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Abstract

The W-Au, Pb-Zn-Ag, and Sb-Ba mineralizations oé tholymetallic Tighza-Jbel Aouam district
(central Meseta, Morocco,), are hosted in Paleoroiks surrounding late-Carboniferous granitic
stocks. The Pb-Zn-Ag Tighza deposit formed at 234#Ma, and is clearly disconnected from the
late-Variscan W-Au deposit (295-280 Ma). The PbAtpnmineralization precipitated from a complex
hydrothermal fluid. It displays air-normalizéde/*He ratio (0.018-0.103) typical of the upper crust.
This crustal component is confirmed by the oxyged earbon isotope compositioris®0 = +19 to
+25 %0;5"%C = -3.6 to -11.2 %0) and thgq values (-4.84 to -9.01) of gangue carbonates, wslimow
mixing of (i) fluids that have interacted with laBarboniferous magmatic rocks, and (i) fluids in
equilibrium with the Paleozoic metasediments. Inditoh, the Pb-Zn-Ag mineralization has
“OAr/**Ar values in the range 284-315 typical of a meteohitdf The radiogenic Pb isotopic
compositions P'PbF*Pb = 15.70-15.80 antf®Pb/*Pb = 18.30-18.50) suggest leaching of Pb from
the surrounding Paleozoic metasediments and latiséZe granites, whereas the low radiogenic
signatures®’Pbf*Pb = 15.40 an&°Pb/*Pb = 18.05) provide evidence of a deeper sourciutid

to the lower crust.
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Crustal thinning related to extensional tectonitdate-Permian and Early-Triassic lead to high-K
calc-alkaline to alkaline magmatic activity, which evidenced by a dense SW-NE-trending dike
network that pre-dated the Atlantic Ocean opené@agly Liassic times). This magmatic event induced
a regional heat flux increase that triggered theuétion of a complex hydrothermal fluid, whichsha
a strong crustal component, but also a meteoricaatmver crustal components. The polymetallic
district of Tighza-Jbel Aouam thus results from ewgosition of an intrusion related porphyry-gold
mineralization (W-Au, 286 Ma) followed by a Pb-ZmApithermal mineralization (254 Ma), during
two distinct magmatic-hydrothermal events.

The proposed metallogenic model for the Pb-Zn-AghZa-Jbel Aouam deposit provides new
constraints for the Pb-Zn-Ag exploration in the Blaran Meseta. Exploration targets must take into
account the following geological features: (i) Pertriassic high-K calk-alkaline to alkaline dikég)
extensional tectonics and reactivation of ancieastescale faults and shear zones, and (iii) Paleoz
series containing organic matter (e.g., black s)ateibjected to low grade metamorphism (e.g.,
greenschist facies).

Keywords : Pb-Zn-Ag deposit, Permian-Triassic extensioeatdnics, Tighza-Jbel Aouam district,
Central Morocco, lead and fluid sources, isotof@ed, Sm-Nd, Ar-He, Pb-Pb) data

1. Introduction

West European and Moroccan Paleozoic formationd hamerous volcanogenic massive sulphide
(VMS), Mississippi Valley type (MVT), sedimentarxtealative (SEDEX) as well as vein-types Pb-
Zn-Ag deposits (e.g., Arribas and Tosdal, 1994;li6aut and Park, 1999; Marighac and Cuney, 1999;
Bouabdellah et al., 2009; Subias et al., 2015 refetences therein). Dating of the mineralizingrase

as well as characterization of the fluid and mstairces are usually difficult to obtain becaus#éund
mixing, secondary remobilization, and the abserfceugable minerals for dating. As vein deposits
frequently occur in close association with lateis@an granites they have long been considered being
genetically related to them.

The polymetallic Tighza-Jbel Aouam district (TJABentral Meseta, Morocco) displays two main
types of mineralization, W-Au and Pb-Zn-Ag, hostad Paleozoic rocks surrounding late-
Carboniferous high-K calc-alkaline granitic sto¢kgjard et al., 1958; Cheilletz, 1984; Jébrak, 1984;
Nerci, 2006; Marcoux et al., 2015; Rossi et al.1&0 It has long been considered to have a single
magmatic-hydrothermal origin due to the spatializgrof mineralization around a supposed hidden
batholith (Agard et al., 1958; Desteucq, 1974). TWeAu mineralization and related potassic
alteration from the “Mine Granite” are coeval aratetl at 286 + 0.4 Ma (Cheilletz et Zimmermann,
1982; Nerci, 2006; Watanabe, 2002). Based on faéskervations and isotopic studies, Agard et al.
(1958), Cheilletz (1984), Jébrak (1984) and Marcetnal. (2015) suggested that the Pb-Zn-Ag ore
was emplaced after the W-Au deposit without furibrecision on the time gap. However, Marcoux et
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al. (2015) consider the Pb-Zn-Ag mineralizatiorb&othe last stage of a reduced intrusion-relatédl go
deposit, with fluid focusing at the top of the sified and cold intrusion. The hydrothermal activit
associated with the Pb-Zn-Ag deposit was recerdtgdiat 254 + 16 Ma (Tarrieu, 2014; Cheilletz et
al., 2015; Rossi et al., 2016), demonstrating fiseashnection between the Pb-Zn-Ag mineralization
and the W-Au mineralization. A new metallogenic ralpdased on the disconnection from spatially
associated granites, needs to be considered farJap. This model could be applied to other Pb-Zn-
Ag deposits in similar geological context.

The source of the W-Au mineralization is strongbnstrained by field geology, geochemical changes
related to K-alteration, fluid inclusions analysiad Pb-Pb isotopes (Cheilletz, 1984; Nerci, 2006;
Marcoux et al., 2015). However, only scarce fluitlusion, Sr-Nd and Pb-Pb isotopic data are
available for the Pb-Zn-Ag deposit (Nerci, 2006;st@aina and Masi, 2008; Marcoux et al., 2015).
This paper aims to to better constrain the fluid e lead sources of the Pb-Zn-Ag mineralizatinn,
combining rare earth elements (REE) data and CAON8H, Ar-He and Pb-Pb, isotopes. The isotopic
signatures of gangue carbonates and galena areasdedcers of the crustal, mantellic and meteoric
reservoirs. The mineralizing events are finallyegrated into the late-Variscan to Permo-Triassic
geodynamic framework, in order to propose an uptatetallogenic model and new exploration

guides.

2. Geological setting and deposit geology

2.1. Geology of Central Morocco

The Tighza-Jbel Aouam district (TJAD) belongs te tentral Meseta of Morocco, which is composed
of an early to middle Paleozoic basement intrudgdabe Carboniferous granites (Gasquet et al.,
1996; Michard et al., 2008) as well as by numerBasmo-Triassic intermediate to felsic dikes
(Gasquet and Bouloton, 1995) and Permian volcaogks (Youbi et al., 1995; Figure 1). The
Paleozoic rocks are covered by Mesozoic-Cenozdiicrmmntary formations. The felsic intrusive rocks
are spatially associated with W, Sn, F, Sb and P#g deposits (Agard et al., 1958; Cheilletz, 1984;
Jébrak, 1984; Boutaleb, 1988; Giulani et al., 19BBushaba and Marignac, 2009). The Meseta
domain corresponds to a complex collage of terraapeesenting several Variscan tectonic phases
since Devonian times (Figure 1; Michard et al., 0Murphy et al., 2016). The main Variscan
collisional events resulted in crustal thickenifading and Variscan granite emplacement. The lates
collisional phase involved NW-verging fold, duplexand nappes (Michard et al., 2008, and
references therein). Late-Carboniferous and Perrmamstensive events followed, as evidenced by
intra-continental basins that have been moderatefigrmed before the Atlasic cycle. These basins are
opened by reactivation of old Variscan faults doecrustal thinning (El Hadi, 2006). The Permian
sedimentary sequence is characterized by detrgdinentation (conglomerates, sandstones and
argillites) with interbedded volcanic rocks andcasated dikes that crosscut the sedimentary pile

(Piqué et al., 2011). Finally, the extensive tei@orgime develops during Triassic, with the opgnin
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of large sedimentary basins that preceded the #d¢labdcean opening and related CAMP activity
(Mahmoudi and Bertrand, 2007; Vérati et al., 2007).

2.2. Geology of the Tighza-Jbel Aouam district @YA

The TJAD has long been known for its W-Au mineraian, as well as for major Pb-Ag-Zn and
minor Sh-Ba mineralizations, hosted in Paleozoitasediments (Agard et al., 1958; Desteucq, 1974;
Cheilletz, 1984; Jébrak, 1984; Wadjinny, 1998; Ne2006; Tarrieu, 2014; Marcoux et al., 2015).
Upper Visean (Mississippian) limestones and schistsonformably overlie Ordovician siliceous
schists and quartzites, Silurian black shales, Bedonian siliceous limestones. These Paleozoic
metasediments are deformed into a succession oNEWfending anticlines and synclines, and are
metamorphosed up to greenschist facies. The TJA@cadized between two crustal-scale E-W shear
zones that controlled the opening of tension veind dikes during late and post-Variscan time
(Figures 1 and 2).

