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A B S T R A C T   

Fluorite deposits in the Bou-Izourane district of the High Atlas in Morocco are distributed over seven known 
mineralized sites near the Middle Eocene Tamazeght magmatic complex and hosted in sedimentary rocks 
(limestones and marls) of the Lower Jurassic (Bou-Izourane, Takkat, Bou-Kharouba and Tabja deposits), 
magmatic rocks (Bou-Imetssene and Meghsan deposits) and skarns (Tamazeght and Bou-Imetssene deposits). 
This paper examines the origin of the mineralizing fluids and the relationship between the Tamazegth complex 
and fluorite deposits. Fluorspar occurs in veins oriented according to three families (N20, N50-80 and N120), in 
karst cavities and as stratabound deposits. Three stages are identified in the mineralization: (1) fluorite 
emplacement associated with the dissolution of the host rocks; (2) fracturing and sealing by calcite and finally (3) 
silicification associated with the partial dissolution of fluorite and calcite. Fluid inclusions in fluorite hosted in 
marls and carbonates of the Lower Jurassic have low salinities (1.5 to 3 wt% equiv. NaCl) and homogenization 
temperatures between 91 ◦C and 159 ◦C. Fluid inclusions in the Tabja, Tamazeght and Meghsan fluorites exhibit 
the same salinity range, but with increased homogenization temperatures, ranging from 99 ◦C to 241 ◦C, with a 
vapour phase containing CO2. Secondary solid daughter phases, such as nahcolite, calcite and strontianite are 
identified. Only Bou-Imtessene fluorite has high salinity fluid inclusions (~18 wt% equiv. NaCl) and interme
diate homogenization temperatures between 126 ◦C and 187 ◦C. These high local salinities and the presence of 
nahcolite and secondary carbonates in the fluid inclusions of the Tabja, Tamazeght and Meghsan fluorites may 
reflect the involvement of late-magmatic fluids. The δ18O isotopic composition of the fluid that precipitated 
calcites from Tabja (highest Th) and Bou-Izourane (lowest Th) indicates a meteoric origin. Fluorite has a broadly 
similar REE distribution to that of the Tamazeght carbonatites, suggesting that REE are derived from: i) car
bonatites by hydrothermal alteration (e.g., Bou-Izourane, Bou-Kharouba and Takkat), and ii) carbonatitic (late- 
magmatic) fluids (e.g., Tabja, Tamazeght, Meghsan and Bou-Imtessene). Our data shows that fluorite mineral
ization in the Bou-Izourane district and the spatially associated middle Eocene Tamazeght magmatism have a 
direct genetic relationship through the contribution of late-magmatic F-rich fluids in close proximity to the 
complex. Fluorite mineralization farther from the complex is formed by per descensum circulation of meteoric 
waters along fractures resulting in fluorine leaching. The Tamazeght complex acts as a heat source and driving 
mechanism for fluid flows. The dissolution and recrystallization reactions are made possible by a strong 
geothermal gradient persisting after the complex was emplaced. The upwelling of these hydrothermal fluids into 
the calcium-rich host rocks (limestone and marl) leads to the precipitation of fluorite.   
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1. Introduction 

The Bou-Izourane district, located in the Central High Atlas of 
Morocco, is one of the top ten fluorite deposits producing in Morocco. 
GLOBAL MINES has been mining fluorite from the Bou-Izourane deposit 
since 2004. This company was the first to market this ore for many 
countries around the world (Italy, France, …). The annual production 
capacity of 97% CaF2 fluorite concentrate reaches 10 kt (Achmani, 
2017; Achmani et al., 2020). 

Fluorite mineralization in the Bou-Izourane district occurs in the 
sedimentary cover to the south-east and south-west of the Tamazeght 
magmatic complex, which is dated as middle Eocene (Tisserant et al., 
1976) (Fig. 1). Fluorite mineralization in the Bou-Izourane area and the 
Tamazeght complex is emplaced in both the Liassic sedimentary for
mations and the Tamazeght magmatic rocks. The Bou-Izourane district 
consists of three sites – Bou-Izourane, Bou-Kharouba and Takkat - 
located in its eastern part. In the three sites, fluorite deposits are hosted 
by early Jurassic marls and carbonates. The western part of the district 

Fig. 1. (A). Simplified structural map of northern Morocco. (B). Geological setting of the study area (Tamazeght complex and Bou-Izourane district) (after Agard, 
1973; Kchit, 1990; Marks et al., 2008; Schilling et al., 2009; Bouabdellah et al., 2010b; Achmani, 2017 (modified)). 
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hosts four other sites (Tabja, Bou-Imtessene, Meghsan and Tamazeght) 
whose mineralization is hosted either in the Liassic formations, or in the 
metamorphic aureole of the complex related to the skarns, or finally in 
the middle Eocene syenites of the Tamazeght magmatic complex 
(Fig. 1). The sedimentary rocks were strongly deformed during the 
Atlasic orogeny that took place between the end of the Eocene and the 
Quaternary (Frizon de Lamotte et al., 2000, 2009; Leprêtre et al., 2015). 

These mineralizations located in the heart of the High Atlas Range 
and close to a syenitic-carbonatitic magmatic complex raise the question 
of their genesis. Two fluorite deposits in Morocco show similarities with 
the Bou-Izourane mineralization and the Tamazeght complex. The Jbel 
Tirremi fluorite in the Horst Country Range (eastern Morocco) shows 
geometric relationships with Eocene-age lamprophyre veins, but fluid 
analysis has shown no relationship between these magmatic formations 
and mineralization (Bouabdellah et al., 2014). Conversely, the world- 
class El Hammam deposit in Central Morocco is characterized by rare 
earth element enrichment in fluorite, interpreted as evidence of a strong 
link to Triassic magmatism, where fluorite emplacement is related to the 
circulation of magmatic fluids from the late- to post-magmatic crystal
lization of granitic intrusions (Jébrak et al., 1984; Cheilletz et al., 2010; 
Chraibi et al., 2013). 

More widely, the existence of fluorite deposits related to carbonatites 
is proven in several districts (Namibia, Bühn et al., 2002; Russia Redina 
et al., 2021 or India, Singh et al., 2022), with syenites (Turkey, Coşanay 
et al., 2017) or with skarns (Mongolia, Duan et al., 2020; Mexico, 
Camprubí et al., 2019). Other stratiform and/or stratabound-type de
posits, unrelated to magmatism, have been described, for example on 
the periphery of the French Massif Central (Chaillac deposit, Sizaret 
et al., 2009; Pierre Perthuis stratabound fluorite deposits, Gigoux et al., 
2015, 2016; Lenoir et al. 2021). 

The genetic link between magmatism and fluorite mineralization can 
therefore be variable. Fluorite may derive from magmatic to late- 
magmatic fluids (i.e., felsic magmas; Schönenberger et al., 2008; 
Cheilletz et al., 2010; Bouabdellah et al, 2010a), or formed from hy
drothermal fluids of variable origins without a direct connection to 
magmatic fluids (i.e., Mississippi Valley Type (MVT) deposits; Jemmali 
et al., 2017; Bouabdellah et al., 2014; Sánchez et al., 2009; González- 
Partida et al., 2003). Magmatic rock intrusions can, however, play an 
indirect role, providing a heat source and fluorine- and calcium-rich 
minerals that can be partially dissolved and recrystallized (Rajabza
deh, 2007; Boiron et al., 2002, 2010; Pei et al., 2017; Ye and Bai, 2022). 
Preliminary studies by Sośnicka et al. (2021) show that the fluorites 
from the Bou-Izourane district may have a varied origin. These authors 
document high salinities (21.2 NaCl wt.% equiv.) in fluid inclusions 
trapped in fluorite emplaced in close proximity to syenites of the Tam
azeght complex. These fluids are interpreted as late-magmatic. Much 
lower salinities (1.6–8.5 wt% NaCl equiv.) have been documented in 
fluid inclusions trapped in carbonate-hosted fluorites. 

The objective of this paper is to propose a metallogenic model of 
fluorite genesis in the Bou-Izourane district and the Tamazeght complex. 
Particular attention is paid to the origin of the mineralizing fluids and the 
relationship between the Tamazeght magmatic complex and the miner
alizations. To this end, we complement the preliminary results of Sośnicka 
et al. (2021) with petrographic observations, microthermometric and 
Raman spectroscopy data of fluid inclusions, and geochemical analyses of 
trace elements (fluorite and calcite) and stable isotope compositions (O 
and C) of fluorite-associated calcites. This model will help guide the 
exploration and mining strategy for fluorite in the district. 

2. Geological setting of the deposits 

2.1. Regional geology 

The Bou-Izourane region is located in the eastern part of the Central 
High Atlas and is formed by folded Lower to Middle Jurassic terrains 
(Sinemurian to Bathonian stages) with lithologies which are generally 

marly and carbonate. These sedimentary rocks rest unconformably on 
Triassic basalts (Heitzmann, 1987), according to a tilted block geometry, 
acquired during Triassic-Jurassic rifting and which may have followed 
the structures inherited during the Paleozoic Variscan orogeny (Alvaro 
et al, 2008; Beauchamp et al. 1996; Burkhard et al. 2006; Choubert and 
Faure-Muret 1962; Ennih and Liegeois 2001; Frizon de Lamotte et al. 
2009; Gasquet et al., 2008; Klitgord and Schouten 1986; Mattauer et al. 
1977; Piqué and Michard 1989; Thomas et al. 2002). The entire sedi
mentary series is intruded by rocks of the middle Eocene Tamazeght 
magmatic complex (Tisserant et al., 1976). The emplacement of the 
Tamazeght complex generates the development of skarns within the 
enclosing rocks, over a distance of about 100 m (Salvi et al., 2000, Kchit, 
2007; Achmani, 2017). 

