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Abstract

The Aouli fluorite-barite + sulphides vein system in the Upper Moulouya District of Central
Morocco is hosted in a folded and low to medium grade sedimentary and volcanic rocks,
unconformably overlain by Permo-Triassic to Cretaceous red beds and limestones. Intrusion
of the hydrothermally altered multiphase ca. ~330-319 Ma Aouli granite batholith has contact
metamorphosed the host rocks to a metamorphic assemblage of cordierite, andalusite,
chlorite, muscovite, and biotite + sillimanite + garnet.

The mineralized structures which consist mostly of quartz, fluorite, and barite occur
principally as ENE-WSW, WNW-ESE, and E-W-trending trans-tensional steeply dipping
veins, veinlets and en echelon tension gash fillings. Irrespective of color, location,
paragenesis and textural position within the mineralized vein  structure, the fluorite is
characterized by high total REY contents ranging from 250 to 662 ppm, distinctive positive
Eu and Y anomalies, and middle rare-earth element enrichment.

Fluid inclusion data indicate that the ore-forming fluids correspond to evolved NaCl-
CaCl, + other cations sedimentary (94-174°C), saline (14-24 wt % NaCl equiv) brines. The
strontium isotopic compositions of fluorite ¢’St/*Sr = 0.710155-0.712293) and barite
(0.710215-0.701401), along with the Liassic dolomitized limestones (0.707867-0.708140) are
more radiogenic than the Cambro-Ordovician and Triassic-Early Jurassic seawater values,
with the Aouli Late Variscan. granite (0.70814+12) and the Triassic arkoses (0.709839-
0.712313) displaying the highest 878r/*°Sr ratios. Barite separates show uniform 5**S ratios of
+11 to +13.4%0 consistent with Permian-Triassic seawater sulphate.

The calculated REY fluid compositions along with fluid inclusion, strontium and
sulphur isotope data point to the role of hot sedimentary brines with fluid-rock interaction at
high fluid/rock ratios. The fluid system is likely related to the Pangea rifting and subsequent
Central Atlantic opening during Permian-Triassic time. The fluorite-barite mineralization is
likely due to mixing at the basement-cover interface of an ascending deep-seated fluid that
equilibrated with Variscan crystalline basement rocks and cooler more dilute formation

water.
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1. Introduction

In North Africa as well as in Western and Central Europe, Variscan (Hercynian) orogenic
belts and their unconformably overlying transgressive Mesozoic sedimentary rocks are host
to some of the largest low temperature late- to post-Variscan fluorite-barite-base metal
deposits (Sizaret et al., 2004; Munoz et al., 2005; Schwinn and Markl, 2005; Castorina et al:,
2008; Piqué et al., 2008; Sanchez et al., 2009; Dill et al, 2011). Unlike European deposits
whose mineralogy, fluid chemistry and age of emplacement are well established, North
African deposits, and more specifically those of Morocco, remain poorly understood owing to
the lack of geochronologic, fluid inclusion, and isotopic data.

In this respect, the Variscan Aouli inlier of the Upper Moulouya District and its
unconformably overlying Mesozoic-Cenozoic cover (Fig. 1) are host to one of the largest Pb-
Zn £+ F + Ba deposits of Morocco with a total production in excess of 31 Mt ore at ~4.5% Pb
and <1 % Zn (Annich and Rahhali, 2002; Rahhali, 2002a, b). Beside Pb-Zn deposits, the
Upper Moulouya District and particularly its lower Paleozoic stratigraphic section, contains
dozens of uneconomic structurally-controlled F-Ba occurrences (i.e., the Aouli vein system
described herein). Whereas the Pb-Zn mineralization was the focus of early exploration, the
fluorite-barite occurrences have been neglected; being judged of too little economic interest.
Prior to the present study, no detailed geochemical study had been undertaken on the fluorite-
barite mineralization except for a few limited reconnaissance surveys (Jébrak, 1984 and
unpublished mining reports). To fill such a gap, the present paper aims to: (1) characterize the
rare earth element and Y (REY) compositions of the Aouli fluorite; (2) constrain the
chemistry of the mineralizing fluids, (3) determine the fluid sources and related fluid-rock
interactions; and (4) discuss the evolution of the mineralizing system and its implications for
the understanding of ore-forming processes with respect to basin evolution and Variscan
magmatism. The relationship between these fluorite-barite occurrences and the associated Pb-

Zn mineralization is beyond the scope of the present paper.

2. Geologic Setting
2.1. Stratigraphy

The Upper Moulouya District stratigraphy consists of a succession of greenschist to
amphibolite Lower Paleozoic sedimentary, volcaniclastic and volcanic rocks, and an
unconformably overlying Mesozoic and Cenozoic package (Emberger, 1965; Fig. 1). The

Lower Paleozoic sequence, locally intruded by the hydrothermally altered multiphase Aouli
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granite batholith, consists of an up to 3,800m thick succession of Cambro-Ordovician
metasediments mainly metapelites, metaquartzites, metagraywackes, and minor metatuffs
with interbedded mafic amphibolites. This metasedimentary package has been interpreted as
representing turbiditic sequences deposited in a tectonically active continental margin setting
(Vauchez, 1976; Filali, 1996; Filali et al., 1999), whereas the emplacement of the interbedded
amphibolites was related to the Early Cambrian extension (Ouali et al., 2000).

Regional metamorphic grades range from greenschist to amphibolite  facies.
Conversely, thermal metamorphism produced by the emplacement of the Aouli batholith
gave rise to a regionally developed metamorphic aureole that consists-predominantly of
spotted-textured schists with porphyroblasts of cordierite, andalusite, chlorite, muscovite, and
biotite + sillimanite + garnet (Filali, 1996, Dahire, 2004). These metamorphic mineral
assemblages indicate peak thermal conditions ranging from 400 to 550°C and pressures less
than 3 kb, corresponding to batholith emplacement depths ranging from 4 to 7 km (Filali,
1996, Dahire, 2004).

Unconformably overlying the Paleozoic package is a ~400-500m sequence of red-bed
Permian-Triassic sediments consisting of basal conglomerates, sandstones, arkoses, with
gypsum and salt-bearing argillites interbedded with tholeiitic basalt sills, followed by up to
1,000 metres of tabular Jurassic and Cretaceous shallow marine carbonates and marls locally
intruded by alkaline basaltic lava flows dated at 14.6 to 0.5 Ma (Harmand and Cantagrel,
1984; Duggen et al., 2009; Wittig et al., 2010). Paleogeographically, the Upper Moulouya
District acted as an uplifted basement high that was eroded during the end of the Variscan
orogeny and the beginning of Permian time (Ouarhache et al., 2012).

The tectonic structures resulting from both the Variscan and Atlasic orogenies are
dominated by a succession of tight to isoclinal folds with fracture cleavage or flow
schistosity, along with a series of dominant E-W-trending and sub-ordinate ENE-WSW, NW-
SE and WNW-ESE multiple kilometre-scale faults.

2.2. Aouli batholith and chronology

The Aouli intrusive complex occurs as an elongate ENE-trending 15 km x 25 km, multiphase,
oval-shaped, sub-concentric zoned batholith covering a total area of ~ 260 km? (Fig.1). The
petrography and geochemistry of the Aouli batholith have been well described through
multiple investigations (Emberger, 1965; Clauer et al., 1980; Tisserant, 1977; Diot and
Bouchez, 1989; Rosé, 1987; Oukemeni, 1993; Oukemeni and Bourne, 1994; Oukemeni et al.,
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1995; Dahire, 2004). Only a summary of the main conclusions which are relevant to the
present study are given below.

Based on geochemistry, age dating isotopic data, and crosscutting relationships, the
Aouli intrusive complex is subdivided into three major mapable plutonic associations (Fig.
1): (1) El Hassir apophysis, (2) Aouli-Bou Mia (Aolui ss), and (3) Poulet-Perdreaux
intrusions. These intrusions are texturally, mineralogically, and geochemically different.
They range from porphyritic through fine- to coarse-grained, and show a compositional
spectrum from monzodiorite to leucogranite. The El Hassir apophysis, dated at 347-328 Ma
(Clauer et al., 1980; Oukemeni, 1993; Oukemeni and Bourne, 1994; Oukemeni et al., 1995;
Dahire, 2004), was emplaced before the 329-319 Ma Aouli ss intrusion (Tisserant, 1977,
Clauer et al., 1980; Oukemini, 1993; Oukemeni and Bourne, 1994; Oukemeni et al., 1995)
which in turn preceded the 308-281 Ma Poulet-Perdreaux leucogranite (Tisserant, 1977,
Clauer et al., 1980). The Rb-Sr age of ca. 281 Ma should be, however, taken with care as the
Rb-Sr dating method is known to decrease the reliability of the calculated radiometric ages
depending on the alteration state of the analyzed samples (i.e., rejuvenation phenomenon). By
discarding conflicting radiometric ages, we therefore confidently conclude that the
emplacement of the multiphase Aouli pluton occurred in middle to late Carboniferous time
ca. ~330-319 Ma.

