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Abstract
In the Jebilet massif (Variscan belt, Morocco), two peraluminous granodioritic plutons (the 

Eastern and Central Jebilet plutons) are spatially associated with a regional shear zone. The Central 

Jebilet pluton includes the Tabouchent, Bramram and Bamega intrusions, which represent variably 

eroded portions of an arcuate apical part of the pluton. The intrusions are composed of biotite ± cordierite-

bearing granodiorite that is crosscut by tourmaline-bearing leucogranite, which is greisenized in the 

Bramram cupola. Fluorine, Sn-W (Au) mineralization is present in the pluton while Cu-Au and Pb-Zn-

Ag-Au mineralizations are present in the contact metamorphic aureole around the intrusion.

Deformation is more homogeneous in the Bramram and Bamega than in the Tabouchent 

granodioritic intrusion where deformation is very heterogeneous and concentrated within conjugate 

subvertical meter-scale ductile shear zones that crosscut the intrusion. In the shear zones the breakdown 

of feldspar and biotite resulted in the transformation of the granodiorite to phyllonites composed of quartz 
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+ muscovite ± chlorite. 40Ar/39Ar dating on white mica allowed us to date the regional shearing event to 

305.9  0.9 Ma. 

Fluid-rock interaction in the shear zones resulted in mobilization of rare earth elements (REE) 

and other major and trace elements. Na and Ca are typically leached from the shear zones while K and 

volatiles are gained. REE mobilisation was decoupled from that of the major elements and was 

accompanied by fractionation between light and heavy REE. It was mainly controlled by the alteration 

of magmatic accessory REE-bearing phases, predominantly monazite, followed by the reprecipitation of 

syntectonic monazite, xenotime, Th + Ca ± REE phosphate, Ce oxide and REE fluorocarbonates. Other 

typical changes in the shear zones are enrichments in Sn, W, As and Sb. 

The mineralogical and chemical changes recorded in the shear zones that crosscut the 

granodiorite are similar to those associated with the greisenization that affected the Bramram 

leucogranite. They indicate that the shear zones provide pathways for rising acidic magmatic fluids 

exsolved from S-type leucogranites. 

Keywords: Rare earth elements, shear zones, fluid flow, metal zonation, Variscan, Morocco

1. Introduction
Shear zones are major crustal structures that are well known as pathways for fluid circulation 

and metasomatic processes. One of the most common reactions that result from fluid-rock interaction in 

crustal shear zones is the breakdown of K-feldspar and plagioclase to white mica (Wibberley and 

McCaig, 2000). This reaction assisted by advection of hydrous fluids is a mechanism often invoked for 

promoting localized deformation in granitoids at the brittle-ductile transition (e.g. Bos and Spiers, 2001; 

Gueydan et al., 2003; Jefferies et al., 2006; Wintsch et al., 1995). Formation of mica-rich mylonites, 

which can culminate in phyllonite development, is accompanied by changes in major and trace element 

chemistry (Goncalves et al., 2012; Hippertt, 1998; Rossi et al., 2005; Sinha et al., 1986; Streit and Cox, 

1998).  Typical major element mobilities associated with feldspar breakdown in granitoid shear zones 

are losses of Na, Si, K and Ca in volume loss shear zones, and Si gain in constant volume and volume 

gain shear zones (SZ) while Al and Ti remain generally immobile in both SZ types (Bailey et al., 1994; 

Condie and Sinha, 1996; Tursi et al., 2018). However, the behaviour of the REE and other trace elements 

is less systematic; they could be either mobile or immobile depending on the composition of the 

hydrothermal fluids (Ague, 2017; Essaifi et al., 2004; Selverstone et al., 1991; Williams-Jones et al., 

2012). It has been documented that the changes in REE concentrations related to fluid-rock interaction 

in shear zones are commonly decoupled from the changes in the major mineral assemblages and 

associated changes in major element concentrations (Ague, 2017; Rolland et al., 2003). The behaviour 

of REE during fluid-rock interactions depends rather on the stability of the minerals in which they are 

hosted, the P-T conditions and the composition of the percolating fluid (Bea, 1996; Ward et al., 1992; 

Williams-Jones et al., 2012). Numerous studies have dealt with the interaction of REE-minerals with 
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fluids, both naturally (e.g. Chen and Zhou, 2017; Poitrasson et al., 2000; Vasyukova and Williams-Jones, 

2016) and experimentally (e.g. Budzyn et al., 2011; Geisler et al., 2003; Harlov et al., 2005). These 

studies, together with the theoretical predictions of the behaviour of REE in aqueous solutions (Haas et 

al., 1995; Migdisov and Williams-Jones, 2014; Wood, 1990), provide a basis for interpretation of the 

REE transfer by upper crustal geological fluids.

In this paper, we investigate the effects of fluid circulation on the mobility of elements during 

mylonitization of the peraluminous Variscan Tabouchent granodioritic pluton (Jebilet massif, Morocco). 

Fluid flow was highly channelized in a vertical, meter-scale shear zone network where the granodioritic 

protolith is transformed into a phyllonite composed of quartz + muscovite ± chlorite. The associated 

metasomatic changes involve the transfer of major elements and a variety of REE behaviours including 

little or no REE mobility, LREE and/or HREE mobility, and local REE redistribution. Field relationships 

and microstructural evolution indicate that shear zone development was associated with emplacement of 

leucogranitic intrusions. Here, we test the hypothesis that hydrothermal alteration within the shear zones 

can be related to interaction between the crystallized granodiorite and upwelling acidic magmatic fluids 

exsolved from leucogranitic magmas. Such fluids caused greisenization at the regional scale and allowed 

formation of a variety of metal occurrences and deposits in the area. 

2. Geological setting
The Jebilet massif is located north of Marrakech. It represents an E-W cross-section of the 

Variscan belt of Morocco, a southern extension of the Variscan belt of Europe (Fig. 1). The massif is 

composed of three structural units (Essaifi et al., 2001b; Huvelin, 1977). The Western Jebilet Unit 

includes a Cambro-Ordovician sedimentary sequence that was uplifted at the end of the Devonian and 

only weakly deformed during the Variscan (Huvelin, 1977; Piqué and Michard, 1989). The Central 

Jebilet Unit comprises a sedimentary sequence of Visean age named the Sarhlef Schists, (Huvelin, 1977; 

Playford et al., 2008) which was extensively deformed and metamorphosed at low grade during the 

Variscan orogeny (Delchini et al., 2016; Essaifi et al., 2001b). The Eastern Jebilet Unit comprises an 

Upper Visean sedimentary flysch sequence (the Kharrouba flysch) (Graham, 1982; Huvelin, 1977; Izart 

et al., 1997) that is overlain by tectonically emplaced nappes (Beauchamp et al., 1991; Graham, 1982). 

Two major tectonic structures separate the three units (i) a NNE-trending dextral thrust-wrench fault at 

the boundary between Central and Western Jebilet, which is part of the West Moroccan Shear Zone 

(Piqué et al., 1980), (ii) a NNW-trending sinistral wrench shear zone called the Marrakech Shear Zone 

(Essaifi et al., 2001b; Lagarde and Choukroune, 1982), marks the boundary between Central and Eastern 

Jebilet (Fig. 1).

The Sarhlef Schists underwent low-grade metamorphism and deformation during the Variscan 

orogeny (Bordonaro et al., 1979; Delchini et al., 2018; Essaifi et al., 2001a; Huvelin, 1977). Huvelin 

(1977) identified the presence of two major phases of deformation and folding. Schistosity and stretching 

lineation development occurred during the same late Carboniferous deformation, which is the main 

Variscan tectonic event in Morocco (Lagarde et al., 1990; Michard et al., 2010; Piqué and Michard, 

1989). The main regional cleavage (S1) typically trends NNE–SSW (Fig. 2) and is axial planar to a series 

of open upright F1 folds (Essaifi et al., 2001b; Lagarde and Choukroune, 1982; Le Corre and Saquaque, 
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1987). This cleavage bends into a series of shear zones, which have been divided into two groups forming 

map-scale anastomosing structures (Essaifi et al., 2001b). A group of typically N–S trending sinistral 

shear zones is well developed across much of the Central Jebilet. It is interconnected by a group of ENE 

trending dextral shear zones that is associated with late major faults, such as the Mesret Fault (N’Diaye 

et al., 2016). The shear zones are associated with an increasing of strain, tightening of folds, and 

development of stretching lineation, then formation of curvilinear folds by rotation and deformation of 

pre-existing planar and linear structures during progressive deformation (Lagarde and Choukroune, 

1982). A late brittle deformation episode is also recognized in the Jebilet Massif.

Variscan magmatism in the Jebilet massif includes a bimodal association of alkaline 

microgranites and mafic-ultramafic intrusions located in Central Jebilet (Aarab and Beauchamp, 1987; 

Bordonaro et al., 1979; Essaifi, 1995) and two peraluminous granodioritic plutons that are spatially 

associated with the Marrakech Shear Zone (Bensalah, 1989; Chemesseddoha, 1986; El Amrani, 1996) 

(Fig. 1). To the east of this shear zone, the Oulad Ouaslam granodiorite outcrops over an area of 190 km2 

and forms an E-W sheet-like pluton, 30 km long and 3 to 10 km wide. To the west of the shear zone, the 

Central Jebilet pluton includes three intrusions, Bamega to the southwest, Tabouchent to the northwest, 

and Bramram to the east (Fig. 2). The Tabouchent and Bamega intrusions outcrop over an area of 22 km2 

and form two intrusions with approximately the same dimensions (4*3 km) while the Bramram granitic 

intrusion has the smallest dimensions (1 km * 0.5 km) (Fig. 2A). The three intrusions represent outcrops 

at the top of a single plutonic body whose upper interface with the country rocks is folded parallel to the 

main regional folding direction (Saquaque, 1985; Le Corre and Saquaque, 1987). The plutons 

consist mainly of biotite ± cordierite-bearing granodiorite enclosing magmatic microgranular enclaves 

and partly digested pelitic xenoliths containing andalusite and sillimanite megacrysts (Bouloton, 1992; 

El Amrani, 1996). Tourmaline-bearing leucogranites (two-mica granites) are present in the plutons as 

decimetre to meter-scale dykes and stocks crosscutting the granodiorite and the country rocks (Fig. 4B, 

C). They display aplitic to pegmatitic textures. The leucogranites are well developed along the western 

margin of the Oulad Ouaslam pluton and along the boundaries between the country rocks and the Bamega 

and Tabouchent intrusions. The leucogranite forms the main part of the Bramram intrusion where it cuts 

across the granodiorite and shows an extensive hydrothermal transformation, leading to total 

disappearance of feldspar and formation of greisen composed of quartz, muscovite and tourmaline in the 

Bramram cupola (Bensalah, 1989; Huvelin, 1977). Pegmatite veins and dykes are also present in the 

plutons but they are well developed in the country rocks to the north of the granodioritic plutons, in the 

Sidi Bou Othmane area, where they form a dyke swarm trending NNE-SSW (Huvelin, 1977) (Fig. 1). 
These pegmatite veins, which are lithium-bearing and rich in accessory phosphate minerals (Fontan et 

al., I976; Huvelin, 1977), show syntectonic emplacement criteria: some veins are boudinaged and folded 

while others crosscut the penetrative schistose fabric.

In the Tabouchent intrusion two main types of granodiorite are exposed (i) to the east a coarse-

grained porphyritic granodiorite where K-feldspar megacrysts (2-5 cm) are enclosed within a matrix (3-

7 mm) composed of quartz, plagioclase, K-feldspar, biotite and cordierite, (ii) to the west a coarse-

grained granular (4-6 mm) granodiorite that is petrographically similar to the porphyritic granodiorite 
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but almost megacryst-free. Other textural variations in the intrusion include a progressive evolution 

toward the contact with the host rocks where the matrix becomes microgranular (2-5 mm) and the K-

feldspar megacrysts become oriented parallel to the intrusion boundaries (El Amrani, 1994). These 

boundaries are generally occupied by the leucogranite, which forms an envelope that wraps the major 

part of the intrusion (Fig. 2). The leucogranite is also present as sheets, dykes and stocks intruding both 

the granodiorite and its wall rocks. The leucogranite is fine to medium grained and is composed of quartz, 

K-feldspar, plagioclase, muscovite, tourmaline, and occasionally relics of biotite, which was replaced by 

muscovite. Quartz-fluorine, quartz-tourmaline ± Sn and Sn-Sb (Au) veins occur in the intrusion where 

they are associated with the shear zones (Huvelin et al., 1980). 

