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Abstract: The Sidi Bou Othmane (SBO) pegmatite district is in the Central Jebilet massif, Occidental 
Meseta domain, Morocco. The SBO district is hosted essentially in a volcano-sedimentary series 
composed of the Late-Devonian Sarhlef shales. Pegmatite bodies crop out as dykes, which are 
oriented from N-S to E-W and are generally variably deformed with ductile and/or brittle structures 
with ante, syn- or post kinematic criteria. Petrographic observations of pegmatite dykes show that 
feldspars (i.e., albite, microcline) are the most abundant mineral phases, followed by quartz, micas, 
with tourmaline and accessory mineral as garnet, and zircon and secondary minerals as clinochlore, 
sericite, and illite. The geochemical study indicates that, according to the major pegmatite elements 
dykes of SBO have mainly a S-type granitic composition and are peraluminous granite with calc-
alkalic affinity. The study of trace elements pointed out that SBO pegmatite formed under post-
orogenic syn-collision context during the Variscan orogeny, by the partial melting of argilliferous 
sediment and can be ascribed to the muscovite-bearing pegmatite; moreover, they have a good 
potential on ceramic and contain minerals, such as feldspar, recently assessed as Critical raw 
materials by European Union. 

Keywords: central Jebilet; Sidi Bou Othmane; pegmatite dykes; syn-collision; S-granite 
 

1. Introduction 

Pegmatite has been specified as an igneous rock of mostly granitic composition, with properties 
such as highly coarsened and generally variable crystals, an abundance of strongly directional 
graphitic or other skeletal crystal growth, and the prominent spatial zonation of mineral assemblages, 
including monomineralic zones [1,2,3,4]. 

Granitic pegmatites are the main host rocks for rare metal deposits, strategic minerals, and 
precious/ semi-precious gems [5]. They are commonly interpreted as the end products of extreme 
fractional crystallization of granitic magmas. This fractionation promotes the increase of rare metals 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 December 2023                   doi:10.20944/preprints202312.1793.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202312.1793.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

and volatiles in the residual melt, leading to the development of mineralization in granitic pegmatites 
[6,7]. 

In Morocco, granitic pegmatites hosted in Precambrian terrains are relatively the most studied 
[8,9,10,11,12,13,14,15,16,17]. The few works conducted on Variscan pegmatites and more precisely on 
those ones of the Jebilet Massif dates to some decades ago [18,19,20,21,22,23] and mainly deal with 
the crystallography of the phosphatic mineral phases occurring within these pegmatite rocks; 
moreover, these works have shown the presence of frequent monocrystalline ferrisicklerite nodules 
in the veins of SBO pegmatite (Jebilet Massif). 

Recently, Essaifi et al., [24] pointed out that, the shear zones affecting the Tabouchent 
granodiorite allowed fluid flow at a regional scale, causing the metal zonation observed around the 
pluton from a proximal Cu-Au mineralization to Ag-Pb-Zn-Au mineralization. 

The Jebilet Massif represents a critical mining district, characterized by various ore deposits (e.g., 
Draa Sfar VMS, Frag al Ma graphite field graphite, SBO -Sidi Bou Othmane- district aplo-pegmatite). 
It is noteworthy that the SBO pegmatites and Bir Nhass reflect a good example because they have 
never been the subject of an intense geological study or a well-detailed mapping. Indeed, despite 
geological research carried out on the Jebilet Massif during the last decades [25,26,27], only a few data 
are available on SBO pegmatites. Precise petrological and geochemical data and spatial distribution 
and relationships with surrounding rocks and the deformation are still unclear. 

This study aims to characterize the, petrographic and geochemical featutes of the SBO 
pegmatites, identify their associated alteration, and classify them. 

2. Geological setting 

The study area is located at about thirty kilometers in the North of Marrakesh (Morocco).  It is 
geologically situated in the central unit of Jebilet in the Mestian domain (Figure 1) [26, 28,29,30]. A 
folded Hercynian chain characterizes formed essentially by a Paleozoic basement, metamorphosed 
into greenschist to amphibolite facies, and intruded by syn- to late orogenic magmatic intrusions 
during the Variscan orogeny [31,32], outcropping in an undeformed Mesozoic to Cenozoic cover. 
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Figure 1. (a) Localization of the Jebilet massif in the Variscan of Morocco; (b) Geological Context of 
the Variscan Jebilet Massifs showing the location of Sidi Bou Othmane study area modified from, 
Huvelin [28], (c) Synthetic lithostratigraphic column of the Sidi Bou Othmane area in the Jebilet Massif 
modified after Bordonaro [30], Delchini [28], Lazreq et al., [29]. 

The SBO area presents three main geological formations [29,33]:  
 a lower formation named Sidi Bou Othmane formation, mainly constituted of sandstones, silty 

shale, and limestone; 
 a middle formation named Kharrouba formation, formed essentially by turbidites, these two 

series are cut by numerous dykes (pegmatites, microdiorite, carbonates) and formed during 
Frasnian-Famennian; 
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 an upper formation (Asbian) called Teksim formation, which corresponds to a transgressive se-
ries deposited in a platform environment composed of shales, limestones, sandstones, and silt-
stones. 
Numerous acid and basic magmatic bodies characterize the central part of the Jebilet Massif. The 

emplacement of these magma bodies is related to Hercynian deformation and is subdivided into 
three episodes: the pre-tectonic; the orogenic; and the post-orogenic episode [28]. Mrini et al., [34], 
dated these magmatic bodies by using the Rb–Sr method on whole rocks, and gave ages of 330 and 
250 Ma, respectively. The orogenic granites of mixed origin and leucogranites of crustal origin were 
emplaced between 330 Ma and 280-275 Ma and show calc-alkaline affinities. The late orogenic granite 
and leucogranites of crustal origin are younger and intruded the granodiorite, date between 275 Ma 
and 250 Ma. They are mainly alkaline. It is worth noting that recent dating, suggests older ages up to 
358 Ma [26]. 