The Mesozoic sedimentary series of the Atlas domain begins with 
detrital and then evaporitic continental deposits of the Upper Triassic. 
The Triassic period corresponds to an important crustal distension 
linked to the first stages of rifting, allowing the outpouring of tholeitic 
basalt flows that top the upper silty evaporitic levels (Laville, 1985; 
Laville and Piqué, 1992). The Triassic structures are guided by normal 
faulting of the Variscan structures N50 to N90 and N130 to N160 
(Mattauer et al., 1977: Laville et al., 1977, Laville, 1977, 1978; Laville 
and Piqué, 1991, 1992: Aït Brahim et al., 2002), inducing a general 
NNW-SSE to NW-SE extension. Intrabasin faults oriented NNE-SSW to 
NE-SW, are considered as dip-slip extension faults (Mattauer et al., 
1977; Laville and Petit, 1984; Beauchamp, 1988). 

In the Jurassic, the continental input continued. Following the sea 
level rise, the Atlantic invaded the basin. Reef structures (Patch Reef) 
then developed on the rift flanks (Du Dresnay, 1971; Ait Addi and 
Chafiki, 2013). The Atlasic rift aborts during the Lower Liassic (Laville. 
1985; Laville and Piqué, 1992; Le Roy et al., 1997). Extensional defor
mation is now concentrated in the Atlasic domain, allowing the devel
opment of the subsiding intra-continental basins of the High Atlas and of 
the Middle Atlas (Choubert and Faure-Muret, 1962), with carbonate 
platform installation (Laville, 1985). Subsidence of the Atlas basins 
during the Upper Liassic was controlled by NE normal faults developed 
in the Lower Liassic (Aït Brahim et al., 2002) and E-W Hercynian crustal 
fractures reactivated as sub-vertical compressive senestial rifts (Matta
uer et al., 1977). The paleo stress field indicates a NW-SE extension that 
allows the individualization of a mosaic of broad rhombic depocenters 
bordered by narrow ripples (Du Dresnay, 1975; Mattauer et al., 1977; 
Studer and Du Dresnay, 1980; Laville, 1981). 

In the Upper Jurassic, the E-W and ENE- WSW direction of sinister 
strike-slip movement is transformed into reverse fault movement in 
response to the rotation of the regional stress field. The Jurassic basins of 
the High Central Atlas and Middle Atlas close (Fedan et al., 1989; Laville 
and Fedan, 1989). This closure, which began in the Bathonian, propa
gates from SW to NE during the Upper Jurassic, expressing the first 
phase of inversion with the emersion of the Atlas domain (Laville and 
Piqué, 1992). From the Upper Cretaceous to the Paleocene, the stress 
field shows a compressional direction varying from E-W to ESE-WNW, 
which is in agreement with the relative dexterous lateral movement of 
Africa-Iberia, relating to the opening of the South Atlantic during the 
Albian which induced a counter-clockwise rotation of Africa with 
respect to Eurasia (Tapponnier, 1977). During the Eocene, the N-S 
compression recorded in Morocco and affecting the whole of the West
ern Mediterranean (Tapponnier, 1977) is due to the relative displace
ment between North Africa and Europe (Olivet et al., 1984). The 
progressive closure of the Tethys (Ricou, 1994) finally led to a con
tinent–continent collision. It is at this time that the Tamazeght complex 
was established during this N-S compressive phase. This complex con
sists of plutonic rocks distributed between ultrabasic cumulates (jacu
pirangites), differentiated terms (syenites, monzonites) and is cut by late 
and subvertical dykes (carbonatite, lamprophyre and pegmatites) ori
ented essentially N00 to N45 and NW-SE (Kchit, 2007; Fig. 1). The mode 
of emplacement is thought to be related to sinister shearing leading to 
the migration of magmatic bodies (Kchit, 2007). 
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The formation history of the Moroccan High Atlas Range begun in 
the upper Eocene with an early event showing an abrupt transition from 
marine to a continental conglomerate formation, followed by a quies
cence phase related to the relaxation of horizontal orogenic stresses at 
the African/European plate boundary, in the Oligocene and Lower 
Miocene. The Lower-Middle Miocene period is characterized by a first 
phase of lithospheric thinning plus a shortening component which 
triggered the emplacement of tectono-gravity sheets along the High 
Atlas, and this was followed by a large-scale subsidence state related to a 
decrease in the intensity of lithospheric thinning. During the Pliocene- 
Quaternary, shortening resumed and led to the construction of the 
present orogen with a contribution from a second lithospheric thinning 
event (Frizon de Lamotte et al., 2000, 2009; Leprêtre et al. 2015). 

2.2. Deposit geology 

Fluorite occurs in veins oriented in three families: N20, N50-80 and 
N120, as well as in karst cavities and along strati-form joints between 
marl and limestone (Table 1; Fig. 2). The extension of the vein miner
alization varies from 20 to 500 m with a strength of up to 5 m. The 
volumes of mineralization hosted in the karst cavities vary between 10 
and 4000 m3. 

2.2.1. Mineralization hosted in the sedimentary cover 
Fluorite mineralization at the Bou-Izourane, Takkat, Bou-Kharouba 

and Tabja sites is hosted in marl and carbonate rocks of the sedimen
tary cover. The mineralization mined at the Bou-Izourane site is mainly 
stratiform, with mineralized fractures oriented N20, N50-80, N120, and 
fills karstic cavities (Table 1; Fig. 2A, E and Appendix A (Fig. A.1A)), of 
light purple brecciated fluorite and is cut by calcite veinlets (Fig. 2B, F 
and Table S1 (Appendix B)). The Takkat fluorite is light purple, frac
tured, and veinlet-like in massive dolomitic limestones of Lower Sine
murian age overlain by marl-layered bedded limestones of Upper 
Sinemurian age (Table S1 (Appendix B)). Two sites are mined: i) to the 
south, within veins oriented N120; ii) to the north, within veins oriented 
N20 (Table 1; Appendix A (Fig. A.1B)). At Bou-Kharouba, fluorite is 
colourless to light purple within N120-trending veins averaging 2 m in 
thickness, cutting Toarcian marl and limestone beds (Table 1; Appendix 
A (Fig. A.1C) and Table S1 (Appendix B)). At the Tabja site, fluorite is 
hosted in massive dolomitic limestones in two forms (Table 1): i) vein- 
like, in which purple fluorite and white calcite with a greenish ten
dency are found (Appendix A (Fig. A.1D)); ii) within karst cavities 
(Fig. 2G), where purple fluorite with light grey-green patches, repre
senting silicification of fluorite, is found (Fig. 2H). 

2.2.2. Mineralization hosted in the skarns 
The Tamazeght and some of the Bou-Imetssene deposits are hosted in 

skarns (Table 1). The Tamazeght site is also characterized by well- 

crystallized lilac-purple fluorite in cavities developed in the skarns 
(Appendix A (Fig. A.2A) and Table S1 (Appendix B)). As for Bou- 
Imetssene, skarn-hosted fluorite appears as purple spots disseminated 
in the skarns (Appendix A (Fig. A.2B) and Table S1 (Appendix B)). 

2.2.3. Mineralization hosted in the syenites 
At Bou-Imetssene, other fluorite mineralization occurs as lilac-hued 

fluorite stock-works, oriented N50-80 and N120, intersecting the Tam
azeght syenites (Table 1; Fig. 2C, D and Appendix A (Fig. A.3B)). Fluorite 
at the Meghsan site occurs as dark purple cubes (antozonite-type fluo
rite) (Appendix A (Fig. A.3A) and Table S1 (Appendix B)), this vein 
mineralization oriented N50-80, intersects both the Liassic formations 
and the Tamazeght skarns and syenites. 

3. Materials and methods 

Seven fluorite mineralized sites (Bou-Izourane, Bou-Kharouba, Tak
kat, Tabja, Meghsan, Tamazeght and Bou-Imtessene) were studied 
(Fig. 1). After sampling (Table S1 (Appendix B)), petrographic obser
vations were made by optical microscopy, cathodoluminescence (CL) 
microscopy, and scanning electron microscopy (SEM) on thin sections 
and on fragments mounted in epoxy and then polished, at the Geo
sciences Paris-Saclay (GEOPS) laboratory. CL observations were per
formed on an Olympus BX41 microscope coupled to a Cathodyne cold 
cathode catholuminescence (NewTec) operating at 10–12 kV and 
160–260 µA and a Qicam Fast 1394 digital camera. SEM images were 
produced at an accelerating voltage of 15 keV and semi-quantitative 
elemental compositions were measured by energy dispersive spec
trometry (EDS) at an accelerating voltage of 15 keV and an accumula
tion time of 30 s. 

14 fluorite samples from different sites in the Bou-Izourane district 
and the Tamazeght complex were selected for microthermometric 
analysis of fluid inclusions. Homogenization (Th) and water ice melting 
temperatures (Tm) of the two-phase aqueous inclusions were acquired 
using a LINKAM MDS600 cooling and heating stage, mounted on a Leica 
microscope and equipped with a Lumenera Infinity 3 camera, at GEOPS. 
Each fluid inclusion was measured twice. Data that cannot be replicated 
was excluded. The few fluid inclusions belonging to the same plane 
having variable liquid–vapour ratios were excluded and considered as 
evidence of post-trapping deformation (stretching, leakage) or necking- 
down (Goldstein and Reynolds, 1994). The uncertainties associated with 
Th and Tm measurements are ± 1.0 ◦C and ± 0.1 ◦C, respectively. The 
solid phases contained in some of the fluid inclusions were identified by 
Raman spectroscopy (LabRAM (Horiba) at the GeoRessources labora
tory of the University of Lorraine) with a 300 mW 514.71 nm green laser 
(Cobolt Fandango 300), an 1800 rpm grating and a x100 objective. The 
confocal hole was open at 700 µm and the slit at 200 µm. The acquisition 
is done in the range of 950 to 1075 cm− 1 for solids and 1400 to 3500 

Table 1 
Geometric characteristics of the mineralization in different sites of the Bou-Izourane district and Tamazeght complex.  