Pervasive hydrothermal alteration affected, to varying degrees, the Aouli batholith
resulting in the development of microcline, albite, chlorite, episyenites, and greisenization of

all the granitic units.

3. Fluorite-barite mineralization: mode of occurrence, mineralogy, textures and

paragenesis

Based on the stratigraphic position, the geometry of the ore occurrences, and the process of
ore formation, two distinct types of epigenetic fluorite-barite mineralization are distinguished:
(1) structurally controlled open-space filling, and to a lesser extent (ii) metasomatic
replacement.

Open-space filling mineralization which is by far the dominant mineralization style
consists of a complex system of mineralized trans-tensional sub-vertical veins (Fig. 2A),
veinlets and en echelon tension gash fillings. The veins occur both within the Aouli granitic
intrusion and the schistose Cambro-Ordovician country rocks close to the basement-cover
unconformity. In this respect, four fluorite-barite + sulphides vein systems, referred to as Sidi

Ayad, Aouli, Sidi Said, and Ansegmir are recognized (Fig. 1). The veins of the Ansegmir
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system occur in the fracture zones within the granitic intrusion, those of Aouli and Sidi Said
systems are enclosed within the Cambro-Ordovician schists, whereas the mineralized veins of
Sidi Ayad occur along strike within granitic and schistose host rocks.

The veins are up to 4 m wide and 400 m long, spaced 50 to 100 m apart, strike ENE-
WSW, WNW-ESE, and E-W (Fig. 1), and are steeply dipping (70° to ~90°). Locally, some
mineralized veins occur as conjugate vein pairs and en echelon tension gash. Texturally, the
veins display comb (Fig. 2B), cockade, laminated, breccia and crack and seal®textures,
suggesting that episodic, multiple mechanisms were important for trans-tensional vein
formation. Small vug-filling disseminations of yellow fluorite and barite + sulphides also
occur within the Triassic red arkoses (Fig. 2C) in agreement with the observations of
Dagallier (1983) and Jébrak (1984). Replacement mineralization, which is of little economic
interest, occurs as disseminations or clusters of barite and fluorite crystals of variable-grain
size replacing pre-existing sedimentary structures.

Overall, the Aouli fluorite is massive and yellowish-colored throughout, though locally
may have oscillatory zoning (Fig. 2D) and well-developed cubic fluorite crystals lining vugs
are present (Fig. 2E). Greenish, colorless and ‘purple fluorite varieties are also locally present.
Sulphides are locally abundant and consist of variable amounts of galena, sphalerite, pyrite, and
chalcopyrite. Barite occurs either as massive aggregates or crested white to pink crystals
encrusting voids. Carbonates are virtually absent but quartz is abundant.

The sequence of mineral deposition shows the existence of two successive stages of
mineralization, (i.e., stages I and II) which are of economic interest (Fig. 3). These two stages
are distinguished by megascopic and microscopic textural and cross cutting relationships
although both stages display the same mineral assemblages. Stage I, referred to as “main-ore
stage”, is the earliest and economically the most important, accounting for more than 90
percent of the total fluorite-barite resources. The mineral paragenesis consists of fluorite (F-1)
in‘addition to quartz (Qz-1) and barite (Ba-1) (Fig. 3).

Conversely, stage II mineralization consists of variably colored, cm-sized cubic fluorite
(F-2), crested white to pink barite (Ba-2), and drusy quartz (Qz-2) crystals lining vugs. This
stage is referred to as “late-ore cuboctahedral stage”.

The post-ore supergene mineral assemblage (stage III) resulting from the oxidation of
primary sulphides consists of minor amounts of cerussite, malachite, azurite and Fe and Mn

oxides.
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4. Age of mineralization

No radiometric age is available yet for the Aouli fluorite-barite + sulphides mineralization.
Thus, combined geological field observations and textural cross-cutting relationships were
used to bracket the relative timing of mineralization.

In this respect, the fluorite-barite + sulphides mineralization is structurally controlled,
and the mineralized vein structures crosscut both the dominant regional S, 3 foliation and the
Late Variscan (middle to late Carboniferous) ca. 330-319 Ma Aouli granitic intrusion.
Moreover, the fluorite-barite + sulphides mineralization extends to well above the Paleozoic
basement into the unconformably overlying Triassic basal arkoses as fluorite and barite
disseminations or clusters of varying grain size (Dagallier, 1983; Jébrak, 1984; and the
present study). However, the overlying Liassic carbonate strata are devoid of any trace of
fluorite mineralization. Together, these relationships indicate that the fluorite-barite =+
sulphides mineralization occurred late in the tectonic history of the Aouli area, toward the
end of the latest phase of Variscan ductile deformation (i.e., during the Permian-Triassic
times; Hoepffner et al., 2006) and before the Liassic. Thus, the inferred age of the Aouli
fluorite-barite + sulphides mineralization is constrained as being between Permian and
Triassic time.

Recently, Cheilletz et al. (2010) proposed, for the nearby El Hammam fluorite vein-
type deposit (Fig. 1), whose geological context and fluorite mineralogy and geochemistry
(i.e., REE contents) are very similar to those of the studied Aouli vein system, a O Ar/P Ar age
of 205 £ 1 Ma. However, it should be stressed that this radiometric age was recorded on
paragenetically later adularia crystals rather than on fluorite itself, constraining therefore the
Triassic as a minimum age of mineralization. Based on these geological and
geochronological constraints, we can confidently conclude that the Aouli fluorite-barite +
sulphides mineralization occurred sometime between Permian and Triassic time coincident
with the early stages of Pangea rifting and subsequent Central Atlantic opening (Irving, 1977;
Klitgord and Schouten, 1986; Piqué and Laville, 1993; Ricou, 1994; Torcq et al., 1997;
Muttoni et al., 2003, Martins et al., 2008). This inferred time span coincides with OArPAr
radiometric ages (220-155 Ma; Valenza et al., 2000) and recent apatite fission track thermal
modeling data which indicate hydrothermal event ages between 250 and 210 Ma (Ghorbal et
al., 2008; Saddiqi et al., 2009; Barbero et al., 2011).
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5. Sampling and analytical procedures

5.1. Sample strategy

Fluorite and barite separates of different habits and colors deposited through the main
paragenetic stages (Fig. 3) were collected from the Aouli vein surface outcrops, and
abandoned mine galleries. The selected mineral separates were handpicked under a binocular
microscope to ensure the samples were clean and pure. Visibly fresh host rocks, from field
exposure expected to constitute potential source rocks for the fluorite-barite + ‘sulphides
mineralization, were also selected for bulk-rock geochemical analysis. Petrographic studies
were carried out by visual examination of hand specimen material complemented by

transmitted and reflected light microscopy of polished thin sections.
5.2.Whole-rock geochemistry

Granite, arkose, and dolostone powders were analysed by ICP-AES for major elements and
ICP-MS for 43 trace elements at the SARM laboratory (CRPG and CNRS, Nancy, France)
using the Carignan et al. (2001) methodology and standards.

5.3. Laser ablation-ICP-MS

Trace element contents of fluorite were determined by laser-ablation inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at the Institute of Geosciences, University of
Bremen, using a NewWave UP193 solid-state laser coupled to a ThermoFinnigan
Element2™. Samples on thin sections and standards were ablated as line scans at 5-10 um- s
with spot sizes of 75 um and a laser pulse rate of 5 Hz. Plasma power was 1200 W, Helium
(0.4 1-min™) was used as sample gas, and Argon (0.8 I-min™) was subsequently added as
make-up gas. Allisotopes were analysed at low resolution with five samples in a 20% mass
window and a total dwell time of 25 ms per isotope. Blanks were measured for 20 s prior to
ablation. After every 5-10 samples NIST612 glass was analysed as an external calibration
standard using the values of Pearce et al. (1997). For data quantification the Cetac GeoPro™
software was used with *’Ca as internal standard, assuming ideal stochiometric compositions
of fluorite. Data quality was assessed by analyses of USGS glass reference materials BCR2G
and BHVO2G along with the samples (Table 1). External precision over three days of
analyses is <10 % for most elements; this value includes heterogeneities of the standard
materials used and is typically <5 % if consecutive analyses within small areas are carried
out. Accuracy as determined by comparison with the GeoReM data base (picked by January

2009) is <10 % for most elements.
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5.4. Fluid inclusion analysis

Microthermometric measurements of fluid inclusions in fluorite were performed at
Universitat Autonoma of Barcelona (Spain) on 20 doubly polished sections using a Linkam
heating-freezing stage and a Fluid Inc. USGS-adapted gas-flow heating and cooling stage that
had been calibrated at -56.6°, 0.0°, and 374.1°C using Syn Flinc standards. Uncertainty in the
microthermometric measurements was +0.1°C between -100 and 25°C and increased linearly
to £ 3.0°C between 100° and 250°C and between -100° and -196°C. For the Fluid Inc. stage,
uncertainties were 1 to 5°C for temperatures between 100 and 250°C, +0.2°C between -40
and 100°C, and +0.5°C between -40 and -150°C.