The Carboniferous fields underwent a very intense deformation showing that the Hercynian 
orogeny stretched out between 330 and 250 Ma [34]. This deformation is the result of a succession of 
tectonic events contemporary to the Hercynian and post-Hercynian orogeny. Bordonaro [30], sum-
marized five stages of deformation in central Jebilet (D0, D1, D2, D3, D4): 
 D0 ante-schist deformation with large-scale E-W folds, related to the syn-sedimentary strike-slip 

sheets of the Eastern Jebilet; 
 D1 deformation is marked by a syn-schistosity folding of average direction N30 with a slightly 

sloping axial plane in the East and rectified in the West; this is a regional syn-metamorphism; 
 D2 deformation coincides with the paroxysm of the deformation and metamorphism; it is char-

acterized by folding and shearing the D1 structures;  
 D3 deformation is characterized by a N110 to N150 crenulation schistosity sloping towards the 

NE and very localized thrusting towards the West; 
 D4 deformation is represented by two sets of conjugate N70 dextral and N135 sinistral strike-slip 

faults. Zig-zag folds are also observable. 
These areas underwent a sub meridian syn-schist folding phase, associated with epizonal meta-

morphism of post-upper Visean age, followed by sub-parallel shearing at S1 [35]. However, there is 
also the existence of a peri-plutonic metamorphism that developed around granite intrusions; the 
brittle tectonics is marked mainly by the existence of directional faults generally from N70° to N90°, 
sinistral strike-slip fault [36]. 

3. Materials and Methods 

The fieldwork provided a detailed geological mapping of the pegmatite dykes, structural meas-
urements, and a large sampling within these dykes and their host rocks. Slides of fresh samples of 
pegmatite carefully selected from field collections were then prepared and used for minero-petro-
graphic and geochemical investigation. Minero-petrographic observations have been carried out with 
a Zeiss Axiolab polarizing microscope on thin sections. About forty thin sections were prepared and 
observed at the Dynamic of the Lithosphere and Resources Genesis Laboratory (Faculty of Sciences 
of Semlalia, UCA, Marrakesh). The sample data base, showing the observed minerals and grain size 
is set out on Table 1. 

On the basis of petrographic observations, twenty-five representative samples were then ana-
lyzed for major, trace, and rare earth elements, at Laboratories Reminex (Managem Group) using 
inductively-coupled plasma atomic emission spectrophotometry (ICP-AES),.the major elements are 
determined using a WD-XRF spectrometer equipped with five diffraction crystals, using fusion 
glasses made from a mixture of powdered sample and lithium tetraborate (Li2B4O7) in the ratio of 1.5. 
Calibration was based on 30 certified international standards.  The trace and rare earth elements are 
analyzed by ICP-MS. Laser ablation parameters were as follows: spot diameter = 90 μm, frequency = 
10 Hz, energy density 20 J/cm2 in a helium ablation medium. The NIST glass reference material SRM 
610 was used as the calibration standard. The analytical accuracy for ICP-MS analyses ranged from ± 
2–12% with an accuracy of ± 1–8%.  
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Table 1. Sampling data base reporting, for each selected rock specimen, the mineralogical content, the 
average grain size, and the host rock. 

Sample references  
Mineralogical content (accessory minerals to be 

added as well!) 
Grain Size Host rock 

SBO.01 Quartz, Muscovite, Feldspar (apatite, zircon) <3.5cm Shale 

SBO.02 Quartz, Muscovite, Feldspar (apatite, zircon) <1.5cm Shale 

SBO.03 Quartz, Muscovite, Feldspar(apatite, zircon) <1cm Shale 

SBO.04 
Quartz, Feldspar, Tourmaline, Muscovite (apatite, 

zircon) 1-3cm Shale 

SBO.05 Quartz, Feldspar, Muscovite (apatite, zircon) 0.5cm-3.5cm Shale 

SBO.06 Quartz, Feldspar, Muscovite (apatite, zircon) 1-3cm Shale 

SBO.07 Quartz, Feldspar, Muscovite (apatite, zircon) <0.5cm Shale 

SBO.08 
Quartz, Feldspar, Tourmaline, Muscovite (apatite, 

zircon) <4.5cm Shale 

SBO.09 
Quartz, Feldspar, Muscovite, Tourmaline (apatite, 

zircon) <1.5cm Shale 

SBO.10 Quartz, Muscovite, Feldspar (apatite, zircon) <2.5cm Shale 

SBO.11 Quartz, Muscovite, Feldspar (apatite, zircon) 0.5-1.5cm Shale 

SBO.12 Quartz, Feldspar, Muscovite (apatite, zircon) <3cm Shale 

SBO.13 Muscovite, Feldspar, Quartz (apatite, zircon) <1.5cm Shale 

SBO.14 
Quartz, Feldspar, Muscovite, Tourmaline (apatite, 

zircon) 0.5-3.5cm Shale 

SBO.15 
Quartz, Muscovite, Feldspar, Tourmaline (apatite, 

zircon) 1-5cm Shale 

SBO.16 
Quartz, Feldspar, Muscovite, Tourmaline (apatite, 

zircon) 2-4.5cm Shale 

SBO.17 
Quartz, Muscovite, Feldspar, Tourmaline (apatite, 

zircon) 2-10cm Shale 

SBO.18 Quartz, Feldspar, Muscovite (apatite, zircon) 1-4.5cm Shale 

SBO.19 Quartz, Muscovite (apatite, zircon) <2.5cm Shale 

SBO.20 Quartz, Feldspar, Muscovite (apatite, zircon) <3cm Shale 

SBO.21 Quartz, Feldspar, Muscovite (apatite, zircon) <2.5 Shale 

SBO.22 Quartz, Feldspar, Muscovite (apatite, zircon) <3cm Shale 

SBO.23 Quartz, Muscovite, Feldspar (apatite, zircon) <1.5cm Shale 

SBO.24 Quartz, Feldspar, Muscovite (apatite, zircon) <0.3cm Shale 

SBO.25 Feldspar, Muscovite, Quartz (apatite, zircon) <0.9cm Shale 

4. Results 

This section, divided by subheadings provides a description of the study pegmatite outcrops 
and analytical results, their interpretation, as well as the experimental conclusions that can be drawn. 

4.1. Pegmatites description 
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The SBO region is characterized by the abundance of pegmatite rocks forming veins and dykes 
around the area. The occurrence of pegmatite rocks suggests a shallow magma body [28,37,38]. Other 
magmatic products are present in the SBO region, they are represented by microdiorite dikes poste-
rior to the pegmatite veins and to the regional schistosity. Their emplacement is related to rifting 
during the opening of the Atlantic Ocean [28].  