The Paleozoic formations are crosscut by microggaand micogranodiorite dikes, and by four
monzogranite stocks named, from South to North,likaMine, Mispickel, and Tighza peaks. The
high-K calc-alkaline signature of all of these utive bodies is observed in most Moroccan Variscan
granites and reflects either an enriched mantle lower crustal component (Gasquet et al., 1996; El
Hadi et al., 2006). The monzogranite stocks hawenlated at 320-300 Ma by Tarrieu (2014) and
Rossi et al. (2016).The three southernmost stoekswarounded by a large and well-delimited biotiti
alteration halo related to the W-Au mineralizingept/(Figure 2; Cheilletz, 1984; Cheilletz and Ishar
1985). The gravimetric study of El Dursi (2009)read out on the TJAD, suggests that this
hydrothermal alteration halo is associated withdalén thin and shallow intrusive pluton. The W-Au
mineralization thus results from a second magnsttige at 295-280 Ma. It can be considered as a
porphyry-type deposit based on (i) the genetic livith calc-alkaline magmatic activity (Cheilletz,
1984; Marcoux et al., 2015), (ii) potassic alteatirelated to a hidden pluton (Cheilletz and
Zimmermann, 1982; Cheilletz, 1984), (iii) high teengture hydrothermal fluids that have a magmatic
signature (Nerci, 2006; Marcoux et al., 2015), &w the occurrence of disseminations, W-rich
skarns, stockworks, sheeted veins and large véins.large E-W-trending veins formed during a
dextral transpressive regime (Cheilletz, 1984).

The currently mined Pb-Zn-Ag mineralization, whictosscuts the W-Au ore (Figure 3), has been
dated at 254 + 16 Ma (Tarrieu, 2014; Cheilletzlgt2015; Rossi et al., 2016). It developed durng
magmatic-hydrothermal episode associated with erepient of a dense network of late-Permian
dikes, found throughout the Moroccan Meseta (Bamaind Gasquet, 1995; Gasquet and Bouloton,
1995; Rossi et al., 2016). The Pb-Zn-Ag mineraiizais filling NE-SW transtensive tension-gashes
that developed during a NW-SE compression. Thelekdral E-W shear zones are reactivated with a

sinistral component during this tectonic event.idFlinclusions analyses and calculated isochores
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allowed Nerci (2006) and Marcoux et al. (2015) emstrain minimum trapping P-T conditions (see
2.3).

The polymetallic TIAD thus results from two sucdessnagmatic-hydrothermal events that produced
first the W-Au mineralization followed by the Pb-Ag mineralization (Tarrieu, 2014; Rossi et al.,
2016).

2.3. Geology of the Pb-Zn-Ag mineralization

The Pb-Zn-Ag mineralization has been mined sincg01fdom several large extensional veins with
N25°E to N75°E orientations (Figure 2). In mostesasthe veins display a “Y” shape, showing a
connection between two veins, which suggest fractygening as part of a conjugate strike-slip fault
system (see Cheilletz 1984 for details; FigureTBe main Pb-Zn-Ag veins are, from North to South:
Filons Paralleles and Filon Nord, Filon Signal étrducture 18, Structure Il, Sidi Ahmed, Ighrem
Aousser and Iguer Oujna. Only Filon Signal, Streetad8, Sidi Ahmed and Ighrem Aousser are
currently being mined, allowing extensive obseiagiand sampling of fresh rocks.

The Pb-Zn-Ag mineralization comprises sulphidedeiga + sphalerite) in a gangue of carbonates
(calcite + siderite and ankerite) + quartz (or rethlcedony). Development of the deposit was
associated with weak carbonate alteration of thed2aic country rocks. Analyses of fluid inclusions
trapped in calcite from Sidi Ahmed vein indicatattlthe Pb-Zn-Ag mineralization formed at a
minimum temperature of 230°C, from Na-Ca brines andomplex fluid with organic compound.
Calculated isochores indicate hydrostatic pressofed least 30 MPa (Nerci, 2006; Marcoux et al.,
2015).

The paragenetic sequences are slightly differenbngmthe different veins. In Filon Signal and
Structure 18, the mineralization is typically badded rather symmetrical: vein minerals grew from
the edge of the vein towards its center (FigureTdese large veins display a succession of four
paragenetic assemblages (Figure 4 and Figure 3): Rartz + siderite, (P2) galena + calcite +
sphalerite, (P3) galena + sphalerite + sideritd, (@) calcite + quartz + pyrite. As shown in Figdy,

the early barren P1 assemblage is not presentwelerg. The Pb-Zn-Ag mineralization is associated
with P2 and P3 assemblages (Figure 4 and 5). Tést laydrothermal phase (P4) is barren.

In Sidi Ahmed and Ighrem Aousser, the four hydrotied successive events (pulses) display slightly
different paragenetic assemblages than in Filomabignd Structure 18 (Tarrieu, 2014; Rossi et al.,
2016, Figure 5): (P1) hydraulic fracturing and m@péation of siderite + quartz, (P2) banded galena
ankerite + sphalerite, (P3) brecciation and préaijuin of galena + sphalerite, and (P4) calcite +
quartz + pyrite. Jébrak (1984, 1985) noted thaggarcarbonates are REE-rich.

3. Sampling and analytical methods
In order to provide insights into the lead and méfigzing fluid sources of the Pb-Zn-Ag
mineralization, various complementary isotopic sadchave been performed on sulphide minerals
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(He-Ar on pyrite and sphalerite, Pb isotopes orem@l and on gangue siderite, ankerite and calcite
(O-C isotopes, Sm-Nd, REE content). Most sample® wellected within the three main Pb-Zn-Ag
veins, Filon Signal, Sidi Ahmed and Ighrem Aoussgins. They were collected underground in order
to provide unweathered rocks. Some additional sesnplere also collected from drill cores from

Filon Nord and Filons Paralléles, i.e., from thethernmost veins (Figure 2).

3.1. REE content of carbonates

Four siderite (P1), six ankerite (P2) and thirtealtite (P4) concentrates sampled in the various Pb
Zn-Ag veins were analyzed by ICP-MS at the SARM-GRIR Nancy, France. The minerals were
concentrated by handpicking. The analytical resarkéspresented in Table 1 and Figures 6 and 7.

3.2. Stable isotopes (O, C)

Carbon and oxygen isotope analyses were carriedtahie stable isotope laboratory of Géosciences
Rennes (France). Analyses were performed on seplasaterite, ankerite and calcite crystals sampled
in Signal, Sidi Ahmed and Ighrem Aousser veins.bBaate materials were reacted with anhydrous
HsPQO, at 50°C during fifteen hours. Isotopic measurememt the liberated GOvere made using a
VG SIRA-10 triple collector mass spectrometer. ¢pit compositions are quoted using &heotation
with respect to SMOW fo$'®%0 and PDB fos™*C. Measured carbonadé®o - §°C values have been
corrected using the NBS19 international and ProlReones in-house standards values. Analytical
precisions are estimated to be +0.1%. and +0.15%eaw/ely for thed**C and3™®0O in carbonates.

Results are presented in Table 2 and Figure 9.

3.3. Sm-Nd

In order to complete the data obtained by CastaimhMasi (2008) on siderites from Signal and Sidi
Ahmed, Sm and Nd isotope analyses were perform&RRG Nancy on ankerite and calcite from
from Sidi Ahmed and Ighrem Aousser. After additioha mixed**°Nd-*’Sm spike, samples were
digested in HF + HN@ and Sm and Nd were extracted by chromatogragltiques adapted after
those of Pin et al. (1997) using TRU spec and Léktgesins. Sm and Nd isotopic compositions were
determined by MC-ICP-MS (Neptune). During the perad analysis the JNdi-1 Nd standard yielded
0.512095 £0.000014 & 11 analyses) Analytical blanks represented <l1%heftotal amount of Nd

analyzed in all cases and are thus negligible. lReste reported in Table 3 and Figure 10.

3.4. Rare gases Ar-He

Sulphides from the W-Au (2 As-pyrite and 1 pyrisg)d Pb-Zn-Ag mineralization (2 pyrites and 1
sphalerite from Sidi Ahmed) were carefully selectgntler a binocular microscope to eliminate
alteration and inclusions, and then crushed. Tledyaes were performed by P. Burnard at the CRPG
—CNRS (Nancy, France) following the analytical gdere of Marty and Zimmermann (1999). The
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amounts and the isotopic ratios of helium and angere analyzed with a VG 5400 rare gas mass

spectrometer. Results are reported in Table 4 andd-11.

3.5. Lead isotopes

Six ore samples were selected from the three nmeimsvor in-situ Pb isotope analysis on galeng) (n
and sphalerite () individual grains. 32 galena and 32 sphaleriiestels were analysed from Signal
vein: ny, = 3 and gy = 12 in Tz10/39; g = 25 and g = 10 in Tz11/42; g = 4 and g, = 20 in
Tz10/43). 7 galena crystals were analysed in saifipl®/35 from Sidi Ahmed vein. 8 galena and 11
sphalerite crystals were analysed from Ighrem Aewusgsin: g, = 5 in Tz10/30; g, = 3 and gy, = 112

in Tz10/31. Measurements were performed in CRPG-ENRancy, France) by ion microprobe
following Deloule et al. (1986), using the Cameb#5I 3F for Tz10/30 at a mass resolution of 800,
and the Cameca IMS 1270 in monocollection modertass resolution of 4000 for the other samples.

