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Abstract 23 

The Mo-Cu-W Azegour skarn, located in the High-Atlas in Morocco, is associated with a Late 24 

Hercynian alkaline granitic intrusion. Here the origin of the mineralisation via Re-Os geochronology 25 

and using Mo, S and Pb isotopes is discussed. The age of mineralization defined by Re-Os 26 

molybdenite geochronology is 276 ± 1.2 Ma for the Azegour mine, and 267 ± 1.2 for the Tizgui 27 

deposit suggesting for multiple mineralization events associated with the Hercynian alkaline granitic 28 

intrusion. The δ98MoNIST of molybdenite range from -0.60 ‰ to 0.42 ‰ (n=26) for the Azegour mine 29 

and from 0.08 ‰ to 0.40 ‰ (n=2) for the Tizgui mine. Variations of the δ98MoNIST occur either at the 30 

deposit scale with a difference of about 0.72 ‰, and at the sample scale (few cm), which exhibits a 31 

difference of up to 0.40 ‰. A multi-phased mineralization is proposed as the main processes 32 

explaining the variation in the δ98MoNIST values although the influence of a Rayleigh fractionation 33 

process cannot be precluded. The high δ34S values determined from molybdenite, pyrrhotite, and 34 

chalcopyrite (8 to 14.7 ‰) suggest a sedimentary origin for sulphur from the Cambrian sedimentary 35 

country rocks. Whereas, the initial 206Pb/204Pb compositions of common lead (18.08 to 18.30) for 36 
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chalcopyrite and pyrrhotite imply a strong contribution of lead from the host volcano-sedimentary 37 

units. 38 

 39 

Keywords: Azegour skarn, molybdenite, molybdenum, lead, sulphur, isotopes, Re-Os geochronology, 40 

mineralization 41 

 42 
1. Introduction 43 

Skarns are among the most common types of deposit in the world and have been 44 

widely studied. They form large deposits of tungsten, lead-zinc, copper and gold, and also 45 

yield tin in the form of cassiterite, and very seldomly, molybdenum. 46 

The present study focuses on the Azegour Mo-skarn in Morocco. Located in the High-47 

Atlas, the Azegour site (Fig. 1) is a Mo-W-Cu skarn with production from three historic mines: 48 

main Azegour, by far the main one, Tizgui and Entifa. This skarn was exploited from 1932 to 49 

1959 supplying 1300 t of MoS2. The Mo content is estimated around 8000 t (Permingeat, 50 

1957). A re-opening of the mine is possible. Molybdenite is not the only economically 51 

important mineral in the Azegour skarn, scheelite and chalcopyrite were reported at 52 

economic grades (Permingeat, 1957). The existence of Mo mineralization and deposits in this 53 

area occurs over more than 3.5 km (Fig. 2).  54 

Figure 1: Location of the Azegour skarn in North part of Moroccan High-Atlas 55 

Molybdenum (Mo) isotopes are commonly used to investigate (paleo-)redox conditions, Mo 56 

input into the oceans from weathering, and more recently, as with other transition-meta 57 

isotopesl, for studying trace-metal pollution (Archer and Vance, 2008). In the frame of 58 

mineral resources, only few studies have been performed regarding Mo isotopes in 59 

molybdenite. These studies have principally focused on molybdenite in pegmatite veins 60 

(Greber et al., 2011), and porphyry systems (Greber et al., 2014; Shafiei et al., 2015) and on 61 
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other molybdenite-bearing ore deposits (Hannah et al., 2007; Mathur et al., 2010; Breillat et 62 

al., 2016). These studies suggest that the influence of the crystallisation temperature, stage 63 

of crystallisation, Rayleigh processes and crystal structure (2H or 3R polytypes) are factors 64 

that control the Mo isotopic composition.  65 

Here we utilize Mo, together with Pb and S isotope data of sulphides and gangue 66 

minerals and Re-Os molybdenite geochronology to provide an improved understanding of 67 

the genesis of the Mo mineralisation of the Azegour skarn deposit system.  68 

2. Geological context 69 

The molybdenum-copper Azegour skarn in Morocco is located 60 km south of Marrakech 70 

in the northern boundary of High Atlas Mountains (Fig. 1) (coordinates: 31°09’16” N, 71 

8°18’19” W). Numerous studies have discussed the geology of the Azegour skarn over the 72 

past 80 years (e.g., Moret, 1931; Heim, 1934; Permingeat, 1957; El Amrani, 1984 and 73 

Berrada et al., 2011, 2015). The skarn formed as the result of the intrusion of a Permian 74 

granite into a series of volcano- sedimentary units (Fig. 2 and 3) dated Cambrian by the 75 

presence of Archoeocyathydes (Neltner, 1938). 76 

Figure 2: Geological map of the Azegour region. Figure 2 is fully contained in the red 77 

triangle on figure 1 78 

The volcano-sedimentary series are composed of grey to black shales, a volcanic unit (with 79 

dominant andesitic flows and dacitic pyroclastic rocks), marbles, recrystallized limestone and 80 

dolostone. A Late Hercynian alkaline granitic intrusion (Lagarde, 1987; Mrini et al., 1992), 81 

named the Azegour granite, outcrops for 7 km along a NW-SE direction with a 1 km width. 82 