The pegmatites of SBO crop out as dykes mainly oriented N30° (N-S to NNE-SSW) with sub-
vertical dip (Figure 2). The field investigations show that E-W dykes are secant on NS pegmatite 
dykes. Their thickness varies from a few centimeters to a few meters (30 cm to 8 m) and has an exten-
sion of a few meters to a few hundred meters (1 m to 500 m). These dykes underwent a deformation 
presented on the ground by boudinage and strike-slip faults shifted their architectures. These peg-
matites are exclusively hosted in the Sarhlef Shale which is of the Upper Devonian age (Frasnian-
Famennian), covers a large area and constitutes the central unit of the Jebilet [29]. It is anoxic sedi-
mentation formed in a marine platform environment [39], composed mainly of sandstone-pelite with 
sometimes alternating sandstone and pelitic banks (Figure 3.a); at the top, the calcareous sedimenta-
tion does occur (Figure 3.b). In the study area, the host rock shows alternating levels of metapelite 
with andalusite and/or cordierite, and other unstained sandstone levels. This alternance is observed 
at small scale (centimetric) as well as at large scale (meter-size). 
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Figure 2. Simplified geological map showing the distribution of the pegmatites within the Sidi Bou 
Othmane area. 

 
Figure 3. (a) The host rock shows alternating between metapelite and sandstone;(b) note the calcare-
ous levels at the top (left). S0 is stratification and S1 is schistosity. 

On the other hand, SBO pegmatites are mainly constituted by the association of quartz, albite, 
muscovite, and sometimes tourmaline and potassium-rich feldspar, (Figure 4.a, b). They are gener-
ally unzoned but, differently from what [20] reported, some zoned pegmatites have also been ob-
served in the field. A zonation, which is quite clear both at large and small scale. 

 
Figure 4. Field pictures showing the mineralogy of a pegmatite vein with tourmaline (Turm), musco-
vite (MS), quartz (QZ) and feldspar (Fld) (a), and (b) a pegmatite vein without Turm and MS-rich. 

A general sequence of internal mineralogical zonation has been extracted, from the border to the 
core (Figure 5): 
 the Border zone represents a thin layer of a few millimeters in contact with the host rock. Their 

mineralogy is essentially the same as that of the wall zone; 
 the Wall zone is formed by quartz, feldspar (mainly albite, and, muscovite, and tourmaline of 

various size (i.e. from a few millimeters to centimeters); 
 the Intermediate zone is composed of quartz and feldspar. This unit is characterized by a large 

increase in the crystal size; 
 the Inner zone (core) is the internal part of the pegmatitic bodies, it is essentially constituted by 

massive quartz and is mainly a monomineralic part. 
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Figure 5. Field picture shows the zonation that has been observed in the pegmatite in Sidi Bou Oth-
mane area. 

4.2. Deformation and metamorphism 

The central Jebilet of which SBO is a part has undergone an intense tectonic deformation with at 
least four phases (D1, D2, D3, D4), which resulted in the almost total disappearance of early structures 
(the stratification S0). This is the major compressive phase of the Hercynian cycle shows that the 
Hercynian orogeny stretched out between 330 and 250 Ma [34]. The deformation allowed the devel-
opment of several structures. It is represented by the S1 schistosity, shear zones, boudins, and folds.  

The analysis and study of these structures will allow us to establish a chronology between the 
different phases of deformation known at the time as well as the possible relationship between these 
phases. 

4.2.1. Schistosity 

The S1 schistosity is very apparent in all the facies. It is materialized by tight planes in the sand-
stone metapelites and less tight in the carbonate metapelites. At the scale of the study area, the schis-
tosity trajectories show a direction that varies from N0 to N35, with a dominance of the N20 direction. 
They present a dip varying from 30° to 85° to the West, this schistosity is linked to a strong E-W 
compression.  

On a more local scale, we note in some places an abrupt variation in the dip of the S1 schistosity 
towards the East, notably next to the pegmatite dykes. The directions of the S1 schistosity are almost 
N-S (between N0 and N20). The pole dip rosette shows a concentration of poles on the eastern side 
which means that the S1 dips to the west (Figure 6). 

 
Figure 6. Structural features measured at the scale of (a) the outcrop directional rosette of the schis-
tosity and (b) the pole dip rosette of fold. 
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4.2.2. Folding 

The trajectories of S1, show that there is generally a great regularity in the direction and dip of 
the planes of S1, with a little variable direction from N0° to N30° and a variable dip (in the east the 
dip is westward, but in the western part of the study area the dip is eastward).  

These results show that the SBO formations have undergone folding (P) that goes with the flow 
schistosity (S1). The folds of millimeter to centimeter sizes are highlighted by the folding of S1. 

This can be clearly seen in the strike of some of the pegmatite veins (Figure 7a). During the major 
deformation, the more competent levels (pegmatites) undergo boudinage (Figure 7b, c), along the 
planes of the schistosity, forming spindle-shaped crystallization tails at their edges (Figure 7d, e); this 
shows well that the setting of the pegmatites is syn to post-deformation. It is also remarkable the 
elongation of the small quartz veins which are intercalated in the schists. The elongation of these 
quartz veins is parallel to the deformation elongation axis X and perpendicular to the shortening axis 
Z (Figure 7f). 

 
Figure 7. Field pictures showing (a)S1 schistosity folding, (b and c) boudinaged pegmatite dykes, (d) 
diaclases; (e) pegmatite boudinaged dike, (f)tension jointsin a pegmatite dyke (P: Pegmatite; S1: Schis-
tosity). 

Tension joints are evidence of the shearing that affected the central Jebilet (Figure 7f). The cracks 
related to this major phase have an average direction of N10 to N15 and they are centimetric to deci-
metric in size. The filling of these tension joints is generally by quartz, in response to E-W shear. 
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The brittle tectonics is materialized by a fracturing which affects essentially the pegmatite dykes 
and sometimes the quartz veins, but also at the level of the sandstone bars in the form of diaclases. 
The microdiorite veins and the quartz-carbonate veins are included in fractures linked to these brittle 
tectonics. 

In the area of study, this tectonics is developed at a large extent, materialized essentially by de-
coupling, it is manifested by a lateral displacement of the magmatic veins (pegmatites; microdiorites), 
limestone bars, and quartz veins. These early quartz veins and the pegmatite veins are offset by faults 
of general direction N110 to N140. 