All data are reported in Table 5 and Figure 12.

4. Resultsand inter pretation

4.1. REE content of carbonates

The total REE content of siderite, ankérite anccitalfrom the Tighza Pb-Zn-Ag veins ranges
between 45 and 4041 ppm (n=44, Figure 6 and Tghlélrak, 1985; Castorina and Masi, 2008; this
study). About 50% of the analysed carbonates hateer low total REE content (< 300 ppm), but 14
samples are significantly REE-rich and contain mibr@n 900 ppm REE (up to 4000 ppm). Such
content is unrelated to the mineralogy or to theganetic stages considering that the most enriched
carbonates are a P2-ankerite (4041 ppm) and alBidec@702 ppm) in Ighrem Aousser, a P3-siderite
crystal in Sidi Ahmed (2385 ppm; Castorina and MaeD8), and a P2-ankerite crystal in Signal vein
(2400 to 2700 ppm; Jébrak, 1985). Changes in REfeob might reflect changes in growth or fluid
flow rates (Mdller et al., 1991) or changes in tengpure (Moller et al., 2004). As P4-calcite crista
cover a large REE range within a single vein, #datter is unlikely due to variation of the fluid
temperature but rather to changes in fluid-flovesathus on fluid-rock ratios, depending on vadabl
degrees of vein opening.

PAAS-normalized REE+Y patterns of gangue carbonallesv identification of two distinct groups.
Most carbonates from the Signal, Sidi Ahmed andrdgh Aousser lodes have similar PAAS-
normalized REE+Y patterns (Group 1), characteribgd(La/Sm) lower than 1 (0.06 to 0.60),
(Gd/Lu)y higher than 1 (1.25 to 13.52), and positivg, Bmomalies (1.5 to 3.0; Figure 7, Table 1).
Whatever the vein, the carbonate (siderite, arkenit calcite) or the paragenetic sequence, all
carbonates from group 1 display similar REE+Y pate suggesting that they crystallized from a
unique hydrothermal fluid. The various paragensgquences reflect the evolution of the reactive
fluid composition due to fluid-rock interaction. ggedless of mineralogy and paragenetic sequences,
half of group 1 carbonates have (La/flipwer than 1 (0.1 to 1.0), and half have (Lafbjgher than
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1 (1.0 to 5.6). Different pH conditions (Castorimad Masi, 2008) or changes in temperature could
explain these differences. The upward-convex sHBpE+Y patterns are typical of hydrothermal
fluids and carbonates that precipitated from hymnal crustal fluids in various geological congext
(e.g., Michard, 1989; Liuders et al., 1993; Hechdlgt1999; Torres-Ruiz 2006, Margoum et al., 2015,
and references therein). Therefore, the REE+Y pwtef gangue carbonates are representative of the
hydrothermal fluid, so that it not possible to distnate among the possible crustal sources of REE
(local sedimentary and magmatic host-rocks, orrothgstal sources) based on REE+Y patterns only.
As already discussed by Castorina and Masi (2a08)slight negative Geanomaly, which is typical
of marine carbonate, likely reflect fluid-carbonateeraction or a slight contribution of seawafene
positive Ey, anomalies could either reflect (i) REE mobilizatiat high-temperature, and precipitation
at lower temperature (> 200-250°C) under reducimg) mildly acidic conditions (Bau 1991; Bau and
Moller, 1992), (ii) inheritance from host-rock atéon, or (iii) chemical complexation reactions or
sorption effects. As fluid inclusions indicate thiie Pb-Zn-Ag mineralization precipitated at a
minimum temperature of 230°C (Nerci, 2006; Marcaetxal., 2015), the observed positiveyEu
anomalies most likely result from temperature cbods of REE mobilization and precipitation (Bau
1991; Bau and Moller, 1992). Finally, the hydrothaf fluid probably has interacted with upper
crustal rocks and marine carbonates, under raigbrtamperatures in order to mobilize REE+Y, and
then precipitated at temperature higher than 230°C.
Two P4-calcite crystals sampled in late-calcitengeshow different PAAS-normalized REE+Y
patterns (Group 2), with (La/Sgjower than 1 (0.33 and 0.45), (Gd/kUpwer than 1 (0.32 and 0.61),
and negative Eu anomalies (0.46 and 0.59; FigujeTilfe HREE enrichment, as well as the strong
positive Yy anomalies are similar to those found in marinbaaates (Hu et al., 1988; Nothdurft et al.,
2004), suggesting these two calcites might haveipitated either from a fluid with a rather strong
seawater component, or that interacted mostly mihine carbonates.
The high REE content of gangue carbonates resuta fnicroscopic solid inclusions of REE-rich
minerals evidenced from SEM observation (Figure Myre than 95% of the analyzed REE-rich
crystals are La-rich synchysite (i.e., Ce-Y-Nd-Leabing fluorocarbonate; Figure 8). Destabilisation
reaction of rare xenotime and monazite into synithyss been observed (Tarrieu, 2014), suggesting
that at least some of the synchysite crystals ecerglary phases. The mineralogical reaction follows
the equation:

(Ce, La, Nd)-monazite + xenotime + calcite 3CHCO,-F-rich fluid =>

(Ce, La, Y, Nd)-synchysite + acidic-R@ch fluid

According to this equation, circulation of g@®CO,-F-rich fluid is required, and REE+Y remain
immobile. The occurrence of these REE-bearing ralsegxplains most of the total REE content of
gangue carbonates. Indeed, Ce accounts for 24 % d0the total REE content of carbonates, Nd for

about 20 % and La for 5 to 20 %. Yttrium is alsate@bundant and represents 15 to 25 % of total
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REE+Y content (Table 1). Such Ce:La:Nd:Y ratios arethe same range than in the synchysite
composition.

In the TJAD, the high REE contents of gangue caatesifrom the Pb-Zn-Ag mineralization is mainly

due to the occurrence of abundant solid inclus@in&Ce, La, Y, Nd)-rich synchysite micro-crystals

that precipitated from the hydrothermal fluid.

4.2. Stable isotopes (O, C)

No systematic difference between the stages ofocatinn is evidenced from table 2, regardless the
nature of the gangue carbonate. Rather, each adbaonineral tends to display specific carbon
isotope composition: siderite crystals range betwiéC = -5.12 %o and -4.15 %o, ankerite crystals
range between -3.6 %o and -5.1 %o, whereas apart drersampledt°C = -2.5 %), calcite crystals are
more depleted ift*C and range between -11.2 %o and -5.7 %o. With theegtion of two calcite
crystals §'%0 = 11.9 %, and*®0 = 16.1 %o), carbonate grains display similar anthbgeneous*®O
values, in the 19-25 %o range.

Figure 9 indicates that gangue carbonates pldigrrange of hydrothermal carbonates. Calculation of
the isotopic composition of the hydrothermal flindequilibrium with gangue carbonates is required
in order to determine the origin of the hydrotherfhad. Based on fluid inclusion analysis perfortne
on galena from Signal vein, Nerci (2006) and Maxceti al. (2015) estimated a minimum trapping
temperature of about 230°C for the Pb-Zn-Ag veiftse oxygen isotope composition of the fluid in
equilibrium with gangue carbonates was calculatedtfe range 230°C-300°C using the temperature-
dependent calcite-4® fractionation factors of Zheng (1999). The carlBmiope composition of GO
was calculated for the same temperature range usiegtemperature-dependant calcite,CO
fractionation factors of Chacko et al. (1991), asisig a similar fractionation for siderite and ariteer
The §'%0 values of the hydrothermal fluid are consisteithwthose of a fluid in equilibrium with the
surrounding shales (Tartése et al., 2012; FigureTBg calculateds*®0 compositions of fluids in
equilibrium with calcite crystals show significavdriability. Indeed, two calcite samples displawlo
oxygen isotope compositions, which likely reflecystallization at higher temperature, from a low-
30 fluid component and/or variable fluid—rock ratioBhe carbon isotope compositions of the
hydrothermal fluid cover a wide range, between %.6and -2.1 %.. As calcite-COcarbon
fractionation is rather limited at 230-300°C, ttd@gge interval is unlikely the result of crystadition at
variable temperature. It most likely reflects mixibetween two end-members. The enrichiédend-
member could either be attributed to seawater-ddriuid or to a fluid that underwent interaction
with ancient marine carbonates. The occurrenceaobanate-rich crustal rocks in Devonian and
Visean metasediments (sandy limestone and limestorealcschists respectively) of the TJAD, and
their possible occurrence in some underlying Caanbend Proterozoic rocks (Gasquet et al., 2008;
Pereira et al., 2015; and references therein) iisistent with the latter hypothesis. The depléféex

end-member ha&'*C values typical of fluids with some organic carpoegardless of their origin. It
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would be hazardous to specify the exact sourcéuiaf bn the basis of th&°C signature considering
that (i) Pb-Zn-Ag mineralization is coeval with nmagtic activity, (ii) the surrounding Paleozoic
metasediments contain some organic matter, esfyettial Siluro-ordovician black shales and schists,
and (iii) the*’Ar/*°Ar ratios of sulphide crystals provide evidencéehsf infiltration of meteoric fluids.
Therefore, the carbon and oxygen compositions sighat gangue carbonates precipitated from a
H,O-CO,-rich  fluid, with a strong crustal component, thatuilibrated with the Paleozoic

metasedimentary pile hosting the Pb-Zn-Ag mineasian.