The skarn is developed within the Palaeozoic volcano-sedimentary units (Fig. 2). 83 
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Figure 3: Granite and skarn contact in Azegour 84 

The Azegour granite is hyperaluminous (Lagarde, 1987; Ait Ayad et al., 2000) and is mainly 85 

composed of quartz, feldspar (orthoclase and plagioclase), and minor biotite. The granite 86 

crystallisation is dated at 269 ± 11 Ma (Charlot et al., 1967) and 271 ± 3 Ma (Mrini, 1985) by 87 

the Rb-Sr method. The Sr and Nd initial ratios (ISr = 0.7051; εNd(T) = -1; T = 270 Ma) obtained 88 

on the Azegour granite suggest a composite origin (crust-mantle) with a strong mantle 89 

component (Mrini, 1985; Mrini et al., 1992). Metasomatized carbonate layers constituting 90 

the skarn are several meters thick, and are mainly composed of massive garnetite and/or 91 

wollastonite-rich rock, with rare pyroxenite. Garnets belong to three different types: a 92 

green-black garnet is very common, forming crystals up to 8 cm, and composed of andradite 93 

with locally a core of Al-rich andradite (up to 5 % Al2O3); a very common brown-black garnet 94 

forms thick layers associated with quartz and commonly reveals a core of pure andradite 95 

surrounded by a Al-rich andradite (up to 10 % Al2O3), close to a grossular type, and an 96 

orange garnet (Toulkine village zone) that is compose of only grossular garnet. The 97 

abundance of spessartine is always low (4 % maximum). Wollastonite is slighly 98 

manganiferous, whereas vesuvianite is F- and Cl-rich (up to 3.3 % and 1.2 %, respectively). 99 

The mineralogical assemblage suggests the formation of the prograde stage of the skarn 100 

occurred at around 620 - 650 °C, under a pressure of 1.7 - 2 kbar, and a fCO2 of 31 mole %, in 101 

a reducing environment (fO2 of 10-18 to 10-16 atm.), preceding a retrograde stage. Sulphides 102 

formed during the retrograde stage (< 450 °C) (Berrada et al., 2015). The garnetites are the 103 

main Mo-bearing rocks in the form of large (up to 3 cm) molybdenite crystals (Fig. 4). Similar 104 

to molybdenite, scheelite occurs only in garnetite, whereas chalcopyrite and pyrrhotite (Fig. 105 

5) are mainly associated with pyroxenite. The skarn is widely overlain by Cretaceous 106 

formations. 107 
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Figure 4: Coarse molybdenite (white and grey) within garnetite from the Azegour mine. 108 

Photograph in reflected light 109 

Figure 5: Chalcopyrite (C, yellow) and pyrrhotite (Po, light brown) from Azegour mine. 110 

Photograph in reflected light 111 

3. Methodology 112 

3.1. Molybdenum isotopic composition 113 

The analyses of molybdenum isotopic composition have been performed at BRGM (France) 114 

on 29 samples of molybdenite. The procedure for analysing the Mo isotopic composition in 115 

molybdenite has been described in detail in Breillat et al. (2016). As Mo is the major cation in 116 

molybdenite (59.94 %), no chemical purification prior to analysis was undertaken (Anbar et 117 

al., 2001; Barling et al., 2001; Malinovsky et al., 2007; Mathur et al., 2010). Mathur et al. 118 

(2010) evaluated possible matrix effects induced by the lack of chemical purification for 119 

molybdenite by analysing the same sample with or without purification and both results 120 

were in agreement. Around 100 mg of molybdenite (single grain for large crystals, multiple 121 

grains for disseminated molybdenite) was handpicked and then finely crushed in order to 122 

homogenize the sample. Around 10 mg of molybdenite powder were dissolved in 4 ml of 123 

aqua regia (1 ml of HNO3 7N and 3 ml of HCl 8N) at 100 °C in PTFE beakers until complete 124 

dissolution. The solutions were dried and the residues were dissolved in 10 ml of HNO3 3 % 125 

(v/v). From this concentrated solution, a final solution was prepared in HNO3 3 % in order to 126 

get a final Mo concentration of 1 µg.ml-1 (allowing a signal of around 2.5 V on mass 95Mo). 127 

Zirconium was added to this solution to yield a concentration of 0.5 µg.ml-1 (allowing a signal 128 

of around 4 V on mass 90Zr). The Mo blank level for the whole procedure is less than 0.05 % 129 

and thus negligible as compared to the sample concentration.  130 
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 The Mo-isotopic composition analyses were performed using an MC-ICP-MS Neptune 131 

(Thermo-Finnigan). Zirconium (Zr) and ruthenium (Ru) produce several isobaric interferences 132 

on 92, 94, 96 and 96, 98, 100 masses, and only 95Mo and 97Mo are free of interference. Such 133 

interference is easily corrected with the following cup configuration: 90Zr-L3, 91Zr-L2, 92Mo-134 