It should be stressed that the fluid inclusions were not studied within the framework of
Fluid Inclusion Assemblages (FIAs) sensu stricto (Goldstein and Reynolds, 1994). Rather,
fluid inclusions were grouped according to the stage of mineralization and host phase. This
approach is similar to that developed by Preece and Beane (1982) to associate fluid inclusions

with specific alteration/mineralization events when FIAs cannot be discriminated.

5.5. Strontium isotope analysis

The Sr isotope analyses were carried out at the Institute of Environmental Geology and
Geoengineering (IGAG-CNR), University of Rome “La Sapienza” according to the
procedure described in Castorina et al. (2008) using a FINNIGAN MAT 262RPQ multi-
collector mass spectrometer in static mode. Strontium was run on Re double filaments. The
internal precision (within-run precision) of a single analytical result is given as two-standard
errors of the mean. Repeat analyses of standards gave averages and errors expressed as two-
standard deviations (26) as follows: NBS 987 ¥Sr/**Sr = 0.710255+0.000030 (n = 16),
86Sr/**Sr normalized to 0.1194. Total procedural blanks were below 2 ng Sr.

5:6. Sulphur isotope analysis

Barite extractions and analyses were carried out at the Environmental Isotope facilities of the
University of Waterloo (Canada) using an Isochrom Continuous Flow Stable Isotope Ratio
Mass Spectrometer GVI Micromass coupled to a Carlo Erba Elemental Analyzer CHNS-O
EA1108. The followed experimental procedure involved the liberation of SO, gas by rapid
combustion of the samples with vanadium pentoxide. The data are reported as per mil (%o)
deviations relative to the Canyon Diabolo troilite (CDT) standard. The analytical uncertainty

(20) was +0.12 %eo.
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6. Results

6.1. REE and trace element compositions of fluorite

Fluorite separates from the Sidi Said, Sidi Ayad, Ansegmir and Aouli vein systems show
roughly similar trace elements concentrations irrespective of their color, location, paragenesis
or textural position within the vein structure (Table 1). In addition to REE and Y (REYY5s),
high field strength elements such as Nb, Ta, U, Th, Zr, and Hf are present in very small
concentrations, commonly close to the detection limit. Sr and Rb concentrations range from
49 to 381 ppm, and 0.1 to 0.5 ppm, respectively. These abundance ranges are significantly
lower than those recorded for the host rocks (i.e., dolostone, granite and arkose; Table 1).

Overall, the Aouli fluorite is characterized by high total REY concentrations (XREY)
ranging from 250 to 662 ppm (Table 1). Although there is no significant difference in
normalized REY patterns for fluorite from the different vein systems (Fig. 4), fluorite from
the Ansegmir system tends to exhibit the highest XREY concentrations (average = 648 ppm;
n = 9) whereas fluorite from Aouli system displays the lowest XREY contents (average = 187
ppm; n = 2). Fluorite separates from the Sidi Ayad and Sidi Said vein systems have closely
similar intermediate XREY concentrations (Fig. 4). The fluorite separates from the four vein
systems display similar PAAS-normalized “hump”-shaped REY patterns that are depleted in
light (LREE) and heavy (HREE) rare earth elements but significantly enriched in middle rare
earth elements (MREE), in addition to exhibiting positive Y and Eu anomalies with Eu/Eu*
ratios of 1.4 to 4.5, but lack of aCe anomaly (Fig. 4). In the discriminative Tb/La versus
Tb/Ca diagram of Moller et al. (1976), all of the analyzed fluorite samples plot within the
pegmatitic field (Fig. 5).

Compared to fluorite veins, whole-rock compositions of the Aouli granite and the
overlying Triassic arkose and Liassic carbonate host rocks show substantially lower ZREY
concentrations (Table 1). The PAAS-normalized REE pattern of the Aouli granite (Fig. 4)
displays a weak global fractionation with a roughly flat shape, coupled with a large negative
Eu anomaly, typical of A-type highly fractionated, high-K, calc-alkaline granites (Taylor,
1982; Pérez-Soba and Villaseca, 2010). However, the Liassic carbonate shows the lowest
YREY concentrations of 17 ppm, and a roughly flat PAAS-normalized REE pattern (Fig. 4).
Although the relative enrichment or depletion of individual elements varies for fluorite
separates from the different vein systems, the shapes of the REY patterns are broadly similar

(Fig. 6), indicating a common origin for all the analyzed fluorites.
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6.2. Sulphur isotope compositions

A representative suite of ten barite samples were analyzed for their sulphur isotope
compositions. Of these, seven samples are from the Paleozoic-hosted main vein systems and
the remaining three samples are from the unconformably overlying Triassic arkoses. Only
samples containing coexisting fluorite and barite crystals were analyzed (Table 2). Karst
filling barite from the overlying Liassic dolomitized limestones (i.e., Mibladen deposit, Figs.
1, 2), commonly associated with sulphide-rich mineralization of Mississippi Valley affiliation
(Naji, 2004) and correlatively free of fluorite, was not included in the course of the present
study as it is interpreted (Jébrak et al., 1998) as resulting from a separate later hydrothermal
system unrelated to the fluorite-barite mineralizing event described herein.

Except for sample 11-ALB; (Table 2) which shows the lightest 8**S value of 8.6%o, all
the analyzed barite samples have a rather uniform range of &**S ratios from +11 to +13.4%o
(avg = +12.2%0, 6 = 1.4%0, n = 9), consistent with values for sulphates precipitated from
Permian to Triassic seawater (i.e., +11 to +18%o; Claypool et al., 1980; Strauss, 1997) (Fig.
7). Moreover, the distribution of §°*S ratios displays neither spatial (lateral and vertical) nor
temporal compositional variations. These data compare to 8°*S values of +8.9 to +14.7%o for
vein and karst barite deposits of Western Jebilet reported by Valenza et al. (2000), but
contrast significantly with those values documented for the Bouznika Cambrian barite deposit

(8**S = +31-38%o; Jébrak et al; 2011):

6.3. Strontium abundances and Sr isotope compositions
Strontium isotope compositions were determined for six whole-rock samples that include the
dominant country rocks (i.e., three Liassic dolomitized limestones, two Triassic arkoses and
one Late Variscan granite), and for 22 mineral separates of which 16 fluorite and six barite
span the sequence of mineral deposition (Fig. 3). The results are summarized in Table 3 and
shown in Figure 8. Low Rb/Sr in dolomite, fluorite and barite imply that the present-day
87Sr/*Sr values have not been affected by in situ decay. Conversely, strontium isotope
compositions for the Late Variscan granite and the Triassic arkosic samples have been
corrected for decay of ®’Rb since the time of ore deposition interpreted to have occurred, as
discussed above, at 250 Ma (Permian-Triassic).

The fluorite separates are characterized by a wide range of Sr concentrations from 49 to
381 ppm, whereas barite tends to have higher Sr contents (148-308 ppm) (Table 3). The
Liassic dolostones exhibit the highest Sr concentration of 3429 ppm (Table 3). These
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variations in Sr concentrations are roughly correlated with variable *’Sr/*Sr ratios (Fig. 9).
There is, however, no correlation between the colour of fluorite and its Sr isotopic
composition.

Nevertheless, the *’Sr/*®Sr ratios of fluorite and barite overlap partially or wholly with
those reported for Liassic dolomitized limestones and Triassic arkoses (Fig. 9). Indeed, the
87Sr/*Sr ratios of the barite range from 0.708173 to 0.711401 (avg 0.709715, n = 7); with
barite samples from the Cambro-Ordovician schists being more radiogenic (0.701401-
0.710215) than those from the overlying Triassic arkoses and Liassic dolomitized limestones
(0.708173-0.708500) (Table 3; Fig. 8). Similarly, the *’Sr/*Sr ratios of the fluorite vary in a
wide range (0.710155-0.712293) from one vein system to another, and even within the same
vein system with the highest ratios corresponding to fluorite separates from Ansegmir
(0.711701-0.711893), and Aouli (0.710923-0.712293) vein systems (Table 3; Fig. 8).

Overall, most of the measured 87Sr/2°Sr ratios are more radiogenic than the Cambro-
Ordovician and Triassic-Early Jurassic seawater values of 0.7075 to 0.7070 (Burke et al.,
1982; McArthur et al. 2001) (Fig. 9). Nevertheless, the 87Sr/*Sr ratios of Liassic dolomitized
limestones (0.707867-0.708140) are close to ‘those reported for barite hosted by the Triassic
arkoses (Table 3). Conversely, the Late Variscan granite displays the highest *’Sr/**Sr ratios
of 0.718510+£21.

6.4. Fluid inclusion studies
6.4.1. Petrography
Fluid inclusions were studied in different color and textural varieties of fluorite from the four
main vein systems encompassing the Aouli district. Fluid inclusions in barite, though initially
investigated, were ultimately omitted due to the known strong susceptibly of barite to stretch
or leak during heating (Ulrich and Bodnar, 1988). We note, however, that fluid inclusions in
fluorite may also stretch if the internal pressure exceeds a few hundred bars (Bodnar, 2003).
Large fluid inclusions tend to stretch at lower internal pressures compared to smaller
inclusions (Bodnar, 2003), and some of the inclusions in this study are unusually large (>100
um) (Fig. 10).