Mineralized site Host rock Type of mineralization Direction Extension Thickness/Dimensions 

Bou-Izourane Limestone to marls (Lower Jurassic) Veins N20 70 to 200 m 1 to 5 m 
N50-80 20 to 500 m 2 to 5 m 

Karstic cavities — — 1000 to 4000 m3 

Strata-bound joints — 30 to 100 m 0.2 to 1 m 
Bou-Kharouba Limestone to marls (Lower Jurassic) Veins N120 40 to 70 m 0.5 to 2 m 
Takkat Limestone to marls (Lower Jurassic) Veins N20 100 to 500 m 0.5 to 4 m 

N120 20 to 60 m 1 to 2 m 
Tabja Limestone to marls (Lower Jurassic) Veins N20 20 to 110 m 0.5 to 3 m 

N50-80 30 to 170 m 1 to 3 m 
Karstic cavities — — 10 to 30 m3 

Tamazeght Skarns Karstic cavities — — 30 to 70 m3 

Meghsan Syenites Veins N50-80 60 to 200 m 0.5 to 2 m 
Bou-Imtessene Syenites 

Skarns 
Stockwork N120 170 to 300 m 1 to 2 m 
Stockwork N50-80 50 to 110 m 0.5 to 2 m  
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cm− 1 for OH. The acquisition time and the number of accumulations are 
fixed in order to optimize the signal/background ratio. 

Minor and trace elements in calcite and fluorite were measured using 
a Thermo Scientific™ Element XR ICP-MS coupled to a Teledyne Photon 
Machines 193 nm ArF laser ablation (LA) system, at GEOPS (Appendix A 
(Fig. A.7)). Fluorite crystals were ablated at a fluence of 6.25 J.cm− 2, 
with an ablation diameter of 85 µm and a pre-ablation diameter of 110 
µm. The conditions for calcite analysis are a fluence of 2 J.cm− 2 with an 
ablation diameter of 150 µm and a pre-ablation of 155 µm. Each fluorite 
and calcite sample was ablated at a frequency of 10 Hz with a 30 s 
background acquisition followed by 30 s of ablation. Elemental con
centrations of calcites were calibrated using NIST612 glass reference 
material, and the carbonate pellet MACS-3 (United States Geological 
Survey (USGS)) was used as secondary reference material to ensure 
accuracy. In the absence of fluorite reference material, we used an in- 
house fluorite sample Pierre-Perthuis 16 (PP16) for quality control, 
sample consisting of yellow fluorite crystals which was analyzed by ICP- 
MS after dissolution (Gigoux et al., 2015; Gigoux, 2015). The 59 mea
surements performed on the NIST 612 glass reference material (Pearce 
et al., 1997) during this study gives an accuracy ranging from 1.4% to 
7.6% on elemental concentrations. 43Ca was used as internal standard 
to convert intensities into concentrations. For fluorite analysis, we used 
a CaO value set at 71.83 wt% oxide (wt % CaO), corresponding to the 
value of stoichiometric fluorite. Similarly, a CaO value set at 56.03 wt% 
was used for calcite. Data was reduced using Iolite 4 software (Paton 
et al., 2011). The precision and accuracy of the elemental concentrations 

measured in fluorite and calcite was evaluated using the matrix-match 
reference materials MACS-3 (calcite) and PP16 (fluorite). The results 
of Rare Earth Element (REE) quantifications in MACS-3 carbonate 
reference material and in-house fluorite material “PP16” are listed in 
Table S5, S6 (Appendix B). The distributions obtained on “PP16” by LA- 
ICP-MS are compared to the distribution obtained by dissolution - ICP- 
MS (Gigoux, 2015) in Fig. A.6A (Appendix A), and similarly, the 
values obtained on MACS-3 are compared to their certified values 
(USGS, Tb and Yb values are from Jochum et al., 2012) in Fig. A.6B 
(Appendix A). The distribution of REE for fluorite samples by dissolution 
- ICP-MS for the different sites of the Bou-Izourane district and the 
Tamazeght complex was published by Achmani et al., 2020. In addition, 
REE in the host rocks were determined from samples of lamprophyre, 
carbonatite and syenite, skarns, limestones and marls of the Liassic by 
dissolution-ICP-MS (ALS Ireland, Geochemistry method ME-MS81 and 
Bureau Veritas Minerals Canada, Exploration Geochemistry, method 
MA250) (Table S4 (Appendix B)). Before dissolution, the samples were 
washed and rinsed with distilled water and then crushed. These analyses 
are complemented in this paper by data from the works of Bouabdli 
et al., 1988 (lamprophyre); Kchit, 2007 and Bouabdellah et al., 2010b 
(carbonatite) and Wang et al., 2016 (syenite). 

Two hydrothermal calcite filling fractures in the Tabja and Bou- 
Izourane deposits were sampled to measure their O and C stable iso
topic composition (Appendix A (Fig. A.7A, D)). After acid digestion of 
calcite powders, CO2 was analyzed using a dual-inlet Isoprime 100 
spectrometer (Elementar) coupled to a multi-Carb system at the 

Fig. 2. Photographs illustrating the types of fluorite mineralization in the Bou-Izourane district. (A, B). Fluorite vein intersecting the Liassic marly limestone for
mations in the central site of Bou-Izourane with a hand specimen of fluorite. (C, D). Fluorite vein intersecting the Eocene syenites of Tamazeght in the Bou-Imtessene 
site with a specimen of fluorite. (E, F). Fluorite occupies the strata joints between massive dolomitic limestones and marl-limestones in the Bou-Izourane site with a 
specimen of fluorite. (G). Fluorite in karstic cavity in massive dolomitic limestone at the site of Tabja. (H). fluorite specimen from the Tabja site with silicification 
patches replacing fluorite. 
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Laboratory of Sciences of Climate and Environment (LSCE; Paris-Saclay 
University). Data was standardized to Pee Dee Belemnite (PDB) based on 
repeated measurements of international reference materials NBS19 and 
NBS18. The 1SD external reproducibility of the in-house laboratory 
carbonate standard (MARGO) is 0.05 ‰ for δ18O and 0.03 ‰ for δ13C. A 
sufficient amount of calcite powder was extracted from each sample to 
perform two measurements. The difference in the values between the 
two measurements is less than 0.1 ‰ for both δ18O and δ13C. As a result, 
the mean value of the two measurements was considered. The frac
tionation equation of Zheng (1999) was used to recalculate the O iso
topic composition of parental fluids. 

4. Results 

4.1. Petrographic features of fluorite deposits 

4.1.1. Bou-Izourane, Bou-Kharouba, Takkat and Tabja fluorite sites: 
Mineralization hosted in the sedimentary cover 

Bou-Izourane fluorite occurs as a massive, euhedral form (>500 μm) 
and is light purple in transmitted light (Fig. 3B, C). In cath
odoluminescence, the fluorite is blue in colour, with undissolved frag
ments of calcite from the host oolitic limestone packed within the 
fluorite (Fig. 3A, D; Appendix A (Fig. A.4A and B)). It is cut by fractures 
filled with orange coloured calcite in CL (Fig. 3A, C). The automorphic 
quartz crystals found in the oolitic limestone, are also included in 
fluorite after dissolution of calcite from the host (Appendix A (Fig. A.4A, 
B)). 

At Takkat, optical and cathodoluminescence microscopy shows 
euhedral fluorite crystals associated with calcite and micro-quartz 
(Fig. 3E, G). In cathodoluminescence, calcite precipitated in fractures 
intersecting the fluorite appears as a homogeneous orange colour and/or 
a succession of dark orange and luminescent zones (Fig. 3F). Micro- 
metric quartz comes later and replaces the fluorite and calcite (Appen
dix A (Fig. A.4C)). Fragments of the country rock remained included in 
the fluorite (Appendix A (Fig. A.4C)). 

The fluorite from Bou-Kharouba has the same petrographic charac
teristics as the fluorite from Bou-Izourane and Takkat (Fig. 3H-J). 

At the Tabja site, the fluorite appears under the microscope in 
massive form and is partially replaced by calcite, which appears to be 
homogeneous orange in cathodoluminescence (Fig. 4A-C and 5B). In 
karst cavities, fluorite appears as zoned euhedral crystals (succession of 
dark blue and blue luminescent bands) in natural light (Fig. 4D, E); blue 
fluorite in CL is partially replaced by black micro-quartz (Fig. 4F, 5A). 

4.1.2. Tamazeght fluorite site: Mineralization hosted in the skarns 
Microscopic characterization of the Tamazeght fluorite shows that 

the emplacement of this fluorite is synchronous with the dissolution of 
the calcite of the surrounding rock. Micro-quartz precipitates later and 
replaces the fluorite (Fig. 4G-I). In cathodoluminescence, the euhedral 
fluorite shows a blue core (Fl1) that wraps around undissolved pieces of 
orange calcite that belong to the host rock, which is surrounded by the 
homogeneous blue fluorite (Fl2) (Fig. 4I). 

At Bou-Imetssene, the purple fluorite disseminated in the skarns 
appears as small patches developed on the constituent minerals of the 

Fig. 3. (A, D). Cathodoluminescence (CL) images of the paragenesis of fluorite mineralization at the Bou-Izourane site. (B). Cross polarized light photography of 
fluorite from the Bou-Izourane site. (C). Cross polarized light photography of calcite in fractures intersecting fluorite at the Bou-Izourane site. (E). Polarized light 
photography of quartz replacing fluorite and calcite in the Takkat site (F, G). Cathodoluminescence images of zoned and homogeneous calcite precipitated in the 
fluorite fractures at Takkat. (H, I and J). Cathodoluminescence image and reflected light images of fluorite-calcite-quartz samples from the Bou-Kharouba site. 
(Flmas. massive fluorite, Fleuh. euhedral fluorite). 
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skarns. In cathodoluminescence, the fluorite appears dark blue and is 
intersected by fractures filled with orange calcite (Appendix A 
(Fig. A.2B)). Fragments of undissolved skarn minerals remain included 
in the fluorite (Appendix A (Fig. A.2B)). 