4.3. Petrography  

The petrographic investigation revealed that quartz, feldspar, plagioclase, , muscovite and tour-
maline are common (Table 1) (Figure 8a-f) in the SBO rocks with some accessory minerals as zircon 
and garnet (Figure 7a). Among the minerals present feldspar is the dominant mineral phase. Albite 
is the most common felsdspar s.l. By modal analysis albite constitutes most of the analyzed samples 
>47vol%, with the presence of the other terms like microcline and anorthite being less than 3%. Albite 
presents bands in the direction of elongation (Figure 7c-f). It appears in the form of elongated rod-
like sections, with sharp cleavages parallel and perpendicular to the elongation of the mineral. This 
mineral is very altered in illite and sericite (Figure 9c-f). 

Quartz is the most abundant mineral after feldspar in SBO pegmatites and (Figure 8 a-f). it is 
marked by patches of xenomorphic crystals, and it also occurs as inclusions in feldspar and musco-
vite. Also, another very striking criterion in quartz is the undulate extinction, chessboard patterns 
(Figure 8e) and triple points that indicate that the mineral underwent deformation. 
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Figure 8. Photomicrographs showing (a) large muscovite (Ms), albite (Ab) and quartz (Qz) crystals, 
garnet (Gr) and zircon (Zr); (b) large quartz with tourmaline (Tur); (c) and(d) sheared area with pla-
gioclase (Pl), quartz (Qz) and muscovite (Ms); (e and f) large patches of cataclastic plagioclase (Pl) 
(albite Ab) with and quartz (Qz), and muscovite (Ms). 

Muscovite occurs as euhedral crystals, which are large elongated subautomorphic sheets or mi-
caceous tablets with irregular contours (Figure 8a, e, f). 

  In some cases, muscovite is deformed showing a rolling extinction; this mineral can be ob-
served either as gigantic minerals of centimetric size and as small inclusions within plagioclase. Mus-
covite sometimes shows a preferential orientation along the schistosity plane. Among micas, biotite 
occurs with tiny crystals. 

Tourmaline is usually found both as basal sub-hedral and elongated sections. Irregular fractures 
may occur (Figure 8b). 

Among the accessory mineral phases, it is worth noting the occurrence of garnetin some speci-
mens (Figure 8a). Garnet is very rich in muscovite and tourmaline inclusions. Zircon is also present 
in many specimens (Figure 8a, e). 

4.4. Whole rock geochemistry 

Major, minor and trace element content, including REEs, have been used here to characterize the 
distinct geochemical characteristics of rock types. These geochemical data are presented in Table 2 
and Table 3. 
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Table 2. Major elements (wt%) of SBO pegmatite dykes. b.d.: Below detection limits. 

Sample  SiO2 Al2O3 Fe2O3 FeOtot CaO MgO K2O MnO TiO2 P2O5 Na2O SO3 

SBO-01 77.04 14.3 0.48 0.432 0.25 b.d. 2.13 0.03 0.01 0.19 4.05 0.61 

SBO-02 74.84 14.84 0.37 0.333 <0,10 b.d. 1.97 0.04 0.01 0.62 5.64 0.57 

SBO-03 73.05 15.52 0.88 0.792 0.74 0.10 3.9 0.07 0.01 0.58 3.74 0.63 

SBO-04 78.94 13.3 1.26 1.134 0.29 0.12 2 0.05 0.02 0.13 2.05 0.63 

SBO-05 77.52 14.03 0.74 0.666 0.27 b.d. 3.7 0.03 0.01 0.16 0.90 0.65 

SBO-06 72.51 16.11 0.99 0.891 0.72 b.d. 3.77 0.07 0.01 0.60 3.82 0.62 

SBO-07 74.06 16.24 <0,10 b.d 0.21 b.d. 1.3 0.02 0.01 0.14 6.63 0.63 

SBO-08 74.84 15.72 0.75 0.675 0.53 b.d. 3.55 0.17 0.02 0.36 0.96 0.60 

SBO-09 75.41 15.25 0.95 0.855 0.50 b.d. 3.52 0.14 0.02 0.29 0.44 0.60 

SBO-10 76.47 14.08 1.02 0.918 0.54 0.1 3.83 0.07 0.04 0.36 0.16 0.62 

SBO-11 72.82 15.63 0.34 0.306 0.73 b.d. 3.23 0.10 0.01 0.76 5.10 0.69 

SBO-12 73.6 16.51 0.5 0.45 0.29 b.d. 5.27 0.03 0.01 0.23 0.24 0.61 

SBO-13 71.09 19.45 <0,10 b.d 0.33 b.d. 4.96 0.02 0.01 0.15 0.33 0.68 

SBO-14 73.57 17.46 0.23 0.207 0.18 b.d. 4.50 0.02 0.01 0.12 0.55 0.70 

SBO-15 77.07 13.94 0.22 0.198 0.3 b.d. 0.71 0.03 0.01 0.38 5.76 0.62 

SBO-16 74.97 14.08 0.6 0.54 1.27 b.d. 1.93 0.14 0.01 0.89 4.23 0.62 

SBO-17 69.91 18.71 0.97 0.873 1.14 0.16 3.97 0.03 0.07 0.8 0.42 0.63 

SBO-18 72.04 17.45 0.39 0.351 0.70 b.d. 2.52 0.07 0.02 0.59 3.73 0.60 

SBO-19 72.6 17.93 0.7 0.63 0.37 b.d 4.00 0.04 0.02 0.23 0.72 0.64 

SBO-20 74.79 14.68 0.82 0.738 0.62 b.d 2.04 0.22 0.01 0.88 4.26 0.66 

SBO-21 80.21 12.04 0.64 0.576 0.49 v 0.42 0.18 0.01 0.21 4.94 0.61 

SBO-22 74.83 14.66 4.21 3.789 0.46 0.10 0.35 0.09 0.03 0.25 3.84 0.71 

SBO-23 69.47 18.29 1.39 1.251 1.11 0.63 3.12 0.08 0.22 0.41 0.36 0.51 

SBO-24 74.47 16.06 2.35 2.115 0.43 0.23 0.81 0.05 0.03 0.20 4.41 0.65 
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SBO-25 74.05 15.9 1.62 1.458 0.56 b.d 1.78 0.05 0.01 0.24 4.02 0.61 

SBO-26 76.01 15.59 1.16 1.044 0.31 b.d 1.38 0.04 0.01 0.21 4.11 0.63 

Table 3. Minor, minor trace and rare earth elements of SBO pegmatite dykes. Contents are expressed as mg/kg., n.d.= not detected. 