An age of ca. 327 ± 4 Ma was obtained for the granodioritic plutons and 295 ± 15 Ma for the 

crosscutting leucogranites by Rb/Sr dating (Mrini et al., 1992). More recent U–Pb dating has suggested 

somewhat older ages of 358 ±7 to 336±4 Ma for the granodiorites although the dates are characterised 

by some uncertainty due to inheritance and lead loss (Delchini et al., 2018). These ages overlap with 

those of the country rocks, whose fossil contents indicate a Visean (347–331 Ma) age (Huvelin, 1977; 

Playford et al., 2008). The granodiorites have relatively low zircon saturation temperatures (<800 °C) 

(Essaifi et al., 2014), similar to temperatures based on zircon typology and biotite geothermometry (El 

Amrani, 1996), and so zircon has the potential to contain inherited cores (Mohammadi et al., 2020). In 

any case, geochronological dating indicates a sustained and long-lasting magmatic activity in the Jebilet 

massif, between 350-330 Ma and ca. 300 Ma (Delchini et al., 2018; Dostal et al., 2005; Essaifi et al., 

2003; Marcoux et al., 2008; Mrini et al., 1992). This magmatism is characterized by a temporal evolution 

from magmas of hybrid origin (0.704 < (87Sr/86Sr)i.< 0.7108; −6.7 <ɛNdi< 4.1), to magmas of pure crustal 

origin (87Sr/86Sr)i. = 0.7177; ɛNd= −7.2), reflecting a lithosphere that is heated from below (Essaifi et al., 

2014). Geodynamically, development of this magmatism occurred during the Late Carboniferous 

collision between Gondwana and Laurussia, following the closure of either the Rheic ocean (Michard et 

al., 2010; Simancas et al., 2009), or the Paleotethys ocean (Essaifi et al., 2014; Roddaz et al., 2002).

The plutons have induced in the surrounding metapelites a low-pressure contact metamorphism 

that reaches the pyroxene hornfels facies while only chlorite is stable far from the intrusions 

(Chemesseddoha, 1986; Le Corre and Saquaque, 1987). The developed contact metamorphic association 

includes cordierite and andalusite ± sillimanite, and indicates a maximal pressure of 2.2 kb 

corresponding to a maximum depth of 8 km (Bouloton, 1992). These contact metamorphic minerals were 

retrogressed into quartz, muscovite and biotite ± tourmaline. They disappear progressively towards the 

leucogranite sheets that occur chiefly at the margins of the central Jebilet pluton, leading Le Corre and 

Saquaque (1987) to suggest that retrogression of andalusite and cordierite was induced by emplacement 

of the fluid-rich leucogranite. The andalusite and cordierite-bearing schists extend to the north and cover 

the area of the pegmatite dyke swarm of Sidi Bou Othmane (Fig. 1), suggesting the presence of a granitic 

intrusion at depth (Delchini et al., 2016; El Hassani, 1982; Huvelin, 1977). The andalusite and cordierite 

bearing schists enclose many irregularly shaped limestone lenses, which were metamorphosed and 

transformed into skarns. In the metamorphosed aureole around the granodiorite, Cu-Au and Ag-Pb-Zn-

Au vein mineralization is developed in the metapelitic rocks (El Arbaoui et al., 2019; Essarraj et al., 
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2017; Huvelin, 1977) while graphite zones occur in scheelite and molybdenite-bearing metamorphic 

carbonates (Huvelin, 1977). The Cu-Au-bearing veins occur in the sandstones of Jebel Haimer, 

aproximately 1.5 km from the contact between the Tabouchent granodiorite and the country rocks, while 

the Ag-Pb-Zn-Au veins form the Roc Blanc deposit, which is located along the NNW-trending 

Marrakech Shear Zone, approximately 3 km to the northeast of the contact between Tabouchent 

granodiorite and the country rocks (Fig. 2A).

Structural mapping revealed that the bedding surfaces in the country rocks around the Central 

Jebilet pluton present a doming structure indicating that the erosion level reached only the apical parts 

of the pluton (Le Corre and Saquaque, 1987; Saquaque, 1985). Within the Oulad Ouaslam pluton strain 

is generally low, and the pre-full-crystallization planar fabric is weak or absent (Boummane and Olivier, 

2007), but strain intensity increases towards the western margin of the pluton, which is strongly sheared 

along the regional Marrakech Shear Zone (Lagarde et al., 1990). Deformation is more homogeneous in 

the Bramram and Bamega intrusions, where foliation is subvertical and strikes N20 to N30, than in the 

Tabouchent intrusion where deformation is very heterogeneous (Lagarde, 1989; Le Corre and Saquaque, 

1987; Saquaque, 1985), and concentrated within conjugate meter-scale ductile shear zones that crosscut 

the intrusion (Fig. 3). This style of deformation is similar to that described in the Kettara intrusion where 

metre to centimetre-scale shear zones bound lenticular metre to 100 m-scale domains of weakly deformed 

to undeformed gabbros (Essaifi et al., 2004). The metre-scale shear zones are part of map-scale 

anastomosing shear zones that characterise Central Jebilet (Essaifi et al., 2001). Like the metre-scale 

shear zones of Kettara (N'diaye et al., 2016), the metre-scale shear zones of Tabouchent are part of a 

map-scale dextral shear zone, the Tabouchent Shear Zone, which rotates into the SSE Marrakech Shear 

Zone (Figs. 2, 3).  Lagarde (1989) described the orthogneissification within the Tabouchent shear zones 

as a result of a low temperature deformation developed within a solidified and thermally re-equilibrated 

granodioritic pluton while orthogneissification of the leucogranites was related to a high temperature 

deformation developed during emplacement of the leucogranite.

3. Field relationships, sampling strategy and analytical techniques
3.1. Field relationships and sampling strategy

Deformation in the Tabouchent pluton is heterogeneous at both the outcrop scale and the 

intrusion scale, varying from weakly deformed granodiorites to mylonites and ultramylonites. There is a 

general increase in the intensity of deformation towards the peripheral zones of the pluton where the 

leucogranites are foliated and display S/C structures (Le Corre and Saquaque, 1987). However, the most 

prominent deformation gradients are observed towards subvertical metre-scale shear zones where the 

granodiorites are transformed into mylonites and ultramylonites, in the outer parts and inner parts of the 

shear zones, respectively (Fig. 4A, D-J). The shear zone network of Tabouchent has two main 

components, one trending NNW-SSE with a sinistral strike-slip sense and the other ENE-WSW with a 

dextral sense (Fig. 3). The shear zones crosscut both the foliated and the undeformed granites, and locally 

transect the pluton margins, continuing into the country rocks. A subhorizontal stretching lineation is 

generally associated with these shear zones, which locally display late slip striae. The 070° dextral 

component and the N160° sinistral component of shear zones are consistent with an overall horizontal 
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NW-SE shortening and NE-SW extension at the scale of the intrusion. This shortening direction 

corresponds to that inferred from foliation trajectories, major fold trends, and syn-folding conjugate 

wrench faults at the scale of the Jebilet massif (Essaifi et al., 2001b) and the Moroccan Meseta (Lagarde 

et al., 1990). 

The leucogranites are also affected by shearing. The western side of the Oulad Ouaslam pluton 

is composed of highly sheared leucogranites. In the Tabouchent pluton, there is a strain gradient towards 

the margins of the intrusion where the leucogranite is deformed and displays C/S structures.  Within the 

intrusion, leucogranite dykes are parallel to shear zones, or in some cases offset by late brittle-ductile 

shear zones.

Mesoscopic veins are spatially associated with the shear zones. They include (i) up to 10 cm-

wide quartz-tourmaline-bearing fractures locally present in the center of the shear zones, (2) up to 20 cm 

wide mesoscopic quartz-calcite veins localized along the shear zone walls. Within the quartz-tourmaline 

veins, tourmaline is localized in the centre whilst quartz at the margins.  These veins strike in WNW and 

ENE directions; they are affected by ductile deformation marked by recrystallization of quartz grains and 

their stretching parallel to the shear zones. Mineralization composed essentially of cassiterite and 

arsenopyrite is locally associated with these veins (Huvelin, 1980). The quartz-calcite veins are generally 

parallel to the shear zones, but they are not affected by ductile deformation. Within the veins, quartz is 

localized at the margins and calcite in the centre. These veins contain Fe-oxides and Cu-carbonates 

(malachite, azurite).

Several (11) margin-to-center horizontal sampling traverses were made through the Low 

Temperature metric shear zones that crosscut the granular granodiorite of the Tabouchent intrusion (Fig. 

3). Each traverse includes two to three samples, collected 0.5-3m apart, including the weakly deformed 

to undeformed granodiorite through the highly deformed rocks in the inner parts of the shear zones. An 

additional shear zone sample and a leucogranite were collected in Tabouchent and one leucogranite and 

one greisen in Bramram intrusion.

3.2. Analytical techniques

The composition of silicate minerals was determined using a Cameca SX 100 electron 
microprobe at Montpellier University (Table 1). The identification of REE minerals and their qualitative 
analyses were performed at the Petrography and Microanalysis Laboratory, British Geological Survey 
(BGS), using an FEI Quanta 600 SEM with an Oxford Instruments X-Max 50 mm2 silicon drift detector 
(SDD) for EDS analysis running with Oxford Instruments INCA (v4) software. The SEM was operated 
at 20 kV accelerating voltage and approximately 2nA beam current.  

Whole rock analyses were undertaken as a means of investigating the effects of deformation 

and fluid–rock interaction on the mobilisation and distribution of REE (Table 2). Samples weighing up 

to 5 kg were crushed following a standard protocol to obtain adequate powder fractions using agate 

mortars. Chemical analyses were performed by the Service d'Analyse des Roches et des Minéraux 

(SARM; CRPG-CNRS, Nancy, France) using a ICP-AES for major-elements and a ICP-MS for trace 

elements following the techniques described in (Carignan et al., 2001). A total of 30 samples were 
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analysed including 8 undeformed granodiorite and 21 mylonites to ultramylonites from the Tabouchent 

intrusion, in addition two leucogranites and one greisen from the Bramram intrusion (Fig. 3).

For 40Ar/39Ar dating, the samples were crushed and the 200-315 µm size fraction was cleaned 

in ultrasonic bath. Ten grains of muscovite were carefully handpicked under a binocular microscope to 

select only grains without evidence of alteration or inclusions. Selected grains were packaged in 

aluminium foils and were irradiated for 97 h in the McMaster Nuclear Reactor together with Fish Canyon 

sanidine grains as flux monitor (28.030 ± 0.056 Ma, (Jourdan and Renne, 2007)). The argon isotopic 

interferences on K and Ca were determined by the irradiation of KF and CaF2 pure salts from which the 

following correction factors were obtained: (40Ar/39Ar)K = 2.97 x 10-2 ± 10-3  at 1, (38Ar/39Ar)K = 1,24 

x 10-2 ± 5 x 10-4 at 1, (39Ar/37Ar)Ca = 7.27 x 10-4  ± 4 x 10-5 at 1, and (36Ar/37Ar)Ca = 2.82 x 10-4 ± 3 x 

10-5 at 1. 40Ar/39Ar step heating analyses were performed at Géoazur Nice (France) using a continuous 

100 W Photon Machine CO2 (IR) laser used at 5-15% during 30 s. Argon isotopes were measured in 

static mode using an ARGUS VI mass spectrometer from Thermo-Fischer. Measurements were carried 

out in multi-collection mode using four Faraday cups equipped with 1012 ohm (masses 40, 39, 38 and 

37) and one low-background compact discrete dynode ion counter to measure mass 36. Collector gain 

calibration is performed by the computer-controlled application of predetermined voltages to each 

collector. Mass discrimination for the mass spectrometer was monitored by regularly analyzing air 

pipette volumes. The raw data were processed using the ArArCALC software (Koppers, 2002), and ages 

were calculated using the decay constants given by Steiger and Jäger (1977). Blanks were monitored 

after every three-sample analyses. All parameters and relative abundance values are provided in Table 3 

(Annex) and have been corrected for blanks, mass discrimination, and radioactive decay. Atmospheric 
40Ar was estimated using a value of the initial 40Ar/36Ar of 298.56 (Lee et al., 2006). Our criteria for the 

determination of a plateau are as follows: a plateau must include at least 70% of 39Ar released, over a 

minimum of three consecutive steps agreeing at 95% confidence level. Plateau ages are given at the 2 

error level, and the plateau age uncertainties include analytical and J-value errors. All the errors on the 

inverse isochron, total fusion ages, and initial 40Ar/36Ar ratios are quoted at the 2 error. 