4.1.3. Bou-Imetssene and Meghsan fluorite sites: Mineralization hosted in 
the syenites 

Some of the constituent minerals of the syenites at the Bou-Imetssene 
site, notably aegirine and potassium feldspar, are replaced by fluorite 
(Fig. 6A-C). Fluorite occurs in an interstitial form between the minerals 
forming the syenitic domes of Tamazeght (Appendix A (Fig. A.3B)). Ra
diation halos are developed in fluorite, around widely dissolved zircons 
and “uranpyrochlore”-type oxides (Fig. 5E, F). In cathodoluminescence, 
orange calcite seals fractures that intersect the blue fluorite (Fig. 6A). 

The fluorite at the Meghsan site has similar petrographic character
istics to the fluorite hosted in the syenites at the Bou-Imetssene site 
(Fig. 6D-F and 5C). In cathodoluminescence, the fluorite shows a blue 
core (Fl1) that contains undissolved orange calcite inclusions from the 
surrounding rock, and is surrounded by homogeneous blue fluorite (Fl2) 
(Fig. 6E). Calcite then develops in fractures intersecting the fluorite 
(Fig. 6D). There is no development of radiation halos despite the pres
ence of undissolved zircon crystals (Fig. 5D). Iron oxides fill cracks 
intersecting fluorite and calcite (Fig. 6D). 

4.2. Fluid inclusions 

4.2.1. Fluid inclusion petrography and microthermometry 
Primary and secondary inclusions were identified based on inclusion 

morphology, position relative to growth planes, and phase properties 

observed at room temperature (Roedder, 1979, 1984; Van den Kerkhof, 
1988; Van den Kerkhof and Hein, 2001; Fig. 7). 

The bulk of the observed and analysed fluid inclusions in fluorite 
crystals correspond to two-phase (liquid + vapor) inclusions with sizes 
of 3–80 µm, liquid phase dominant (Fig. 7A, B), homogenizing in the 
liquid phase. These inclusions are interpreted as primary. Secondary 
inclusions were recognized at the Tabja and Meghsan sites in fluorite 
crystals. Only fluid inclusions at sites in direct spatial relationship with 
syenites, notably the Meghsan site, are multiphase, containing liquid, 
vapour and one or more solids (Fig. 7E). Aqueous two-phase fluid in
clusions in calcite, interpreted as primary, have been studied at the Bou- 
Izourane and Tabja sites (Fig. 7G, H). 

Upon cooling of inclusions in fluorite, freezing is observed between 
− 63 ◦C and − 36 ◦C. Water ice is the only solid observed at low tem
peratures and the first melting of this water ice occurs between − 30 ◦C 
and − 5 ◦C. Homogenization (Th) and freezing (Tf) temperatures, as well 
as temperatures of first ice melting (Te) and final ice melting (Tm) 
measured on primary and secondary two-phase inclusions trapped in 
fluorite and calcite crystals from different sites in the Bou-Izourane re
gion and the Tamazeght complex, are presented in Table 2. Salinities are 
calculated from Steele-MacInnis et al. (2012) in the H2O-NaCl system. 

For fluorite crystals, homogenization temperatures of primary fluid 
inclusions from the Bou-Izourane site show a unimodal distribution, 
with temperatures ranging from 91 ◦C to 159 ◦C and a mean homoge
nization temperature value of 123 ± 15 ◦C (n = 23) (Fig. 8A). Salinities 
vary between 0.8 and 3.5 wt% equiv. NaCl. The calcite at Bou-Izourane 
shows fluid inclusions with homogenization temperatures ranging from 
107 to 119 ◦C with an average value of 113 ± 4 ◦C (n = 10) as a 
unimodal distribution (Fig. 8A). At Bou-Kharouba, homogenization 

Fig. 4. (A, B, C). Cross polarized light, cathodoluminescence image and reflected light photographs of calcite replacing fluorite from the Tabja vein. (D, E). Plane 
polarized light photographs of massive and euhedral fluorite with the succession of deep blue and blue luminescent bands blue from the karst cavity of Tabja. (F). 
Cathodoluminescence image of the quartz (black) replacing the euhedral fluorite crystal in blue from the karst cavity of Tabja. (G, H). Plane polarized and reflected 
light photographs of zoned purple fluorite with quartz altering Tamazeght fluorite. (I). Cathodoluminescence image of the Tamazeght euhedral fluorite showing a 
blue core packed with orange calcite residues (Fl1) surrounded by homogeneous blue fluorite (Fl2). (Flmas: massive fluorite, Fleuh: euhedral fluorite). 
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temperatures ranged from 96 to 125 ◦C with a mean value of 112 ± 7 ◦C 
(n = 14) (Fig. 8C), salinity being between 0.9 and 2.9 % NaCl equivalent 
weight. At Takkat, the average homogenization temperature is 126 ±
8 ◦C (n = 15) and the salinity varies between 1.5 and 3.1 wt% NaCl 
equivalent (Fig. 8B). At Tamazeght, the inclusions are homogenized at 
temperatures ranging from 115 to 143 ◦C with an average value of 129 
± 6 ◦C (n = 27) (Fig. 8G) and have a salinity between 0.2 and 2.7 wt% 
NaCl equivalent. 

At the Tabja and Meghsan sites, homogenization temperatures in 
fluorite are higher (Appendix A (Fig. A.5)). At the Tabja site, the Th of 
the primary fluid inclusions (n = 58) show a bimodal histogram centred 
at 90–150 ◦C and 180–200 ◦C, and the secondary fluid inclusions (n =
25) show temperatures centred between 80 and 100 ◦C and 120–180 ◦C 

(Fig. 8D, E). The average salinity of the primary fluid inclusions in the 
fluorite is close to 2.4 wt% equiv. NaCl. For Meghsan fluorite, Th ranges 
from 169 to 241 ◦C with an average value of 200 ± 21 ◦C (n = 26) 
(Fig. 8D), and salinities range from 2.1 to 3.7 wt% equiv. NaCl. For the 
same sample, homogenization of secondary fluid inclusions (n = 22) 
occurs between 101 and 287 ◦C, following a bimodal distribution cen
tred at 110–120 ◦C and 270–280 ◦C (Fig. 8D). The Tabja calcite has 
primary fluid inclusions with homogenization temperatures varying 
between 110 and 142 ◦C in a unimodal distribution (Fig. 8D). At the 
Bou-Imetssene site, fluid inclusions in fluorite are very rare, and ho
mogenization temperatures are comparable and vary between 127 and 
187 ◦C (Fig. 8H). On the other hand, salinity is much higher than at the 
other sites and varies between 17.6 and 18.9 wt% equiv. NaCl. 

Fig. 5. Scanning electron microscope (SEM) 
photomicrographs of various petrographic prop
erties of fluorite from Bou-Izourane and Tam
azeght complex deposits. (A). Silicification (micro 
quartz) replacing the fluorite in the Tabja site. 
(B). Fluorite replaced by calcite in the Tabja site. 
(C). Syenite minerals replaced by fluorite at the 
Meghsan site. (D). Undissolved zircons packed in 
Meghsan fluorite. (E, F). Dissolution of zircons 
from Bou-Imtessene syenites and rare earths and 
Nb-U oxides within fluorite crystals at the Bou- 
Imtessene site.   
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4.2.2. Raman spectroscopy 
The solid phases in the inclusions of the Meghsan fluorite crystals 

have been identified by Raman spectroscopy and correspond to nahco
lite (NaHCO3), strontianite (SrCO3) and hexahydrite (MgSO4⋅6H2O). 
Their frequent presence within the fluid inclusions of a same plane 
means that they can be identified as secondary solid phases (i.e., 
precipitated in situ by supersaturation during the cooling of the fluid). 
The rarest occurrences of barite (BaSO4) could be interpreted as acci
dental trapping. Dissolved phosphate is also present in the liquid phase 
(Fig. 9A, B). 

At the Tabja site, calcite and whewellite (Ca(C2O4) H2O) are iden
tified as solid phases, with dissolved phosphates and carbonates in the 
liquid phase. In the Tamazeght site, the fluid inclusions are rich in dis
solved CO2. Finally, the fluorite crystals at Bou-Imetssene contain solid 
carbonates, while the liquid phase contains NaCl and dissolved phos
phates. For these sites, the origin of the solid phases within the in
clusions remains uncertain. 

4.3. Carbon and oxygen stable isotope composition 

Stable oxygen isotope compositions are similar between calcites 
from the two sites (Table 3). The δ18O value of the Tabja calcite (Fig. 4A- 
C) is − 17.1 ‰ V-PDB. The δ18O of the Bou-Izourane calcite (Fig. 3A, B) 
is − 18.7 ‰ V-PDB. The δ13C values are also comparable between the 
two calcites (− 0.7 ‰V-PDB in Tabja calcite and − 0.8 ‰ V-PDB in Bou- 
Izourane calcite). 