4.3.&yq results
Calcite and ankerite samples have rather similaiN8nnatios and Nd isotopic compositions to those
of siderites from Castorina and Masi (2008; TaBleath **’Sm/*“Nd = 0.1381 to 0.2532 ang = -
4.84 to -9.01eyq values were calculated at the age of Pb-Zn-Adamaation (about 255 Ma; Rossi et
al., 2016). Results are presented in Table 3 agdr&i10. All carbonates displayy.ossvwa Values of -4
to -8. This range lies between the Paleozoic xlaistl the late-Carboniferous granitic stocks values
(Schaltegger et al., 1994; Castorina and Masi, 2B@8coux et al., 2015), suggesting Nd could derive
from these two crustal reservoirs. Permian roclerlging the paleozoic schists at the time of the Pb
Zn-Ag hydrothermal event, and deeper crustal rackdd also be taken into consideration. As these
rocks are not cropping out in the Central Mesdterd is no geochemical data available, so that thei
contribution is not being discussed below. The bation of the two assumed local crustal resesvoir
seems to be variable considering that some siddnagecyy values similar to those of some granitic
stocks from the district, whereas calcites dispialyes close to those of Paleozoic basement rocks.
Castorina and Masi (2008) estimated a contributtbrabout 50 % for each reservoir, but they
considered leaching to have occurred at 280 Masi@ering that Pb-Zn-Ag ore formed at 255 Ma
(Rossi et al., 2016) the basement contribution egtisnated for each sample, using the equation below
with averageenq.ossma Values of -2.32 for the granitic stocks and of.210for basement schists
(Castorina and Masi, 2008; see Table 3):

% basement =g sample~ €N granitd/ (End sample™ ENd granitd
Nd from Paleozoic schists would thus contribute788% in calcite, 44-64 % in ankerite, and 22 to
59 % in siderite (using data from this study amrfrCastorina and Masi, 2008).

4.4. Rare gases Ar-He

The W-Au and Pb-Zn-Ag mineralizations have ratherilar “°Ar/*°Ar ratios, ranging between 284
and 328 (Figure 11), with the exception of one daiat. Such values are similar to meteoric Ar
(“°Ar/*°Ar = 295.5; Steiger and Jager, 1977), providing ewideof infiltration of a meteoric and/or
air-equilibrated fluid for both mineralization. Qhe contrary, two distinct signatures are evidenced

from He isotopes (Figure 11): (i) the W-Au minezalion displays rather high air-normalizéte/He
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367 ratios, ranging from 1.083 to 1.814, whereas (i§ Pb-Zn-Ag mineralization displays very low air-
368 normalized®He/He ratios, in the range 0.018-0.103.

369 Possible artifacts such as cosmogenic productidhief nucleogenic production 8fle from reaction
370 with a Li-rich crustal fluid, and isotopic fractiation during He-leakage have been discarded to
371 explain the measurétie/He ratios because: all samples were collectedrakfrendred meter below
372 the surface or from drillcores, so they cannot Hected by cosmogenic radiation; Li does not
373  substitute for Pb in galena (Kendrick et al., 20884l fluid inclusion studies provided no evidente o
374 interaction with a Li-rich fluid (Marcoux et al.025); and if fractionation occurred during leakage,
375 preferential escape dHe over’He from galena would have producdde/He ratios lower than
376  crustal values, which has not been observed (Kekdi al., 2005; Bouabdellah et al., 2015). The
377 measuredHe/He ratios are thus assumed to reflect mixing betvamospheric, crustal and mantle-
378 derived He He/Heym = R, = 1.39x10F; *He/Heyus = 0.01-0.05 B *HelHenanse= 6-9 Ry; Andrews,
379 1985; Porcelli et al., 1992, Burnard et al., 198@rnard and Polya, 2004).

380 Even though a sample hadHe/He ratio similar to atmospheric He, a contributadratmospheric He
381 s rather unlikely for the W-Au ores. Considerin@-!:e/“Hemnne ratio of 6 R, more than 95 % of He
382 from the W-Au ores would derive from atmospheric, Mdich is very unlikely considering that the
383  W-Au mineralization is genetically related to lateriscan calk-alkaline magmatic activity (Cheilletz
384 1984; Cheilletz and Isnard, 1985; Marcoux et ab1%). Assuming atmospheric He contribution is
385 negligible for the W-Au mineralization, and congidg a*Hel'He,q ratio of 0.01 R 18 % to 30 % of
386 the*He derived from the mantle and 70% to 82% derivethfthe crust.

387  Sulphides from the Pb-Zn-Ag mineralization haverairmalized®He/He ratios in the same range as
388 crustal He."He thus essentially has a crustal component ang extlibits very limited mixing with
389 atmospheric He (< 5 %) or mantle-derived He (< 2%).

390

391 4.5. Lead isotopes

392 Lead isotope ratios from the Pb-Zn-Ag (galena) toedW-Au (mispickel and I6llingite) ores as well
393 as data from the outcropping granitic stocks (Kiéelr) are presented in Figure 12 and Table 5
394 (Watanabe, 2001; Nerci, 2006; Marcoux et al., 200&7rieu, 2015; Cheilletz et al., 2015). The lead
395 isotope signatures of sphalerite crystals show Hliggersion so that it is impossible to interpiet t
396 data; they are thus not taken into considerati@adlLisotope data of galena samples spread between a
397 highly radiogenic end-memberPbf’Pb = 15.70 to 15.80) and a much less radiogenic one
398  (®Pbf*Pb = 15.40), thus suggesting mixing of distinctrses of lead. The dataset is bordered by
399 two mixing lines corresponding to tlea. 320 Ma and thea. 255 Ma geochrons (trends A and B
400 respectively in Figure 12) that crosscut the ciwestalution curves of Stacey and Kramers (1975) and
401 Ludwig et al. (1989). Galena samples following ttek plot between lead isotope ratios observed in
402 K-feldspars from the outcropping stock®®b/*Pb = 15.70 and®PbF®Pb = 18.30) and a less
403 radiogenic compositiorf{Pb?%*Pb = 15.55 and”Pb/*Pb = 18.15). Galena samples following trend
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B plot between highly radiogenic®®(Pb/*Pb = 15.80 and®®®Pb/*Pb = 18.50) and much less
radiogenic values®{’Pb/*Pb = 15.40 and”PbF®Pb = 18.05). Trends A and B are not associated
with specific veins or samples. Indeed, galena $esnfpom Signal vein (blue symbols), as well as
from Sidi Ahmed (green symbols), plot on both ten&urthermore, some galena crystals from
sample Tz10/42 (Signal vein) plot along trend Ansaalong trend B, and the others plot between the
two trends, suggesting remobilisation of lead frdifferent sources.

The least radiogenic ratios observed in tA®b/*Pb versus*®®Pbf**Pb diagram suggest a deep
source of lead such as the mantle or lower crugt,(€artman and Haines, 1988; Figure 12). In
contrast, the most radiogenic ratios clearly ingidaaching of lead from the upper crust. A possibl
source of radiogenic lead could thus be the oupingpgranitic stocks. U-Pb dating of zircons from
the magmatic stock indicates a crystallisation @ig820-300 Ma, whereas dating of monazite hosted
in gangue carbonate yields an age of 254 + 16 MaHe Pb-Zn-Ag ore (Rossi et al., 2016). As
leaching of magmatic lead occurred several miljears after the stocks crystallization, radiogenic
ingrowth of Pb in U-rich magmatic crystals must dmnsidered in order to determine the isotopic
composition of the granitic stocks at the time afega formation. Considering K-feldspar recorded
the magmatic isotopic composition at the time ofstallization €a. 320 Ma), the lead isotope
signature of the granitic stocks at 255Ma can tgimated at*°Pb7*Pb=15.70 and
20%ppP*Ph = 18.40, using &°U/**Pb ratio of 9.735 (e.g., Faure and Mensing, 2086gh ratios fit
well with trend B (Figure 12), suggesting leachaig?55 Ma of lead from U-rich magmatic minerals
formed at 320-310 Ma in the granitic stocks. Assthetocks are rich in magmatic sulphides that
contain traces of Pb but almost no U or Th, suclpyagie, sphalerite and chalcopyrite (Cheilletz,
1984; Tarrieu, 2014), the most radiogenic ratioseobed along trend A likely result from
remobilisation of lead from these magmatic sulpbid® 255 Ma. Concerning trend B, the most
radiogenic Pb ratios?{Pb7*Pb = 15.80) likely, result from leaching of hightgdiogenic upper
crustal rocks. As the upper crust is mainly composé Paleozoic formations (black schists and
limestones) and Permian sediments at the timeePthZn-Ag ore precipitation, these rocks likely
provide the high radiogenic lead isotope signat&neen thought, more data would be required in
order to confirm this hypothesis, Pb inheritanaarfrthe country rocks has been evidenced in many
Pb deposits (e.g., Marcoux and Moélo, 1991).