The fluid inclusions are classified as primary (P), pseudosecondary (PS), or secondary
(S) according to the criteria of Roedder (1984). Most of the investigated fluid inclusions,
which range in size from 60 to less than 10 pm, occur either as trails of regular to irregularly-
shaped inclusions (i.e., oval, rounded or elongated) distributed along secondary fractures and

cracks that crosscut the primary growth zones (i.e., PS and S fluid inclusions), or more rarely
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along growth zones (P), or as scattered and isolated fluid inclusions exhibiting consistently
regular cubic, tabular, elongated or wedge-shaped negative-crystal forms (Fig. 10). These
latter forms are considered to be primary fluid inclusions, although we recognize that this
criterion is not always diagnostic.

Based on the number of observable phases present at room temperature, all inclusions
are two-phase (liquid and vapor) that contain approximately 85 vol percent liquid, with
relatively uniform vapor/liquid ratios. In a few samples, some liquid only inclusions were
observed, but these are relatively rare. No clathrates or visual evidence of CO; was detected
at room temperature or on cooling, however very occasionally some inclusions contained
birefringent solids (Fig. 10D). As these are scarce and that other inclusions-associated with
these do not contain solids we suggest these are accidentally trapped and not daughter

crystals.

6.4.2. Thermometric and salinity measurements

Microthermometric measurements were performed exclusively on liquid-vapour inclusions
that homogenized by disappearance of the vapor bubble. In this respect, temperatures of first
(Te) and final ice (Tpce)) melting along with final melting of hydrohalite (T ), and vapor-
liquid homogenization temperature (T,) were determined for 275 inclusions with the
temperature of final ice and  hydrohalite melting measured for 188 and 103 of these
inclusions; respectively. Data are reported in Table 4 and plotted in Figures 11 and 12. Fluid
salinities were calculated using the HOKIEFLINCS_H,O-NaCl software of Steele-Maclnnis
et al. (2012).

Initial ice-melting temperatures ranging from -44° to -93°C (Table 4), well below the
eutectic of the pure NaCl-H,O and NaCl-KCI-H,O systems (Crawford, 1981), are consistent
with Ca+K+Na+Mg brine (Temgci2) = -35°C, Dubois and Marignac, 1997; Tecaciz) = -52°C,
Davis et al., 1990). Eutectic melting at -93°C is unrealistic and it is more likely to be
recrystallization of the ice-glass which is often observed. In the alkali and alkaline earth
chloride system lower T. values of ~-65°C are possible due to a metastable eutectic. The
distribution of salinities of P and PS inclusions (expressed as wt% equivalent NaCl) and
homogenization temperatures for the four vein systems are shown in Figures 11 and 12.
There was no distinction in salinity or homogenization temperature based on the inclusions
being classified as P or PS. Overall there is a wide spread of the final ice melting
temperatures, Tmgce) range from -20° to -6°C, reflecting fluid salinities that vary from 24 to 13

wt% equiv. NaCl. Individually the vein systems have salinities that are more tightly
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constrained indicative of a single fluid at each vein system but with marked variability
between deposits (Fig. 12). Hydrohalite dissolved at temperatures ranging from -25.5 to -
18.6 (Table 4). In some inclusions the temperature of hydrohalite and ice coexistence is
above the eutectic temperature of the HoO-NaCl system which is not possible unless there is
an additional anion present in the fluid. However, the temperatures are only slightly higher
and we suggest this is due to the slow melting of hydrohalite as the temperature was
increased and that these inclusions are dominated by NaCl with less CaCl, than other
measured inclusions. The Tyyicey and Ty pairs for the different vein systems are shown in
Figure 13 where fluid inclusions from Ansegmir have the greatest CaCly concentration and
samples from other veins are primarily NaCl fluids. Inclusions from Aouli and the majority
from Sidi Ayad have Tmmn at temperatures above the T. for NaCl-H,O fluids (discussed
above) and would plot on or very close to the H,O-NaCl axis of the ternary diagram. Fluid
inclusions in fluorite from the Ansegmir vein system have the highest salinities (22-24 wt %
NaCl equiv), whereas those from the Sidi Said and Aouli vein systems exhibit the lowest
salinities with an average value of ~16 wt % NaCl equiv: Intermediate salinities of ~20 wt %
NaCl equiv are recorded in fluorite from the Sidi Ayad vein system (Fig. 12).

The homogenization temperatures of the inclusions from the different vein systems
cover a large range from ~90 to ~180°C, but in individual veins the minimum variation is~
40°C (Fig. 11). Inclusions from the Aouli and Sidi Ayad veins have average T} values of
119°C and 110°C respectively, that are statistically the same at a 95% confidence limit.
Similarly inclusions from the Sidi Said and Ansegmir veins have average Ty values of 139°C
and 147°C respectively that are statistically the same at a 95% confidence limit, but are also
statistically different to those of the other 2 vein systems at the same confidence level.
Therefore we interpret there to be 2 distinct fluid temperatures in these localities. The
variability of the T}, values at individual vein system is outwith what would be expected from
measurement uncertainties (perhaps with the exception of inclusions from Aouli) and may be
due to either stretching of the inclusions due to overheating or fluctuations in pressure during
mineral deposition. Stretching or leaking of soft minerals, such as fluorite and barite, can
occur during microthermometry (Bodnar and Bethke 1984, Ulrich and Bodnar 1988) with the
amount of stretching related to the increase in the internal pressure which depends on the size
of the inclusions and the amount of overheating. However, for fluorite hosted inclusions the
amount of overheating required to vary the T}, values by the amounts recorded would not be
achieved during microthermometry. The alternative of variations in pressure from greater

than hydrostatic, perhaps initially close to lithostatic, and then lowering to hydrostatic as the
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hydrothermal system developed is more plausible. This would cool the fluids due to adiabatic
expansion to the degree recorded in the inclusions. Most of the fluid inclusion temperatures
are at the lower end of the recorded range and this is consistent with the pressure being

hydrostatic and with fluid flow and mineral deposition being at a maximum.

7. Discussion
7.1. REE constraints on fluid source(s)
The high REE contents of the Aouli fluorite (up to 720 ppm; Table 1) impose specific
requirements in term of fluid source(s) and fluid-rock interactions. Unlike low REE-bearing
fluorite deposits whose genesis have been shown to be related to sedimentary basinal
hydrothermal brines, the origin of high REE-bearing fluorite deposits remains controversial
(Cheilletz et al., 2010). Classically, REE enrichment has been shown to occur during
magmatic evolution in alkaline-carbonatite or A-type granite intrusive environments
(Schonenberger et al., 2008; Cheilletz et al., 2010; Bouabdellah et al., 2010). The discrepancy
between the PAAS-normalized REY patterns of the Aouli fluorite and the adjacent granitic
intrusion (Fig. 5) constitutes evidence for ‘the disconnection between the fluorite-barite
mineralization and felsic magmatism. In support of this statement, the trivalent REE patterns
of the parent fluid which precipitated the Aouli fluorite, calculated using a lattice-strain
model with parameters from .van Hinsberg et al. (2010), closely mimic those of the
precipitating fluorite (Fig. 14). The resulting calculated fluid strongly differs from that of a
magmatic fluid exsolved from a crystallizing granite melt, as it would have had very low
REY concentrations (about 10 to 10”° PAAS-normalized) coupled with a pronounced LREE
depletion; and (Eu/Eu*)paas ratios in the range of ~0.1 to 4 depending on the oxygen
fugacity.

Based on these thermodynamic constraints, we propose that the high REE contents of
the Aouli fluorite is inconsistent with the involvement of purely magmatic fluids, pointing
instead to the role of hot basin-derived brines and subsequent fluid-rock interaction at high

fluid/rock ratios (Bau, 1991) as the main factor that controlled the distribution of REE.

7.2. Mechanism(s) of REY transport and origin of the Eu and Y anomalies
As pointed out by Sallet et al. (2005), the positive PAAS-normalized Eu anomaly shown by
the Aouli fluorite (Eu/Eu* = 1.4-4.5; Fig. 4) could indicate either: (1) deposition from high-

temperature (>250°C) reducing fluids where Eu?* dominates over Eu®* (Moller et al., 1994,
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1997; Bau, 1991), (2) inheritance from host rock dissolution at temperatures < 250°C, and/or
(3) chemical complexation reactions or adsorption effects.

Thermodynamic constraints indicate that under hydrothermal conditions, and at
temperature ranges similar to those that prevailed at the Aouli vein system (<250°C), all the
REE could be transported more efficiently as chloride and sulphate complexes rather than as
fluoride complexes (Migdisov and Williams-Jones, 2007, 2008; Migdisov et al., 2009).

Moreover, the scarcity of calcite and CO,-bearing fluid inclusions suggests that COs™
was at best a minor complexing agent. More importantly, F~ and SO4* anions would have not
constituted efficient ligands as the lack of solubility of barite, gypsum and fluorite would
have limited the concentration of these ligands in the ore-forming fluids to no more than a
few 100’s ppm.