4.4. Fluorite elemental composition 

4.4.1. REE distribution 
Detailed results of trace element analyses in fluorite and calcite from 

each mineralized site are listed in Table S2, S3 (Appendix B). Average 
trace element concentrations measured in fluorite by LA-ICP-MS are 
summarized in Table 4. Fluorite hosted in syenites and skarns at the Bou- 
Imetssene site is enriched in rare earth elements (REE) (ΣREE between 4 
ppm and 573 ppm with an average of 61.5 ppm) compared to the other 
mineralized sites. The REE distributions of this fluorite, normalized to 

the chondrites (Sun and McDonough, 1989; Fig. 10A, B), show enrich
ment in light rare earths (LREE) relative to heavy rare earths (HREE) 
(LaN/GdN = 4.1–142.4; GdN/YbN = 0.8–9.7; LaN/YbN = 9.2–357.4). 
Calcite shows a similar REE distribution to that of the associated fluorite 
at the Bou-Imetssene site, with ΣREE ranging from 116 ppm to 206 ppm. 
Fluorites from the other six sites in the Bou-Izourane district and the 
Tamazeght complex show that despite their variations in colour and 
texture, they have comparable, parallel and flat rare-earth distributions 
(Fig. 10C-H). The sum of the REEs concentrations varies between sites: 
Bou-Izourane (2–55 ppm), Bou-Kharouba (13–57 ppm), Takkat (3–124 
ppm), Tabja (0.6–21 ppm), Meghsan (4–71 ppm) and Tamazeght 
(8–263 ppm). Rare-earth fractionation in fluorites from these six sites is 
low (LREEN/ HREEN = 0.23–6.53; LaN/GdN = 0.09–33.94; GdN/YbN =

0.15–3.07; LaN/YbN = 0.13–27.14; Fig. 11). The REE distribution of 
fluorite-associated calcites from these six sites in the Bou-Izourane area 
and Tamazeght complex (Fig. 10C, D, E, G, H) resemble the REE dis
tributions of fluorites, but are less enriched in heavy REEs (Fig. 10E, G, 
H). 

4.4.2. Other trace elements 
Concentrations of other trace elements in the fluorite at the different 

sites show significant variations, notably in Y (0 to 76 ppm), Sr (38 to 
9400 ppm), Mg (40 to 950 ppm), Th (0 to 10 ppm) (Fig. 12). Uranium 
concentration ranges from 0.1 to 0.7 ppm in the Bou-Imtessene and 
Tamazeght sites, which are hosted in direct contact with the syenites and 
skarns (Fig. 12E). Fluorites from the Bou-Imtessene and Meghsan sites 
have relatively high concentrations of Mg (46 to 950 ppm) and Sr (4900 
to 9400 ppm), respectively (Fig. 12A, D). 

5. Discussions 

5.1. Paragenetic sequence of fluorite mineralization 

The general paragenesis of these fluorite mineralizations, whichever 
site is considered, comprises three stages (Fig. 13). 

Fig. 6. (A, B). Cathodoluminescence and plane polarized light photographs showing syenite minerals (e.g., Aegirine) replaced by fluorite at the Bou-Imtessene site 
and calcite later precipitated in the fractures intersecting this fluorite. (C). Irradiation halos the in fluorite of the Bou-Imtessene site. (Fl. Fluorite, Flmas: Massive 
fluorite). (D). Plane polarized light photograph of the paragenesis of fluorite mineralization at the Meghsan site showing calcite and iron oxides filling fissures 
intersecting the fluorite. (E). Cathodoluminescence image of the Meghsan fluorite showing a blue core packed with orange calcite residues (Fl1) surrounded by 
homogeneous blue fluorite (Fl2). (F). Cathodoluminescence image of potassium feldspars in brown replaced by fluorite. 
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Fig. 7. Representative plane polarized light photomicrographs of thick sections showing selected petrographic relationships and types of fluid inclusions hosted in 
fluorite and calcite at the various sites from the Bou-Izourane district and Tamazeght complex. 
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Table 2 
Summary of fluid inclusion microthermometric data in fluorite crystals from different sites of the Bou-Izourane district and Tamazeght complex. (N.D. – not 
determined).  

Sample Mineral Inclusion type Number Th (◦C) ± 1 Tf (◦C) ± 1 Te (◦C) ± 1 Tm (◦C) ± 0.1 Salinity (wt % NaCleqv) 

Bou-Izourane Fluorite Primary 23 [91 to 159] [–42 to –39] [–24 to –17] [–2.1 to –0.5] [0.8 to 3.5] 
Calcite Primary 10 [107 to 119] [–40 to –37] N.D [–1.2 to –0.7] [0.9 to 2.8] 

Bou-Kharouba Fluorite Primary 14 [96 to 125] [–39 to –36] [–25 to–16] [–1.3 to –0.6] [0.9 to 2.9] 
Takkat Fluorite Primary 15 [108 to 141] [–42 to –39] [–30 to–24] [–1.8 to –0.9] [1.5 to 3.1] 
Tabja Fluorite Primary 58 [99 to 198] [–43 to –38] [–12 to –10] [–2 to –0.7] [1.2 to 3.4] 

Secondary 25 [79 to 169] [–42 to –39] [–14 to –9] [–1.8 to –0.6] [1.0 to 3] 
Calcite Primary 20 [110 to 142] [–43 to –37] N.D [–1.7 to –0.5] [0.9 to 2.9] 

Meghsan Fluorite Primary 26 [169 to 241] [–44 to –39] [–13 to –5] [–2.2 to –1.2] [2.1 to 3.7] 
Secondary 22 [101 to 287] [–41 to –38] [–11 to –5] [–2 to –0.9] [1.5 to 3.4] 

Tamazeght Fluorite Primary 27 [115 to 143] [–42 to –39] [–14 to –8] [–1.6 to –0.1] [0.2 to 2.7] 
Bou-Imetssene Fluorite Primary 15 [126 to 187] [–63 to –57] [–23 to –21] [–15.3 to –13.8] [17.6 to 18.9]  

Fig. 8. Frequency histograms of homogenization temperatures for primary and secondary inclusions in fluorite and calcite crystals from Tamazeght complex and 
Bou-Izourane F district. 
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(1) An initial phase of fluorite emplacement associated with the 
dissolution of the host rock. Fragments of calcite from the host 
rock are included as enclaves in the cores of the euhedral fluorite 
for sites located in the sedimentary cover (Fig. 3D). For the 
Meghsan and Bou-Imtessene sites, the fluorite-parental fluids 
interacted with the syenites and almost completely replaced their 
primary minerals (mainly aegirine and potassium feldspars) 
(Figs. 6 and 5C). Some zircon crystals are very strongly dissolved 
in the Bou-Imtessene site with the release of Nb-U oxides, origi
nally in inclusions in zircons (Fig. 5E, F). These undissolved Nb-U 
oxides produce radiation halos in the fluorite, similar to those 
documented by Dill and Weber, (2010) (Fig. 6C). The presence of 
fluorine increases the solubility of zircon and the mobility of Zr in 
magma-derived hydrothermal fluids in alkaline peralkaline rocks 
(Salvi et al., 2000; Sheard et al., 2012). At Bou-Imtessene, where 
zircons are highly dissolved, fluids are NaCl-rich (~18 wt% 
equiv. NaCl) whereas at Meghsan where fluids are much less 
saline (~2 wt% equiv. NaCl), zircons are preserved (Fig. 5D). The 
dissolution of zircon at the Bou-Imtessene site would therefore be 
due to the circulation of fluorine-rich saline alkaline fluids. 

(2) A phase of fracturing and clogging by calcite that partially re
places fluorite (Fig. 4A-C and 5B). In the literature (e.g., Putnis, 
2009; Gigoux et al., 2016), many fluorite deposits show 
replacement of calcite by fluorite, but the reverse is very rarely 
documented. Experimental studies (e.g., Ramamohana Rao et al., 
1993; Stefánsson et al., 2013; Sar et al., 2020) show that fluorite 
dissolution is facilitated by the presence of sodium bicarbonate, 
which leads to calcite precipitation under conditions of low 
temperatures (70–95 ◦C) and alkaline pH (>7). Therefore, under 
alkaline conditions, CaF2 dissolves because the Ca2+ content in 
solution is limited by the precipitation of CaCO3 in the presence 
of CO3

2− ions (Stefánsson et al., 2013). Further dissolution of 
fluorite is favoured when dissolved Ca2+ is removed by precipi
tation of calcite.  

(3) The third stage consists of micro-quartz (up to 60 µm-large) and 
corresponds to a silicification phase that altered the fluorite and 
calcite crystals. The fluorite deposit of Bou-Izourane and the 
Tamazeght complex is added to the deposits reported worldwide 

that have undergone intense silicification of the mineable min
erals (Fig. 2H). Silicification may result from either late cooling of 
the mineralizing fluid or late circulation of a different fluid 
leading to the replacement of fluorite by micro-quartz (Burisch 
et al., 2017). Since there is no evidence of interaction between the 
mineralizing fluid and another fluid, we assume that silicification 
is controlled by the late circulation of fluids undergoing a 
decrease in temperature, perhaps associated with cooling of the 
constituent rocks of the Tamazeght complex. 

(4) A fourth stage is recognized at the Meghsan site with the pre
cipitation of iron oxides that fill cracks intersecting fluorite and 
calcite. 

5.2. Fluorite color insight 

The origin of fluorite color has been commonly attributed to color 
centers (Bill, 1982; Gu et al., 2011; Aoki et al. 2015; Gaft et al., 2020), rare 
earth element impurities (Bill and Calas, 1978; Kempe et al., 2002; Dill 
and Weber, 2010), and calcium colloids (Allen, 1952; Mackenzie and 
Green, 1971; Braithwaite et al., 1973; Galwey et al., 1979). Fluorites from 
the Bou-Izourane district are predominantly light violet, lilac violet to 
dark violet in color. The purple to black color of the fluorite appears to be 
due primarily to colloidal calcium particles (Allen, 1952; Mackenzie and 
Green, 1971; Braithwaite et al., 1973; Galwey et al., 1979), whose size 
determines the color (Goebel, 1930): small particles yield green crystals, 
while increasing aggregate size produces blue, purple, and black crystals 
(Allen, 1952). The latter colors (purple to black) have also been related to 
radiation and mechanical damage due to radioactive inclusions, and is 
manifested by the irregular distribution of color “pleochroic halos” that 
originates from radiation (Goebel, 1930; Braithwaite et al., 1973; Vochten 
and Geys, 1977). The petrographic study shows that secondary purple 
lilac color in the form of radiation halos at the Bou-Imetssene site is 
related to radiation and mechanical damage caused by radioactive 
“uranpyrochlore” inclusions in the fluorite. 