Pb isotope data thus indicate a complex systenojviing a deep source of lead (mantle and/or lower
crust) and remobilisation of Variscan lead at 255 {ttend A), together with mobilisation of more

radiogenic crustal lead at 255 Ma (trend B).

5. Discussion

5.1. Metal and fluid sources

Datasets obtained by combining various analyticelhods indicate no crystallographic, paragenetic
or vein control, suggesting that the Pb-Zn-Ag métieation of the polymetallic Tighza district
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crustallized from a single hydrothermal event, wittle four paragenetic sequences highlighting the
reactive fluid evolution in time.

The geochemical data clearly indicate that the Wsakd the Pb-Zn-Ag ores precipitated from
different fluid sources. The hydrothermal fluid ateld to the W-Au ores derived from coeval
magmatism (e.g., Cheilletz and Zimmerman, 1982ji&@iuet al., 1987; Marcoux et al., 2015), with a
contribution of 20 to 30 %, of mantle-derived flsidvidenced in this study from He isotopes, as well
as mixing with some meteoric fluids (Ar isotopegufe 13B). On the contrary, all geochemical data
from this study and from the literature convergel amdicate that the Pb-Zn-Ag mineralization is
associated with a complex hydrothermal system inrgl various lead and fluid reservoirs (Figure
13C), with (i) an important crustal component ewickd by REE in gangue carbonates as well as He,
O, C, Nd and Pb isotopes, (ii) a meteoric compoeeittenced by Ar isotopes, and (iii)) a deep source
(mantle or lower crust) evidenced by Pb isotopessiown from O-C, Nd and Pb isotopes, the crustal
component likely reflects at least two crustal resigs with varying contributions: the late-
Carboniferous granitic stocks and the Paleozoi@ssgtiments. Even though the involvement of the
two crustal reservoirs and the meteoric source leneady been proposed by Castorina and Masi
(2000, 2008) using Sr and Nd analyses on sidefiitgs Signal and Sidi Ahmed veins, this study
confirms and strengthens the hydrothermal modelpaesents the first evidence for the implication of
a deeper source (mantle and/or lower crust). Peénassic dikes have high-K calc-alkaline signature
that reflects either an enriched mantle or a lowreistal component (Gasquet and Bouloton, 1995;
Youbi et al., 1996), which is consistent with thisep reservoir being the source of Permo-triassic
magmatism. However, as He data show no evideneaysignificant mantle contribution for the Pb-
Zn-Ag mineralization, the deeper source evidencenhfrelatively unradiogenic Pb ratios in Figure 12
most likely represent a contribution of lower calstocks. Therefore, the hydrothermal fluid
associated with the Pb-Zn-Ag deposit has a strongtal component and results from mixing of
crustal fluids, magmatic fluids (likely derived frolower crust anatexis, see below) and meteoric
fluids. The resulting complex reactive fluid is goatible with fluid inclusion data from Nerci (2006)
and Marcoux et al. (2015) who evidenced Na-Ca braee well as a complex fluid implying organic
compounds. A more detailed study would be requiredrder to determine the importance of the
Permo-triassic magmatic fluids relative to the ottrestal fluids.

The occurrence of late P4-calcite (group 2) witktidet REE+Y patterns than gangue carbonates of
group 1 and the presence of synchysite as the Ra+-bearing phase in gangue carbonates provide
evidence of a later hydrothermal alteration of @tiynmonazite and xenotime from®CO,-F-rich
fluids (Forster, 2001).

5.2. Genetic consideration and geodynamic impliai

Rossi et al (2016) demonstrated that at least Bueeessive magmatic-hydrothermal events occurred

in the TIJAD between late-Carboniferous and middiessic (Figure 13):
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1- Late-Carboniferous magmatic activity producedtfthe outcropping granitic stocks (320-300 Ma,
Figure 13A; Tarrieu, 2014; Cheilletz et al., 20R®issi et al., 2016).

2- The W-Au deposit results from a magmatic-hydeotial event at 295-280 Ma (Cheilletz and
Zimmerman, 1982; Watanabe 2002; Cheilletz et 81,52 Marcoux et al., 2015; Rossi et al., 2016)
that is related to the intrusion of a thin and khalhidden pluton (Figure 13B; El Dursi, 2009). The
related hydrothermal fluid has a strong magmatigimr(Marcoux et al., 2015), with a significant
mantellic component, which is consistent with thie{Carboniferous high-K calc-alkaline magmatism
having a deep source (Gasquet et al., 1996; El eladl., 2006). This hydrothermal fluid was mixed
with meteoric fluids (Figure 13B). The late-Carlfendbus and Permian extensional tectonics induced
a crustal thinning (Michard et al., 2008; and refees therein) and melting of the underlying mantle
and lower crust to produce calc-alkaline magmas@Get et al., 1996; El Hadi et al., 2006). Magma
emplacement generated high-temperature hydrothefinas that mobilized metals from the
surrounding rocks (Marcoux et al., 2015), produaddydrothermal alteration halo (Cheilletz, 1984;
Cheilletz and Isnard, 1985) and lead to W-Au priggijon at high temperature. As proposed by
Marcoux et al. (2015), the W-Au mineralization danis be considered as an intrusion-related gold
deposit. In addition, due to the occurrence ofdadggsemination patterns, W-rich skarn, stockwerks,
sheated veins and large W-Au veins, this depositatso be considered as a porphyry-type deposit, in
an extensional context (e.g., Seedorff et al., 2005

3- Dating of the Pb-Zn-Ag mineralization at 254&Ma indicate that this hydrothermal event is
clearly disconnected with, but superimposed toWhé&u mineralization between late-Permian and
Middle Triassic (Tarrieu, 2014; Cheilletz, et &0Q15; Rossi et al. 2016). During that period, the
extensional tectonic regime and crustal thinninggngifies, and magmatic activity evolves from
plutonic to hypovolcanic in the TJAD (Agard et d1958; Cheilletz, 1984; Youbi et al., 1995; Tarrieu
2014; Rossi et al., 2016). Reactivation of thed®gtral crustal-scale shear zones in a sinistcabiéc
regime leads to opening of SW-NE tension-gashets dhannel magmas and hydrothermal fluids
(Figure 2). The emplacement of a dense networkghf-K calc-alkaline to alkaline dikes increases the
regional heat flux, which triggers circulation ofdnothermal crustal fluids. During fluid flow, thes
fluids leached the upper crustal rocks, includihg Paleozoic metasediments, late-Carboniferous
granites and possibly the Permian detrital sedimmgRtgure 13C). Mixing with meteoric fluids
occurred, as well as various degrees of mixing Wignmo-triassic magmatic fluids. The Pb-Zn-Ag
mineralization can be considered an epithermal-tyge as it developed in association to high-K calc
alkaline to alkaline volcanic activity (Youbi et.,all995; Tarrieu, 2014; Rossi et al., 2016), under
rather low temperatures (T > 230°C; Nerci, 2006;rddax et al., 2015), at shallow crustal levels
(Youbi et al., 1995), and mostly involved hydrothet crustal fluids.

The occurrence of a later hydrothermal event ideawied in the TJAD by a change in REE+Y pattern
of late calcite, and by the alteration of primargmazite and xenotime into synchysite. This reaction

involves circulation of late HD-CO,-F-rich fluids. Similar fluids have been describad the
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neighboring El Hammam deposit (dated at 205 * lbyi&Cheilletz et al., 2010; Zemri et al., 2015),
the Zrahina deposit, which is assumed to be Periassic in age from field observations (Jébrak,
1982), and the El Aouli deposit (Margoume et al1%). The hydrothermal activity that developed
during Triassic-Jurassic extensional tectonic regihus likely affected the Tighza district.

Sb-Ba mineralization is also present in the TJABough its age is poorly constrained. Its
geochronological and genetic position relative tie two other mineralization events is not known
with certainty but is probably younger (Agard et 4b58).

Radiometric ages of magmatic-hydrothermal actifityn Tarrieu (2014) and Rossi et al. (2016)
constrain the timing of the model proposed by Marcet al. (2015) for the TJAD: the Pb-Zn-Ag
mineralization appears to be clearly disconneatech fthe W-Au mineralization, as it is about 30 Ma
younger. Therefore, the model proposed in this pdperges from Marcoux et al. (2015). For these
authors, the Pb-Zn-Ag mineralization is relatedltd focusing at the top of the solidified and ol
intrusion that produced the W-Au mineralization. dar model, the Pb-Zn-Ag mineralization is
triggered by Permo-triassic magmatic activity doepbst-Variscan extensional tectonics. The ore
deposits of the TJAD are thus spatially associatgld multiple intrusions of Cordilleran-type calc-
alkaline magmatism (cf., Sillitoe 2010; Catchpol®12). Fluid flow and related polymetallic
mineralization were generated during a late-Varista Permo-Triassic transpressional regime
(Michard et al., 2008) that favoured the developn@nmantle and crust-derived magmas. These two
events belong to a key period between the end efVidiriscan belt formation in Morocco and the
beginning of the Atlantic Ocean opening in the oegas highlighted by Liassic volcanism of the
CAMP (Mahmoudi and Bertrand, 2007; Verati et @02, Margoum et al., 2015).