4. Mineral alteration and temperature conditions
4.1. Mineral alteration within the undeformed granodiorite

Petrographical investigations show that the undeformed granodiorite underwent a pervasive 

hydrothermal alteration. Samples described in this paper are all from the coarse-grained granular facies 

of the granodiorite, which rarely contains phenocrysts. The least altered sample (TB8) is a coarse-grained 

granular biotite ± cordierite–bearing granodiorite composed of quartz, plagioclase, K-feldspar, biotite ± 

cordierite (Fig. 5A-B).  Accessory minerals include ilmenite, zircon, monazite, xenotime, apatite and 

rare allanite. Feldspars represent 45 to 65 vol. % of the granodiorite. The alkali feldspar (Or 81-94%; 

Table 1) is sub-euhedral (4-6 mm) and hosts inclusions of biotite and plagioclase. It is perthite with 

flame-like sodic feldspar exsolution, and displays remnants of Carlsbad twinning. Plagioclase is sub-

euhedral to euhedral and shows polysynthetic twinning and a rough zoning (An 22-56%), with 

development of sericite in its central parts. In samples where alteration is most pronounced, the whole 

crystal may be changed to a fine-crystalline aggregate of sericite.  Quartz is interstitial, and some crystals 
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show undulose extinction characteristic of intracrystalline deformation, or a limited recrystallization 

along the crystal borders. Biotite (up to 10 vol. %) is brown, sub-euhedral to euhedral and locally 

deformed. It displays Fe-rich compositions (2.45 < XFe = Fe2+/ Fe2+ + Mg < 2.76) and moderate to high 

Ti and Al contents (TiO2 = 3.26-4.96 wt%; Al2O3= 15.23-16.73 wt%; Table 1). It falls within the primary 

field of biotite, and at the transition between the fields of peraluminous and calc-alkaline granites (El 

Amrani, 1994; El Arabaoui, 2018). Biotite is commonly partially altered to chlorite and muscovite, and 

contains numerous inclusions of zircon, monazite, apatite, and Fe-Ti oxides. Complete replacement of 

biotite by chlorite and muscovite occurs in the most altered samples. Where present, cordierite forms 3-

4 mm globular spots commonly transformed into pinite and muscovite.

The REE-bearing minerals occur as inclusions within the major silicates, especially within 

biotite where they are surrounded by well-developed alteration coronas (Fig. 5A).  Based on the 

abundance distribution Feature-INCA analysis, zircon makes up ca 70% of all REE bearing phases, 

followed by monazite ca 20%, xenotime ca 10% and REE phases associated with Th and F ca 2%. Due 

to analytical difficulty, apatite was excluded from this count, but its abundance is similar to that of 

xenotime. Zircon occurs as euhedral to subhedral, <50 µm crystals commonly associated with xenotime 

(Fig. 6). Monazite, up to 100 µm across, occurs as individual crystals, in places associated with zircon 

or apatite. Monazite often contains inclusions of Th-rich phases and is locally zoned with respect to Th 

and likely other elements (Fig. 6B).  Xenotime crystals are less than 50 µm in size and are often 

intergrown with zircon, likely postdating it (Fig. 6A). Primary apatite crystals up to 100 µm are euhedral, 

prismatic and included in all the major mineral phases, indicating that apatite is an early-crystallized 

phase. Inclusions within apatite comprise <1 µm crystals of REE-bearing Th-silicate and Th+Ca-

phosphate (Fig. 6A). Allanite is relatively rare but crystals up to 150 μm were observed. Allanite 

surrounded by epidote occurs as inclusions within biotite. Such allanite-cored epidote is most likely of 

primary origin. It was described in peraluminous granites of hybrid origin (Healy et al., 2004), as is the 

case of the Tabouchent granodiorite (Essaifi et al., 2014; Mrini et al., 1992).

4.2. Mineral alteration in the shear zones

Deformation within the shear zones is characterized by an increase in strain from the outer parts 

to the inner parts of the shear zones. In the mylonitic granodiorite, this progression is reflected by grain-

size reduction, progressive disappearance of feldspar, and elongation of polycrystalline quartz ribbons 

with undulose extinction (Figs. 4G-J; 5C-F). Deformation of K-feldspar and plagioclase is 

accommodated by pervasive microfracturing and pressure solution leading to grain-size reduction and 

reorientation of the fine-grained matrix along the foliation plane. Plagioclase crystals in the outer parts 

of the shear zones are albitized and sericitized, while a concomitant alteration into muscovite leads to the 

disappearance of feldspars in the inner parts of the shear zones.  Biotite, which is bent and partially 

transformed into chlorite and muscovite in the outer parts of the shear zones, is absent in the inner parts 

of the shear zones. With increasing strain, the large quartz grains of the original granitoid are plastically 

deformed and recrystallized into fine grains forming polycrystalline quartz ribbons in the highly 

deformed zones. In sum, the inner parts of the shear zones are ultramylonites composed mainly of quartz, 

muscovite, chlorite, Fe and Ti oxides and sulphide minerals (pyrite, arsenopyrite). The strong 
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ultramylonitic foliation is defined primarily by the alignment of grains of chlorite and phengitic 

muscovite that bound and wrap recrystallized quartz grains, ilmenite, pyrite and arsenopyrite. Chlorite, 

which can form up to 30 vol.% of the ultramylonite, is inter-grown with phengitic muscovite to form 

anastomosing, interconnected layers on millimetre- to micrometre-scales. Muscovite chemical 

compositions display high Al and K contents (Al total = 4.6–5.3 apfu; K=1.7–2 apfu), low contents of 

Ti and Na (Ti= 0.01 – 0.13 apfu; Na = 0.03 – 0.10 apfu) and their Mg contents vary between 0.18 and 

0.68 apfu (Table 1). They correspond to weakly phengitic muscovite and plot within the field of 

secondary muscovite in the ternary diagram Mg-Ti-Na of Miller et al. (1981) (El Amarani, 1994; El 

Arbaoui, 2018). Muscovite within the shear zones has higher Ba contents (0.16 < BaO wt% < 0.35) than 

in the undeformed counterparts (BaO < 0.1 wt%). The F contents of muscovite (< 0.6 wt%) are lower 

than those of biotite (< 0.8 wt%).

The REE-bearing accessory minerals have undergone mechanical and chemical alteration 

during shearing.  Coupled dissolution re-precipitation of accessory minerals is manifested by alignment 

of REE-bearing phases and often Fe-Ti oxides along the foliation plane (Fig. 7). Stringers of syntectonic 

monazite are developed along the cleavage planes of deformed chlorite and muscovite, replacing them 

in places (Fig. 7A). The microcrystalline, elongate morphology of monazite clearly differentiates it from 

the primary magmatic large and euhedral crystals observed in the undeformed rocks (Fig. 6B). Cerium 

oxide occurs locally in association with Fe- oxide or filling in shear-parallel fractures in the muscovite-

chlorite matrix (Fig. 7B). The mechanical alteration and re-organisation of the accessory minerals as a 

response to the shear stresses is manifested by fracturing and development of pressure shadows around 

resistant mineral phases, such as zircon and apatite (Fig. 7C). The ultramylonitized REE-enriched rocks 

are characterized by the presence of finely crystalline REE fluorocarbonates in addition to the secondary 

monazite-xenotime - dominated assemblage. The fluorocarbonates are typically associated with Ti and/or 

Fe oxides (Fig. 7 D-E). Primary xenotime is often armoured by quartz and retains its morphology and 

composition with no obvious signs of alteration. A secondary xenotime phase on the other hand, forms 

finely crystalline aggregates with Th + Ca ± REE phosphate (±silicate), apatite and secondary monazite 

(Fig. 7F-H). This is a common alteration assemblage of primary monazite. Euhedral rhombic crystals of 

the Th-rich phosphate (± silicate) are present within the fine intergrowth with xenotime (Fig. 7H), both 

inferred to be of secondary origin. Qualitative microanalysis revealed the presence of Si in a few data 

points, suggesting either a mixed phosphate-silicate phase or fine inclusions of silicate minerals within 

the complex intergrowth. In summary, the shear zones are characterized by grain size reduction of 

accessory minerals, their re-distribution/re-precipitation along the foliation plane, and the formation of 

secondary REE-bearing minerals that have developed during shearing.

4.3. Temperature conditions

The measured Fe2+/Fe3+ ratios of biotite in the Jebilet granitoids vary between 10 and 30 

allowing El Amrani (1996) to estimate their temperature of crystallization to 750-800°C under low to 

moderate oxygen fugacities (-16 < Log f(O2) < -13), at 2 kb pressure. Such temperatures are similar to 

the zircon saturation temperatures (700-800 °C) (Essaifi et al., 2014) and to temperatures based on zircon 

typology (El Amrani, 1994).
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Chlorite displays homogeneous compositions with moderate to high XFe ratios (0.66 ≤ XFe  ≤ 

0.68) and Al contents (Al total = 5.3–5.6 apfu) and indicates temperatures between 350 and 380 °C 

(Bourdelle and Cathelineau, 2015). Such temperatures correspond to the low greenschist facies, i.e. to 

the regional metamorphism in the country rocks (Delchini et al., 2016; Essaifi et al., 2001a). The Si 

content of phengitic muscovite indicates a pressure between 2 and 3 kb (Massone and Schreyer, 1987).

The microstructural evolution of the Tabouchent shear zones, characterized by plastic 

deformation and recrystallization of quartz, brittle and reaction-assisted deformation of feldspars, is 

characteristic of low temperature deformation in shear zones (Gapais, 1989; Stünitz and Fitz Gerald, 

1993). The shear zone network, which is consistent with the regional strain field, records the effects of 

the regional shortening on an intrusion thermally re-equilibrated with its host rocks.

5. 40Ar/39Ar measurements and results
In order to obtain the age of the low-grade ductile shear zone crosscutting the granodioritic 

pluton of Tabouchent, we have performed a preliminary age determination of the syn-kinematic phengitic 

muscovite developed in the mylonitic granodiorite. The dated sample JB14-02 was collected from a 

meter-scale shear zone crosscutting the granular granodiorite (Fig. 3). Bands dominated by white micas 

containing minor chlorite alternate with recrystallized quartz bands and define the mylonitic foliation of 

the sample. The non-coaxial structure of the mylonite is marked by C/S structures and asymmetric 
crystallization tails around quartz porphyroclasts (Fig. 5F).

In the mylonitic granodiorite JB14-02, a white mica grain yielded a well-defined plateau age at 

305.9  0.9 Ma based on 86% of the 39Ar released (steps 5, 6, 7, 8, 9 and 10; Fig. 8; Table 3). The 

experiment displays a slightly disturbed age spectra with younger ages at low-temperature steps 

suggesting a slight radiogenic argon loss.

The 305.9  0.9 Ma obtained on the syntectonic white mica represents the age of the regional 

shearing tectonic event. It is consistent with the high-temperature shearing deformation that affected the 

leucogranite, which was dated by Rb/Sr dating at 297 ± 9 Ma, 296 ± 6 Ma (Tisserant, 1977), and 295 ± 

15 Ma (Mrini et al., 1992). It is also consistent with the microstructural evolution observed in the sampled 

shear zone, which is characteristic of low-temperature shearing deformation that affected an intrusion 

thermally re-equilibrated with its host rocks. The emplacement age of this intrusion is 327 ± 4 Ma (Rb/Sr 

dating; Mrini et al., 1992), or even older, 358 ± 7 to 336 ± 4 Ma (U–Pb dating; Delchini et al., 2018). 