Sample Ti K As P Ba Be Bi Cd Co Cr Cu Li Mo Nb Ni Pb Rb Sb Sc Se Sn Sr Th U V Y Zn Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu PF Cl 

SBO-01 59.951 45 172 829.16 29.3 6.3 15.8 4.8 n.d. 108.3 9.3 143 6.1 14.6 6.7 n.d. 333.3 31.3 7 n.d. 22.7 51.4 0.5 1.1 2.1 0.6 49.6 9.1 1 1.3 0.3 0.8 0.6 0.1 0.4 0 0.2 0.1 0.1 0.1 0.1 0.1 0.96 465.
3 

SBO-02 59.951 42 87 2705.6
8 22.7 10.4 14.1 1.9 n.d. 35 5.6  98.7 n.d. 37.8 n.d. n.d. 359.9 2.2 5.7 n.d. 44.3 85.3 1.3 4 3 0.8 39.4 17.7 1.2 1.9 0.3 0.9 0.7 0 0.5 0 0.3 0.1 0.1 0.1 0.1 0.1 1.01 310.

2 

SBO-03 59.951 83 93 2531.1
2 

101.
8 5.4 12.2 2.3 n.d. 116 6.4  141.7 1.9 44.1 1.1 n.d. 759.5 10.5 5.9 n.d. 28 135.

7 1.3 1.5 3 2 69.2 13.7 1.1 1.8 0.4 1.6 0.9 0.3 0.8 0.1 0.5 0.1 0.2 0.1 0.2 0.1 0.93 443.
1 

SBO-04 119.90
2 42 77 567.32 17.1 4.3 4.5 0.9 n.d. 57.9 7  130.6 n.d. n.d. 11.5 n.d. 338.5 n.d. 6.2 n.d. 27 39.8 0.7 0.5 5.7 0.8 36.8 9.4 1 1.5 0.3 0.8 0.6 0 0.5 0 0.2 0.1 0.2 0.1 0.1 0.1 1.08 819.

8 

SBO-05 59.951 79 74 698.24 35.5 6.4 20 1.9 n.d. 176.6 8  208.9 1.3 46.7 <0.1 n.d. 1201 n.d. 5.2 n.d. 107.
4 90.8 0.8 1.2 1.3 0.9 38.3 11.4 1.2 1.2 0.3 0.9 0.7 0.1 0.6 0.1 0.5 0.1 0.2 0.1 0.1 0.1 1.49 886.

3 

SBO-06 59.951 80 101 2618.4 92.1 5.2 18.5 2.8 n.d. 111.3 4.7  128.4 n.d. 43.7 n.d. n.d. 716.6 n.d. 5.6 2.9 27.9 126.
5 1.3 1.6 2.5 1.9 62 12.7 1.1 2.1 0.4 1.6 0.9 0.3 0.8 0.1 0.7 0.1 0.2 0.1 0.2 0.1 0.82 576.

1 

SBO-07 59.951 28 87 610.96 24.8 5.5 15.4 1.2 47.3 90.4 9.3  193.4 4.5 3.7 9.5 n.d. 446 5 4.6 4.4 31.4 50.7 0.5 0.1 1.7 0.5 19.1 6.2 0.8 0.9 0.2 0.7 0.6 0.1 0.4 0 0.2 0.1 0.1 0.1 0.1 0.1 0.72 310.
2 

SBO-08 119.90
2 75 57 1571.0

4 58.7 4.6 22.2 1.5 n.d. 39.2 3.5  170.5 3.8 n.d. 2.4 n.d. 408.7 1.4 6.6 n.d. 27.1 50.4 1.8 5.1 4.2 5 32.9 17 1.7 3.5 0.6 1.8 1 0.2 0.9 0.2 1 0.2 0.5 0.2 0.7 0.1 1.64 731.
2 

SBO-09 119.90
2 75 46 1265.5

6 34.7 3.9 n.d. 1.7 n.d. 174.2 5.1  155.1 n.d. 12.1 10.8 n.d. 435.9 9.7 7.1 n.d. 24.3 44 0.8 1.6 4.1 1.9 39.1 11.9 1.1 2.1 0.4 1.1 0.7 0.2 0.6 0.1 0.5 0.1 0.3 0.1 0.3 0.1 1.94 775.
5 

SBO-10 239.80
4 81 62 1571.0

4 51.1 3.6 n.d. 2.6 n.d. 48.2 5.7  191.6 n.d. 9.8 <0.1 n.d. 471.1 14.2 7.5 n.d. 41.5 44.7 1.4 3.5 3.9 3.5 49.3 17.9 1.6 3.1 0.5 1.6 0.9 0.1 0.8 0.1 0.7 0.2 0.4 0.2 0.6 0.1 1.76 753.
3 

SBO-11 59.951 69 205 3316.6
4 13.4 6.8 n.d. 5 n.d. 38.5 6.9  140.4 7.1 20.8 9.8 n.d. 847.4 n.d. 5.6 n.d. 14.2 131 0.7 1.6 3.2 0.8 59.2 15.8 0.9 1.1 0.3 0.7 0.6 0.1 0.5 0 0.2 0.1 0.1 0.1 0.1 0.1 0.67 421 

SBO-12 59.951 112 72 1003.7
2 

151.
9 7.8 20.6 1.6 n.d. 37 4.3  2.8 44.2 3.7 n.d. 868.2 10.5 5.2 n.d. 50.4 53.4 0.8 1.5 2.8 0.9 30.4 17.7 1 1.4 0.3 0.8 0.6 0.2 0.5 0 0.3 0.1 0.2 0.1 0.1 0.1 2.36 531.

8 

SBO-13 59.951 105 209 654.6 33.2 8 18.5 5.9 200.
3 83.7 8.7 153.7 7.2 49.6 19 n.d. 1571 <0.1 4 <0.1 102.