The occurrence of hydrothermal and magmatic agtigitring Permian and Triassic times was not
limited to the Moroccan Meseta. The Aouli Pb-Znngefrom the Upper Moulouya district (Eastern
Mesesta, Morocco) formed in a similar context te Tighza Pb-Zn-Ag ore. According to Jébrak et al.,
(1998) and Margoum et al., (2015), lead was leadhmd neighbouring Variscan granites and from
underlying Proterozoic rocks between 250 and 210 Mee Aouli deposit thus seems to be nearly
contemporaneous with the Tighza Pb-Zn-Ag eventhénCentral Pyrenees, several Pb-Zn-Ag vein-
type deposits are associated with Permo-Triassiicdtlgermal activity that resulted in lead leaching
from the surrounding bedrock and remobilizatiomfrpreviously formed Pb-rich ore deposits (e.g.,
Munoz et al., 2015; Siiss et al., 2015; and references therein). As sHoon Pb isotopic signatures
of the Pb-Zn-Ag mineralization, similar remobilizat of older Pb occurred in the TJAD. Permo-
Triassic Pb-Zn-Ag vein-type ores hosted in Varisbasement thus likely result from crustal thinning
and resulting melting that preceded the Atlantie@crifting. The occurrence of a deep source af lea
has only been observed in the TJAD, probably bexatists more westward location (Murphy et al.,
2016). Indeed, at 250-230 Ma, the continental cnest the most thinned in the vicinity of the future
rift axis, so that melting affected deeper crusakls (e.g., Tighza district) than further Easg(e

upper Moulouya in Central Morocco and Pyrenean siépo
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The model proposed for the TJAD is actually coesistvith other Pb-Zn-Ag(-F) deposits of similar
age or geological context (extensional and trameotrtectonic regime, reactivation of crustal-scale
faults and shear zones, etc.) that are hostedl@e®zoic basement rocks such as Freiberg (Germany),
Harz (Germany) and Coeur d'Alene (Idaho). As far TJAD, the genesis of these deposits also
involves fluid mixing of a deep-seated hydrotherrfiald, with crustal fluids and meteoric fluids
under low temperatures (250-300°C), in disconnactiith the local plutonic rocks (e.g., Beaudoin
and Sangster, 1992; Paiement et al., 2012).

6. Concluding remarks

The combination of several isotopic methods pravittey data to unravel the complexity of the
hydrothermal system associated with the Pb-Zn-Agenailization of the TJAD. The multi-proxy
approach better constrains the various lead and $lources for the Pb-Zn-Ag mineralization. Rare
earth elements (REE) content of gangue carbonatesC-O, Sm-Nd, Ar-He and Pb-Pb isotopic data
indicate that the Pb-Zn-Ag mineralization likelysudted from mixing of (i) hydrothermal crustal
fluids that interacted with the surrounding latedttmiferous granites and Paleozoic metasediments,
(i) Permo-triassic magmatic fluids resulting frothe melting of lower crustal rocks, and (iii)
meteoritic fluids,. The hydrothermal activity arfeetassociated base metal deposits were triggered by
Permo-Triassic magmatism produced by the extenkieotonics that pre-dates the Atlantic Ocean
opening, which is evidenced by a dense SW-NE-trendiagmatic dike network. Therefore, the late-
Variscan intrusion-related model must definitivdiye abandoned to explain the Pb-Zn-Ag ore
formation. The polymetallic Tighza-Jbel Aouam didtresults from the occurrence of a hydrothermal
activity related to several magmatic episodes apadgnamic events during late Carboniferous to
early Triassic times (Rossi et al., 2016; this gjufl) sterile late-carboniferous felsic intrusigg) a
reduced intrusion-related W-Au mineralization inrlgaPermian, (3) a Pb-Zn-Ag mineralization
triggered by Permo-Triassic magmatic activity inesttensional tectonic regime, (4) later circulation
of a HO-CO,-F-rich, possibly late-Triassic in age.

The metallogenic model proposed for the Pb-Zn-AghZa-Jbel Aouam deposit provides new
constraints for Pb-Zn-Ag exploration strategieth@ Moroccan Meseta. Exploration targets must take
into account the following discriminant geologideatures: (i) Permo-triassic high-K calk-alkalire t
alkaline dikes, (ii) extensional tectonics and teation of ancient crust-scale faults or shearezon
(iii) Paleozoic metasediments containing organidtenale.g., black shales) subjected to low grade
metamorphism (e.g., greenschist facies).
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Figure captions

Figure 1. A) Simplified geological map of central Morocco ddified from Youbi et al., 1995). B)
Structural map of the Azrou-Khenifra basin in then€@al Meseta (modified from Saadi, 1982;
Bouabdelli and Piqué, 1996; Bamoumen et al., 2008).

Figure 2. Geological map of the polymetallic Tighza distrint central Morocco. Modified from
Agard et al. (1958), Cheilletz (1984), and CMT geomm. 2013).

Figure 3. Relationships between Pb-Zn-Ag and W-Au minerailirat Pb-Zn-Ag veins cut W-Au
veins in the roof of Structure 18.

Figure 4. A) Underground photograph showing banded minerdlizgn from Filon Signal (sub-level
13). B) Brecciated and banded Pb-Zn-Ag veins in Sidi Ahmetl, P2, P3 and P4 refer to the

successive paragenetic sequences in Figure 5.
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Figure 5. Paragenetic sequence of the Pb-Zn mineralisati8nar®l IA stand for Sidi Ahmed and
Ighrem Aousser veins respectively.

Figure 6. REE total content of undifferentiated gangue caabes from Tighza Pb-Zn-Ag veins. Data
from this study, Jébrak (1985) and Castorina andi N2008).

Figure 7. PAAS-normalized REE patterns of gangue carborfates the main Pb-Zn-Ag veins of
Tighza district. Magmatic rock data from this stumlyd from Giuliani et al., 1987). REE patterns of
carbonates from the El Hammam F-deposit are inglickdr comparison (data from Cheilletz et al.,
2010; Zemri et al., 2015). PAAS normalization valimm McLennan (1989).

Figure 8. REE-bearing phases hosted in gangue carbonatesnd\B) SEM pictures of synchysite
crystals hosted in gangue calcite. C) EDS speétsgrechysite. D) Ce-La-Y Ternary diagram showing
the composition of some synchysite crystals hosteB4 calcite from Sidi Ahmed (Tz10/25) and
Ighrem Aousser (Tz10/32, Tz10/28).

Figure 9. Carbon and oxygen isotopic signatures of gangudocates from the Pb-Zn-Ag
mineralization (circles) and of a,8-rich fluid in equilibrium with the carbonates280°C (squares;
see text for explanation). The isotopic rangeseofestrial reservoirs are reported from Field and
Fifarek (1985), Rollinson (1993), Campbell and loer$1998), Kharaka and Hanor (2003), Tartese et
al., (2012) and Jones et al. (2013).

Figure 10. gyg Of gangue carbonates, magmatic rocks and Palesediments at the time of Pb-Zn-
Ag ore formation (i.e., at 255 Ma; Rossi et al.1@D enqg.055ma Values of local siderites have been
estimated using data from Castorina and Masi (2088)sswa Values of magmatic rocks have been
estimated using data from Castorina and Masi (2608)Marcoux et al. (2015), agfy.ossma Values

of Paleozoic rocks have been estimated using data €astorina and Masi (2008; local rocks) and
Schaltegger et al. (1994; moroccoan Cambrian s)h&ky.os5ma Of moroccoan Cambrian schists are in
the same range as Paleozoic schists from the Tidjbizéct.

Figure 11. “°Ar/*°Ar and*He/He (normalized to the atmosphefiée/He ratio) of sulphide minerals
from W-Au (green) and Pb-Zn-Ag (red) deposits frdighza district. Both deposits display meteoric
Ar signatures but distinct He signatures: while ZPbAg ores have crustal He, the W-Au ores
evidence mixing with some mantle-derived He. Isetogitios of the main geological reservoirs f from
Steiger and Jéger (1977), Andrews (1985), Fontes. ,e1991), Porcelli et al., (1992), Burnard kt a
(1999) and Burnard and Polya (2004).

Figure 12. Pb/Pb isotopic signatures of Pb-Zn-Ag veins, W-Asséminations and granitoids from
this study, Watanabe (2001), Nerci (2006) and Maxczt al. (2015). Note that the W-Au trend differs
from that of Pb-Zn-Ag.

Figure 6. Metallogenic model of the Tighza polymetallic distr The three main hydrothermal events
have been identified using U-Pb dating of zircod @h-U dating of monazite (Rossi et al., 2016). A)
Crystallization of the outcropping granitic stocis 320-300 Ma. B) Deposit of the W-Au ores in
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relation with a hidden pluton at 300-280 Ma.. C)pbDsit of the Pb-Zn-Ag ores in relation with
Permian magmatism at 254 £+ 16 Ma. SA, Sidi Ahmé(d;Ighrem Aousser; S18, Structure 18; FN,
Filons Nord; F.P, Filons Paralléles.