The preliminary Ar/Ar age indicates that the granodiorite was affected by shearing at least 20 Ma after 

its emplacement and solidification.

6. Whole rock geochemistry

6.1. Major and trace element geochemistry

The undeformed granodiorites have homogeneous contents of SiO2 (68.12-70.98 wt%), Al2O3 

(14.56-15.65 wt%), TiO2 (0.44-0.74 %) and P2O5 (0.14 - 0.18 wt%). The MgO contents vary from 0.87 

to 1.26 wt% and those of total Fe2O3 from 2.81 to 4.96 wt%.  Na2O and K2O vary respectively from 0.49 

to 3.70 wt% and from 2.41 to 4.34 wt% while CaO varies from 0.4 to 1.58 wt% and LOI is between 1.66 
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and 3.18 wt% (Table 2). Their contents of REE are consistent, as well as those of Ga (18-23 ppm), Zr 

(164-393 ppm), Nb (8-12 ppm), Y (45-50 ppm), and Th (16-22 ppm). They display weak variations in 

Sr, Rb, Ba and Cs. These weak variations in chemical compositions indicate a low initial magmatic 

heterogeneity that can be explained by minor amounts of crystal fractionation (Bensalah, 1989; El 

Amrani, 1994). The undeformed granodiorites display a peraluminous affinity in the A/NK vs A/CNK 

diagram (Fig. 9), with the least altered sample (TB8) displaying the lowest A/CNK value (A/CNK = 

1.27).

The concentrations of major and trace elements in the shear zones are compared to those of the 

undeformed counterparts in Figure 10. The bulk-rock composition of the various Tabouchent shear zone 

samples shows a much greater range than the variation in the composition of the undeformed 

granodiorite.  For some elements (e.g. Al2O3, TiO2), the observed linear correlations with SiO2 can be 

explained by the quartz dissolution/precipitation effect, indicating that such elements remained relatively 

immobile during the alteration process. Al2O3 and TiO2 are enriched in rocks that have experienced a net 

loss of SiO2 and diluted in rocks that have experienced a net gain of SiO2, and their variations fit the 

modelled variations of concentrations due to quartz precipitation/dissolution (arrows in SiO2 vs. Al2O3 

and TiO2 plots; Fig. 10). The concentration of the other elements reflects the dissolution of feldspar and 

the relative abundance of chlorite and muscovite within the shear zones. Muscovite-rich shear zones are 

enriched in K and depleted in Ca, Na, Fe, Mg and Mn while the shear zones where chlorite is abundant 

are enriched in Fe, Mg and Mn and depleted in Ca and Na. The concentrations of some trace elements 

distinguish clearly between the shear zones (SZ) and their undeformed counterparts. This is the case for 

Ba with contents higher in all SZ (342-1550 ppm) than in the undeformed granodiorites (203-507 ppm), 

and Sr with contents lower in all SZ (10-62 ppm) than in their undeformed counterparts (32-215 ppm). 

P2O5 contents are typically lower in the SZ than in the undeformed granodiorites, which may indicate a 

limited dissolution of apatite.  Tungsten has also higher contents in the SZ (24.6-31.4 ppm) than in the 

undeformed granodiorites (1.4-7.2 ppm). This is also true for Sn, Sb and As, with respectively up to 950 

ppm, 705 ppm and 29 ppm in the SZ while their contents in the undeformed counterparts are lower than 

83 ppm, 40 ppm and 3.4 ppm, respectively. For other trace elements like Ga, the observed variations can 

be explained by the dissolution/precipitation effect, indicating that the element may have been immobile 

during mylonitization of the granodiorite.

The concentrations of the REE in the shear zones show larger variations (REE = 116-539 ppm) 

than in the undeformed counterparts (REE=170-239 ppm) (Fig. 11). Relatively to the undeformed and 

least altered granodioritic sample (TB8), the data indicate that REE were mobile in the majority of the 

samples (90% of 20 analysed deformed rocks), with most cases (89%) showing a fractionation between 

LREE and HREE during alteration (Table 2). The comparison of the REE behaviour in the different shear 

zone profiles allows distinction of different types of SZ; (i) SZ with limited to no REE mobility (TB3-

4-5 profile), (ii) SZ with local redistribution of REE from the outer parts to the inner parts of SZ (TB15-

16-17, TB25-26-27 and TB28-29 profiles), (iii) SZ with REE enrichment (TB22-23-24 profile), and (iv) 

SZ with LREE depletion (TB6-7, TB8-9, TB11-12, TB13-14, TB18-19 and TB20-21 profiles). Here, the 
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patterns of REE mobility show either depletion in LREE relative to HREE, LREE less depleted relative 

to HREE, or REE depletion without any fractionation between LREE and HREE.

6.2. Shear zones with limited to no REE mobility

Isocon diagrams (Figs. 12-13), which compare the bulk-rock chemistry of rocks that have 

undergone changes in whole-rock compositions (Grant, 1986), are used to illustrate the mass transfer in 

the Tabouchent shear zones. In these diagrams, the deformed and altered rocks are compared to the least 

altered isotropic granodiorite (TB8 sample). The immobile elements Al and Ti form a straight line 

through the origin, and the line is known as the "isocon". The elements that experienced enrichment and 

depletion plot respectively above and below the isocon, and the slope of the isocon indicates the volume 

change that accompanied the transformation. If the slope of the isocon is one, then the concentrations of 

the immobile elements have not changed, and the transformation is isovolumetric. If the slope of the 

isocon is lower than one, then the transformation was accompanied by a volume gain. If the slope of the 

isocon is higher than one, then the transformation was accompanied by a volume loss.

In the shear zone where the REE were almost immobile, the Al-Ti isocon indicates a nearly 

isovolumetric transformation (Fig. 12A). The majority of the REE, as well as other trace and major 

elements, are located along or near the isocon indicating limited mobility. In contrast, some of the other 

elements plot far below or above the isocon indicating that they experienced strong depletion/enrichment 

during mylonitization. Among these elements, Ca, Na, and Sr were lost, and Ba, W, As, Sb, and Sn were 

gained. In contrast K, Fe, and Mg are located near the isocon indicating limited mobility. These changes 

are consistent with a local redistribution of K, Fe, and Mg caused by the destruction of feldspar and 

biotite and crystallization of phengitic muscovite and chlorite. During this process, Ca, Na and Sr were 

transported out of the rock by the escaping fluids while W, As, Sb, and Sn were introduced by fluids. Ba 

is hosted by muscovite and Sn by cassiterite while As and Sb are most likely hosted by arsenopyrite. 

Tungsten is likely a trace component of other minerals, probably muscovite, which can host up to 500 

ppm W (Eugster, 1985).

6.3. Shear zones with REE enrichment

The TB-24 ultramylonite, which illustrates coupled enrichment in both LREE and HREE, 

underwent about 200% volume gain due to quartz addition (blue line in Fig. 12B). Ta and Nb are located 

along the Al-Ti isocon and can be considered as relatively immobile. This is reflected in the Nb/Ta ratios, 

which are similar in the shear zones (Nb/Ta = 8.5-11.7) and their undeformed counterparts (Nb/Ta = 9.4-

10.8). Similarly, the location of Zr and Hf near the Al-Ti isocon suggests a relative immobility that is 

reflected in the Zr/Hf ratios, which display similar variations in the shear zones (32.8-37.7) and the 

isotropic domains (Zr/Hf =32.4-41). As in the shear zone where the REE are immobile, Ca, Na, and Sr 

were leached while K, Fe and Mg remained relatively immobile, reflecting similar major mineral changes 

in the two types of shear zones.  The behaviour of the major elements is explained by the mineralogical 

changes that occurred in the shear zone. The strong depletions in Ca, Na and Sr result from the destruction 

of K-feldspar and plagioclase while the relative immobility of K, Fe and Mg reflects the crystallization 

of phengitic muscovite and chlorite at the expense of biotite and feldspar.
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6.4. Shear zones with REE depletion

In all the shear zones with REE depletion (Fig 13), depletion in Ca, Na and Sr reflect the 

breakdown of feldspar. Variations in Fe, Mg, Mn and K content reflect the variable replacement of biotite 

by phengitic muscovite and chlorite. All these shear zones are marked by the introduction of W, Sn, Sb 

and As, whilst Nb, Ta, Zr and Hf remain relatively immobile.

REE depletion without a noticeable fractionation between LREE and HREE is illustrated by the 

TB19 mylonite (Fig. 13A). This is a constant volume transformation marked by the relative immobility 

of Si, which is reflected in its location along the Al-Ti isocon. In the TB21 ultramylonite, the 

transformation is also isovolumetric, but the LREE are depleted relative to the HREE, which are almost 

immobile (Fig. 13B). The TB14 mylonite, which illustrates the case where HREE are depleted relative 

to LREE (Fig. 13C), underwent about 12% volume loss.

6.5. Shear zones with local redistribution of REE

The coexistence of opposite REE mass changes along a single shear zone profile, e.g. LREE 

loss in the TB16 mylonite versus LREE gain in the TB17 ultramylonite (Fig. 14), suggest a local 

redistribution of REE. Enrichment of the inner parts of shear zones in elements removed from the outer 

parts of shear zones is consistent with a meter-scale transport of the REE from the shear zone margin to 

the shear zone core. Such a local redistribution of REE has also been observed in other geological 

contexts where fluid flow was highly channelized. Examples include the greenschist-facies shear zones 

of the Mont Blanc granite (Rolland et al., 2003) and the eclogite-facies alteration assemblage in the 

subduction complex of the Tienshan mountains (Beinlich et al., 2010).

In summary, all the shear zones are characterised by losses in Ca, Na and Sr, which result from 

the destruction of K-feldspar and plagioclase while the mobility of K, Fe and Mg reflects the relative 

abundance of phengitic muscovite and chlorite that crystallize at the expense of feldspar and biotite. The 

linear correlation coefficients for both LREE and HREE trends on the isocon diagrams are high (R2>0.9) 

in both REE depletion or enrichment cases. The behavior of some trace elements is similar to that of the 

REE. This is the case for Y, which is fractionated in the same way as the HREE. Accordingly, the Y/Ho 

ratio, which ranges from 25.1 to 28.8 in the shear zones and from 26.6 to 27.9 in their undeformed 

counterparts, remained close to the chondritic ratio of 27.7 ± 2.7 (Bau, 1996). In contrast, Ba is gained 

in all the shear zones while P is lost in almost all the SZ. The metals W, Sn, Sb, and As are enriched in 

all the shear zones. 

7. Discussion

7.1. Mineralogical control on REE mass transfer

The behavior of REE in the Tabouchent shear zones is strongly decoupled from that of other 

elements. There is also a decoupling between LREE and HREE during the alteration process, and Y was 

fractionated in the same way as HREE. The REE variation was not caused by volume changes related to 

shearing because the REE trends are well below or above the isocons. The decoupling between LREE 

and HREE is unrelated to the intensity of strain because it occurred in both the mylonites and the 
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ultramylonites (Figs. 12, 13). The depletion/enrichment in REE is unrelated to the nature of the main 

crystallizing silicate assemblage, since all the shear zones have the same metamorphic assemblage of 

quartz + muscovite ± chlorite and are characterized by losses in Na and Ca and gains in K and volatiles. 

The behaviors of REE in the Tabouchent SZ are likely to be related to the stability and relative abundance 

of the REE-bearing phases. The REE in igneous rocks are mostly hosted by accessory minerals, and 

mass-balance calculations indicate that their whole-rock REE budget is accounted for by the composition 

and proportion of these accessory minerals (Bea, 1996; Ward et al., 1992). In peraluminous granites, 

most of the LREE reside within monazite while the HREE reside essentially within xenotime, apatite 

and zircon (Bea, 1996).  In the Tabouchent intrusion, the main REE-bearing accessory minerals are 

zircon, monazite, apatite, and xenotime. These minerals in shear zones display significant size reduction, 

re-distribution/re-precipitation along the foliation plane, and alteration into secondary REE-bearing 

minerals that have developed during shearing.