92Zr-L1, 94Mo-94Zr-Ax, 95Mo-H1, 97Mo-H2, 98Mo-98Ru-H3, 99Ru-H4. In our samples and 135 

standards, ruthenium has never been detected. The Mo-isotope measurements were run 136 

within sequences composed of blank, standard and sample analyses. After the sample and 137 

standard analyses, two minute washes (HNO3 3 %) are done to get the low background 138 

values (less than 5 mV). The reported data represent the mean value of a minimum of 5 runs 139 

of 20 measurements. Mass bias was corrected by 90Zr/91Zr external spiking (Zirconium ICP 140 

standard CertiPUR Merck) at 0.5 µg.ml-1 (Anbar et al., 2001) and standard-sample-standard 141 

bracketing. The external long-term reproducibility obtained during the course of this study 142 

was 0.08 ‰ (2σ, n = 137) for an ICP standard solution (Techlab n°B3015042). In order to test 143 

the reproducibility of our procedure on the same matrix, a Re-Os molybdenite standard 144 

(Henderson Molybdenite Reference Material 8599 [RM8599], Markey et al., 2007) has been 145 

repeatedly analysed as a secondary standard. All data are reported as classic δ98MoNIST units 146 

relative to a standard solution, in this case NIST SRM 3134 (lot # 891307), according to the 147 

following formula (Eq. 1): 148 

  δ98MoNIST = � �	���� 	����⁄ 
��
���
�	���� 	����⁄ 
�������� − 1� ∗ 1000  (Eq. 1)   149 

 The NIST SRM 3134 solution (lot#891307) has been proposed as a reference for reporting 150 

Mo-isotopic compositions (Wen et al., 2010; Greber et al., 2012; Goldberg et al., 2013). 151 

Following Goldberg et al. (2013), the δ98MoNIST of NIST SRM 3134 is defined as 0 ‰ and data 152 

are reported according to this value. The reference material 8599 yielded a δ98MoNIST of -153 
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0.20 ± 0.08 ‰ (2σ, n = 85; Breillat et al., 2016). Variation between samples is expressed as 154 

∆
98Mo which corresponds to the difference between the maximum and the minimum values 155 

of δ98MoNIST. 156 

3.2. Sulphur isotopic composition 157 

The sulphur isotopic compositions were measured in BRGM (France) for molybdenite, 158 

chalcopyrite and pyrrhotite samples from the Azegour skarn. Molybdenite flakes were 159 

handpicked, and then crushed in agate bowl. Chalcopyrite and pyrrhotite were collected 160 

using a Dremel™ drill. Around 100 to 150 µg of the obtained powder with pentoxide of 161 

vanadium as catalyser were placed into a tin capsule. Analyses were performed on 162 

Elementary Analyser IRMS Delta V Plus (Thermo Finnigan). Sulphides were converted to SO2 163 

with a flash combustion at 1 000 °C and analysed after chromatographic separation. At least 164 

two replicates were performed. All data are reported as classic δ34SvCDT units relative to vCDT 165 

standard according to the following formula (Eq. 2): 166 

δ34SvCDT = [ �	��� 	���
⁄ ��
���
�	���/	���
�������� − 1] ∗ 1000  (Eq. 2) 167 

3.3. Lead isotopic composition 168 

Lead isotopic compositions of molybdenite, chalcopyrite, pyrrhotite samples from the 169 

Azegour skarn and K-feldspar from the Azegour granite have been measured in BRGM 170 

(France) according to techniques adapted from Marcoux (1987) and Pomiès et al. (1998). 171 

After cleaning, sulphides (50 to 100 mg) are dissolved with a mixture of HNO3 7N – HCl 6N 172 

and a drop of concentrated HBr in a Teflon container. Feldspars (200 mg) were dissolved in a 173 

closed container by using a HF-HNO3-HClO4 mixture at 120 °C for one week. After 174 

evaporation, the residue was dissolved by using HCl 6N, and heat again at 120 °C for one 175 
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week. After complete dissolution (sulphides and feldspars), the solutions were dried and 176 

then dissolved with 3-4 ml of HBr 1N. The Pb was separated on quartz columns filled with 1 177 

ml AG1X8 ion exchange resin by using HBr and HCl acids. The lead fraction is then purified on 178 

a small 0.1 ml column by using HCl. After evaporation the residue was then recollected with 179 

HNO3 and dried again. Blanks for the overall procedure are lower than 100 pg and are 180 

negligible relative to the amount of sample analyzed. Measurements of the lead ratios 181 

(206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb) were obtained on static mode on a multicollector 182 

MAT262 Thermal Ionisation Mass Spectrometer. Samples and standards were loaded on a 183 

zone-refined Re filament previously outgassed. Silica gel was used as an emission stabilizer. 184 

About 150 ng of lead were loaded with H3PO4 onto each filament. The Pb isotopic ratios 185 

were corrected for a mass bias of 0.14 % per amu (atomic mass unit) determined by 186 

repeated measurements of the NBS982 standard. Individual error on all ratios is commonly 187 

better than 0.01% (2σm), whereas external reproducibility (2σ) is 0.06 % for the 206Pb/204Pb, 188 