5.3. Origin of ore-forming fluids 

5.3.1. Calcite stable isotopic composition 
The origin of the fluids can be approximated by the O stable isotope 

of the mineral matrix provided that the crystallization temperatures are 
known. In order to interpret this data to characterize the fluids from 
which the fluorites originated, we assume here that the calcites and 
fluorites were deposited from the same fluid. This is suggested by the 
fact that the homogenization temperatures and fluid inclusion salinities 
for calcite and fluorite are of the same order and that the geochemical 
signatures (rare earth distributions) are also comparable. 

Fig. 9. Photomicrographs of multiphase fluid inclusions in Meghsan fluorite deposit.  

Table 3 
Isotopic compositions δ18O V-PDB and δ13C V-PDB of the calcite filling the 
fluorite fractures collected in the Tabja site (CTa) and the Bou-Izourane site (CBz).  

Sample Mineral Th (◦C) δ18O ‰V-PDB δ13C ‰ V-PDB 

Tabja Calcite (CTa) [115 to 142]  –17.1  –0.7 
Bou-Izourane Calcite (CBz) [107 to 119]  –18.7  –0.8  
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Table 4 
Elemental composition of fluorite from the different sites of the Bou-Izourane district and Tamazeght complex. bdl: below detection limit.  

Site Fluorite 

Bou-Imetssene (n = 20) Bou-Izourane (n = 22) Bou-Kharouba (n = 9) Meghsan (n = 15) Tabja (n = 15) Takkat (n = 16) Tamazeght (n = 59) 

Trace 
element 
(ppm) 

Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. 

Mg 46 950 498 43 94 68.5 63 127 95 46 73 59.5 45 74 59.5 40 82 61 46 81 63.5 
Ca 600,000 830,000 715,000 542,000 860,000 701,000 630,000 910,000 770,000 589,000 767,000 678,000 600,000 900,000 750,000 610,000 810,000 710,000 603,000 920,000 761,500 
Sr 410 660 535 108 920 514 270 850 560 4900 9400 7150 38 1900 969 91 860 475.5 350 2220 1285 
Y 0.38 4.5 2.44 2.39 65 33.69 22.1 67 44.55 12.2 34 23.1 0.008 6.8 3.41 2 51 26.5 0.42 76 38.21 
La 1.31 17 9.15 0.078 37 18.54 0.39 17 8.69 0.118 21 10.56 0.1 11 5.55 0.5 28 14.25 0.369 39 19.68 
Ce 1.44 6 3.72 0.095 23.5 11.8 0.79 13.5 7.14 0.28 42 21.14 0.12 5.9 3.10 1.03 46 23.51 0.085 27 13.5 
Pr 0.131 19.7 9.92 0.035 1.65 0.84 0.2 2.4 1.29 0.059 1.24 0.65 0.01 0.93 0.47 0.113 9.6 4.86 0.0127 8.1 4.06 
Nd 0.25 39 19.62 0.222 6.7 3.46 2 10.9 6.45 0.25 3.9 2.08 0.008 3.05 1.52 0.54 38 19.27 0.075 25.6 12.84 
Sm 0.014 5.2 2.61 0.033 1.9 0.97 1.35 6 3.675 0.211 1.17 0.69 bdl 0.58 0.29 0.063 5 2.53 0.013 4.6 2.31 
Eu 0.007 1.22 0.61 0.015 0.8 0.41 0.33 1.34 0.835 0.087 0.558 0.32 bdl 0.158 0.08 0.02 1 0.51 0.0077 1.41 0.71 
Gd 0.012 3.08 1.54 0.096 3.6 1.85 1.88 8.7 5.29 0.303 2.5 1.40 bdl 1.29 0.65 0.055 4.1 2.08 0.035 6 3.02 
Tb bdl 0.39 0.19 0.012 0.45 0.23 0.27 1.8 1.035 0.057 0.45 0.25 bdl 0.161 0.08 0.015 0.64 0.33 0.0047 1.04 0.52 
Dy bdl 2.2 1.10 0.082 3.5 1.79 1.67 8.2 4.935 0.38 4 2.19 bdl 1.4 0.7 0.08 4 2.04 0.0103 9 4.51 
Ho bdl 0.37 0.18 0.03 0.84 0.43 0.45 2 1.225 0.067 0.65 0.36 bdl 0.35 0.17 0.039 0.95 0.49 0.0026 2.41 1.21 
Er bdl 1.78 0.89 0.069 2.7 1.38 1.1 4.5 2.8 0.283 2.08 1.18 bdl 1.14 0.57 0.07 2.67 1.37 0.0055 6.5 3.25 
Tm bdl 0.2 0.10 0.005 0.51 0.26 0.127 0.77 0.448 0.036 0.3 0.17 bdl 0.127 0.06 0.0117 0.33 0.17 0.0011 1.8 0.90 
Yb bdl 2.33 1.16 0.066 2.9 1.48 0.66 3.7 2.18 0.238 1.83 1.03 bdl 0.91 0.45 0.082 2.02 1.05 0.016 5.3 2.65 
Lu bdl 1.1 0.55 0.008 0.46 0.24 0.07 0.6 0.335 0.03 0.23 0.13 bdl 0.151 0.075 0.007 0.29 0.15 0.001 0.77 0.38 
Th bdl 0.6 0.3 bdl 8.4 4.2 1.04 9.8 5.42 bdl 1.5 0.75 bdl 1.8 0.90 0.5 6.3 3.4 0.49 6.5 3.49 
U bdl 0.69 0.35 bdl 0.071 0.038 0.009 0.098 0.05 bdl 0.034 0.017 bdl 0.19 0.095 0.007 0.083 0.045 0.091 0.72 0.405 
Tb/Ca 8.28E–11 4.75E–07 6.44E–08 1.84E–08 5.63E–07 1.61E–07 3.82E–07 2.27E–06 8.45E–07 8.63E–08 6.82E–07 1.99E–07 4.66E–09 2.33E–07 5.95E–08 2 E–07 9.27E–07 4.46E–07 6.31E–09 1.54E–06 7.23E–07 
Tb/La 3.48E–05 0.016030 0.00397428 0.0014159 0.37003 0.05564 0.01594 1.45038 0.47347 0.0033333 0.89830 0.1989190 0.0015328 0.28571 0.05599 0.00185 1.16 0.14145 0.00030 1.0298 0.16259 
Y/Ho 22.12 258.82 131.03 35.75 134.67 76.85 44.91 65.33 54.55 93.39 182.09 130.27 37.39 93.10 58.48 42.25 73.87 57.54 27.44 68.46 50.94 
∑

REE 4.02 573.06 61.53 2.2304 54.98 18.34 13.324 57 33.04 4.091 70.91 13.06 0.60 20.86 5.89 3.1229 124.39 33.58 7.756 263.13 45.84 
∑

LREE 4 572.07 60.85 0.7475 54.32 15.64 8.86 42.4 23.9 1.994 61.37 10.16 0.49 17.05 4.97 2.781 122.74 28.18 6.159 259.35 35.42 
∑

HREE 0.009 7.71 0.69 0.316 11.36 2.69 4.464 21.57 9.15 1.25 9.54 2.89 0.01 3.95 0.92 0.3419 10.69 5.39 0.0412 24.17 10.42  
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Fig. 10. Chondrite-normalized REE patterns of fluorites, calcites and hosted rocks at sites in the study area (Sun and McDonough 1989). (A, B). Bou-Imtessene. (C) 
Bou-Izourane. (D) Bou-Kharouba. (E) Takkat. (F) Meghsan. (G) Tabja. (H) Tamazeght. 
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The measured Th of the Tabja calcite and Bou-Izourane calcite cor
responds to the minimum temperature at which the fluid inclusions were 
trapped. However, a pressure correction must be applied to determine 
the trapping temperature (Tt) of the fluid inclusions, which also corre
sponds to the crystal growth temperature in the absence of post-trapping 
deformation (Goldstein and Reynolds, 1994). Pressure correction re
quires an estimate of the fluid entrapment pressure. Exhumation rates 
derived from low-temperature thermochronology in the Central High 

Atlas, estimated at ~ 0.05 km/Ma (Lanari et al., 2020), indicate that 
burial in the Bou-Izourane district has never exceeded 2 km since the 
emplacement of the middle Eocene Tamazeght magmatic intrusion (44 
± 4 Ma; Tisserant et al., 1976). Assuming that the Lower Jurassic in the 
study area is generally under a hydrostatic pressure regime (hydrostatic 
gradient of 100 bar/km), the maximum trapping pressure is about 200 
bar. The trapping temperature of fluid inclusions in the Tabja calcite is 
then estimated at ~ 143 ± 8 ◦C, and ~ 122 ± 3 ◦C in the Bou-Izourane 
calcite (Fig. 14A). Thus, using these trapping temperatures, the calcu
lated δ18O values of mineralizing fluids for the Tabja site are between −
5.5 ‰ and − 1.6 ‰ V-SMOW (av. − 3.6 ‰ V-SMOW, Fig. 14B). For Bou- 
Izourane, the δ18O values of the parent fluid are between − 3.3 ‰ and −
2 ‰ V-SMOW (av. − 2.6 ‰ V-SMOW, Fig. 14B). The average δ18O values 
of the parent fluid are therefore very close (Fig. 14B). These composi
tions reflect a dominant meteoric origin (Fig. 15A), consistent with the 
low salinities of the fluid inclusions, with the exception of Bou- 
Imtessene. 