Accordingly, it is concluded that CI', and to a much lesser extent CO3*" with possibly
variable but low amounts of F" and SO4* complexes controlled the hydrothermal mobilization
of the REE. Sorption of REE on mineral surfaces (Bau, 1996) is likely to have played only a
minor role, if any, because of the large size of the Aouli fluorite crystals which offers only a
small reactive specific surface area for sorption.

The distinctly positive Ypaas anomalies shown by the Aouli fluorite (Fig. 4), along with
the Y/Ho ratios of 25-186 (Table 1) that are higher than the chondritic Y/Ho ratios of 28
(Anders and Grevesse, 1989; McDonough and Sun, 1995; Irber, 1999), are suggestive of Y-
complexation, fluid interaction along the fluid path, remobilization and long distance
migration of the F-rich-mineralizing fluid (Bau and Dulski, 1995; Wood, 1990a, b; Sallet et
al., 2005, Schwinn and Markl, 2005; Schonenberger et al., 2008). During migration toward
the site of deposition, intensive, high-temperature interaction of the mineralizing fluids with
the the plagioclase-bearing host rocks of the Aouli batholith and the uncoformably overlying
Triassic feldspar-rich arkoses, resulted in leaching of REY, which may explain the origin of
the prominent PAAS-normalized positive Eu anomalies (Fig. 4). The high thermal regime
(temperatures > 250°C) required to maintain the positive Eu anomaly, however, contrasts
with fluid inclusions data which indicate that the temperatures of the mineralizing fluids from
which the Aouli fluorite precipitated were substantially lower than 200°C (Table 4). We
suggest that the ore forming fluids acquired their REY characteristics during fluid-rock
interaction at higher temperatures deeper within the underlying granites and migrated to the
site of ore deposition prior to fluorite crystallization. A positive Eu anomaly inherited from

dissolution of the country host rocks seems unlikely since these latter (i.e., the Aouli
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intrusions and the Triassic arkoses) exhibit salient negative rather than positive Eu anomalies

(Fig. 4).

7.3. Physico-chemical conditions and sources of the ore fluids

The microthermometry data of the fluorite hosted inclusions from the four vein systems show
that overall there is a large range of temperatures and salinities. However in Figure 12; the
salinity vs homogenization temperatures show that at each site the fluids are discrete from
each other. The highest salinity fluids are from veins hosted in the granites (Sidi Ayad and
Ansegmir), and the lowest with veins in the Cambro-Ordovician schists (Aouli and Sidi
Said). The lower temperatures are from the more eastern deposits and the higher temperatures
from those in the west. Thus the lithological association seen for salinity does not hold for
temperature. The major fluid components, NaCl and CaCl, were determined from the ice and
hydrohalite temperatures as shown in Figure 13. The. most Ca-rich fluid, and highest
temperature and salinity is from Ansegmir vein system located in granite and the most
westerly. The Sidi Said vein system, more to the east in the Cambro-Ordovician schists has a
lower range of Ca/Na ratios almost to pure NaCl fluids. The remaining two vein systems
further to the east have inclusions which:plot on or very close to the HoO-NaCl axis of the
ternary diagram and therefore the least CaCl, in the fluid. We can therefore infer that the
fluid system involves the mixingof fluids where the CaCl,/NaCl ratio is quite different. The
more calcic fluid dominates in the west and the more sodic fluid to the east.

The coexistence of hydrates and ice at temperatures below -21.2°C is only possible if
there are significant-anions such as HCOs™ and SO42' in the fluids in addition to CI' (Banks
and Russell, 1992). However we believe these low temperatures are an analytical artefact and
that additional anions are not present in significant amounts. The presence of barite and
carbonate lithologies would limit their concentration to only a few 10’s of ppm. Thus, the
bulk- composition of these saline fluids approximates to H,O-NaCl-CaCl, with variable
NaCl/(NaCl+ CaCl,) ratios (Fig. 13) and unknown amounts of other cations. These fluid
compositions are similar to those of present-day oil-field brines, Mississippi Valley-type
mineralizing fluids where Ca-rich and Na-rich fluids are also commonly observed (Carpenter
et al., 1974; Haynes and Kesler, 1987; Leach and Sangster, 1993), and fluids related to
“peridiapiric” Pb-Zn + F + Ba + Fe deposits (Sheppard et al., 1996; Bouabdellah et al., 2014).

The timing of mineralization precludes the involvement of any magmatic fluids from
the Variscan intrusions for the four mineralized vein systems or from the metamorphic

schists. The saline Na-Ca fluid compositions are therefore indicative of basinal sources (i.e.,
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saliferous Permian-Triassic and the Lias-Dogger sequences), thereby supporting an
epigenetic hydrothermal basin-derived fluid model. However, the granitic intrusions would
still be associated by albitisation of feldspars, for example, to make a more Ca-rich fluid with
the release of REE and Ba. Modification of the fluid composition by brines interacting with
the Cambro-Ordovician schists (Gilg et al, 2006) is also possible.

The net distinction between the fluid inclusion populations could reflect either the
involvement of chronologically separated basin-derived mineralizing events, or ‘temporal
evolution related to a single hydrothermal system. The similarity of the mineral assemblages
forming the different vein systems, irrespective of their strike, coupled with the oscillatory
zoning exhibited by some fluorite crystals (Fig. 3D) reflects episodic fluctuation in fluid
composition rather than involvement of chronologically separated mineralizing events.

More interestingly, the salinity versus vein system plot of Figure 15 show a linear
salinity distribution that is interpreted to represent a binary mixing line, suggestive of fluid
mixing and fluid-rock interaction between two distinct brine types (Fi, F,) having contrasting
salinities, and Mg/(Ca + Mg) ratios. The statistical distribution of T, values and related
salinities which exhibit two distinct peaks at ~120°C and ~140°C, and 17 and 23 wt % NaCl
equiv, respectively (Fig. 11), constitutes additional evidence for more than one fluid. The F;
end-member may correspond to a high-temperature and high-salinity NaCl-CaCl,-REE-rich,
deep-seated, ascending brine (~24 wt % NaCl equiv, up to 10 wt % CaCl,), whereas the
second end-member F, corresponds to a lower-temperature and lower-salinity NaCl-rich (~14
wt % NaCl equiv), CaClL-REE-depleted, diluted, formation water. The more saline and
CaCly-rich fluids are related to the location of mineralization in or close to the granitic
intrusions, whereas the less saline and NaCl-rich fluids are associated with mineralization in
the Cambro-Ordovician schists. This distinction does not hold for the fluid temperatures but
may be related to the deposits in the west (containing both high and low salinity fluids) being
at deeper structural levels than those to the NE (which also contain both salinity fluids).
Mixing probably occurred at the interface basement-cover unconformity, as proposed for
many fluorite-barite + sulphides hydrothermal deposits worldwide (Grandia et al., 2003;
Staude et al., 2009; 2011; Aquilina et al., 2011).

7.4. Controls on fluid flow, fluid-rock interaction and source of sulphur and metals
Field relationships indicate that the bulk of the structurally controlled fluorite-barite
mineralized veins are confined to the E-W and ENE-trending fault structures within which

brecciation and open space filling repeatedly occurred. Such intimate relationships to major
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tectonic structures (Fig. 1) suggest that E-W (Tethyan dominance) and ENE-trending brittle
structures (Atlantic dominance; Ellouz et al., 2003) were the major pathways that focused
fluid flow. In addition to creating fracture permeability, brittle tectonic deformation may have
provided escape routes that allowed fluids residing in the basement to ascend into the cover
rocks.

During their migration, extensive chemical interaction between the migrating
mineralizing brines and the traversed aquifers occurred along their flow paths resulting in
selective leaching of, among other elements, REE, Sr, F, and Ba from the country rocks. At
the Aouli district, potential source rocks for these elements include the metamorphic and
igneous rocks of the Variscan crystalline basement, and the unconformably overlying lower
Triassic basal arkoses. The Liassic carbonates are excluded since the-age of mineralization is
inferred to be older than the Jurassic carbonates (see section age of mineralization). In
support of this conclusion, the Sr isotope ratios for the fluorite and barite separates (*’Sr/*Sr
= 0.708173-0.712293, avg = 0.710945, n = 22) are significantly higher than those for the
whole-rock Liassic carbonates (*’St/**Sr = 0.707867-0.708140; avg = 0.708010, n = 3) whose
Sr isotopic signature is supposed to be representative of the Jurassic seawater (0.7075 to
0.7070; Burke et al., 1982; McArthur et al., 2001). Instead, the recorded Sr isotope ratios are
suggestive of interaction with *’Srenriched fluids and that the Sr carried within the
hydrothermal solutions was not derived from the Liassic carbonate rocks, constraining
thereby the age of mineralization prior to Liassic time.