Table captions

Table 1. REE pattern of gangue carbonate from the diffednZn-Ag veins.

Table 1. C-O isotopic compositions of gangue carbonates ftben Pb-Zn-Ag ore. C-O isotopic
compositions of the fluid in equilibirum with gargwarbonates have been calculated using Zheng
(1999) and Chacko et al. (1991) thermometers.

Table3. Sm and Nd contents amngy of the gangue carbonates from the Pb-Zn-Ag depédiighza
district.

Table 4. Noble gas compositions of fluids trapped in suflghminerals from the Tighza polymetallic
district.

Table 5. Pb-Pb isotopic ratios of galena.
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Table 1. REE contents (ppm) in the carbonates from the Tighza district. Mineral abbreviations from Kretz (1983).

Paralleles veins ':‘,zlr: S\'i?:l Sidi Ahmed vein Ighrem Aousser vein
Tz11/13.2 Tz11/10 Tz11/13.1 Tz11/67 Tz11/47 Tz10/22 Tz10/17 Tz11/49 Tz11/48 Tz10/25 Tz11/53 Tz10/30.2 Tz10/33 Tz10/33 Tz10/30.1 Tz10/31 Tz10/28 Tz10/29 Tz11/58 Tz10/32 Tz10/34 Tz10/31
P1 P1 P2 P4 P4 P4 P4 P2 P2 P3 P4 P4 P4 P4 P4 P4 P4 P3
sid ank ank ank sid sid ank cal cal cal cal ankérite ankérite sidérite calcite  calcite  calcite calcite calcite calcite calcite calcite
La 6.67 11.22 12.34 11.19 95.94 32.52 14.75 105.20 47.60 107.50 36.23 665.60 12.87 5.22 140.10 132.30 61.47 127.60 38.27 448.40 133.20 322.80
Ce 17.72 56.70 60.37 45.51 174.60 65.15 59.83 138.60 83.85 218.10 61.61 1352.00 49.75 13.75 279.00 282.80 138.10 266.20 62.26 1020.00 275.90 727.00
Pr 2.72 11.45 11.74 8.35 20.42 7.97 9.70 15.29 9.59 28.24 7.19 174.00 8.07 1.92 34.41 36.43 18.74 33.40 6.84 132.40 35.02 92.76
Nd 11.44 55.42 54.99 38.87 87.39 34.63 45.42 65.08 45.58 132.80 34.24 742.70 43.61 9.95 147.60 159.50 91.33 142.40 33.74 538.80 151.90 372.60
Sm 3.64 26.27 24.46 16.19 22.50 9.63 19.31 16.01 13.97 35.53 9.71 262.10 19.50 3.31 4479 54.37 27.39 41.76 9.17 158.60 50.46 112.00
Eu 1.74 11.99 13.09 7.79 7.98 5.13 6.47 6.66 5.98 4.76 4.22 152.80 8.35 1.89 2394 29.74 3.01 21.17 5.18 55.98 27.57 42.85
Gd 3.39 25.21 23.61 15.87 21.30 9.07 19.39 20.77 15.17 41.16 10.42 306.70 20.17 3.20 48.24 60.42 34.70 43.15 11.55 162.40 55.69 113.50
Tb 0.52 3.66 3.40 2.18 2.96 1.20 2.63 2.40 2.25 6.65 1.48 41.91 2.73 0.48 7.11 8.41 6.54 6.11 1.57 22.01 8.09 15.29
Dy 2.69 17.44 16.13 10.12 15.69 5.88 11.89 11.11 11.33 41.06 7.30 196.60 12.15 2.41 37.19 40.39 46.54 30.01 7.76 99.44 40.57 66.53
Ho 0.46 2.61 2.41 1.48 2.87 0.96 1.64 1.84 1.87 8.49 1.22 29.08 1.70 0.38 6.27 6.14 11.21 4.87 1.28 13.96 6.57 9.08
Er 1.16 5.94 5.44 3.22 8.60 2.39 3.44 4.27 4.82 23.29 3.04 62.53 3.61 0.92 15.97 14.13 38.44 12.17 3.01 27.83 16.19 18.12
Tm 0.17 0.77 0.71 0.40 1.70 0.36 0.43 0.51 0.69 3.14 0.40 7.37 0.44 0.13 233 183 7.14 1.68 0.36 2.97 2.29 2.01
Yb 1.19 5.06 4.68 2.61 17.18 2.58 2.79 3.13 4.76 18.84 2.53 42.71 2.88 0.92 16.36 12.65 59.08 11.54 1.98 17.28 16.21 12.88
Lu 0.17 0.71 0.65 0.35 3.22 0.37 0.38 0.48 0.72 2.50 0.36 5.40 0.40 0.13 240 1.77 10.13 1.75 0.27 2.30 2.40 1.86
Y 13.31 76.59 70.07 50.44 81.69 28.89 58.38 93.59 64.59 307.8 43.03 1117 57.65 11.83 230.3 239.2 430.2 202.6 50.46 545.5 239.7 391.6
IREE 54 234 234 164 482 178 198 391 248 672 180 4041 186 45 806 841 554 744 183 2702 822 1909
Eu/Eu* 2.34 2.19 2.56 2.29 1.72 2.59 1.57 1.72 1.93 0.59 1.98 2.54 1.98 2.73 2.43 2.44 0.46 2.35 2.37 1.64 2.45 1.79
(La/Yb)y 0.41 0.16 0.19 0.32 0.41 0.93 0.39 2.48 0.74 0.42 1.06 1.15 0.33 0.42 0.63 0.77 0.08 0.82 1.43 1.92 0.61 1.85
ZREE+Y 67 311 304 215 564 207 256 485 313 980 223 5158 244 56 1036 1080 984 946 234 3248 1062 2301
%Y 19.9 24.6 23.0 235 14.5 14.0 22.8 19.3 20.7 314 19.3 217 23.6 21.0 22.2 22.1 43.7 214 216 16.8 22.6 17.0
% Ce 26.5 18.2 19.9 21.2 31.0 315 23.3 28.6 26.8 22.3 27.6 26.2 20.4 24.4 26.9 26.2 14.0 28.1 26.6 314 26.0 316
% Nd 17.1 17.8 18.1 18.1 155 16.8 17.7 13.4 14.6 13.6 15.4 14.4 179 17.6 14.2 14.8 9.3 15.0 14.4 16.6 14.3 16.2
% La 10.0 3.6 4.1 5.2 17.0 15.7 5.8 217 15.2 11.0 16.2 12.9 5.3 9.2 13.5 12.2 6.2 13.5 16.4 13.8 12.5 14.0
%REE+Y 73.4 64.3 65.0 68.0 77.9 78.0 69.6 83.0 77.3 78.2 78.5 75.2 67.2 72.2 76.9 75.3 73.3 78.1 79.0 78.6 75.4 78.8




Table 2. C-O isotopic compositions of gangue carbonates from the Pb-Zn-Ag ore. C-O isotopic compositions of the fluid in

equilibirum with the carbonate have been calculated using Zheng (1999) and Chacko et al. (1991) thermometers.

Stage Mineral Sample GIBOSMOW 613CPDB GIBOSMOW 613CPDB GIBOSMOW 613CPDB
T=230°C T=230°C T=280°C T=1280°C
Sidi Ahmed vein
P1 siderite Tz10/23 21,3 -5,1 11.9 -3.6 14.0 -2.6
P1 siderite Tz10/22 21,1 -4,2 11.8 -2.6 13.8 -1.6
P2 ankerite Tz10/18 21,9 -3,6 13.1 -2.1 15.0 -1.0
P2 ankerite Tz10/23 24,0 -5,0 15.1 -3.4 17.1 -2.4
P2 ankerite Tz10/17 19,2 -4,0 10.4 -2.4 12.4 -1.4
P2 ankerite Tz10/36 20,2 -3,7 114 -2.2 134 -1.2
P2 ankerite Tz11/49 21,6 -11,2 13.3 -9.6 15.2 -8.6
P3 siderite Tz10/18 21,5 -4,5 12.1 -3.0 14.2 -2.0
P4 calcite Tz11/53 20,3 -8,3 12.0 -6.7 13.9 -5.7
P4 calcite Tz11/49 22,0 -8,7 13.7 -7.2 15.6 -6.2
P4 calcite Tz10/25 11,9 -5,7 3.6 -4.1 5.5 -3.1
Ighrem Aousser vein
P1 siderite Tz10/29 19,1 -4,5 9.7 -3.0 11.8 -2.0
P2 ankerite Tz10/30 23,0 -4,1 14.2 -2.6 16.2 -1.6
P2 ankerite Tz10/33 20,9 -3,8 12.0 -2.3 14.0 -1.3
P3 siderite Tz10/33 21,4 -4,7 12.1 -3.2 14.2 -2.2
P4 calcite Tz10/29 20,0 -6,2 11.7 -4.7 13.6 -3.7
P4 calcite Tz10/31 20,1 -6,2 11.8 -4.7 13.7 -3.7
P4 calcite Tz10/32 20,3 -6,0 12.0 -4.4 13.9 -3.4
P4 calcite Tz10/34 19,5 -6,4 11.2 -4.8 13.1 -3.8
P4 calcite Tz11/58 21,0 -7,3 12.7 -5.8 14.6 -4.8
Signal vein
P1 siderite Tz12/01 20,4 -5,1 11.1 -3.6 13.2 -2.6
P2 ankerite Tz12/02 24,2 -5,3 15.3 -3.8 17.3 -2.7
P4 calcite Tz10/09 19,0 -2,5 10.7 -1.0 12.6 0.1
P4 calcite Tz12/01 16,1 -5,8 7.8 -4.3 9.7 -3.2




Table 3. Sm and Nd contents and eNd of the gangue carbonates from the Pb-Zn-Ag deposit of Tighza district.