0.09 % for the 207Pb/204Pb and 0.12 % for the 208Pb/204Pb. 189 

For chalcopyrite, pyrrhotite, molybdenite and K-feldspar, Pb, U and Th contents of the 190 

sample were used for correcting the measured Pb isotope ratios for the addition of 191 

radiogenic Pb, assuming a mean age of 270 ± 10 Ma. These corrections are insignificant for 192 

most of the samples due to very low U/Pb and Th/Pb values, except for AZT1a pyrrhotite 193 

(238U/204Pb = 15.7). However, the corrected ratios for this sample are in the range of the 194 

other sulphides. For molybdenite (Mo4, Mo7, Mo8; 238U/204Pb = 0.1, 5.9 and 11.4 195 

respectively) corrected values remain more radiogenic than the other sulphides.  196 

3.4. Re-Os isotopic composition 197 
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The Re-Os analyses were performed on 3 samples of molybdenites. Samples were prepared 198 

in BRGM (Orléans, France), with the chemical and mass spectrometry protocols performed 199 

at Durham University (UK) in the Laboratory for sulphide and source rock geochronology and 200 

geochemistry and the Arthur Holmes Laboratory, members of the Durham Geochemistry 201 

Centre. Molybdenite separates of the 125 – 250 µm fraction were obtained by traditional 202 

methods (crushing, heavy liquids, magnetic separator and handpicking under a microscope 203 

to remove impurities). 204 

The procedure for the Re-Os analyses is described in detail in Selby and Creaser (2001a, b). 205 

The Carius tube method (Shirey and Walker, 1995) was used for dissolution of the 206 

molybdenite and equilibration with the tracer solution (185Re + normal Os). Osmium was 207 

separated and purified by CHCl3 solvent extraction and micro-distillation. The rhenium was 208 

separated and purified using NaOH-acetone solvent extraction and anion chromatography. 209 

The purified Re and Os fractions were loaded onto Ni and Pt wire filaments, respectively, and 210 

analysed for their isotope composition by negative thermal ionisation mass spectrometry 211 

(NTIMS) of a Triton Scientific mass spectrometer. Molybdenites have naturally high Re 212 

content and no initial Os (Morgan et al., 1968; Markey et al., 1998), all the 187Os is derived 213 

from the decay of 187Re (Faure, 1986). Model Re-Os ages were calculated using the equation 214 

ln(187Os/187Re + 1)/λ, using the decay constant (λ) of 1.666e-11a-1 (Smoliar et al., 1996). 215 

Uncertainties include all sources of analytical uncertainty (Re and Os mass spectrometer 216 

measurements, blank abundances and isotopic compositions (Re = 3.2 ppt; Os = 0.3 ppt; 217 

187Os/188Os = 0.223 ± 0.03, n=1), spike calibrations and reproducibility of standard Re and Os 218 

isotopic values), and with and without the uncertainty in the decay constant (0.35 %; Smoliar 219 

et al., 1996; Selby et al., 2007). 220 
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4. Results 221 

4.1. Re-Os 222 

The results of Re-Os analyses on molybdenites are given in Table 1. The Re and 187Os 223 

concentration for Tizgui MoS2 are respectively 14.00 ± 0.05 ppm and 39.35 ± 0.13 ppb. The 224 

Re concentration for the two Azegour MoS2 is 7.00 ± 0.03 ppm and 2.87 ± 0.01 ppb and the 225 

187Os concentration is 20.31 ± 0.07 ppb and 8.33 ± 0.02 ppb. 226 

            
     

 227 

Table 1: Re-Os data and model dates for molybdenites analyzed in this study. 228 

The Re-Os model age for the Tizgui mine sample is 267.79 ± 1.45 Ma, whereas the Re-Os 229 

ages for the Azegour mine are almost 10 Ma older (276.56 ± 1.51 Ma and 276.84 ± 1.49 Ma; 230 

Table 1). 231 

4.2. Molybdenum 232 

The molybdenite from Azegour skarn display δ98MoNIST values that range between -0.60 ‰ 233 

and +0.42 ‰ (Fig. 6 and Table 2) resulting in a variation of ∆98Mo= 1.02 ‰. Such a variation 234 

at the scale of a deposit is coherent with the variations for other occurrences or deposits 235 

shown by previous studies. For example, Mathur et al. (2010) found a ∆98Mo of around 0.75 236 

‰ for El Teniente ore deposit in Chile. A slightly larger variation was shown by Greber et al. 237 

(2011) for the Grimsel Pass pegmatite (∆98Mo of ~1.14 ‰) and for the Alpjahorn pegmatite 238 