More interestingly, on a %7S1/*°Sr versus 1000/Sr covariation diagram, the Sr data plot
along a curvilinear-array (Trend I; Fig. 9) interpreted to represent fluid mixing between two
end-members: (1) a Sr-rich fluid source with relatively low 87Sr/*°Sr ratios, and (2) a Sr-poor
fluid source enriched in *’Sr with ¥’Sr/*®Sr ratios up to 0.7185 (Table 3). Consistent with fluid
inclusion data, the Sr-poor radiogenic end-member (F;), whose 87Sr/%°Sr ratios are similar to
those characterizing some Canadian Shield brines *’St/*°Sr = 0.706-0.755; Negrel and
Casanova, 2005; Gromek et al., 2012), is interpreted to represent deep-seated, ascending,
seawater-derived brine that has equilibrated with Late Variscan crystalline basement rocks,
whereas the second Sr-rich unradiogenic end-member (F,) is interpreted to represent Permian
to Triassic stagnant formation and/or meteoric water. Mixing between basement brines and
meteoric waters at the basement-cover interface has been invoked for the genesis of many
Variscan vein-type fluorite-barite-sulphide deposits scattered throughout Central and Western

Europe (Munoz et al., 2005; Schwinn and Markl, 2005; Schwinn et al., 2006, Castorina et al.,
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2008; Piqué et al., 2008; Sanchez et al., 2009; Staude et al., 2009; 2011; Dill and Weber,
2012).

The origin of Ca enrichment remains controversial (Hanor, 1994) and could potentially
be attributed to either albitization of plagioclase, dolomitization and leaching of carbonate
strata, and/or dissolution of the Triassic evaporites, or a combination of all these processes.
The high Sr contents of barite (Table 3) are compatible with an evaporative source as Ca and
Sr are easily transported in saline solutions (Holland and Malinin, 1979). In addition to this
evaporative source, the positive Eupsas anomalies shown by the Aouli fluorite separates (Fig.
4) along with the rare occurrence of carbonate strata suggest selected leaching of Eu mainly
from the plagioclase-bearing rocks (e.g., Late Variscan granitoids and in a lesser extent the
overlying Triassic arkoses). In addition to providing Ca by breakdown of feldspars, the
Triassic arkosic rocks and the underlying Late Variscan granitoids would have been the most
probable sources of Sr, F, and Ba as already suggested by Sr isotope compositions. In this
regards, the main mineral species contributing Sr, Ba and F are plagioclase, K-feldspars, and
mica with the two latter yielding Sr with high $7Sr/*Sr because of their high Rb contents
(Chaudhuri and Clauer, 1993).

The sulphur source can be constrained by the overall uniform distribution of 5 4Sbmte
values in the range of +11 to +13%e (avg = +12%o, n = 9) which reflects the homogeneity of
the aqueous sulphate source in the mineralizing fluid, and indicates that intensive parameters
such as temperature, pH,” foz, source reservoirs and oxidation state of fluid did not
significantly affect the sulphur isotope composition of barite. The recorded data are, thus,
consistent with derivation of sulphur from Permian to Triassic seawater sulphate (11-14%;
Claypool et al., 1980; Strauss, 1997). During barite deposition, sulphate may have been
derived from connate seawater, evaporative concentrated seawater, or from fluids that

dissolved gypsum from the Permian-Triassic evaporite-bearing red beds.

8. Genetic model: concluding remarks

Paleogeographic reconstructions indicate that the overburden in the Upper Moulouya District
never exceeded 2 km (Beauchamp et al., 1996; Ellouz et al., 2003) constraining thereby the
maximum burial temperature in the range of <85°C, assuming a mean geothermal gradient of
30°C/km and a surface temperature of 25°C. These burial temperatures are substantially
lower than the fluid inclusion homogenization temperatures. The higher temperatures require

either the existence of an abnormally high geothermal gradient or fluids expelled from deeper
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levels of the nearby sedimentary basins. Field relationships along with apatite fission age
dating indicate that the Aouli fluorite-barite + sulphides mineralization occurred during the
Permian-Triassic which regionally (i.e., Western Mediterranean Basin), this interval coincides
with the rift and pre-rift stages of Pangea and Central Atlantic opening (Irving, 1977; Torcq et
al., 1997; Muttoni et al., 2003, Martins et al., 2008). Subsequent crustal thinning and an
increased geothermal gradient could have resulted in the development of small-scale
convection cells that acted as the source of heating and driving mechanism to move the
mineralizing fluids toward shallower depths. In this respect, hydrological modelling
performed by Staude et al. (2009) showed that extension can release, through decompression
of over-pressured rocks and/or heating, sufficient amounts of fluids in the order of 10%to 107
km” fluid per km? crustal column to form an economic ore deposit.

The REYs along with fluid inclusion and Sr isotope data exclude any direct sourcing of
fluids for the fluorite-barite + sulphides mineralization from the spatially associated Late
Variscan granitic intrusions. However, these intrusions are high heat producing granites
(HHP) and radioactive heat from solidified HHP' granites has been shown to be capable of
generating hydrothermal convection of sufficient magnitude to form metallic deposits (Fehn,
1985; Bjgrlykke et al., 1991; Spirakis and Heyl, 1996). Our geochemical data along with
those available in literature (Dahire, 2004) indicate that the average U and Th contents of the
Aouli granitic rocks are among. the highest values recorded for the Moroccan Late Variscan
granitoids, and fit within the range of values characterizing typical HHP granites (> 6 ppm U
and/or > 25 ppm Th; O’Connor, 1986). Accordingly, we suggest therefore that such granites
may have represented a potential thermal source for the basinal fluids

From fluid inclusion data, REYs, and Sr isotopic constraints it is appears that mixing of
two contrasting fluids (i.e., F;, F,), triggered the deposition of the Aouli fluorite-barite +
sulphides mineralization by cooling and/or decreasing the solubility of F* by mixing with the
Ca-rich fluid. The Fj, radiogenic, high-temperature and high-salinity, NaCIl-CaCl,-REE-rich
end-member may correspond to an ascending deep-seated fluid that was equilibrated with
Late Variscan crystalline basement rocks at least 5-7 km depth, which occurred in the
Pyrenees (Banks et al, 1991; McCaig et al, 2000) and Morocco (Esseraj et al., 2005), whereas
the F,, unradiogenic, lower temperature and lower salinity, CaCl,-REE-depleted end-member
may represent Permian to Triassic formation and/or meteoric water. Extension would have
opened fractures in the granites thus providing high fluid flow pathways for ascending fluids.

Mixing of the two fluid components occurred at the unconformable basement-cover interface.



710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

739
740
741
742
743

Seismic data shows the occurrence of a low velocity zone in the middle crust below the
Upper Moulouya District (Schwarz and Wigger, 1988; Jacobshagen et al., 1988, Ayarza et
al., 2005). The existence of such a zone has been interpreted to be related to the existence of a
fluid enrichment zone due to the exhumation of the Upper Moulouya District (Ayarza et al.,
2005). Hence, it appears that crustal dewatering during Permian-Triassic exhumation
produced the lower velocity zone, and that the resulting ascending fluid which ultimately
mixed with the stagnant formation and/or meteoric waters could have been responsible for
the genesis of the fluorite-barite + sulphides mineralization.

The source of fluorine, a frequently debated issue for many fluorite hydrothermal
deposits worldwide, remains, however, controversial. At the Upper Moulouya District, fluid
inclusion microthermometric measurements along with REE and Sr isotopic constraints
preclude direct involvement of rift-related gaseous HF released from degassing alkaline
magmas. Rather, these data suggest leaching of fluorine from the Aouli Late Variscan granitic
batholith. Indeed, petrographic and geochemical studies show that the Aouli batholith is a
multiphase compositionally complex intrusion whose petrographic units crystallized from
shoshonitic to high-K calc-alkaline magmas (Dahire, 2004). In these two petrographic
associations, the F and Ba contents are as high as 715 and 1972 ppm; respectively (Dahire,
2004, and the present study). These concentrations are high enough to suggest that the
alkaline granite could have constituted potential F source for the Aouli fluorite-barite
mineralization by hydrothermal alteration of biotite to chlorite. The down flow of the

mineralizing brine would have been focused along the alkaline granitic units.
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Figure captions
Figure 1. Generalized geologic map of the Upper Moulouya District showing the regional
geology, major faults, and the location of the historically mined Aouli, Mibladen and Zeida

base metal + fluorite + barite deposits (modified after Emberger, 1965). Inset shows the



1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144

location of the Upper Moulouya District within the framework of the major
tectonostratigraphic domains of Morocco. The outlined boxes refer to the main fluorite-barite
vein systems sampled in this study. Filled diamonds refers to sampling localities. Letters
beside symbols refer to the nature of the analytical work having been done in the course of

the present study (F for fluid inclusions and T for REY3s).

Figure 2. Representative selected field exposures and hand specimen samples highlighting
representative aspects of mineralogy, styles of open-space filling mineralization and textural
variations of different ore types from the Aouli fluorite-barite + sulphides -hydrothermal vein
system.

A. Panoramic view, looking north, of an exploited fluorite-barite trans-tensional vein
displaying sharp contact with the Liassic dolomitic host rock.

B. Cm-thick, comb-textured, purple fluorite- pink crested barite vein from the main-stage
(i.e., stage I) displaying fluorite and barite crystals growing symmetrically inward
from the vein walls. The upside edge of the vein is marked by the development of
purple fluorite followed by crested barite and ending by colloform hematite
recognizable by its oxidation ochre-yellow color.