6 48.6 0.5 1.3 5.1 0.7 59.5 66.8 0.9 1 0.2 0.7 0.6 0.1 0.4 0 0.2 0.1 0.1 0.1 0.1 0.1 2.47 265.
9 

SBO-14 59.951 96 201 523.68 46.7 4.9 13.8 5.2 17.2 158.6 8.3 39.4 n.d. 74.6 16.9 n.d. 1466 n.d. 4 0.9 71.2 66.8 0.6 1.7 3.2 0.7 14.8 37.5 0.7 0.6 0.2 0.6 0.6 0.1 0.4 0 0.2 0.1 0.1 0.1 0.1 0.1 2.31 332.
3 

SBO-15 59.951 15 109 1658.3
2 22.7 3.3 21.5 2.1 n.d. 164.2 8  19.3 10.7 190 10.2 16.7 272.8 16.7 4.8 n.d. 19.8 80.3 3.3 1.6 0.8 2.6 22 13.7 1.4 3.1 0.5 2.1 1.1 0.2 1 0.1 0.7 0.1 0.3 0.1 0.2 0.1 0.66 841.

9 

SBO-16 59.951 41 115 3883.9
6 26.9 8.6 0.9 2.9 n.d. 34.3 7.6  247.9 2.6 36.1 9.3 n.d. 700 5 6.2 5 51.4 86.2 1.1 2.5 2.8 3.9 109.6 15.4 2.3 3.7 0.6 2.6 1.4 0.9 1.5 0.2 0.8 0.1 0.3 0.1 0.2 0.1 1.54 398.

8 

SBO-17 419.65
7 84 46 3491.2 154.

3 3.9 n.d. 0.6 n.d. 50.1 6.4  119.3 1.3 33.4 20.9 n.d. 585.8 1.9 4.8 3.9 62.9 75.9 1.2 1.3 14.1 2.6 25.7 10.6 2.9 5.8 0.8 3 1.1 0.7 0.9 0.1 0.6 0.2 0.4 0.1 0.3 0.1 2.34 797.
6 

SBO-18 119.90
2 54 65 2574.7

6 46.9 7.9 9.5 1 n.d. 132.8 3.4 38.8 1.2 8.5 25.5 n.d. 385.2 n.d. 3.6 n.d. 26.5 94.7 3.6 3.3 5.4 5.9 24.4 13.6 2.2 3.8 0.6 2.3 1.5 0.3 1.6 0.3 1.6 0.2 0.4 0.1 0.3 0.1 1.74 841.
9 

SBO-19 119.90
2 85 66 1003.7

2 83.9 9.4 n.d. 2.5 n.d. 50 4.2  71.2 n.d. 35.2 0.2 n.d. 842.5 21.1 5.2 n.d. 41.6 52.7 1.7 0.8 3.9 1.3 25.7 8.7 1.2 1.5 0.3 1 0.7 0.2 0.6 0.1 0.4 0.1 0.2 0.1 0.1 0.1 2.07 598.
2 

SBO-20 59.951 43 42 3840.3
2 16.5 4.5 13.5 3.9 n.d. 38.7 4.1  141.7 n.d. 21.7 1.1 7.7 716.6 12.1 5.9 n.d. 22.4 116.

8 1.1 10.9 2.2 1.2 206.8 25 0.9 1.1 0.3 0.8 0.6 0 0.5 0 0.3 0.1 0.2 0.1 0.2 0.1 0.9 288 

SBO-21 59.951 9 112 916.44 10 3.8 n.d. 2.5 n.d. 145.1 3.3  16.9 n.d. n.d. 16.4 n.d. 28.6 15.1 6.6 21.4 0.6 38.1 1.3 9.2 <0.1 5.6 14 20.3 2 4.1 0.6 1.9 1 0 0.9 0.1 1 0.3 0.6 0.2 1.1 0.2 0.22 310.
2 

SBO-22 179.85
3 7 345 1091 20.8 3.6 18.3 8.9 n.d. 231.1 11.5 44.3  13.7 n.d. 11.8 n.d. 72.4 n.d. 5.9 n.d. 6 69.3 1.5 2.7 5.8 2.5 117.4 17.5 1.5 2.3 0.4 1.3 0.9 0.1 0.7 0.1 0.6 0.1 0.3 0.1 0.4 0.1 0.39 332.

3 

SBO-23 1.318.9
22 66 138 1789.2

4 
551.

5 10 n.d. 2.7 n.d. 59.3 8.2  1893 1.1 48 12.2 n.d. 1714 3 9.6 14.5 415.
7 

164.
3 5.5 1.3 63.9 8.7 107.2 33.1 15.2 29 3.4 12.5 2.6 1.2 2.5 0.3 1.8 0.4 1 0.2 0.9 0.2 3.57 398.

8 
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SBO-24 179.85
3 17 122 872.8 18.6 3.3 21 2.9 n.d. 206.8 23.6  36.3 0.7 <0.1 18.7 n.d.  84.99 n.d. 6.1 n.d. 2.5 40.5 0.8 1.2 3.2 1.7 66.9 18.2 1.6 3 0.5 1.5 0.8 0.1 0.6 0.1 0.3 0.1 0.2 0.1 0.3 0.1 0.4 310.

2 

SBO-25 59.951 38 121 1047.3
6 12.7 3.7 11 2.9 45.8 51.9 7.6  74.7 5.4 7.3 19.7 n.d. 248.4 16.7 7.1 n.d. 16.8 50.7 3.7 2.2 6.3 1.3 52.9 15.9 1.5 5.3 0.5 1.6 1 0.1 0.7 0.1 0.4 0.1 0.2 0.1 0.4 0.1 1.12 709 

SBO-26 59.951 29 32 916.44 9.1 4.5 16.4 0.5 n.d. 145.8 5.6  176.6 4.9 1 <0.1 n.d.  9.4 5.2 n.d. 20.3 48.1 1.1 0.5 1.4 0.8 41.5 7.7 0.8 1.3 0.2 0.7 0.6 0 0.5 0 0.2 0.1 0.1 0.1 0.1 0.1 0.76 753.
3 

Table 4. CIPW norm Holacher calculation for Sidi Bou Othmane Pegmatites. 