5.3.2. Fluorite 
Most carbonatite-related fluorite mineralizations in the world that 

have been interpreted as being derived from late-magmatic fluids (Amba 
Dongar, India, Palmer and Williams-Jones, 1996; Itapirapuã, Brazil, 
Andrade et al., 1999; Okorusu, Namibia, Bühn et al., 2002), show wide 
ranges of homogenization temperatures (100 to 500 ◦C) and salinities. 
Therefore, low-temperature, low-salinity fluid inclusions in fluorites 
derived from late-magmatic fluids have been considered to reflect a 
mixture between a late-magmatic F-bearing fluid and meteoric water 
(Simonetti and Bell, 1995; Palmer and Williams-Jones, 1996). Common 
daughter minerals in fluid inclusions hosted in fluorite are carbonates, 
strontianite, nahcolite, shortite, sulfates, and alkali, alkaline earth and 

Fig. 11. Box-whisker diagram of (LREE/HREE) N fractionation for the fluorite 
from sites in the Bou-Izourane region and Tamazeght complex. N: Normaliza
tion to chondrite (Sun and McDonough, 1989). 

Fig. 12. Box-whisker diagram of trace element concentrations for the fluorite from sites in the Bou-Izourane region and Tamazeght complex.  
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rare earth chlorides. Carbon dioxide is frequently detected in the vapour 
phase (Palmer and Williams-Jones, 1996; Xu et al., 2012; Redina et al., 
2020; Bühn et al., 2002; Kynicky et al., 2019; Öztürk et al., 2019; Rankin 
et al., 2003; Smith et al., 2015; Redina et al., 2021; Prokopyev et al., 
2020). 

Raman spectroscopy, microthermometry data of fluid inclusions (Th 
and Tm) and oxygen isotope compositions obtained in the calcite from 
the Bou-Izourane district show two origins for the fluorite. Fluorite 
mineralizing fluids from sites hosted in Liassic carbonate rocks (i.e., 
Bou-Izourane, Bou-Kharouba, and Takkat), with the exception of Tabja, 
have low salinities (1.5 to 3 wt% NaCl equiv.). This suggests a primary 
contribution of meteoric waters. The Tamazeght complex then acts as a 
heat source. 

The Tamazeght site hosted in skarns to the NW of the Tamazeght 
complex, the Tabja site in Liassic carbonate rocks, and the Meghsan site 
hosted in Tamazeght syenites to the SE of the complex, are characterized 
by the same range of salinity as the other sites, but with a slight rise in 
temperature centred around 160 ◦C. Fluorites in the latter three sites 
exhibit fluid inclusions containing nahcolite (NaHCO3), calcite and 
strontianite (SrCO3), and are sometimes rich in dissolved CO2. This re
flects the participation of late-magmatic fluid in the precipitation of 
fluorite at these three sites. 

For Bou-Imtessene, the mineralizing fluids have temperatures close 
to those of the other sites, but the salinity is very high, reaching 18 wt% 
NaCl equiv. (Fig. 15B). Several phenomena are commonly invoked to 
explain high NaCl contents in geofluids: (1) basinal brine percolation 

Fig. 13. General paragenetic sequence of the fluorite deposits of the Bou-Izourane district and Tamazeght complex.  

Fig. 14. (A). Pressure correction (Pc) applied on fluid inclusions hosted in calcites from the Bou-Izourane district to calculate the trapping temperature (Tt); (B). 
Oxygen isotopic values of calcite associated with fluorite plotted on the temperature-dependent, calcite-water oxygen fractionation curve of Zheng (1999). 
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(Sizaret et al., 2004), (2) local dissolution of evaporitic minerals (Bakelli 
et al, 2022; Boiron et al. 2002), (3) boiling processes (Darimont and 
Coipel. 1982; Sizaret et al., 2004) and (4) participation of late-magmatic 
fluids (Palmer and Williams-Jones, 1996; Bühn et al., 2002; Redina 
et al., 2021). As the presence of evaporites is not mentioned locally, and 
in the absence of boiling markers in the fluid inclusion record, we pro
pose a local concentration of NaCl by late-magmatic fluids and/or the 
interaction between the mineralizing fluid and Na- and Cl-rich syenite 
minerals (albite, sodalite, biotite and amphibole) (Wang et al., 2016). 

5.4. Evidence of fluid-rock interactions 

Salvi et al. (2000) demonstrated that high field strength elements 
(HFSE), specifically REE, Zr, Ti, and Nb, are mobilized during a short 
duration and spatially limited hydrothermal alteration in the nepheline 
syenites and pegmatites of Tamazeght. The mobilization of these HFSE 
occurs through OH-F complexation, which requires a fluid with a high 
concentration of fluorine (F) and a temperature of about 300 ◦C, with 
the quasi-total absence of calcium (Ca). This phenomenon is explained 
by the presence of F-rich residual brine (25 wt% equiv. NaCl) exsolved 
from the most evolved Tamazeght pegmatites, which leaches HFSE 
(Salvi et al., 2000). These considerations mainly indicate that the 
magmatic-hydrothermal activity associated with the emplacement of 
the Tamazeght complex during the Eocene is a potential source of 
fluorine. 

Petrographic observations show dissolution of primary minerals 
(mainly aegirine and K-feldspars) from syenites of the Tamazeght 
complex (Fig. 5C and 6B, F), and calcite from other country rocks in the 
Bou-Izourane district (Appendix A (Fig. A.4)). The source of F could be 
from fluid-rock interactions, as apatite, biotite, and amphibole minerals 
in most rocks of the Tamazeght complex are halogen-rich and have 
higher F contents in the more evolved rocks (i.e, syenites) (Wang et al., 
2016). The higher Sr content in fluorite from the Meghsan site may most 
likely be due to the reaction of mineralizing fluids with carbonatites and 
calcite dissolution. The interaction of F-rich fluids with the host rocks 
may be the source of the calcium. 

The representation of fluorite samples in the Tb/Ca and Tb/La dia
gram, where three genetically distinct domains can be identified (Möller 
et al. 1976; Möller and Morteani, 1983, Möller, 1983), indicates the 
hydrothermal field for fluorites in the Bou-Izourane district and the 
Tamazeght complex (Fig. 16A). A few rare analyses from the Bou- 

Imetssene, Meghsan and Tamazeght sites fall into the pegmatitic field. 
This overlap on the pegmatitic field, for Bou-Imetssene and Meghsan 
hosted in syenites, could be attributed to local interactions between the 
fluid and the syenites of the Tamazeght complex and/or to the partici
pation of late magmatic fluids. This is also the case for the Mushgai- 
Khudag fluorite in Mongolia (Redina et al., 2020) and the Okorusu 
fluorite in Namibia (Bühn et al., 2002), which have been interpreted as 
late-magmatic (carbonatitic) in origin, and the Aouli fluorite in Morocco 
(Margoum et al., 2015), which has been shown to be precipitated not as 
a result of purely magmatic fluid involvement but by hot basin-derived 
brines and fluid-rock interaction at high fluid-rock ratios. This explains 
that all fluorites from these deposits fall into the pegmatitic domain 
(Fig. 16A). 

Despite the difference in the relative rare earth element enrichment/ 
depletion factor in the fluorites of the Bou-Izourane district and Tam
azeght complex compared to the Tamazeght carbonatite, the REE dis
tributions are flat-lying when normalized to carbonatites and broadly 
similar (Fig. 16B). This again reflects the involvement of carbonatitic 
fluids associated with late magmatic activity and/or the interaction of 
mineralizing fluids at depth with the Tamazeght magmatic complex 
carbonatites. These results point to two possible sources (meteoric and 
late magmatic) for the fluorites of the Bou-Izourane district and the 
Tamazeght complex. 

The fluorine in the syenite-hosted fluorite of Bou-Imtessene is 
derived from the dissolution and replacement of the syenites. The 
penetration of meteoric fluids in the system constitutes the final stage of 
the late magmatic-hydrothermal history of Tamazeght (Schilling et al., 
2009). During this period, heated meteoric fluids precipitated fluorite in 
Liassic carbonates (i.e., Bou-Izourane, Bou-Kharouba, and Takkat). 
These fluids were enriched in fluorine by leaching the syenites, lamp
rophyres, and probably other F-rich igneous rocks. 

5.5. Genetic model 

The (U-Th)/He and AFT ages in the central High Atlas reveal that 
these regions were at temperatures below ~ 70–110 ◦C since the 
Mesozoic (Barbero et al., 2007). These maximum burial temperatures 
are lower than the homogenization temperatures of the fluid inclusions. 
This implies either the existence of an anomalously high geothermal 
gradient or fluids expelled from deeper levels not being in thermal 
equilibrium with the surrounding rocks. Since the mineralized fractures 

Fig. 15. (A). δ18O versus δ13C diagram of calcites from the Bou-Izourane district. The fields for marine carbonates, magmatic and sedimentary organic matter are 
after Liu et al., 2007; Tamazeght (Tamazert) carbonatites is from Bouabdellah et al., 2010b; (B). Homogenization temperature (Th) versus salinity diagram of primary 
fluid inclusions of fluorite crystals from the Bou-Izourane district and Tamazeght complex. 
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cut through the Tamazeght Complex rocks, and fluorite replaces the 
constituent minerals of the syenites, fluorite mineralization in the Bou- 
Izourane district and the Tamazeght Complex occurred after the Tam
azeght Complex was emplaced (Fig. 17A). The Tamazeght complex 
likely played a role in increasing the local geothermal gradient, poten
tially leading to the development of local-scale convection cells, and this 
acted as a potential heat source and driving mechanism to move 
mineralizing fluids to the surface, which is similar to the case of the El 
Hammam fluorite deposit in Morocco (Bouabdellah et al., 2010a) and 
the Inner Mongolia fluorite deposit (Pei et al., 2017). 

Fluorites characterized by high salinity (18 wt% NaCl equiv.) 
aqueous inclusions containing calcite (i.e., Bou-Imtessene) and low 

salinity fluid inclusions (1.5–3 wt% NaCl eqv) containing daughter 
minerals such as nahcolite, strontianite and rich in dissolved CO2 (i.e., 
Meghsan, Tamazeght and Tabja), and which have homogenizing tem
peratures centred around 160 ± 30 ◦C, may be of meteoric origin but 
associated with late magmatic activity following the emplacement of 
Tamazeght carbonatites. At sites hosted in Liassic carbonate rocks (i.e., 
Bou-Izourane, Bou-Kharouba, and Takkat), the fluorite contains two- 
phase aqueous inclusions, showing median Th around 130 ◦C and low 
salinities of 1.5–3 wt% NaCl equiv., suggesting a meteoric origin, sup
ported by oxygen isotope compositions obtained in the calcite. 