C. Close up of a cm-wide Triassic arkose-hosted dissolution cavity filled with yellow
cubic fluorite.

D. Close up of a polished hand sample illustrating the paragenetic evolution from cubic
yellow fluorite, euhedral quartz (Qz-2), and finally crested barite punctuated by fine
disseminations of sulphides.

E. Close up of a polished hand specimen of a zoned yellow fluorite exhibiting well-

developed growth zones.

Figure 3. Summary of the paragenetic sequence illustrating the various hydrothermal stages
depicted in the Aouli fluorite-barite + sulphides hydrothermal vein system. Width of bars is

roughly proportional to intensity or volume event.

Figure 4. Post-Archean Australian Shale (PAAS)-normalized REY patterns of various
generations of fluorite from the Aouli fluorite-barite + sulphides hydrothermal vein system,
compared to the REY patterns of the associated host rocks including the Liassic dolostones,
the Triassic arkoses and the Late Variscan granite. PAAS normalization values from

McLennan (1989).
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Figure 5. Logarithmic plot of Tb/Ca vs. Tb/La for various generations of fluorite from the
Aouli fluorite-barite + sulphides hydrothermal vein system. The pegmatitic, hydrothermal

and sedimentary fields are from Moller et al. (1976).

Figure 6. Element enrichment or depletion factors for various generations of fluorite from the
Aouli fluorite-barite + sulphides hydrothermal vein system, relative to the Late Variscan
Aouli granite. These factors are calculated (Gagnon et al., 2003) by dividing the average
concentration of an element in the fluorite by its average concentration in granite and may
represent the degree of enrichment or depletion of elements in the fluorite types relative to

the granitic intrusion.

Figure 7. Frequency distribution of 5**S values for various generations of barite from the
Aouli fluorite-barite + sulphides hydrothermal vein system in comparison with the sulphur
isotopic range composition for global Permian-Triassic seawater sulphate (Claypool et al.,

1980).

Figure 8. St isotopic compositions.of the various generations of fluorite and barite from the
the Aouli fluorite-barite + sulphides hydrothermal vein system in comparison with the
isotopic compositions of the local host rocks (i.e., Liassic dolostones, Triassic arkoses, and

Late Variscan granite).

Figure 9. Geochemical plot of ¥7Sr/*Sr versus 1/Sr showing the isotopic compositions of the
various generations of fluorite and barite from the Aouli fluorite-barite + sulphides
hydrothermal vein system compared to the compositions of the spatially associated host rocks

(ise., Liassic dolostones, Triassic arkoses, and Late Variscan granite).

Figure 10. Representative photomicrographs in plane polarized light of doubly polished thick
sections showing selected petrographic relationships and types of fluid inclusions hosted in
various generations of fluorite from the Aouli fluorite-barite + sulphides hydrothermal vein
system. All photomicrographs were taken at room temperature. Abbreviations: FIs = fluid

inclusion; L = aqueous liquid; V = aqueous vapor; S = solid.
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A. Whole specimen showing clusters and trails of densely distributed liquid rich, two-phase
primary and pseudosecondary fluid inclusions lining crystal growth zones of fluorite locally
truncated by arrays of secondary aqueous-rich fluid inclusions.

B. Close up of coexisting elongated primary inclusions type closely associated with rounded
aqueous-rich fluid inclusions in fluorite.

C. Detail of a liquid rich, two-phase primary fluid inclusion.

D. Detail of a multi-solid fluid inclusion containing unidentified two birefringent solids.

Figure 11. Representative frequency diagrams summarizing the distribution of fluorite-
hosted fluid inclusion homogenization temperatures (A) and related calculated salinities (B)
from the various generations of fluorite from from the Aouli fluorite-barite hydrothermal +

sulphides vein system.

Figure 12. Homogenization temperature (Tp) vs. salinity plot of primary and
pseudosecondary fluid inclusions hosted in various generations of fluorite from the Aouli

fluorite-barite + sulphides hydrothermal vein system.

Figure 13. Ternary plot of Oakes etal. (1990) showing the distribution of H,O-NaCl-CaCl,
ratios of primary fluid inclusions hosted in various generations of fluorite from the Aouli

fluorite-barite + sulphides hydrothermal vein system.

Figure 14. Calculated PAAS-normalized REY compositions for the parent fluid (filled red
triangles) which precipitated the Aouli fluorite using a lattice-strain model with parameters
from van Hinsberg et al. (2010), and that corresponding to a magmatic fluid (filled dashed
bleu circles) exsolved from a crystallizing granite melt using fluid-melt partition coefficients
of Flynn and Burham (1978) compared to the REY patterns of the Aouli fluorite (see text for

explanation). PAAS normalization values from McLennan (1989).

Figure 15. Plot showing the distribution of salinity data as a function of the fluorite-barite +
sulphides vein systems of the Aouli district. The line drawn through the data (boxes) is
interpreted to represent a binary mixing line involving two fluid end-members (F;, F,) and is

further discussed in the text.
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Table captions
Table 1. LA-ICP-MS trace-element compositions (ppm) of selected variously-colored

fluorite generations from the Aouli fluorite-barite + sulphides hydrothermal vein system.

Table 2. Sulphur isotopic compositions of various generations of barite from the Aouli

fluorite-barite + sulphides hydrothermal vein system.

Table 3. Strontium isotope compositions of variously colored and paragenetically positioned
fluorite and barite separates from the Aouli fluorite-barite + sulphides hydrothermal vein
system compared to the isotopic compositions of the spatially associated host rocks (i.e.,

Liassic dolostones, Triassic arkoses, and Late Variscan granite).

Table 4. Summary of microthermometric data of fluid inclusions hosted in variously-colored

fluorite generations from the Aouli fluorite-barite + sulphides hydrothermal vein system.
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00 00 00 00 00 00 00 00 00 00 00 0.0

Nb 0 18 0 0.01 0 0 0 000 |75 0 0.00 0 1 0 0.00 0.22 26.29 11.40
03 37 11 08 11. 62 02 85 1.1 05 54 16

Ba 5 6 0 115 8 55 1 755 | A 154 |, 7 8 1.48 79350.00 30.26 14860.00
52 10. 7.1 75 21, 14 28 33 78 58 10. 84

La 0 55 4 1.77 6 2 39 985 [0 4 3 6.47 5w 0 168 348 16.94 25.85
15.  26. 20 17. 45, 31 8.0 60. 20. 18.  30. 24

Ce 18 41 o0 3T | s s 53 1938 |5 45 gp M| oy 79 59 455 498 40.39 44 46
28 43 35 29 58 43 12 85 37 34 60 46

Pr 5 5 A 0.51 / 3 7 207 | %) 5 155 5 3 A 0.97 0.60 5.06 5.26
18. 24. 21 18. 28. 23 6.8. 40. 23. 22. 43, 32

Nd 50 g5 74 257 | a5 s a9 712 |75 a0 a4 895 |79 73 4 878 247 18.92 19.04
10. 15. 12 85 11. 10. 2422, 14 14, 27. 19

Sm 0 61 46 0|3 97 25 28 |% 30 2 * |z 18 9 40 0.84 5.54 443
83 11. 9.1 89 16. 12 18 17. 82 10. 21. 15

Eu 6 05 5 0.91 9 59 79 9387| . g5 7 348 | o o7 o8 372 <LD. 0.19 0.60
18.  33. 25 14, 25, 20 42 49. 28 31, 56. 42

Gd 7 18 a7 479 | ss w3 1q o781 6 05 70 B4 s g5 T84 0.93 5.64 416
35 65 47 23 44 34 06 92 52 60 99 77

Tb 1 5 A 1.02 A 9 ) 152 |5 g ) 2.28 s 4 g3 14 0.07 1.12 0.69




Dy

Ho

Er

Tm

Yb

Lu

SREY

Hf

Ta

Th

U

Th/La
Th/Ca
Y/Ho
Sm/Yb
(La/Lu)paas
(Eu/Eu*)pans

24.
62
241
.98
4.6
2
1.
47
1.3
8
7.0
9
0.7
0
378
.66
0.0
0
0.0
0
0.0
0
0.0
0
0.3
3
0.0
7
42.
35
0.9
9
0.0
8
22
5

43,
44
376
85
7.7
5
19,
47
25
8
15,
82
17
7
567
48
0.0
1
0.0
0
0.0
4
0.0
2
0.9
2
0.1
2
58.
83
17
0
0.0
7
2.7
6

31.
55
309
37
5.7

24
5

6.22
49.85
1.05
2.86
0.44
3.14
0.39
69.76
0.00
0.00
0.01
0.01
0.20
0.02
5.63
0.25
0.05

0.20

13.
97
141
99
22
9
4.8
0
0.5
2
25
3
0.2
6
295
57
0.0
1
0.0
0
0.0
8
0.0
0
0.1
1
0.0
5
33.
53
1.8
8
0.3
3
3.7
9