Minerals Weight % SBO-01 SBO-02 SBO-03 SBO-04 SBO-05 SBO-06 SBO-07 SBO-08 SBO-09 SBO-10 SBO-11 SBO-12 SBO-13 SBO-14 

 
              

Quartz 52..09 54..38 33..77 52..42 45..22 45..69 53..23 51..78 36..45 38..84 36..36 33..24 44..69 47..60 

Plagioclase 0..00 0..20 38..63 28.52 32.24 35.36 0.00 38.86 43.99 27.52 31.30 52.13 31.72 33.06 

Orthoclase 29.31 29.31 19.09 2.07 11.41 12.59 31.14 2.48 11.64 23.05 18.44 7.68 12.06 4.79 

Corundum 14.08 12.03 4.62 8.62 5.63 4.24 10.81 3.85 4.16 5.95 8.31 4.67 6.27 8.76 

Hypersthene 0.02 0.20 0.28 3.60 0.73 0.41 0.44 0.84 1.35 0.80 0.92 0.11 1.07 2.30 

Ilmenite 0.02 0.02 0.02 0.06 0.02 0.02 0.02 0.02 0.02 0.02 0.42 0.04 0.02 0.06 

Magnetite 0.00 0.33 0.49 6.10 0.87 0.70 0.72 0.93 0.54 1.15 2.02 0.00 1.19 3.41 

Apatite 0.35 0.28 1.76 0.58 2.06 0.44 0.53 0.49 1.44 1.34 0.95 0.32 2.04 0.46 

Zircon 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Chromite 0.00 0.03 0.01 0.04 0.01 0.03 0.01 0.03 0.01 0.03 0.01 0.01 0.01 0.01 

Anhydrite 1.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na2SO4 0.00 1.24 1.22 1.26 1.10 1.08 1.08 1.08 1.01 1.12 0.90 1.12 1.17 1.15 

Total 97.04 98.03 99.89 103.27 99.29 100.56 97.98 100.36 100.61 99.82 99.63 99.32 100.24 101.60 

Fe3+/(Total Fe) in rock 0.0 49.6 49.7 50.0 50.0 50.1 50.0 49.8 36.5 49.0 50.0 0.0 49.9 49.9 

Ca/(Ca+Na) in rock 100.0 15.3 7.3 6.2 14.2 14.8 40.0 5.2 0.0 0.0 14.1 1.7 7.4 0.6 

Ca/(Ca+Na) in plagioclase 0.0 65.2 0.0 2.2 1.5 13.7 0.0 2.6 0.0 0.0 9.1 0.3 0.0 0.0 

Differentiation Index 81.4 83.9 91.5 83.0 88.9 93.6 84.4 93.1 92.1 89.4 86.1 93.1 88.5 85.5 

Calculated density. g/cc 2.76 2.74 2.68 2.84 2.71 2.69 2.74 2.69 2.69 2.70 2.75 2.67 2.72 2.79 

Calculated liquid density 2.37 2.36 2.36 2.44 2.37 2.36 2.36 2.35 2.36 2.37 2.41 2.36 2.37 2.40 

Calculated viscosity. dry 12.4 12.8 10.2 9.9 11.7 12.2 12.8 13.8 11.0 10.8 9.1 10.8 11.5 10.6 
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Calculated viscosity. wet 9.0 8.9 7.3 7.3 7.9 8.3 8.9 8.6 7.7 7.7 7.1 7.7 7.9 7.7 

Estimated liquidus temp. 783 755 791 802 746 726 750 665 755 779 853 763 755 784 

Estimated H2O content 4.13 4.45 4.04 3.91 4.53 4.76 4.49 5.43 4.42 4.17 3.32 4.34 4.43 4.10 

Table 4. CIPW norm Holacher  calculation for Sidi Bou Othmane Pegmatites. 

Minerals Weight % SBO-15 SBO-16 SBO-17 SBO-18 SBO-19 SBO-20 SBO-21 SBO-22 SBO-23 SBO-24 SBO-25 SBO-26 SBO-28 SBO-27 

 
              

Quartz 45.70 47.59 61.27 60.62 61.25 43.55 57.83 61.10 53.90 43.22 38.04 42.07 20.95 97.68 

Plagioclase 30.61 30.84 13.81 3.68 0.00 44.68 4.52 0.95 0.36 0.00 27.75 28.26 39.54 0.00 

Orthoclase 10.52 10.52 11.82 21.87 22.63 4.20 20.98 20.80 23.46 9.35 23.64 16.37 24.29 0.00 

Corundum 7.92 7.63 8.35 9.25 9.93 4.49 10.94 11.26 14.34 0.00 8.14 7.62 0.08 0.00 

Hypersthene 1.41 0.99 1.47 0.63 1.15 0.21 0.89 0.42 1.13 0.00 0.61 0.91 9.23 0.00 

Ilmenite 0.02 0.02 0.04 0.02 0.08 0.02 0.04 0.04 0.13 0.57 0.04 0.02 1.46 0.02 

Magnetite 2.35 1.68 1.83 1.07 1.48 0.32 1.09 1.23 1.41 0.00 1.01 1.44 8.02 0.00 

Apatite 0.56 0.49 0.30 0.37 0.83 0.88 0.83 0.67 1.85 0.00 0.53 1.39 0.44 0.09 

Zircon 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

Chromite 0.01 0.03 0.01 0.04 0.01 0.03 0.01 0.04 0.01 0.00 0.01 0.03 0.01 0.00 

Anhydrite 0.00 0.00 0.00 0.00 0.18 0.00 0.00 0.30 0.24 1.06 0.00 0.00 0.00 0.00 

Na2SO4 1.08 1.12 1.12 1.15 0.91 1.10 1.06 0.75 0.87 0.00 1.14 1.10 0.28 0.00 

Total 100.18 100.91 100.02 98.70 98.45 99.48 98.19 97.56 97.70 98.56 100.91 99.21 104.31 98.16 

Fe3+/(Total Fe) in rock 50.0 50.1 45.8 49.8 49.9 49.7 50.2 60.5 50.1 50.1 50.0 50.0 50.0 0.0 

Mg/(Mg+Total Fe) in rock 0.0 0.0 0.0 0.0 8.8 0.0 0.0 0.0 14.1 0.0 0.0 0.0 29.4 0.0 

Mg/(Mg+Fe2+) in rock 0.0 0.0 0.0 0.0 16.2 0.0 0.0 0.0 24.7 0.0 0.0 0.0 45.5 0.0 

Mg/(Mg+Fe2+) in silicates 0.0 0.0 0.0 0.0 26.6 0.0 0.0 0.0 41.8 0.0 0.0 0.0 69.0 0.0 

Ca/(Ca+Na) in rock 5.6 4.0 7.3 14.2 65.1 2.8 23.4 38.6 60.0 9.4 5.2 9.4 44.7 100.0 