∆98Mo of ~1.35 ‰). Greber et al. (2014) found a ∆98Mo= 0.88 ‰ in the Questa porphyry Mo 239 

ore deposit (New Mexico, USA). Additionally, Shafiei et al. (2015) reported the largest 240 

variation (∆98Mo of around 1.94 ‰) for the Kerman porphyry deposit (Iran).  241 
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Figure 6: Histogram of Mo isotopic composition of molybdenite samples from Azegour 242 

mine and Tizgui mine 243 

The mean δ98MoNIST value for the molybdenite samples of the Azegour skarn is -244 

0.01±0.56 ‰ (2σ, n=29). This value fully agrees with the mean value of molybdenites 245 

analysed in all literature and normalized to NIST 3134 as summarized by Breillat et al. (2016) 246 

(0.04 ‰±1.04 ‰, 2σ, n=391).  247 

We investigated the possible variation of the δ98MoNIST of the Azegour skarn by 248 

analysing two samples collected in the Tizgui mine, located 2 km to the North of the Azegour 249 

mine. The molybdenite crystals of the two sites show distinct differences: massive and 250 

centimetre in size (up to 5 cm) in the Azegour mine, disseminated and millimetre in size 251 

(maximum 7 mm) in the Tizgui mine. The δ98MoNIST values are 0.08 ‰ and 0.40 ‰ in the 252 

samples from the Tizgui mine, whereas the values for the Azegour mine are between -0.60 253 

‰ and +0.42 ‰ (Table 2). The variation within individual samples from -0.17±0.11 ‰ to 254 

0.42±0.13 ‰ (Mo076, Table 2), giving a ∆98Mo of around 0.59 ‰, is similar to the whole 255 

variation measured in the Tizgui mine and not significantly different to variations measured 256 

in this study.  257 

Greber et al. (2011) and Shafiei et al. (2015) found evidence of multi-modality in the 258 

distribution of the δ98MoNIST in molybdenites. On the contrary, in the Azegour skarn, the 259 

distribution of the data follows a Gaussian (normal) distribution, but nonetheless there is no 260 

clear evidence of multi-modality in the distribution of the δ98MoNIST in the molybdenites as 261 

illustrated in the Figure 6. Given that the multi-modality is typically interpreted as 262 

representing different phases of crystallisation, the Gaussian (normal) distribution may 263 
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suggest that only one phase of crystallisation has occurred, what is clearly not the case in the 264 

Azegour skarn. 265 

Table 2: Mo-isotope data of molybdenites analyzed for this study. Data are relative to 266 

NIST3134 (δ
98

MoNIST=0). N = number of analyses for each sample. Long-term external 267 

reproducibility of 0.08 ‰ (2σ) on δ
98

MoNIST. References to sub samples are indicated by an 268 

additional subscript a to d, meaning up to 4 subsamples, i.e. same rock sample referred 269 

MoXXX and up to 4 samples of molybdenite grain in the samples MoXXX. 270 

4.3. Sulphur 271 

The molybdenites from the Azegour skarn have δ34SvCDT values ranging between 12.4 and 272 

14.7 ‰ and the molybdenite samples collected in the Tizgui mine exhibit nominally lower 273 

values (12.4 ‰, n=2) than those of the Azegour mine (12.7-14.7 ‰, n=27) (Table 3 and Fig. 274 

7).  275 

The δ34SvCDT values of chalcopyrite range between 10.5 and 12.5 ‰ (n=5). The δ34SvCDT for 276 

the pyrrhotites from Tizgui mine are 8.0 and 8.3 ‰ (n=2), with the pyrrhotites from Azegour 277 

mine possessing values of 12.2 and 14.2 ‰.  278 

Figure 7: Histogram of δ
34

SvCDT isotopic composition of molybdenite, chalcopyrite and 279 

pyrrhotite samples 280 

 281 

Table 3: Sulphur isotope data of molybdenites, chalcopyrites and pyrrhotites analyzed in 282 

this study. 283 

 284 

4.4. Lead 285 
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Initial lead isotopic compositions (206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb) calculated using a 286 

mean age of 270 ± 10 Ma are reported in Table 4 and Figure 8. The range of the initial lead 287 

isotope composition can be illustrated by the 206Pb/204Pbi value, ranging for chalcopyrite, 288 

pyrrhotite and feldspar samples from 18.08 to 18.30. Chalcopyrite 206Pb/204Pbi values are 289 

close (18.13 to 18.23), whereas pyrrhotite 206Pb/204Pbi values exhibit a wider range from 290 

18.08 to 18.30. The 206Pb/204Pbi values for molybdenite are more radiogenic, between 18.51 291 

and 20.01. 292 

Figure 8: Pb-Pb diagrams of initial composition of chalcopyrite, pyrrhotite, and K-feldspar 293 

from Azegour granite (Mrini, 1985), with the Stacey-Kramers (1975) growth curve (SK) and 294 

Doe-Zartman (1979) orogen curve. The measured ratios have been corrected for the 295 

addition of radiogenic Pb, assuming an age of 270 Ma. Molybdenite corrected ratios are 296 

too radiogenic and do not appear on this figure. Lead isotopic composition of neighbouring 297 

ore deposits are mentioned for comparison: galena from Amensif ore deposit (Ilmen et al., 298 