26.
34
160
62
42
4
9.4
2
11
0
6.3
8
0.6
7
320
25
0.0
1
0.0
0
0.3
5
0.0
0
05
9
0.0
9
70.
05
33
7
0.3
6
44
6

20.
15
151
31
3.2
6
7.1
1
0.8
1
4.4
6
0.4
7
307
91
0.0
1
0.0
0
0.2
1
0.0
0
0.3
5
0.0
7
51.
79
26
2
0.3
5
41
3

8.74
13.17
1.37
3.27
0.41
2.72
0.29
17.45
0.00
0.00
0.19
0.00
0.34
0.03
25.82
1.06
0.38

0.47

3.7
3
46.
77
0.7
3
1.7
8
0.1
9
1.1
4
0.1
1
84.
13
0.0
0
0.0
0
0.0
0
0.0
0
0.0
2
0.0
1
34.
93
0.9
0
0.2
8
1.4
2

59.
49
437
A7
1.
16
27.
65
3.7
4
23.
14
2.6
5
709
.75
0.0
4
0.0
0
0.1
5
0.1
2
2.2
2
0:1
8
186
.25
3.5
1
0.1
4
3.5
0

33.
30
304
59
58
2
14.
17
1.8
4
1.
74
1.3
4
485
14
0.0
1
0.0
0
0.0
2
0.0
1
1.0
5
0.1
0
59.
62
15
1
0.0
7
1.9
5

14.98
111.58
2.70
6.75
0.91
593
0.69
153.74
0.01
0.00
0.04
0.02
0.69
0.04
2748
0.72
0.10

0.50

41.
05
338
A7
7.7
17.
17
1.6
6.5
0.5
553
24
0.0
0.0
0.0
0.0
0.6
0.1
25.
07
0.1

23

68.
48
467
81
13.
88
32.
33
3.6

16.
39

14
719
.02
0.0
0.0
0.0
0.0
1.2
0.1

54.
87

3.0
0.0

29

54.
23
390
.53
10.
36
24.
07
2.5

10.
92
0.1

649

11.57
45.48
243
6.07
0.78
3.76
0.36
60.06
0.01
0.00
0.02
0.00
0.24
0.03
10.36
0.64
0.05

0.20

0.39
2.68
0.07
0.17
0.02
0.13
0.02
16.86
0.05
0.02
0.07
0.43

0.02

37.69
6.68

2.19

7.33
48.26
1,52
4.40
0.78
5.58
0.84
162.72
343
4.70
31.11
4.09

0.07

31.75
0.99
0.23

0.16

4.20
30.49
0.83
241
0.40
2.89
043
146.12
454
165
12.59
451

0.03

36.91
1.53
0.68

0.65

Abbreviations:

Deviation; L.D. = Limit Detection.

Min = minimum; Max = maximum; Avg. = average; Std. Dev. = Standard
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Table 2

Sample Vein

No. system/Deposit Petrographic description &%4S (%o cor)
11-ALB;  Aouli Vug filling white to pink crested barite associaited with quartz and sulfides 13.0
11-ALB,  Aouli Vein filling weakly silicified white barite 13.4
11-ALB3 Aouli Veinlet filling white barite cross-cutting Cambro-Ordovician schsit 8.6
11-ALB;  Aouli Translucent to white crested barite growing up on cubic fluorite 12.3
11-ALBs  Aouli Crested white barite encrusted by quartz and sulfides 13.2
11-ALBs  Aouli Crested white barite growing up on euhedral quartz 13.3
11-SDB1  Sidi Ayad Cresetd white barite associated with fluorite 1.5
11-ASB1 Ansegmir Crested pink barite encrusted by quartz and sulfides 11.1
11-ZDBy  Zeida Vug filling white to pink barite within Triassic arkose 11.2
11-ZDB;  Zeida Vug filling white to pink barite within Triassic arkose 11.0
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Table 3
Vein

Samples system/Depo  Analyzed Present day Sr (878r/36Sr)y5

No. sit mineral/Rock Description 87Sr/%6Sr + 20 (ppm)

Mineral

separates

11-ALF; Aouli Fluorite Massive green-colored fluorite 0.712293+13 40

11-ALF, Aouli Fluorite Massive green-colored fluorite 0.7122546 60

11-ALF; Aouli Fluorite Yellow cubic fluorite lining vug 0.710923+16 60
Crystalline translucent yellow fluorite associated

11-SDF4 Sidi Ayad Fluorite with crested barite 0.710155+6 99

11-SDF; Sidi Ayad Fluorite Green cubic fluorite crystal lining vug 0.711621+14 119

11-SDF; Sidi Ayad Fluorite Crystalline translucent yellow fluorite 0.711671x31 83

11-SDF; Sidi Ayad Fluorite Crystalline translucent yellow fluorite 0.710453+8 75
Crystalline yellow fluorite associated with crested

11-SSF4 Sidi Said Fluorite barite 0.711706+14 28

11-SSF, Sidi Said Fluorite Translucent cubic fluorite crystal lining vug 0.711415+15 136

11-SSF; Sidi Said Fluorite Yellow honey cubic fluorite lining vug 0.711160+9 86

11-SSF4 Sidi Said Fluorite Yellow honey cubic fluorite lining vug 0.710566+11 89

11-ASF1 Ansegmir Fluorite Yellow honey cubic fluorite lining vug 0.711893+13 85
Crystalline yellow fluorite associated with crested

11-ASF; Ansegmir Fluorite barite 0.711817+14 7

11-ASF; Ansegmir Fluorite Yellow honey cubic fluorite lining vug 0.711881+6 144
Cm-sized, rounded clast of purple fluorite

11-ASF4 Ansegmir Fluorite associtade with barite and quartz 0.711701£9 100

11-ASFs Ansegmir Fluorite Crystalline translucent yellow fluorite 0.711741x12 104
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11-MBB1
11-ZDB1
11-ZDB2

11-ASB+
11-ALB1

11-ALB;
Whole rock

11-MBD
11-MBD2

11-MBD3
11-ZDA1

11-ZDA2

11-ALG4

Mibladen
Zeida
Zeida

Ansegmir
Aouli
Aouli

Mibladen
Mibladen

Mibladen
Zeida

Zeida

Aouli

Barite
Barite
Barite

Barite
Barite
Barite

Liassic
dolostone
Liassic
dolostone
Liassic
dolostone
Traissic arkose

Traissic arkose
Late Hercynian
granite

Crested pink barite encrusted on galena

Vug filling crested pink barite within Triassic arkose
Vug filling crested pink barite within Triassic arkose

Crested pink barite encrusted on galena and
associated quartz

Bladded weakly silicified white massive barite
Crystalline translucent barite

Early Jurassic weakly silicified medium-grained
gray dolomitized dolostone
Early Jurassic weakly silicified medium-grained
gray dolomitized dolostone
Early Jurassic weakly silicified medium-grained
gray dolomitized dolostone

Conglometric polygenic Triassic arkose
Conglometric polygenic Triassic arkose

Muscovite-bearing leucogranite

0.708173+5
0.708473+8
0.708500+6

0.711401+5
0.710789+9
0.710215+6

0.708030+15
0.707867+13

0.708140+12
0.714997+4

0.712558+17

0.718510+21

0.9

0.7

0.9
231

235

321

3125
1945
2354

2761
4255
5143

3429
3125

3450
707

710

16

0.708028+1
5

0.707865+1
3

0.708137+1
2

0.712341+4
0.709867+1
7
Open
system
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Table 4
Vein Te Tm(ice) Tm(hh) Th Sallnlty
System Mi Ma Av Avg  Std. Avg  Std. Mi Ma Av  Std Ma Av  Std.
n n X g n Mn Max . Dev. n Min Max . Dev. n n x g Dev Min x g Dev
6 - 2 1. 2 20. 19. 20. 6 10 14 12 14. 16. 15
Aouli 4 8 -4 61 7 -13 -10 0.6 19 6 3 04 8 1 0 0 6 3 9 4 0.6
2 - 2 18. 15. 13 1 21 16. 2 12 1 18. 21. 19
SidiAyad 3 90 -50 -61 1 8 2 8 0.8 5 3 19 9 0.7 3 9% 4 4 8 8 5 1 0.6
8 - 719, 110 13 4 24, 20. 20. 7 12 17 13 15. 21. 17
Sidi Said 1 8 -45 60 7 1 2 7 1.4 1 8 9 6 6.8 7 2 5 9 13 2 8 5 1.2
Ansegmir 6 - 6 21. 19. 20 2 25. 24. 24 7 11 17 14 21. 23. 22
2 93 60 -76 3 6 2 1 0.5 6 5 2 8 03 9 8 0 7 12 8 4 5 0.4

Abbreviation: Avg. = Average; n = Number of measurements; Max = Maximum; Min = Minimum; Std. Dev = Standard

Deviation
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Highlights

[u—

We performed REE, fluid inclusions and St and S isotope analysis.
fluorite mineralization is related to Pangean rifting and pre- Atlantic opening.
Ore-fluids were hot saline sedimentary brines from 2 distinct sources.
Water-rock interactions released REE and metals to the ore fluids largely from the granites.

Mixing and cooling were the main causes of ore deposition.