Hydrothermal remobilization of REE in granitic rocks is related to dissolution/re-precipitation 

of accessory minerals, which is interpreted to be a function of the fluid composition and PT conditions 

(Dongen et al., 2010; Förster, 2000; Leroy and Turpin, 1988; Rolland et al., 2003). In order to determine 

the relationship between the REE content and the dissolution/re-precipitation of the accessory minerals, 

the total REE content is presented versus the content of each REE to test whether the bulk of the REE is 

hosted in apatite, zircon, xenotime, or monazite (Fig. 15). There is a high positive linear correlation 

between the total REE content and the contents of the LREE La, Ce, Pr, Nd, Sm and Gd. This reflects 

the strong control exerted by monazite on the LREE budget in both the undeformed granodiorites and 

the crosscutting shear zones. A positive correlation between the total REE content and the contents of 

the HREE is not evident (e.g. Yb and Lu; Fig. 15), but the mass changes for HREE correlate positively 

with the Y mass changes (Fig. 16A-G), and there is also a positive correlation between Y and REEmax 

(Fig. 16H). Thus HREE mobilisation in the SZ did not occur without mobilisation of Y. This is consistent 

with the fact that Y was fractionated in the same way as HREE and indicates that the main control of the 

HREE budget in the shear zones was exerted by xenotime. Consequently, it seems that every case of 

fractionation of LREE relative to HREE can be related to the preferential dissolution or precipitation of 

monazite and xenotime. This is supported by petrographic evidence that shows prominent textural 

modifications to monazite and xenotime, except when they are enclosed in quartz, where they remain 

largely intact. Whilst residual apatite and zircon domains are still observed in the shear zones, most 

monazite crystals appear to have undergone complex, coupled dissolution-precipitation processes. 

Namely, fine-grained Th, (Ca ± REE) phosphate/silicate in association with interstitial Y phosphate and 

apatite have been commonly observed in domains that are inferred to be monazite originally (Fig. 7F-

H). These are likely to be the sites of dissolution of primary monazite and its re-precipitation into 

syntectonic monazite mediated by metamorphic fluids. This process is in agreement with the low 

crystallization temperatures of the metamorphic monazite (ca 350°C) where Th, Ca and Y are 

incompatible in the monazite structure and combine with Si and P to form Th-silicate, apatite and 

xenotime (Rasmussen and Muhling, 2007, 2009).  The syntectonic monazite and xenotime have grown 

to form stringers along the foliation plane, locally replacing the host mineral and have also been observed 

dispersed in softer micaceous-chlorite matrix; with euhedral crystals present in places (Fig. 7). The 
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growth of xenotime associated with P and Y metasomatism and the consequent enrichment in HREE 

during fluid infiltration has also been described in greenschist to amphibolite facies metamorphosed 

carbonate rocks of the Wepawaug Schist, USA (Ague, 2003).

Petrographic analysis also revealed the presence of REE fluorocarbonates in association with 

Ti oxide and Fe±Cu oxide, predominantly in the REE-enriched ultramylonitized samples (Fig. 7 D-E). 

Whilst the presence of fluorine in the fluids can be explained by the dissolution of primary magmatic 

minerals (mica, fluorapatite); the presence of carbonate minerals requires an influx of CO2-rich fluids at 

some point during the evolution of the shear zone. CO2-rich fluids were observed in fluid inclusions in 

the nearby Roc Blanc deposit (Essarraj et al., 2017) and in the pegmatites dykes crosscutting schists less 

than 5 km NE of the Roc Blanc mine (Bastoul, 1992).

The mobilisation of REE in the shear zones is also supported by the presence of fine crystalline 

Ce oxide in shearing-related cracks and fissures. Ce oxide has also been observed associated with 

secondary Fe oxide; and in this assemblage, both oxide phases have been remobilized (Fig. 7). The 

secondary iron oxide has likely formed as a result of dissolution of magmatic ilmenite. Whilst Ti 

crystallised locally as Ti oxide (likely rutile), iron has likely been oxidized and mobilized. This could be 

facilitated by the presence of chloride complexes that impact on the hydrothermal transport chemistry of 

Fe2+ and Fe3+, in particular (Seward et al., 2013). It is also known that transport chemistry of REE3+ and 

Ce4+ is different, and that preferential immobilization of Ce by oxidation is well documented in a variety 

of environments and conditions (Loges et al., 2012). Although the transport chemistry of cerium is 

complex, it is reasonable to infer that the observed Ce oxide in the shear zone originated from dissolution 

of magmatic monazite, oxidation of the released Ce3+ to Ce4+ and localized immobilization as cerianite. 

Both phases have been observed in close proximity, suggesting short distance transport of Ce4+. 

7.2. Controls on the REE mobility in the Tabouchent shear zones

At least in some geological environments, the REE are clearly soluble and mobile in aqueous 

solutions, and their mobility is a function of the fluid composition and PT conditions (e.g. Wood, 1990).  

The Tabouchent shear zones present a silicate mineral assemblage consisting of quartz + muscovite ± 

chlorite, and correspond to low temperature (350-380°C) shear zones formed at least ca. 20 Ma after 

emplacement and thermal re-equilibration of the granodioritic intrusion. As all the shear zones formed 

at similar PT conditions, the REE mobility should be related to fluid chemistry, especially to the potential 

ligands present in the fluids, because REE are known to be transported in fluids in the preferential form 

of complexes. Consequently, the complexing anion in the fluids is one of the key factors controlling the 

mobility of REE (e.g. Haas et al., 1995).

In the Jebilet massif, mobilization of REE and P in the Tabouchent shear zones contrast with 

their immobility in the Kettara shear zones where, in addition to Al and Ti, P was also immobile (Essaifi 

et al., 2004).  This confirms the broad correlations observed between REE and P mobility, and suggesting 

REE transport by P complexes, or REE and P transport together by some other complexing agent (Ague, 

2017). The elements dissolved in the fluid are reflected in the composition of the minerals precipitated 

in the shear zones and associated veins. Apatite, monazite and xenotime indicate the presence of 
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phosphates, while the precipitation of pyrite in the veins and shear zones clearly indicates the presence 

of sulfide complexes in the fluid. Further, the presence of fluorine in apatite and the precipitation of F-

rich REE minerals in some SZ as well as the presence of fluorite and quartz-tourmaline veins and nodules 

indicate that F and B were also present in the fluids. Finally, the crystallization of calcite in the veins and 

the precipitation of CO2-rich REE-minerals in some shear zones require the presence of carbonate 

complexes in the fluids.

The main reaction that transformed the granodiorite into the ultramylonites at Tabouchent is 

muscovitization of feldspar. Such a reaction consumes H+ ions and requires an acidic fluid composition 

(Charoy, 1979; Crerar and Barnes, 1976; Wibberley and McCaig, 2000). The breakdown of alkali 

feldspar into muscovite was also accompanied by leaching of Ca, Na and Sr from the mylonitized rocks 

while K and Ba were gained. The leaching of Ca that accompanied mylonitization of the granodiorite 

indicates that the hydrothermal fluids have exceptionally low contents of Ca. Such Ca-poor fluids are 

able to mobilize HFSE in F-rich geological environments even at low temperatures (Salvi and Williams-

Jones, 1996).

7.3. Metallogenic implications

The bulk-rock Nb/Ta and Zr/Hf ratios are considered as markers of both magmatic evolution 

(Linnen and Keppler, 1997, 2002) and magmatic-hydrothermal interactions in peraluminous granites 

(Bau, 1996; Dostal et al., 2015). They decrease with fractional crystallization and display different values 

in barren and ore-bearing peraluminous granites. The ore-bearing peraluminous granites typically have 

Nb/Ta < 5, whereas barren peraluminous granites have Nb/Ta > 5.  Moreover, the peraluminous granites 

associated with Sn, W, and/or U deposits have Zr/Hf > 18 while the rare metals granites have Zr/Hf <18 

(Ballouard et al., 2016). The bulk-rock Nb/Ta and Zr/Hf ratios in the Tabouchent intrusion, which have 

not been modified by fluid-rock interaction in the shear zones, are higher in the granodiorite (32 < Zr/Hf 

< 40; 9 < Nb/Ta < 12) than in the leucogranite and the associated greisen (16 < Zr/Hf < 22; 2 < Nb/Ta < 

4). In the Zr/Hf vs Nb/Ta diagram (Fig. 17A), the leucogranite and associated greisen plot in the field of 

ore-bearing granites while the granodioritic samples and associated shear zones plot within the field of 

barren granites. The Zr/Hf ratios of the leucogranite and associated greisen are also consistent with Sn, 

W-bearing granites and rare metals granites.

The tetrad effect represents the intra-REE fractionation observed in the REE patterns of highly 

fractionated granites and in hydrothermal precipitates, and reflects a selective complexation of REE 

during the interaction of granitic melts with F-rich and Cl-rich aqueous fluids (Bau, 1996; Irber, 1999; 

Monecke et al., 2002). The degree of the tetrad effect can be quantified using the parameter TE1-3, which 

measures the deviation of the first and the third tetrad of the granite REE pattern from a hypothetical 

tetrad-free pattern (Irber, 1999):

TE1-3 = (t1 * t3)0.5 

 with t1 = (Ce/Cet * Pr/Prt)0.5

t3 = (Tb/Tbt * Dy/Dyt)0.5

with Ce/Cet = Cecn/(Lacn
2/3 * Ndcn

1/3)
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Pr/Prt = Prcn/(Lacn
1/3 *Ndcn

2/3)

Tb/Tbt = Tbcn/(Gdcn
2/3 * Hocn

1/3)

Dy/Dyt = Dycn/(Gdcn
1/3 * Hocn

2/3)

Lncn =  chondrite-normalized lanthanide concentration

The results show that the leucogranitic samples and associated greisen not only present low 

Nb/Ta ratios, but also a significant tetrad effect (TE1-3 > = 1.1; Fig. 17B). In contrast, the tetrad effect is 

absent in the undeformed granodioritic samples, which have low TE1-3 values (1.01-1.02). On the other 

hand, the deformed granodioritic samples display an increasing degree of tetrad effect that reaches or 

even exceeds the degree of the tetrad effect of the leucogranite and associated greisen. These results 

confirm on one side that the tetrad effect can be introduced during hydrothermal alteration (Monecke et 

al., 2007), and on the other side that the tetrad effect in the SZ most likely results from the interaction of 

the granodiorite with hydrothermal fluids related to the leucogranite.

The gains in Sn, W, Sb, and As observed in all the shear zones indicate that the fluid was metal-

bearing. Whilst Sn is associated with the formation of cassiterite, the W, As and Sb contents in the shear 

zones are not as clearly accounted for, although As and Sb are probably due to the presence of 

arsenopyrite, and W to muscovite, which can host up to 500 ppm W (Eugster, 1985). Importantly, the 

enrichments observed in such metals are consistent with flow of a magmatic-hydrothermal fluid exsolved 

from the ore-bearing leucogranite. This is supported by the high temperature deformation of the 

leucogranite and by the retrogression of andalusite and cordierite, together with a significant 

tourmalinization of the host rocks indicating extensive boron mobilization in the leucogranitic aureole 

(Le Corre and Saquaque, 1987). Muscovitization of the granodiorite along the shear zone network, and 

greisenization of the leucogranite in the Bramram cupola are thus similar processes related to interaction 

between crystallized granites and acidic magmatic fluids (Pirajno, 2013). Interestingly, losses in Ca and 

Na and gains in K and volatiles appear to be typical for metasomatized quartzo-feldspathic ductile fault 

zones and are explained as the result of fluid flow in the direction of decreasing temperature (Dipple and 

Ferry, 1992; Streit and Cox, 1998). Accordingly, the chemistry of the fluids that circulated in the 

Tabouchent shear zones is consistent with upflow of magmatic-hydrothermal fluids exsolved from a 

leucogranitic body located below the Tabouchent granodioritic intrusion (Fig. 18).