2014) and from Draa Sfar and Hajar huge VMS (Marcoux et al., 2008). 299 

Table 4: Lead isotope data of molybdenite, chalcopyrite, pyrrhotite and K-feldspar 300 

analyzed in this study. Measured values have been corrected to an age of 270 Ma. 301 

5. Discussion 302 

5.1. Re-Os dating of the molybdenites 303 

The results are consistent with the age of the granite crystallisation dated at 269 ± 11 Ma 304 

(Rb-Sr, Charlot et al., 1967) and 271 ± 3 Ma (Rb-Sr, Mrini, 1985). Therefore, we conclude that 305 

the Mo mineralisation is contemporaneous with crystallisation of the Azegour granite. 306 

However, a difference of a few million years can be observed between the molybdenite 307 

sample from Tizgui (youngest) and samples from Azegour (oldest). Molybdenite records the 308 

timing of mineralisation and by inference the age of the associated granite suggesting in this 309 
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case a multi-phased granitic intrusion. Such a magmatic-hydrothermal multi-phased history 310 

is very common in porphyry and related-skarn ore deposits (Sillitoe, 2010) as well as in major 311 

skarn deposits like Los Santos, Spain (Timon-Sanchez et al., 2009) and Salau, France 312 

(Poitrenaud et al., in press) where two successive intrusions emplaced at 269 ± 6 and 280 ± 6 313 

Ma (K/Ar dates), and 289.1 ± 1.9 Ma and 295 ± 2 Ma (LA-ICP-MS-U-Pb dates) respectively. At 314 

Azegour we assume that the intrusion could also be multiple phased but of similar lithology 315 

or, more likely, the presence of a younger intrusion at depth that gave way to the Tizgui 316 

mineralization. 317 

5.2. Possible causes of Molybdenum isotopic composition variations 318 

Four processes are described in the literature to explain these variations at deposit scale and 319 

even at sample scale. First, Klemm et al. (2008) suggested that the fractionation of the Mo 320 

isotopes is due to the different stages of mineralisation, a progressive enrichment in heavy 321 

Mo isotopes in the residual melt of subvolcanic magma chamber being the cause of the 322 

variation in the Mo isotopes. The second process was described by Greber et al. (2014), 323 

which argued for a fractionation of the Mo isotopes at the magmatic-hydrothermal 324 

transition. A third process was first described by Hannah et al. (2007) and later by Klemm et 325 

al. (2008), who suggested that fractionation that occurs during the same stage of 326 

mineralisation, but also within an individual hand specimen, is due to a Rayleigh 327 

fractionation of a hydrothermal fluid and a fractionation due to fluid phase separation (brine 328 

and vapour). We recall that Rayleigh fractionation describes the evolution of a multi-phased 329 

system, an hydrothermal system in this study,  in which one phase is continuously removed 330 

from the system through fractional distillation. This fractional distillation is one of the most 331 

common cause of isotopic fractionation. Finally the last process was evoked by Shafiei et al. 332 
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(2015). They suggested that the fractionation of the Mo isotopes could be controlled by the 333 

molybdenite structures (2H or 3R polytypes). When considering the whole variation of the 334 

Mo isotopes observed in our data set, the variation within individual hand samples, the lack 335 

of evidence of different values between the two sampling sites in Azegour and the two 336 

different facies, we argue that the principal process of Mo fractionation in the Azegour skarn 337 

is the succession of two phases of crystallisation evidenced by Re-Os molybdenite ages, 338 

without precluding a probable influence of Rayleigh fractionation in the hydrothermal fluid. 339 

5.3. Source of ore-forming fluids: Sulphur isotopic composition 340 

The high values observed mostly within molybdenite for the Azegour skarn require a 341 

contribution from a 34S-enriched sulphur source. Magmatic sulphides in uncontaminated 342 

felsic magmas generally have a signature value of 0 ± 3 ‰ (Ohmoto, 1972; Hoef, 1997), in 343 

agreement with Liu et al. (2014) that suggested that δ34S of between 2 and 4 ‰ indicate a 344 

magmatic sulphur source. Values for Cu-porphyry deposits are mostly between -5 ‰ and +5 345 

‰, with carbonate-hosted Pb-Zn ore deposits values from -20 ‰ and +20 ‰. Most skarns 346 

have δ34S values between -5 ‰ and +5 ‰ (e.g. Ault and Williams-Jones, 2004) indicating a 347 

magmatic source for sulphur. 348 

The high δ34S values measured in Azegour fall outside the field values indicating a 349 

predominantly magmatic origin of sulphur in skarn deposits. The Azegour skarn is not the 350 

only skarn with high values of δ34S. Ishihara et al. (2000; 2002) observed a range from 11.1 351 

‰ to 14.8 ‰ for Geumseong molybdenum skarn deposits (Korea) and suggest that 352 

extraction and migration of sulphur of the host carbonates into the skarn mineralization. 353 

Rose et al. (1985) reported values from 6.3 to 19.9 ‰ for the Cornwall skarn (Pennsylvania, 354 

