 | 0.0065 91.7 138
F 0.02681 0.0189 70.5 1097 0 0.04296 0.0325 75.8 1722 0.00974 | 0.0141 144.8 188
¢ 0.00624 0.0073 118.3 255 0.00935 0.0041 44.7 370 0.01115 0.0004 3.9 447 0.00745 | 0.0043 57.8 144
z 0.02107 0.0092 43.7 862 0.05745 0.0196 34.2 2271 | 0.02813 0.0325 115.8 1127 0
S 0.03196 0.0120 37.8 1308 0.05385 0.0195 36.3 2129 0 0
A 0.00005 0.0000 85.7 2 0.00024 0.0002 88.8 9 0.00067 0.0006 101.4 27 0.00037 | 0.0003 83.7 7
B 0.01409 0.0078 56.0 576 0.04720 0.0221 47.0 1866 | 0.00690 0.0038 56.2 276 0
P 0.01072 0.0085 79.8 439 0.00382 0.0021 55.9 151 0.00589 0.0060 103.3 236 0.00193 | 0.0008 41.4 37
U 0.00001 0.0000 95.5 0.3 0.00013 0.0001 | 141.8 5 0.00043 0.0003 72.9 17 0.00005 | 0.0000 26.1 1

Concentrations in fluorite are based on a salinity of 18wt%NaCl, barite salfrfiBwt% NaCl. Ca/Na wt ratio is based loydrohalite-ice melting temperatures in fluorite
and assumed to be the same for inclusions in barite (not possible to measure)




Table 3 Carbon and oxygen isotopes compositions of Aptian limestone hoshsatrbthermal
ankerite and calcite from Bou Jaber. Analysis marked with asterisk
are from Salmi-Louar 2004; and Salmi-Laouar et al7200

Samples  Description 3tC 30
(%0, PDP) (%0, SMOW)
6928 Aptian limestone -1.9 301
B6930A  Aptian limestone 2.7 296
B6929 Aptian limestone 2.6 299
9523U5  Aptian limestone 3.3 283
9549BC1 Aptian limestone -2 27.9
69U5C1 Aptian limestone 2.7 26.9
69U5C2 Aptian limestone 3.9 26.2
6929U5  Aptian limestone 2.6 28
BJUS Aptian limestone 1.8 273
BJUS cte2 Aptian limestone 1.6 26.7
6939U5  Aptian limestone 2.9 26.7
9518U5  Aptian limestone 3 27.3
6937A Aptian limestone 35 27
B9514 Ankerite 1 2.7 26.8
9534B1  Ankerite 1 3.6 269
9534B2  Ankerite 1 3.1 26.9
9534A2  Ankerite 2 3 27
B9517A  Ankerite 2 25 26.3
B9517B  Ankerite 2 24 259
9575A Ankerite 3 -0.4 19.6
9575B Ankerite 3 0.3 212
B63W Ankerite 3 15 229
BJ901 cte Calcite 1 1.3 188
B8511G Calcite 1 1.3 217
C18015* Calcite 1 31 229
C18128* Calcite 1 33 213
B92H Calcite 1 3.8 231
B9530B Calcite 2 31 24.8
B6911B Calcite 2 31 26
9502 Calcite 2 26 256
9505 Calcite 2 3.7 259
6904A Calcite 2 29 255
C18028* Calcite 2 3.6 26.9
C1830* Calcite 2 3.8 271
C18020* Calcite 2 3.8 27.4
BJ2295 Calcite 2 6.2 26.4
9549B Calcite 2 35 25.6

B6937B  Calcite 2 33 273




Table 4 Sulfur and oxygen isotopes compositions sphalerite, Galena, pyrite and
barite from the different ore bodies collected from different ore zones at levels (
63.-69. and-95 m) of the Bou Jabaeiine (gite de I’Est), Epigenetic galena and
pyrite disseminated in Aptian limestones; and sulfur and oxygen isotopes
compositions of Triassic gypsum collected from different salt diapirs of the area.
Analysis marked with asterisk are from Salmi-Louar 2004 and Salmi-Laouar et al.
2007). Calculated Temperatures are obtained using the eqdatiSRHPbS =
(0.73/T2).16 (Ohmoto and RyE979.