The greisen-related hydrothermal system and the associated Sn-W mineralization in the Central 

Jebilet pluton was developed on a wide region on each side of the Marrakech shear zone (Fig. 1). The 

development of spotted schists towards the Sidi Bou Othmane region, together with a pegmatite dyke 

swarm suggests that the intrusion of the leucogranite and associated hydrothermal system may cover the 

whole area. This region is also characterized by the development of skarns, which are locally mineralized 

in graphite, chalcopyrite, sheelite, molybdenite, and fluorite ± cassiterite (Bastoul, 1983; El Mostadi, 

1992 ; Huvelin, 1977). Interestingly, there is a metal zonation in the country rocks around the Tabouchent 

intrusion with evolution from a proximal Cu-Au vein mineralization in the Jbel Haimer deposit to a distal 

Pb-Zn-Ag-Au vein mineralization in the Roc Blanc deposit (Fig. 2A). Such a zonation is consistent with 

an open greisen-hydrothermal system related to the emplacement of the S-type Variscan leucogranites 

(Fig. 18). This interpretation contrasts with the recent investigations on the Roc Blanc deposit, which 
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relate its genesis to either metamorphic dehydration and CO2 devolatilization during exhumation of the 

Jebilet massif (El Arbaoui et al., 2019), or to a large-scale hydrothermal circulation of basinal brines 

during the Triassic opening of the Central Atlantic Ocean (Essarraj et al., 2017). The Sr and the Pb 

isotopic data of the Roc Blanc deposit (Chouhaidi, 1986; El Arbaoui et al., 2019), and the Tabouchent 

granodiorite (Mrini et al., 1992) are consistent with a magmatic-hydrothermal origin of the 

mineralization. The C, O and H stable isotopic data (El Arbaoui et al., 2019; Essarraj et al., 2017) indicate 

however that the Roc Blanc mineralization originated from a metamorphic fluid-circulation. 

Consequently, it seems that the hydrothermal fluid circulations in the Tabouchent Shear Zone have mixed 

the magmatic with the metamorphic fluids to scavenge and transport metals, and the magmatic-

metamorphic model appears to be the more likely.

8. Conclusion

A preliminary 40Ar/39Ar dating on white mica allowed us to date the regional shear zone that 

cuts across the Tabouchent granodiorite at 305.9  0.9 Ma by 40Ar/39Ar dating. The tectonic event was 

contemporaneous with emplacement of S-type peraluminous leucogranites that intrude the granodiorite, 

which was emplaced at least 20 Ma earlier. Acidic magmatic fluids were most likely exsolved from the 

leucogranite while the granodiorite was undergoing a low temperature shearing marked by brittle 

deformation of feldspar and recrystallization of quartz. The deformation-enhanced permeability allowed 

the exsolved fluids to percolate the shear zones resulting in the breakdown of feldspar and biotite to 

muscovite + chlorite.  Fluid-rock interaction in the shear zones resulted in an extensive mobilization of 

REE and other major and trace elements. Typical losses in Na and Ca and gains in K and volatiles 

occurred consistently with a down temperature fluid flow. The changes in the REE concentrations are 

decoupled from the major chemical changes. They are marked by fractionation between LREE and 

HREE, and by a variety of behaviors including little or no REE mobility, LREE mobility and HREE 

mobility. The alteration of magmatic accessory REE-bearing phases, predominantly monazite, followed 

by the reprecipitation of syntectonic monazite, xenotime, Th + Ca ± REE phosphate/silicate, Ce oxide 

and REE fluorocarbonates, appear to be the main mineralogical changes that control the REE 

fractionation and the REE mass transfer.

The shear zones are typically enriched in As, W, Sn and Sb, and thus the hydrothermal alteration 

along the shear zones is similar to the greisenization and associated Sn-W mineralization that affected 

the leucogranite. As the shear zones are interconnected allowing fluid flow at a regional scale, the metal 

zonation observed around the pluton from a proximal Cu-Au mineralization to Ag-Pb-Zn-Au 

mineralization is inferred to be related to the greisen-hydrothermal system associated with emplacement 

of the S-type leucogranites.
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Figure captions

Figure 1. Geological sketch map of the Jebilet massif (modified after Huvelin, 1977). Location of figure 
2 is indicated. Inset: the Jebilet massif in the frame of the Variscan Belt of Morocco. 

Figure 2. A) Geologic sketch map of the Central Jebilet pluton and the western margin of the Oulad 
Ouaslam pluton showing the distribution of the major rock types and the map-scale schistosity 
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trajectories within the intrusions and the country rocks. Modified after Huvelin (1977), Saquaque (1985), 
Chemesseddoha (1986), and Lagarde (1989). Note the regional-scale Marrakech Shear Zone (MSZ) and 
the Tabouchent Shear Zone (TSZ). B) Vertical E-W cross section through the Tabouchent and Bramram 
intrusions. 

Figure  3. Map-scale schistosity trajectories (S1) and deformation kinematics within the Tabouchent-
Bamega-Bramram pluton and its host rocks (modified after Saquaque, 1985). The Tabouchent Shear 
Zone is indicated in grey. Encircled numbers correspond to location of the shear zone profiles and 
samples in Table 2. 1 (TB3, TB4, TB5); 2 (TB6, TB7), 3 (TB10, TB11, TB12), 4 (TB18, 19); 5 (TB28, 
TB29); 6 (TB15, TB16, TB17); 7 (TB22, TB23, TB24); 8 (TB13, TB14); 9 (TB8, TB9); 10 (TB30 
leucogranite); 11 (TB20; TB21); 12 (TB25, TB26, TB27); 13 (TB2); 14 (TB33 greisen), 15 (TB32 
leucogranite), and 16 (the dated sample JB14-02).

Figure 4. Field shots and photographs illustrating deformation/alteration in the Tabouchent intrusion. A) 
Field view of a shear zone crosscutting the granodiorite, B) leucogranite veins within the granodiorite, 
C) quartz-tourmaline nest within leucogranite, D) meter-scale shear zone within granodiorite, E-J) an 
example of hand samples collected along a shear zone profile with E-F) undeformed granodiorite, G-H) 
mylonitized granodiorite from the shear zone margin, I-J) ultramylonitized granodiorite from the shear 
zone core.  S/C (shear bands), K-feldspar (Kfs), Plagioclase (Pl), Quartz (Qz), Biotite (Bt).

Figure 5. Thin section views of the Tabouchent undeformed granodiorite and crosscutting shear zones, 
A-B) undeformed granodiorite showing perthetic K-feldspar (Kfs), Plagioclase (Pl), quartz (Qz), Biotite 
(Bt) with inclusions of zircon (Zrn), monazite (Mnz), apatite (Ap), and ilmenite (Ilm) and showing 
transformation into muscovite (Ms), C-D) mylonitized granodiorite showing feldspar relics and 
deformed quartz grains within a chlorite (Chl) and muscovite-rich matrix (Ser), E-F) ultramylonitized 
granodiorite  showing recrystallized quartz grains within  quartz and muscovite +/- chlorite matrix. 

Figure 6. SEM images showing the distribution of REE-bearing minerals in the undeformed 
granodiorite. Min abbreviations : Ap – apatite, Bt – biotite, Ilm – ilmenite, Mnz – monazite, Zrc – zircon, 
Xnt – xenotime

Figure 7. SEM images and a phase map showing the distribution of REE-bearing phases in the sheared 
and chemically altered granodiorites, A – stringers of monazite in the cleavage of chlorite ; B – Ce oxide 
in shear-plane parallel fissures, here in association with muscovite ; C – Intact zircon and fractured apatite 
within chlorite and Ti oxide-rich matrix; D-E – fluorocarbonates in association with Ti oxide and Fe±Cu 
oxide; F – complex intergrowth of finely-crystalline  apatite, monazite, Th-rich phosphate and xenotime 
in association with muscovite and chlorite ; G – mineralogical phase map showing the distribution of 
syntectonic REE-bearing phases (the phase map is underlain by BSE image, hence the localised variation 
in the shade of a given phase) and H – inset with fine details of the intimate intergrowth of finely 
crystalline syntectonic Th-rich phosphate and xenotime. Note the euhedral, rhombic crystals of the Th-
rich phosphate present locally within this assemblage. Min abbreviations: Ap – apatite, Bt – biotite, Chl 
– chlorite, Ilm – ilmenite, Mnz – monazite, Ms – muscovite, Qz – quartz, Zrc – zircon, Xnt – xenotime

Figure 8. 40Ar/39Ar age spectra as a function of released 39Ar on muscovite single grain from the 
mylonitic granite JB14-02. The error boxes for each step age are at the 2σ level. Ages were calculated 
using the ArArCalc program of Koppers (2002).

Figure 9. Projection of the shear zones and their undeformed counterparts in the Shand (1943) diagram  
(A/CNK = Al2O3/(CaO + Na2O + K2O); A/NK = (Al2O3/Na2O + K2O); molar proportions). The lowest 
A/CNK value (1.27) is displayed by the less altered undeformed rock sample (TB8).

Figure 10. Harker diagrams of selected major and trace elements for the Tabouchent shear zones and 
their undeformed granodioritic counterparts. Model silica enrichment or depletion trends are shown as 
arrows in SiO2 vs. Al2O3 and TiO2 plots, based on a mass balance calculation of silica subtraction (or 
inversely, addition) from the average undeformed graniodiorite composition.
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Figure 11. Chondrite-normalized REE patterns of selected shear zones and their undeformed 
counterparts. Normalizing values are from McDonough and Sun (1995).

Figure 12. Isocon plots illustrating two cases of REE mobility. A) REE immobile. The R2 value 
indicates the linear correlation for REE, which is superposed to the Al-Ti isocon, B Coupled 
enrichment in LREE and HREE. The blue line represents the Al-Ti isocon and the R2 values indicate 
the linear correlations for LREE (green line) and HREE (red line). The nature of the volume change 
(V>0 or <0) is indicated by the bold arrow.

Figure 13. Isocon plots illustrating REE depletion without any fractionation between LREE and 
HREE (A), LREE depleted relatively to HREE (B), and LREE less depleted than HREE (C). The blue 
line represents the Al-Ti isocon and the R2 values indicate the linear correlations for LREE (green 
line) and HREE (red line). The nature of the volume change (V>0 or <0) is indicated by the bold arrow.

Figure 14. Percentage of REE mass change for a shear zone characterized by local REE redistribution. 
Mass gains are positive, losses are negative. They are calculated relatively to the least altered undeformed 
granodiorite (TB8 sample). 

Figure 15. Total REE vs. light rare earth elements, Yb and Lu in the Tabouchent granodioritic shear 
zones and their undeformed counterparts.

Figure 16. Mass changes for Y vs. mass changes for HREE (a-g) and Y mass changes vs. REEmax (h). 
REEmax denotes the maximum change for any REE in the rock. The mass changes are calculated relatively 
to the least deformed and altered sample (TB8).

Figure 17. Plot of the Tabouchent granodioritic shear zones and their undeformed counterparts in the 
Nb/Ta vs. Zr/Hf diagram (A) and vs. the degree of tetrad effect TE1-3 (B). Intruding leucogranites and 
associated greisen are also plotted. Fields in (A) from Ballouard et al. (2016). The degree of tetrad effect 
TE1-3 has been calculated using the equation of Irber (1999).