USA). These high values of δ34S are well explained by a sedimentary source of sulphur and, in 355 
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some cases, a marine sedimentary source or evaporites with high δ34S of sulphur cannot be 356 

precluded (e.g., Faure and Brathwaite, 2006). The Azegour skarn occurs in carbonate series 357 

with black shales from the lower Cambrian (Neltner, 1938), which usually possess a δ34S > 20 358 

‰ (Jébrak and Marcoux, 2015), and are thus likely the dominant source of sulphur for the 359 

skarn, but, given to the δ34S values, a complementary source of sulphur, probably magmatic, 360 

is also required. 361 

5.4. Source of ore-forming fluids: Lead isotopic composition 362 

These high values indicate the influence of a more radiogenic component in their genesis. 363 

Uranium is very scarce and disseminated as tiny uraninite crystals, but Permingeat (1957) 364 

noted that, at the mine scale, uranium is preferentially associated with molybdenite but 365 

none uraninite inclusion has been observed in molybdenite. However, as initial lead isotopic 366 

compositions calculated for molybdenite are still more radiogenic than for other sulphides, 367 

explanations could be that Pb from molybdenite is sources in the more radiogenic host 368 

rocks, while Pb from other sulphides is sourced in the magmatic intrusion, what is supported 369 

by sulphur isotopic results.  370 

Ilmen et al. (2014) have performed Pb isotopic analyses on a galena from the Amensif 371 

deposit, which is located 5 km in the south of Azegour skarn and is spatially associated with 372 

the Azegour granite. The 206Pb/204Pb isotopic values of galena (18.05, Fig. 8), close to initial 373 

isotopic values measured on Azegour sulphides, suggest that the Pb was sourced from the 374 

Lower Paleozoic volcano-sedimentary units (Ilmen et al., 2014).  375 

Our data (molybdenite not included) define a narrower range with a mean 376 

206Pb/204Pb value at 18.18 ± 0.07 (σ). The initial 206Pb/204Pb value of the skarn is around 18.08 377 

- 18.30. Feldspar sample from the Azegour granite having a 206Pb/204Pb value of 18.20, 378 
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suggests that the granite cannot be considered as a major source for lead in the skarn, 379 

although its role as an accessory source cannot be discarded. 380 

6. Summary of the origin of the ore-forming elements in Azegour 381 

The Re-Os analyses of molybdenite (~267 and 276 Ma) provide a robust geochronology for 382 

the mineralisation of the Azegour skarn, which are broadly contemporaneous with the 383 

previous emplacement history of the granite (Rb-Sr ages determined on the granite ranging 384 

from 269 ± 11 to 271 ± 3 Ma). Although presently there is no evidence of multi-staged 385 

emplacement of the Azegour granite, the Re-Os molybdenite dates do imply two phases of 386 

mineralisation within the Azegour system, and thus the presence of a hidden younger 387 

intrusion at depth. Multi-phased crystallisation is proposed as the principal process of Mo 388 

fractionation in the Azegour skarn and could explain Mo isotopic variation in occurrence and 389 

sample scale, whereas a Rayleigh fractionation in hydrothermal fluid cannot be precluded. 390 

The 34S-enrichment of the sulphide ores of the Azegour skarn suggests a strong participation 391 

of surrounding rocks. Regarding lead isotopes, the location of all Azegour samples below the 392 

Stacey and Kramers (1975) and just below Doe and Zartman (1979) orogen curves suggest 393 

that the ore forming materials are derived from a mixture of upper crustal material with an 394 

important contribution of mantle lead, a result in accordance with the previous Sr and Nd 395 

isotopic studies (Mrini, 1985).  396 
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Sample Location wt(g) Re(ppm) ± 187Re(ppm)

Mo78 Tizgui mine 0.021 14.00 0.05 8.80

Mo86b Azegour mine 0.020 7.00 0.03 4.40

Mo89b Azegour mine 0.100 2.87 0.01 1.80

*uncertainty includes that associated with the decay constant

http://ees.elsevier.com/aes/download.aspx?id=403677&guid=ea9d3f5c-298e-4354-8132-719225bd9699&scheme=1
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ID Location n d
97MoNIST 2s