Stage Mineral Sample [Nd]ppm [Sm]ppm  Nd/*“Nd (20)° *“sm/**Nd  eNd, CBNA/**Nd)yss ma” ENAyssma” % basement
Sidi Ahmed vein

P2 ankerite Tz10/17 30.64 11.94 0.512370 (5) 0.2353 -5.23 0.511977 -6.49 0.53
P2 ankerite Tz10/22 31.08 8.26 0.512256 (10) 0.1604 -7.45 0.511988 -6.28 0.50
P2 ankerite Tz11/49 67.11 15.78 0.512201 (2) 0.1419 -8.53 0.511964 -6.76 0.56
P3 calcite  Tz10/25 80.98 23.96 0.512221 (4) 0.1785 -8.14 0.511923 -7.56 0.66
P3 calcite  Tz11/48 46.48 13.55 0.512197 (2) 0.1759 -8.61 0.511903 -7.94 0.71
P3 calcite  Tz11/53 170.91 49.24 0.512246 (4) 0.1739 -7.65 0.511956 -6.91 0.58
Ighrem Aousser vein

P2 ankerite Tz10/30.2 303.16 112.91 0.512390 (3) 0.2247 -4.84 0.512015 -5.76 0.44
P2 ankerite Tz10/31 154.32 48.90 0.512252 (3) 0.1912 -7.53 0.511933 -7.36 0.64
P2 ankerite Tz10/33.1 8.90 3.14 0.512343 (17) 0.2127 -5.76 0.511988 -6.28 0.50
P2 siderite Tz10/33.2 42.58 17.87 0.512374 (5) 0.2532 -5.15 0.511951 -7.00 0.59
P3 calcite  Tz11/58 31.98 8.48 0.512206 (3) 0.1601 -8.43 0.511939 -7.24 0.62
P3 calcite  Tz10/28 114.00 26.09 0.512176 (3) 0.1381 -9.01 0.511946 -7.11 0.61
P3 calcite  Tz10/29 130.39 41.51 0.512246 (3) 0.1921 -7.66 0.511925 -7.51 0.66

®The figures in parentheses refer to uncertainties of the measurements on the last decimals.

b eNd, refers to present day; eNd,ss\, calculated at the age of the Pb-Zn-Ag formation (Rossi et al., 2016) using the following present-day values

for CHUR: *¥sm/**Nd=0.1966 and “**Nd/"**Nd=0.512638 (Jacobsen and Wasserburg, 1980).



Table 4. Noble gas compositions of fluids trapped in sulphide minerals from the Tighza polymetallic district.

mineral vein mass g He x 10 mol/g *He/ He Ar x 10 mol/g Oar/*°Ar Bar/*Ar

W-Au

Tz11/23 As-pyrite W1N 0.500 7.41+0.107 1.814 £0.097 7.33+0.286 256 £10 0.189 +£0.013
Tz10/07 As-pyrite Signal 0.300 8.17 £0.117 1.083 £ 0.069 4.08 £ 0.166 304 +12 0.181 +0.012
Tz10/01 Pyrite W1N 0.400 4.61 +£0.069 1.658 £0.053 8.77 £0.215 328+ 13 0.168 £0.012
Pb-Zn-Ag

Tz11/35 Pyrite Sidi Ahmed 0.305 16.3 £0.240 0.054 = 0.005 20.2 £0.400 315+ 12 0.180 +£0.012
Tz10/53 Pyrite Sidi Ahmed 0.423 1.42 +£0.021 0.018 £0.012 2.67 £0.125 299 +£12 0.187 £0.013
Tz10/54 Sphalérite  Sidi Ahmed 0.414 7.81+0.112 0.103+0.011 19.6 £ 0.750 284 £11 0.185 +0.013




Table 5. Pb-Pb isotopic ratios of galena.

galenes 06p,/2%%p, 20 07p, /5 ply + 20 208, /2%%p, 20
Ighrem Aousser vein (3F)

Tz10.30_1 18,14 0,03 15,54 0,03 37,74 0,09
Tz10.30_4 18,13 0,02 15,54 0,02 37,78 0,06
Tz10.30_5 18,13 0,02 15,54 0,02 37,78 0,07
Tz10.30_6 18,16 0,02 15,56 0,02 37,60 0,05
Tz10.30_7 18,20 0,01 15,62 0,01 37,50 0,03
Sidi Ahmed vein (1270)

Tz10-31_8 18,23 0,01 15,57 0,01 38,34 0,03
Tz10-31_9 18,26 0,01 15,62 0,01 38,47 0,02
Tz10-31_10 18,27 0,02 15,57 0,03 38,42 0,04
Tz10-35_27 18,50 0,01 15,79 0,01 39,47 0,01
Tz10-35_29 18,40 0,02 15,72 0,02 39,10 0,05
Tz10-35_30 18,43 0,01 15,72 0,01 39,19 0,02
Tz10-35_31 18,38 0,01 15,69 0,01 39,10 0,02
Tz10-35_33 18,41 0,01 15,72 0,01 39,16 0,02
Tz10-35_34 18,47 0,01 15,75 0,01 39,42 0,03
Signal vein(1270)

Tz10-39_21 18,46 0,010 15,71 0,01 39,30 0,04
Tz10-39_23 18,38 0,016 15,68 0,01 39,08 0,04
Tz10-39_24 18,42 0,019 15,70 0,02 39,11 0,06
Tz11_42Bgal@11 18,127 0,007 15,48 0,01 38,089 0,01
Tz11_42Bgal@12 18,121 0,009 15,48 0,01 38,054 0,02
Tz11_42Bgal@13 18,122 0,007 15,48 0,01 38,089 0,01
Tz11_42Bgal@14 18,152 0,009 15,51 0,01 38,147 0,02
Tz11_42Bgal@15 18,14 0,009 15,51 0,01 38,141 0,02
Tz11_42Bgal@16 18,16 0,007 15,51 0,01 38,182 0,02
Tz11_42Bgal@17 18,14 0,008 15,49 0,01 38,14 0,02
Tz11_42Bgal@18 18,133 0,007 15,50 0,01 38,137 0,02
Tz11_42Bgal@19 18,137 0,007 15,51 0,01 38,15 0,02
Tz11_42Bgal@20 18,127 0,007 15,49 0,01 38,118 0,02
Tz11_42Bgal@21 18,125 0,007 15,49 0,01 38,104 0,02
Tz11_42Bgal@22 18,113 0,007 15,48 0,01 38,094 0,01
Tz11_42Bgal@23 18,127 0,006 15,49 0,01 38,114 0,01
Tz11_42Bgal@24 18,142 0,007 15,50 0,01 38,158 0,01
Tz11_42Bgal@25 18,125 0,006 15,48 0,01 38,081 0,01
Tz11_42Bgal@26 18,129 0,009 15,49 0,01 38,096 0,02
Tz11_42Bgal@27 18,163 0,018 15,55 0,03 38,285 0,10
Tz11_42Bgal@28 18,044 0,015 15,40 0,01 37,746 0,03
Tz11_42Bgal@29 18,082 0,016 15,43 0,01 37,752 0,04
Tz11_42Bgal@30 18,091 0,016 15,43 0,01 37,767 0,03
Tz11_42Bgal@31 18,084 0,011 15,42 0,01 37,73 0,02
Tz11_42Bgal@32 18,081 0,014 15,41 0,01 37,747 0,03
Tz11_42Bgal@33 18,055 0,012 15,40 0,01 37,74 0,02
Tz11_42Bgal@34 18,077 0,013 15,42 0,01 37,768 0,03
Tz11_42Bgal@35 18,06 0,012 15,41 0,01 37,752 0,03



Tz10-43_12
Tz10-43_17
Tz10-43_18
Tz10-43_20

18,23
18,39
18,40
18,44

0,012
0,015
0,013
0,007

15,58
15,68
15,73
15,73

0,01
0,01
0,01
0,01

38,37
39,01
39,12
39,28

0,03
0,03
0,03
0,02
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Figure 13 Rossi et al.



Highlights Ross et a. JAES

Pb-Zn-Ag vein-type mineralization disconnected from adjacent late-V ariscan granites
Epithermal Pb-Zn-Ag veins related to Permo-Triassic extension and magmatic activity
Complex hydrothermal system resulting from mixing various crustal fluids
A new metallogenic model for Pb-Zn-Ag veins and new exploration guides