Ore zones Level Samples Mineral (%,  8%0%. ASphGn T°C
(m) (CDT) (SMOW) %o

Sulfide-rich zone -63 1/P4Ba Barite 21.5 21.3

Sulfide-rich zone -63 2/89NGn Gn 5.8 3.6 176

Sulfide-rich zone -63 3/89NGn1 Gn 6.0 35 180

Sulfide-rich zone -63 4/89NSP1 Sph 9.4

Sulfide-rich zone -63 5/89NSP1 Sph 9.5 3.7 168

Sulfide-rich zone -63 6/89NBal Barite 22.6 21.7

Sulfide-rich zone -63 7/89V2Sp Sph 9.5 4 152

Sulfide-rich zone -63 8/89V1Sp Sph 9.5

Sulfide-rich zone -63 9/89V1Gn Gn 5.5

Sulfide-rich zone -63 10/89V1Ba Barite 23.4

Sulfide-rich zone -63 11/89V2Sp Sph 9.2

Sulfide/barite zone -63 12/90K1Gn Gn 3.6

Sulfide/barite zone -63 13/90K2Gn Gn 5.2

Sulfide/barite zone -63 14/90K3Gn Gn 5.2

Sulfide/barite zone -63 15/90K1Ba Barite 20.2

Sulfide/barite zone -63 16/90K2Ba Barite 22.3

Sulfide/barite zone -63 17/90K3Ba Barite 21.1 22.2

Sulfide/barite zone -63 18/90K4Ba Barite 21.6

Barite zone -63 19/6316Gn Gn 6.37

Barite zone -63 20/63W4Ba Barite 22.7 21.3

Barite zone -63 21/90CGn Gn 5.8

Sulfide-rich zone -69 22/90HGSp Sph 9.2 3.2 200

Sulfide-rich zone -69 23/90HGn Gn 6.0

Sulfide-rich zone -69 24/41AGn1 Gn 7.1

Sulfide-rich zone -69 25/11AGn2 Gn 8.1

Sulfide-rich zone -69 26/8511Gnl Gn 1.1

Sulfide-rich zone -69 27/8511Gn2 Gn 1.2

Sulfide-rich zone -69 28/8511Sp1l Sph 8.4

Sulfide-rich zone -69 29/8511Bal Barite 21.5 21.8

Sulfide-rich zone -69 30/15Ba Barite 21.9

Sulfide-rich zone -69 31/16BGn Gn 6.7

Sulfide-rich zone -69 32/69BGn1l Gn 7.1

Sulfide-rich zone -69 33/69BBa Barite 23.2 23.3

Sulfide-rich zone -69 34/20Sp1 Sph 9.3 4.48 129

Sulfide-rich zone -69 35/20Gn1 Gn 49

Sulfide-rich zone -69 36/20Sp2 Sph 8.6 3.77 165

Sulfiderich zone -69 37/20Gn2 Gn 4.8

Sulfide-rich zone -69 38/20Bal Barite 21.6

Sulfide-rich zone -69 39/20Ba2 Barite 22.3

Sulfide-rich zone -69 40/21DSpl Sph 9.7

Sulfide-rich zone -69 41/21DGn Gn 8.2

Sulfide-rich zone -69 42/21DBall Barite 22.8

Sulfide-rich zone -69 43/21DBal2 Barite 23.0

Sulfide-rich zone -69 44/25C3Gn Gn 5.8

Sulfide-rich zone -69 45/25DGn1 Gn 4.7 4.7 119

Sulfide-rich zone -69 46/25DSp2 Sph 9.5

Sulfide-rich zone -69 47/25DGn2| Gn 5.6

Sulfide-rich zone -69 48/25DGn3 Gn 75

Sulfide-rich zone -69 49/25Sp1 Sph 9.4 35 181

Sulfide-rich zone -69 50/25Sp2 Sph 9.3 3.4 187

Sulfide-rich zone -69 51/25Sp3 Sph 9.9 4.0 154

Sulfide-rich zone -69 52/25Gn1 Gn 5.9 3.5 181

Sulfide-rich zone -69 53/25Gn2 Gn 5.9

Sulfide-rich zone -69 54/27Sp Sph 9.4 3.8 164

Sulfide-rich zone -69 55/27Gn Gn 5.6

Sulfide-rich zone -69 56/48Bal Barite 22.0

Sulfide-rich zone -69 57/48Gn1l Gn 51

Sulfide-rich zone -69 58/69DSpl Sph 8.9

Sulfide/barite zone -69 60/21DBal Barite 229 20.7

Sulfide/barite zone -69 61/21DGn2 Barite 23.4 22.5

Sulfide/barite zone -69 62/21G1Gn Gn 5.3
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Table 5 Strontium isotope compositions of different barite generations from
Bou Jaber (levels69 m and-95 m) and of Triassic gypsum from the Bou Jaber
Triassic salt diapir.

Ore stage Sample Mineral 87Sr/%5Sr Std dev.

Early barite 69BJP4  Barite 0.708210 0.000031
Second generation barit 6960 Barite 0.710811 0.000026
Second generation barit 6932 Barite 0.710117 0.000029
Second generation barit 6921 Barite 0.710179 0.000032
Second generation barit 9531 Barite 0.710000 0.000033
Second generation barit 95141 Barite 0.710134 0.000017
Late stage barite 6960 Barite 0.710811 0.000026
Late stage barite 692G3 Barite 0.711408 0.000033
Late stage barite 6960G Barite 0.711291 0.000031
Triassic sulfate Triassic Gypsum  0.708125 0.000044

Table 6 Lead isotope composition of galena samples from Bou Jaber collectedemrgts—69m

and-95m)
Samples  2PbPb  2PhPh  28ppR%Ph
6911AGn1 18.737 15.643 38.767
6911AGn2 18.707 15.671 38.808
6921DGn  18.730 15.678 38.838
6925C3Gn 18.704 15.643 38.779
6925BGn1 18.699 15.649 38.751
6932Gn1  18.732 15.690 38.869
6936Gn1 18.707 15.670 38.806
6948Gn  18.719 15.668 38.797
6950Gn1 18.720 15.673 38.797
955ABGNn1 18.783 15.762 39.100
698511G 18.733 15.664 38.816
955BGnl 18.786 15.757 39.085
9514AGn 18.755 15.664 38.821
9514BGn 18.699 15.646 38.736
9517Gn  18.729 15.686 38.838
9598K3  18.752 15.663 38.805