Mo004 Azegour mine 6 0.05 0.09

Mo007 Azegour mine 6 -0.29 0.08

Mo008 Azegour mine 6 0.21 0.05

Mo072 Azegour mine 5 -0.35 0.06

Mo073 Azegour mine 6 -0.40 0.09

Mo074a Azegour mine 5 0.21 0.07

Mo074b Azegour mine 5 -0.08 0.03

Mo074c Azegour mine 6 -0.02 0.05

Mo075a Azegour mine 6 0.13 0.09

Mo075b Azegour mine 6 0.23 0.07

Mo076a Azegour mine 6 -0.08 0.07

Mo076b Azegour mine 6 0.32 0.07

Mo077 Tizgui mine 6 0.30 0.07

Mo078 Tizgui mine 6 0.08 0.10

Mo084a Azegour mine 5 -0.18 0.04

Mo084b Azegour mine 5 -0.09 0.02

Mo084c Azegour mine 5 -0.20 0.02

Mo085a Azegour mine 5 -0.09 0.09

Mo085b Azegour mine 5 0.02 0.08

Mo085c Azegour mine 5 -0.14 0.04

Mo085d Azegour mine 5 -0.08 0.03

Mo086a Azegour mine 8 -0.13 0.09

Mo086b Azegour mine 5 -0.18 0.07

Mo087 Azegour mine 5 0.18 0.06

Mo088a Azegour mine 5 0.03 0.05

Mo088b Azegour mine 5 0.17 0.07

Mo089a Azegour mine 5 0.03 0.07

Mo089b Azegour mine 5 0.27 0.04

Mo090 Azegour mine 5 0.11 0.04

http://ees.elsevier.com/aes/download.aspx?id=403678&guid=e3a6201b-85d3-4a2d-ab4a-a2a468003e88&scheme=1
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ID Location Mineral

AZM 3c Azegour mine Chalcopyrite

AZM 3d Azegour mine Chalcopyrite

AZM 4a Azegour mine Chalcopyrite

AZM 4b Azegour mine Chalcopyrite

AZM5 Azegour mine Chalcopyrite

AZM 3a Azegour mine Pyrrhotite

AZM 3b Azegour mine Pyrrhotite

AZT 1a Tizgui road Pyrrhotite

AZT 1b Tizgui road Pyrrhotite

Mo 4 Azegour mine Molybdenite

Mo 7 Azegour mine Molybdenite

Mo 8 Azegour mine Molybdenite

Mo 72 Azegour mine Molybdenite

Mo 73 Azegour mine Molybdenite

Mo 74a Azegour mine Molybdenite

Mo 74b Azegour mine Molybdenite

Mo 74c Azegour mine Molybdenite

Mo 75a Azegour mine Molybdenite

Mo 75b Azegour mine Molybdenite

Mo 76a Azegour mine Molybdenite

Mo 76b Azegour mine Molybdenite

Mo 77 Tizgui mine Molybdenite

Mo 78 Tizgui mine Molybdenite

Mo 84a Azegour mine Molybdenite

Mo 84b Azegour mine Molybdenite

Mo 84c Azegour mine Molybdenite

Mo 85a Azegour mine Molybdenite

Mo 85b Azegour mine Molybdenite

Mo 85c Azegour mine Molybdenite

Mo 85d Azegour mine Molybdenite

Mo 86a Azegour mine Molybdenite

Mo 86b Azegour mine Molybdenite

Mo 87 Azegour mine Molybdenite

Mo 88a Azegour mine Molybdenite

Mo 88b Azegour mine Molybdenite

http://ees.elsevier.com/aes/download.aspx?id=403679&guid=1b958349-f601-4bff-b78f-41e338099bd6&scheme=1
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Mineral

AZT1a Tizgui Road 0.60 0.14

AZT1b Tizgui Road 0.24 0.13

AZM3a Azegour Mine 2.57 0.09

AZM3b Azegour Mine 0.04 0.04

AZM3c Azegour Mine 0.44 0.10

AZM3d Azegour Mine 0.40 0.06

AZM4a Azegour Mine 0.05 0.03

AZM4b Azegour Mine 0.10 0.02

AZM5 Azegour Mine 0.04 0.02

Mo4 Azegour Mine 0.22 0.05

Mo7 Azegour Mine 1.05 0.04

Mo8 Azegour Mine 1.13 0.04

K-Feldspar AZG Azegour granite 0.81 0.53

Pyrrhotite

Description Content

Name Provenance U ppm Th ppm

Chalcopyrite

Molybdenite

http://ees.elsevier.com/aes/download.aspx?id=403680&guid=d13e2f82-b2a4-416b-9531-8b2cc884fb37&scheme=1
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http://ees.elsevier.com/aes/download.aspx?id=403687&guid=30a46845-8fe0-4d36-87b9-46d113fcf1c6&scheme=1
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http://ees.elsevier.com/aes/download.aspx?id=403688&guid=bd5f63b3-8e2f-4623-b936-fc970b32d0c1&scheme=1
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http://ees.elsevier.com/aes/download.aspx?id=403674&guid=cdd033cf-607a-4f41-acd9-b4f72424823b&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

http://ees.elsevier.com/aes/download.aspx?id=403675&guid=201c0eb2-d291-446f-ac44-780b25368a79&scheme=1
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http://ees.elsevier.com/aes/download.aspx?id=403683&guid=841fd2df-3cfd-4a77-a02a-91b58d2620a0&scheme=1
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http://ees.elsevier.com/aes/download.aspx?id=403676&guid=5e1f61f1-6707-44bd-85a0-028c2b3af836&scheme=1
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Highlights 
 

• The Mo-Cu-W Azegour skarn is Permian (276 ± 1.2 Ma, Re-Os geochronology) 

• Multiple Permian mineralization events associated with the Azegour granite are likely 

• δ34
S values determined from sulphides suggest a sedimentary origin for sulphur 

•  Source of common lead has to be sought in the host Cambrian volcano-sedimentary units 