Figure 18. Conceptual genetic model for the zonation of the mineralization around the Tabouchent 
intrusion. Fluids exsolved from a causative leucogranitic intrusion at depth are channelized along the 
Tabouchent Shear Zone and lead to Sn-W intrusion-hosted mineralization, proximal Cu-Au and distal 
Pb-Zn-Ag  mineralizations in the country rocks.
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Table 1. Electron microprobe analyses of silicate minerals (* from El Amrani, 1994), L.D. 
(Detection limit)

Biotite Muscovite Chlorite
sample TB-8 TB-8 TB-8 TB-8 TB-8 TB-8 TB-8 TB-8 TB-8 TB-18 TB-8 TB-8 TB-8 TB-9 TB-9 TB-9 TB-9 TB-19 TB-19 TB-19 TB-9 TB-9 TB-9 TB-9 TB-19
analyzis no Bt/1 Bt/2 Bt/6 Bt/9 Bt/12 Bt/19 Bt/22 Bt/23 Bt/30 Bt/35 MS/10 Ms/24 Ms/28 Ms/43 Ms/44 Ms/45 Ms/46 Ms/52 Ms/53 Ms/54 Chl/42 Chl/47 Chl/49 Chl/50 Chl/51

SiO2 34.41 34.39 34.18 35.14 33.43 34.27 34.87 34.67 34.78 34.90 43.67 46.96 43.44 48.72 48.06 47.72 47.85 47.80 45.71 46.04 24.84 24.99 24.55 24.94 24.90

TiO2 4.21 3.26 4.96 3.63 4.61 3.76 3.39 3.84 3.55 3.35 0.50 0.08 0.34 0.13 0.17 0.14 0.28 0.24 1.23 0.46 0.09 0.23 0.05 0.04 0.12

Al2O3 15.61 16.11 15.73 16.03 15.23 16.73 15.51 15.80 16.19 15.79 27.92 30.52 27.98 32.86 33.09 33.91 33.03 32.58 30.10 30.85 20.51 21.33 21.47 21.79 21.62

Cr2O3 0.05 0.07 0.03 0.03 0.08 0.08 0.07 0.08 0.04 0.02 0.00 0.01 0.00 0.01 0.02 0.02 0.00 0.05 0.04 0.00 0.03 0.04 0.02 0.04 0.04

FeO 25.51 25.78 25.32 24.81 25.48 25.36 25.00 25.49 25.44 25.86 7.86 4.31 9.33 1.55 1.35 1.84 1.81 2.38 4.38 4.40 31.47 32.44 32.43 31.90 32.40

MnO 0.28 0.28 0.30 0.25 0.36 0.30 0.29 0.26 0.30 0.28 0.09 0.04 0.08 0.03 0.00 0.02 0.02 0.02 0.03 0.04 0.68 0.71 0.76 0.70 0.71

MgO 5.36 5.99 5.94 6.13 5.73 5.59 6.02 5.83 5.65 5.29 2.80 2.20 3.29 0.98 0.89 0.95 1.01 1.10 1.59 1.74 8.90 8.85 8.70 8.67 8.93

CaO 0.00 0.01 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.05 0.03 0.03 0.01 0.04 0.02 0.00 0.02 0.02 0.03 0.03 0.08 0.04 0.01 0.04 0.05

Na2O 0.05 0.07 0.08 0.08 0.05 0.09 0.05 0.06 0.05 0.05 0.13 0.14 0.12 0.29 0.26 0.37 0.23 0.21 0.18 0.20 0.02 0.01 0.00 0.01 0.01

K2O 9.87 10.11 9.95 10.23 9.72 10.05 10.04 10.08 10.23 9.73 11.20 11.04 11.27 10.05 10.58 10.09 10.53 11.06 10.64 11.07 0.07 0.05 0.02 0.18 0.06

BaO 0.28 < L.D. < L.D. < L.D. < L.D. < L.D. 0.05 < L.D. < L.D. < L.D. 0.06 0.05 0.04 0.17 0.24 0.28 0.35 0.18 0.16 0.16 0.04 0.00 0.01 0.00 0.01

F 0.42 0.80 0.28 0.11 0.36 0.42 < L.D. 0.36 0.17 0.44 0.27 0.23 0.33 < L.D. 0.23 0.23 < L.D. 0.05 < L.D. 0.62 0.24 0.00 0.18 0.07 0.09

TOTAL 96.04 96.88 96.77 96.47 95.07 96.66 95.30 96.47 96.41 95.75 94.53 95.60 96.22 94.83 94.91 95.57 95.14 95.70 94.10 95.61 87.00 88.69 88.21 88.42 88.94

K-feldspar Plagioclase
sample TB-8 TB-8 TB-8 TB-8 TB-8 TB-8 TB-18 TB-18 J.1.6 J.1.7 J.1.8 J.1.1 J.1.2 J.1.3
analyzis no Kfs/14 Kfs/17 Kfs/18 Kfs/27 KfS/3 Kfs/26 Kfs/31 Pl/37 61* 62* 67* 52* 50* 49*

SiO2 64.27 64.30 64.13 64.82 68.24 65.23 63.08 61.97 58.12 61.80 56.34 56.58 57.73 59.28

Al2O3 18.07 18.17 18.60 18.33 19.17 20.16 24.17 23.59 26.18 24.34 27.57 27.60 27.09 26.02

CaO 0.02 0.14 0.09 0.02 0.25 0.93 1.32 5.39 7.86 5.86 9.52 9.58 9.01 7.57

Na2O 0.94 0.59 2.05 2.07 9.01 5.67 7.08 7.90 7.24 7.37 5.89 5.68 6.59 6.97

K2O 16.06 16.35 13.49 14.26 4.15 6.41 3.47 0.39 0.15 0.00 0.10 0.50 0.15 0.39

Total 99.63 99.91 99.43 99.84 101.09 99.41 99.50 99.39 99.55 99.37 99.42 99.94 100.57 100.23
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Table 2. Geochemical data of Tabouchent shear zones and their undeformed counterparts. 
Samples extend from the weakly deformed to undeformed granodiorite  (isotropic GD) in the 
isotropic domains outside the shear zones to ultramylonites and mylonites in the inner parts of 
the shear zones. Depending on the outcrop of the share zone sampled, each profile comprises 
three, two or exceptionally one sample. Geochemical data of a leucogranite dyke crosscutting 
Tabouchent granodiorite, and leucogranite ang greisen from Bramram are also presented (for 
sample locations, see Fig. 3).
Sample no TB2 TB3 TB4 TB5 TB6 TB7 TB8 TB9 TB10 TB11 TB12 TB13 TB14 TB15 TB16 TB17 TB18 TB19 TB20 TB21 TB22 TB23 TB24 TB25 TB26 TB27 TB28 TB29 TB30 TB32 TB33

ultramyloniteisotropic GDmylonite mylonite mylonite mylonite isotropic GDmylonite isotropic GDmyloniteultramylonite mylonite mylonite isotropic GDmyloniteultramyloniteisotropic GDmylonite ultramyloniteultramyloniteisotropic GDmyloniteultramyloniteisotropic GDmyloniteultramyloniteisotropic GDmylonite LeucograniteLeucogranite Greisen

SiO2 63.18 68.67 68.78 70.18 66.34 70.04 68.23 68.74 69.31 71.94 72.87 70.61 70.29 67.46 54.54 53.04 69.57 68.77 50.82 68.78 68.70 75.36 84.02 70.98 81.50 87.51 68.12 76.81 75.90 73.66 78.86

Al2O3 17.71 15.27 15.21 15.51 17.82 14.56 15.04 15.08 14.98 15.39 15.95 14.84 17.17 15.53 22.27 25.92 15.20 15.09 28.33 15.12 15.27 12.29 8.08 14.56 10.49 6.83 15.65 9.07 13.45 14.78 13.37

Fe2O3 5.78 5.53 5.64 3.92 4.15 4.18 4.96 5.34 4.02 2.91 1.99 5.26 2.16 4.51 8.76 3.76 3.73 5.07 3.51 6.52 4.76 4.02 2.85 2.81 2.13 1.24 4.88 6.83 1.62 1.06 0.90

MnO 0.03 0.14 0.05 0.07 0.04 0.07 0.08 0.08 0.10 0.03 0.01 0.04 0.02 0.05 0.11 0.03 0.06 0.05 0.05 0.10 0.10 0.06 0.03 0.07 0.02 0.02 0.05 0.11 0.04 0.02 0.01

MgO 1.56 1.26 0.92 0.94 1.08 1.00 1.16 1.35 0.99 0.97 0.57 1.12 0.76 1.14 2.03 1.32 0.87 1.25 1.22 1.10 1.10 0.89 0.64 0.94 0.41 0.25 1.00 2.20 0.24 0.25 0.08

CaO 0.40 0.40 0.31 0.27 0.33 0.80 1.61 0.41 1.51 0.20 0.22 0.34 0.20 0.65 0.32 0.41 1.29 0.30 0.28 0.27 1.58 0.21 0.17 0.89 0.11 0.11 0.78 0.15 0.90 0.55 0.06

Na2O 1.17 0.49 0.13 0.12 0.10 0.10 2.59 0.19 3.24 0.16 0.15 1.15 0.25 2.37 0.99 1.73 3.48 0.40 0.17 0.08 3.43 0.17 0.19 3.70 0.08 0.07 3.50 0.08 3.70 4.73 1.60

K2O 4.70 4.05 4.12 4.70 5.75 4.48 4.34 4.06 2.41 4.39 4.96 3.70 5.40 4.10 5.29 7.51 2.83 4.79 9.34 4.26 2.99 3.48 2.27 2.46 3.30 2.05 2.65 1.51 1.71 2.82 2.99

TiO2 0.91 0.67 0.71 0.67 0.76 0.60 0.74 0.68 0.60 0.69 0.65 0.60 0.68 0.64 0.81 0.97 0.65 0.61 0.91 0.70 0.64 0.44 0.35 0.44 0.48 0.28 0.67 0.56 0.08 0.06 0.06

P2O5 0.13 0.14 0.16 0.14 0.15 0.12 0.17 0.17 0.14 0.14 0.15 0.12 0.12 0.14 0.19 0.21 0.16 0.14 0.19 0.13 0.16 0.13 0.07 0.18 0.04 0.08 0.14 0.09 0.21 0.22 0.04

LOI 4.03 3.18 2.89 2.67 3.92 3.24 2.06 2.75 3.06 2.33 2.10 2.06 2.62 2.26 3.95 4.31 1.66 2.69 3.82 3.35 2.06 2.13 1.41 2.05 2.06 1.16 1.83 2.16 1.12 0.74 1.98

Total 99.59 99.78 98.90 99.18 100.42 99.18 100.98 98.85 100.34 99.15 99.61 99.83 99.66 98.84 99.26 99.20 99.50 99.15 98.63 100.41 100.79 99.18 100.08 99.06 100.62 99.60 99.28 99.55 98.96 98.88 99.94

As 17.5 39.9 81.8 160.1 98.0 134.7 3.7 19.7 16.0 5.7 12.1 101.2 42.5 35.4 9.0 29.2 17.2 39.2 20.8 49.0 8.9 26.9 16.6 18.8 705.8 276.2 11.5 82.0 26.6 26.1 2.3

Ba 664.4 432.1 624.1 616.3 595.5 448.1 350.8 977.0 318.5 1477.0 1406.0 349.2 638.7 507.4 984.8 808.5 353.6 616.5 1550.0 662.4 348.6 617.3 353.5 203.9 295.0 342.4 337.7 449.0 105.4 171.8 99.9

Be 2.2 2.1 2.5 2.7 3.1 2.4 2.2 1.4 2.4 1.7 2.2 2.8 2.7 2.7 3.1 4.2 1.7 2.2 4.0 2.3 3.2 1.6 1.0 2.1 1.3 0.9 2.8 0.9 2.9 1.8 1.6

Bi 0.3 0.5 6.7 0.4 1.0 0.4 0.1 0.1 0.1 0.2 < L.D. < L.D. < L.D. < L.D. < L.D. < L.D. 0.3 0.2 0.5 0.2 0.8 0.3 0.2 0.3 0.5 0.1 0.4 0.2 0.1 11.7

Cd 0.2 0.7 0.6 0.5 0.3 0.7 0.2 0.3 0.8 0.2 0.3 1.2 0.4 0.3 0.2 0.3 0.5 0.4 0.3 0.4 0.9 0.5 0.2 1.0 0.3 0.2 0.3 0.4 0.2 < L.D. < L.D.