These results point to the direct involvement of carbonatitic fluids 
from the middle Eocene Tamazeght magmatic complex in the fluorite 

Fig. 16. (A). Logarithmic plot of Tb/Ca 
versus Tb/La for various fluorite from the 
Bou-Izourane district and and Tamazeght 
complex (Möller et al., 1976, 1998). The 
fields for Aouli fluorite, Morocco is from 
Margoum et al., 2015; Mushgai-Khudag 
fluorite, Mongolia is from Redina et al., 
2020; Okorusu fluorite, Namibia is from 
Bühn et al., 2002. (B). Enrichment or deple
tion factors for different fluorite sites of 
Tamazeght complex and Bou-Izourane dis
trict relative to the Tamazeght carbonatite. 
These factors are calculated from Gagnon 
et al., 2003 by dividing the average concen
tration of an element in the fluorite by its 
average concentration in the Tamazeght 
carbonatite.   
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mineralization just proximal to the Tamazeght complex (i.e., Bou- 
Imtessene, Meghsan, Tamazeght and Tabja). Mixing of meteoric fluids 
with the last remnants of late-magmatic F-rich brines and dissolution of 
the host rock (limestones, skarns, syenites, carbonatites), causes the 
deposition of large amounts of fluorite at the interaction site (Step2′ and 
Step3′; Fig. 17C, D). However, no evidence of these late-magmatic fluids 
is detected for the fluorite mineralization hosted in the Liassic marl and 

carbonate rocks (Bou-Izourane, Bou-Kharouba, and Takkat). The Tam
azeght igneous complex is composed of plutonic rocks, with F (fluorine) 
contents as high as 0.02–0.8 wt%, and distributed in minerals as follows: 
apatites (2.3–3.4 wt% F), biotites (0.2–2.6 wt% F), amphiboles (0.1–1.1 
wt% F) and titanites (0.03–0.8 wt% F) (Wang et al., 2016). The Tam
azeght complex could have been a potential source of F for fluorite 
mineralization at the Bou-Izourane, Bou-Kharouba, and Takkat sites by 

Fig. 17. Conceptual model proposed of the Tamazeght complex and Bou-Izourane district fluorite hydrothermal deposit. (A) The Tamazeght complex intrudes Ca- 
rich sedimentary rocks (limestones and marls); (B) Fault reactivation inherited from the Atlasic rifting followed by the emplacement of the lamprophyres of the Bou- 
Izourane district and by the per descensum circulation of meteoric waters at the interface between the intrusion and the sedimentary formations; (C) Step 2 and 3: 
The meteoric water heated by the intrusion ascended along the brittle faults, resulting in F-leaching from the apatite, biotite, titanite and amphibole minerals during 
the circulation of hydrothermal fluids in contact with the carbonatite and other rocks of the Tamazeght intrusion; Step 2′: The per ascensum circulation of the F-rich 
late magmatic fluids. (D) Step 4: The interaction of the F-rich hydrothermal fluid with the Ca-rich host rock (limestones), leads to the precipitation of fluorite in the 
cavities, along the stratiform joints and faults; Step 3′: Mixing of the meteoric water and of late magmatic fluids with dissolution of the Ca-rich host rock (limestones, 
skarns, syenites), leads to the precipitation of fluorite in the cavities and along faults. 
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leaching fluorine from these minerals during circulation of hydrother
mal fluids in contact with carbonatites and other rocks of the Tamazeght 
intrusion (Step2; Fig. 17C). This step takes place after the per descensum 
circulation of meteoric waters potentially at the interface between the 
intrusion and the sedimentary formations (Step1; Fig. 17B). Indeed, the 
origin of the fluorite mineralization at Bou-Izourane, Bou-Kharouba, and 
Takkat would be the result of circulation of fluorine-rich hydrothermal 
fluids guided by the brittle structures acquired during Triassic-Jurassic 
rifting (Step3; Fig. 17C, D). The interaction of the hydrothermal fluid 
with the Ca-rich host rock (limestones) leads to the precipitation of 
fluorite in the cavities along the stratiform joints and faults (N20, N50- 
80 and N120) cutting the Liassic formations (Step4; Fig. 17D). 

6. Conclusions 

The fluorite deposits in the Bou-Izourane district and the Tamazeght 
complex in the central High Atlas of Morocco, are characterized by vein- 
like (N20, N50-80 and N120), stratiform and karst cavities mineraliza
tion, and are associated with sedimentary rocks (limestones and marls) 
of the Liassic (Bou-Izourane, Takkat, Bou-Kharouba and Tabja), with 
magmatic rocks (Bou-Imetssene and Meghsan) and also with skarn 
(Tamazeght). Even if some differences in colour and texture exist be
tween the different sites of the Bou-Izourane district and the Tamazeght 
complex, the general paragenesis of these fluorite mineralizations in
cludes three stages; (1) a first stage of fluorite emplacement associated 
with the dissolution of the host rock, (2) a phase of fracturing and 
clogging by calcite, and (3) a third stage constituted by micro-metric 
quartz and corresponding to a phase of silicification that altered the 
fluorite crystals. In the Bou-Imetssene and Meghsan sites, the fluorite 
veins intersect the Middle Eocene Tamazeght syenites and the miner
alizing fluids that precipitated this fluorite interacted with these sye
nites. This indicates that these fluorite mineralizations were deposited- 
clearly for these two sites but also for all the sites that show some similar 
characteristics - during the period following the establishment of the 
Tamazeght complex. Fluid inclusions in fluorite hosted in Liassic car
bonate rocks (Bou-Izourane, Bou-Kharouba, and Takkat) are aqueous 
inclusions with low homogenization temperatures (~130 ◦C) and low 
salinities (1.5 ~ 3 wt% NaCl equiv.). 

Fluorite in the Tabja, Tamazeght, Meghsan and Bou-Imetssene sites 
shows aqueous inclusions at slightly higher homogenization tempera
tures (99 ◦C and 241 ◦C) and similar low salinities as the previously 
mentioned sites, except for the Bou-Imetssene site which is character
ized by a high salinity (~18 wt% NaCl equiv.). Multiphase inclusions 
containing daughter minerals of nahcolite, calcite, strontianite with a 
CO2-rich vapour phase are also present in the fluorites of these last four 
sites. The δ18O values of the fluids that precipitated fluorite-associated 
calcites from Tabja (highest Th) and Bou-Izourane (lowest Th), from 
− 5.5 to − 1.6 ‰ V-SMOW and − 3.3 ‰ and − 2 ‰ V-SMOW, respec
tively, suggest a meteoric origin. Combining the microthermometric 
data and the geochemical composition, it can be concluded that the 
fluorites from Tabja, Tamazeght, Meghsan and Bou-Imetssene, were 
precipitated as a result of the participation of late-magmatic F-bearing 
fluids with meteoric waters. Calcite precipitated in fractures that cut the 
fluorite in the Bou-Izourane area and the Tamazeght complex as well as 
the fluorites at the Bou-Izourane, Bou-Kharouba, and Takkat sites share 
a common meteoric hydrothermal origin. The magmatic rocks of the 
Tamazeght complex, rich in halogens, are the most likely sources of 
fluorine. The local thermal anomaly (Tamazeght magmatism) may be 
the source of heat and the driving force for the percolation of mineral
izing fluids through faults that cut the region to the surface. Fluid-rock 
interaction between F-rich fluids and the host rocks of the Bou- 
Izourane, Bou-Kharouba, and Takkat fluorite deposits led to the 
extraction of Ca from the host rocks, followed by a drop in temperature 
and pressure, resulting in the precipitation of fluorite. 

The proposed conceptual model for the fluorite deposit formation in 
the Bou-Izourane district provides valuable insights that can guide 
exploration efforts. The fluorites hosted in the Liassic formation repre
sent the most profitable and economical fluorite ore reserves in the Bou- 
Izourane region in terms of both volume and the cost of mining and 
processing fluorite. The silicification of fluorite negatively affects the 
mining potential of the Bou-Izourane district and the Tamazeght com
plex and reduces the grade by dissolution of the ore, thus increasing the 
hardness of various mineralized forms. The presence of major NE-SW 
trending faults, directly related with the Tamazeght magmatic com
plex which serves as a source of fluorine and heat, plays a crucial role in 
the circulation of ore-forming fluids. These faults, inherited from the 
Triassic-Jurassic rifting, not only facilitate fluid movement but also 
supply other fault systems (N20 and N120) as well as cavities found in 
the Liassic carbonate rocks of the Bou-Izourane area, which serve as a 
source of calcium. As a result, these faults and cavities represent 
favorable zones for the precipitation of fluorite and are highly promising 
targets for exploration efforts. By focusing exploration activities on these 
areas, there is a greater likelihood of discovering potential fluorite de
posits. Future research should be conducted to date fluorite minerali
zations in order to situate their genesis into the geodynamic history of 
the central Moroccan High Atlas. 
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Kchit, A., 2007. Pétrogenèse des carbonatites du complexe Alcalin de Tamazeght (Haut 
Atlas de Midelt, Maroc): contraintes imposées par les données des isotopes stables et 
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Stefánsson, A., Bénézeth, P., Schott, J., 2013. Carbonic acid ionization and the stability of 
sodium bicarbonate and carbonate ion pairs to 200◦C - A potentiometric and 
spectrophotometric study. Geochim. Cosmochim. Acta 120, 600–611. https://doi. 
org/10.1016/j.gca.2013.04.023. 
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