Ce 43.0 97.8 101.2 92.8 113.9 97.5 90.3 86.0 90.0 60.1 46.5 107.8 89.0 97.8 72.3 231.0 96.4 71.9 96.0 86.6 90.0 75.1 90.3 65.7 52.3 144.9 79.5 97.0 24.9 7.8 8.4

Co 4.6 5.8 6.1 4.3 2.4 3.9 10.3 6.7 8.0 2.6 2.2 7.3 1.3 6.5 6.9 4.0 5.0 6.0 2.9 7.2 7.9 6.6 4.1 4.7 2.9 1.8 5.3 9.9 2.4 1.5 2.0

Cr 114.6 72.9 80.3 77.0 82.4 95.6 82.3 126.5 71.1 96.4 75.3 95.0 89.2 79.1 58.4 59.4 63.3 86.2 61.6 53.1 85.4 94.9 71.5 83.0 116.2 118.8 89.1 111.2 77.0 58.7 104.8

Cs 5.6 8.5 4.0 6.2 5.7 5.6 9.6 2.8 4.7 2.5 3.4 6.1 6.0 4.5 4.0 7.6 8.7 11.0 9.3 4.6 5.5 4.8 2.1 3.5 5.0 3.3 2.4 1.3 8.3 3.3 4.4

Cu 8.5 26.1 67.8 87.1 101.5 74.5 12.9 19.1 8.1 < L.D. 15.2 74.8 16.1 12.0 < L.D. < L.D. 10.5 82.1 19.2 36.6 12.5 137.8 195.5 9.7 17.0 20.3 7.2 15.6 9.9 6.4 24.2

Dy 6.0 8.4 9.0 9.6 9.1 7.5 8.9 8.4 8.8 7.1 10.0 7.9 6.6 8.6 11.3 16.0 8.3 7.3 11.5 8.2 8.7 7.5 7.7 7.8 5.5 17.9 7.6 9.9 5.2 1.5 2.0

Er 3.8 4.7 5.3 5.2 5.3 4.2 5.1 5.0 5.1 4.3 7.0 4.1 3.4 4.8 6.8 7.5 4.7 4.1 7.0 4.9 5.0 4.2 4.3 4.7 3.2 9.8 4.5 6.2 3.1 0.9 1.2

Eu 0.7 1.2 1.0 1.2 1.4 1.2 1.2 0.8 1.1 0.4 0.5 1.4 1.0 1.3 0.9 3.1 1.0 0.9 1.2 1.0 1.1 1.1 1.3 1.1 0.8 1.9 1.1 0.8 0.4 0.2 0.1

Ga 25.5 22.1 23.2 27.0 29.0 23.2 21.8 29.0 21.0 29.4 29.3 23.9 30.0 22.7 38.5 38.7 20.6 23.9 51.1 22.3 21.7 18.8 12.8 18.2 21.3 15.4 23.3 22.1 18.5 22.8 19.2

Gd 4.3 8.0 8.2 9.0 8.6 7.1 8.3 7.5 8.1 5.4 5.9 8.4 6.3 8.4 8.1 17.5 8.2 6.6 9.0 7.2 8.1 6.7 7.6 6.5 5.2 17.2 7.1 7.8 3.4 1.0 1.2

Ge 2.1 2.0 2.0 2.0 2.2 2.1 1.8 1.8 2.0 1.6 1.8 2.0 1.8 1.7 2.1 2.4 1.9 1.9 2.4 2.4 1.8 1.8 1.7 2.0 1.5 1.7 1.6 2.2 2.4 2.7 2.3

Hf 5.8 8.5 8.3 8.2 8.0 6.8 7.1 7.9 6.7 7.2 7.7 7.3 8.4 7.0 8.9 11.7 10.0 6.3 11.9 8.0 7.6 4.7 4.2 5.1 5.4 3.4 7.4 6.9 3.0 3.5 2.5

Ho 1.4 1.8 1.9 2.0 1.9 1.6 1.9 1.8 1.8 1.6 2.5 1.6 1.4 1.8 2.5 3.1 1.7 1.6 2.5 1.8 1.8 1.6 1.6 1.7 1.2 3.7 1.6 2.3 1.1 0.3 0.4

In 0.2 0.2 4.4 1.1 1.1 0.9 < L.D. 0.8 0.1 0.3 0.7 0.8 0.9 0.1 0.7 0.9 0.1 1.6 2.4 0.6 0.4 1.7 0.4 0.1 0.3 0.3 0.2 0.3 < L.D. 0.2 0.1

La 22.0 45.6 43.3 42.5 51.5 36.5 41.0 34.3 43.1 18.0 16.7 45.0 35.4 44.9 26.6 109.9 42.4 29.8 37.6 32.4 40.2 29.8 40.0 30.7 23.3 47.6 36.1 41.3 10.1 3.4 3.3

Lu 0.5 0.7 0.7 0.7 0.7 0.6 0.7 0.7 0.7 0.7 1.0 0.6 0.5 0.7 0.9 0.8 0.7 0.5 1.0 0.7 0.7 0.6 0.6 0.7 0.4 1.3 0.7 0.9 0.5 0.2 0.3

Mo 1.1 2.7 2.9 3.1 2.8 3.9 3.3 5.9 3.3 3.6 4.0 3.9 2.8 3.0 1.1 1.8 3.5 4.0 1.0 1.4 3.5 4.3 3.2 3.7 5.5 6.4 3.4 4.8 4.1 3.5 1.5

Nb 15.3 12.2 12.2 11.6 12.9 10.3 12.3 12.1 11.1 11.8 11.2 10.9 10.6 11.2 14.0 15.8 12.2 10.1 19.4 11.5 11.4 7.4 6.2 8.1 7.9 4.9 11.9 13.9 4.3 3.9 11.5

Nd 19.8 41.4 42.7 43.3 47.5 35.7 40.4 36.1 40.6 20.4 18.3 43.7 31.6 43.3 30.1 94.7 42.6 30.7 38.6 32.3 40.0 29.9 38.7 29.7 26.5 88.5 35.1 40.1 11.0 3.6 4.8

Ni 21.2 13.5 18.7 12.7 13.8 18.6 18.5 16.5 14.5 14.2 8.1 13.9 5.9 16.2 15.4 10.3 10.0 17.3 < L.D. 17.0 16.1 18.6 14.3 11.7 5.2 6.7 15.1 29.2 7.0 < L.D. < L.D.

Pb 16.3 17.1 15.6 14.3 20.4 13.8 16.1 7.3 6.8 9.0 9.9 148.0 94.3 14.2 15.8 12.3 19.5 15.8 28.2 72.8 13.2 13.7 10.4 94.0 16.9 10.2 36.2 111.8 61.8 8.7 179.9

Pr 5.3 10.9 11.3 11.5 12.6 9.5 10.7 9.4 10.7 5.4 4.8 11.6 8.8 11.4 7.9 25.5 11.3 8.2 10.2 8.6 10.5 7.9 10.2 7.8 6.7 21.0 9.3 10.8 3.0 1.0 1.2

Rb 327.3 298.8 209.8 263.8 315.6 237.1 230.4 191.5 129.4 160.3 197.1 195.7 249.0 237.4 236.4 374.6 175.5 245.4 468.0 202.6 166.5 168.3 107.5 144.3 295.7 143.7 151.4 61.3 141.0 146.5 191.6

Sc 16.9 11.8 12.7 12.0 13.6 10.8 13.1 11.9 11.0 18.9 16.3 11.1 13.5 11.5 14.9 16.7 9.4 11.4 22.9 12.2 11.6 6.4 5.5 7.4 9.7 10.1 11.5 8.6 4.3 6.3 4.3

Sb 2.6 2.2 2.3 4.3 3.6 2.8 0.2 1.1 3.4 1.7 1.9 5.8 4.4 1.4 2.2 2.8 1.6 2.5 8.5 4.4 0.8 1.0 1.2 1.1 29.6 7.6 0.7 2.7 0.6 1.8 0.4

Sm 4.2 8.9 9.3 9.8 9.8 7.8 9.0 8.2 9.0 5.1 4.7 9.6 6.9 9.4 7.7 19.9 9.2 7.0 9.0 7.5 8.9 7.0 8.8 6.8 6.0 21.0 7.6 8.7 3.4 1.2 1.5

Sn 14.0 83.3 951.4 548.9 581.8 363.5 4.3 236.7 21.3 103.8 160.3 162.0 279.9 14.0 132.7 230.7 15.0 293.4 919.0 349.5 97.0 502.8 427.4 8.5 66.0 59.9 42.2 72.3 9.2 18.1 24.4

Sr 42.2 32.4 31.1 23.2 10.1 13.1 105.8 25.8 180.4 27.5 30.1 59.5 32.2 84.2 59.4 44.4 215.6 26.7 25.3 16.2 273.5 21.9 21.3 174.4 61.7 29.8 185.7 18.3 159.4 70.8 40.6

Ta 1.3 1.1 1.2 1.1 1.5 1.1 1.2 1.3 1.2 1.3 1.2 1.2 1.2 1.1 1.5 2.0 1.2 1.2 1.7 1.2 1.2 0.8 0.6 0.8 0.9 0.5 1.3 1.2 1.2 1.5 6.1

Tb 0.8 1.3 1.4 1.5 1.4 1.2 1.4 1.3 1.4 1.0 1.3 1.3 1.1 1.4 1.6 2.7 1.3 1.1 1.7 1.3 1.4 1.1 1.2 1.2 0.9 2.8 1.2 1.4 0.7 0.2 0.3

Th 12.7 21.6 21.0 21.2 22.2 19.2 18.4 20.8 20.7 21.2 21.3 22.4 24.0 19.8 24.4 47.1 22.4 19.5 28.1 21.2 20.1 16.8 12.6 15.9 6.7 9.7 20.0 16.7 10.0 7.1 5.3

Tm 0.5 0.7 0.8 0.7 0.8 0.6 0.7 0.7 0.7 0.6 1.0 0.6 0.5 0.7 1.0 1.0 0.7 0.6 1.0 0.7 0.7 0.6 0.6 0.7 0.5 1.4 0.7 0.9 0.5 0.2 0.2

U 1.8 2.3 3.1 2.1 2.4 2.0 2.4 2.6 2.7 1.5 2.1 2.7 2.9 1.8 2.4 4.9 2.8 1.9 4.7 2.3 3.4 1.3 1.4 1.5 1.1 1.7 1.8 1.9 2.4 3.3 3.6

V 152.1 71.0 70.8 74.1 102.1 77.9 90.1 18.1 68.7 149.2 73.9 76.0 72.8 76.7 103.0 110.0 57.9 64.7 147.8 79.5 75.4 51.9 38.0 48.9 61.5 43.6 63.7 82.7 14.2 15.8 1.5

W 20.9 7.2 6.2 6.2 24.6 7.4 1.4 5.3 1.8 24.6 23.1 4.6 6.1 3.1 5.2 8.4 1.5 4.0 9.7 8.2 1.8 7.2 9.7 4.1 3.4 3.6 3.0 9.5 5.1 2.9 55.5

Y 34.7 49.3 49.7 52.5 55.0 44.4 51.6 48.3 49.8 42.4 70.0 41.5 35.7 48.6 72.9 84.0 46.7 41.9 71.8 49.0 49.1 45.2 45.9 45.2 31.9 106.1 45.2 60.1 29.8 8.7 10.0

Yb 3.4 4.4 5.0 4.8 4.9 3.9 4.9 4.9 5.0 4.3 7.0 3.8 3.1 4.6 6.4 5.8 4.6 3.7 6.9 4.9 4.9 3.9 3.8 4.6 3.0 8.7 4.5 5.9 3.6 1.2 1.9

Zn 312.0 297.6 184.6 675.9 299.3 385.1 74.2 102.8 109.7 68.3 178.7 729.0 141.2 158.3 217.3 84.5 355.3 349.9 80.6 250.3 143.6 258.3 110.6 235.8 18.0 22.8 207.8 179.6 34.8 29.5 88.4

Zr 219.6 346.9 304.3 296.6 285.5 208.0 257.4 285.8 235.4 259.2 275.8 263.3 299.6 252.2 318.5 412.8 393.2 227.5 418.7 287.9 267.7 154.5 138.5 164.2 192.7 120.4 267.2 249.4 65.2 58.7 39.1

Highlights

The Tabouchent granodiorite is intruded by leucogranite and crosscut by shear 
zones
The shearing event transformed the granodiorite into phyllonites at 305.9 +/- 
0.9 Ma
The breakdown of feldspar into muscovite resulted in leaching of Ca and Na
The dissolution/re-precipitation of syntectonic monazite resulted in REE 
mobilization
Acidic magmatic fluids exsolved from the leucogranite induced enrichments in 
Sn and W
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