Ca/(Ca+Na) in plagioclase 1.8 0.6 4.0 8.3 0.0 0.0 6.8 0.0 0.0 0.0 1.3 0.0 44.7 0.0 

Differentiation IndexI would 

avoid this part. otherwise we 
86.8 89.0 86.9 86.2 83.9 92.4 83.3 82.9 77.7 85.7 89.4 86.7 84.8 97.7 
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explain the software in a de-

tailed manner 

Calculated density. g/cc 2.75 2.73 2.75 2.74 2.76 2.68 2.76 2.76 2.80 2.73 2.72 2.73 2.82 2.65 

Calculated liquid density 2.39 2.37 2.36 2.35 2.37 2.35 2.37 2.36 2.40 2.37 2.38 2.38 2.53 2.23 

Calculated viscosity. dry 11.0 11.7 14.2 14.5 14.2 12.6 13.3 14.1 11.0 11.0 10.1 10.6 5.2 25.6 

Calculated viscosity. wet 7.8 8.1 9.1 9.3 9.2 8.3 9.0 9.3 8.2 8.0 7.5 7.7 4.6 5.9 

Estimated liquidus temp. 775 749 683 691 703 707 733 713 819  811 789 1002 303 

Estimated H2O content 4.20 4.49 5.23 5.16 5.02 4.97 4.68 4.90 3.71  3.79 4.04 1.76 7.65 
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Table 5. CIPW norm calculation for SBO Pegmatites from maximum to minimum Na2O contents. 

 SBO-PG7 SBO-PG12 
Q 30.5 67.0 
A 7.7 7.7 
P 56.2 2 
F 0.0 0.0 
Total 100 100 

The geochemical data of the SBO pegmatites samples show a wide range of major elements com-
positions with silica SiO2 contents ranging from 69.47 to 80.21 wt.%. Al2O3 contents are generally high 
ranging from 12.04 to 19.45 wt.%, on the other hand, the other oxides are lower: Na2O ≤5.76; K2O ≤ 
5.27 wt.%; Fe2O3 ≤ 5.53, FeO ≤ 4.98 wt.%; MgO ≤ 2.33 and TiO2 ≤0.77 wt.%, CaO ≤ 3.86 %, MnO ≤ 0.22 
wt.%, P2O5 ≤ 0.89 wt.%. The Loss On Ignition (L.O.I.) shows values between 0.22 and 3.57 wt.%. 

As far as the minor and trace elements analyzed from the pegmatite, Sr ranges between 38 and 
164 mg/kg. The compatible elements, Ni (0-25.50ppm) and Cr (25-231 mg/kg) have low concentra-
tions to high concentration. In most samples, the low concentrations of these compatible elements 
suggest that the materials that formed the pegmatite are probably derived from a depleted source. 

Zr values are between 6 and 66 ppm and are related to the accessory zircon, which is the main 
mineral phase in which this element is concentrated. Ba concentration ranges from 9 to 551 ppm. The 
Ba is mainly detected in biotite and has a high affinity for potassium feldspar, in substitution to K 
[40]. Rb contents are relatively high, up to 1714 ppm; this element is generally incorporated in min-
erals such as biotite and potassium feldspar.  

Furthermore, Ta and Nb contents range respectively from 0.8 to 4.2 mg/kg, 0 and 190 mg/kg. Li 
and Cs values are comprised respectively between 2.3 and 1893 mg/kg and 0.2to 277 mg/kg. Sn values 
reach 415 mg/kg. The concentrations of Nb, Ta, Sn, and Cs are relatively high and indicate enrichment 
within these rocks, Li reach the highest concentrations among trace elements. This can be explained 
by the higher proportion of recycled waste and an enriched source. 

The sums of the concentrations of REE of SBO pegmatites range from .3.9 to 70 mg/kg which is 
lower compared to the international range (250–270 mg/kg) of Herman, 1970 [41]. The depletion of 
REEs has been attributed to various processes including magmatic differentiation [42], hydrothermal 
leaching [43], and or a combination of both. The sum of light rare earth element (ƩLREE) and the sum 
of heavy rare earth element (ƩHREE) concentration values for the pegmatite samples vary within the 
range of1.1–151 mg/kg and 0.6-13.30 mg/kg, respectively. Meanwhile, the La/Lu ratios vary from 9 to 
76. The spectra also show slight negative or positive Eu anomalies with Eu/Eu* values ranging from 
0.2 to 3.2. These anomalies are related to plagioclase fractionation. 

The major and minor elements are plot into the Harker diagrams for oxides to determine their 
compatibility or relationship with silica. From the Harker diagram for oxides versus SiO2 (Figure 9), 
it can be deduced that only Al2O3, shows a clear negative correlation with SiO2. As SiO2 increases, 
Al2O3, CaO, and Fe2O3 decrease, which would be related to tourmaline fractionation. Al2O3 and K2O 
decrease with increasing SiO2, which would be related to the formation of feldspars and muscovite. 
The dispersion of Na2O contents in the analyzed samples may be mainly related to their mobility, 
indeed, two groups of samples can be distinguished for the same SiO2 values, which would be related 
to the albite richness, while the variation of P2O5 would be related to the late apatite fractionation. 
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Figure 9. Binary variation diagrams showing major elements versus SiO2 (wt%) of SBO pegmatites. 

On the other hand, trace elements show a strong dispersion (Figure 10), thus, we note a very 
weak negative correlation between silica and Rb, Sr, Y and Zr, and even less evident with Ba, Ce, La 
and Ni. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 December 2023                   doi:10.20944/preprints202312.1793.v1

https://doi.org/10.20944/preprints202312.1793.v1


 19 

 

 
Figure 10. Binary variation diagrams showing trace elements versus SiO2 (wt%) of SBO pegmatites. 

5. Discussion 

5.1. Geochemical characteristics of the SBO pegmatites 

5.1.1. Major elements 

The results of geochemical analysis were plotted on a series of diagrams to determine the mag-
matic characteristics of SBO pegmatites. On the binary (Na2O+K2O) vs. SiO2 diagram of Middlemost 
et al., [44], all samples plot within the granite field (Figure 11).  
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Figure 11. Classification diagrams of (SBO) pegmatite TAS diagram (Total Alkalis versus Silica after 
Middlemost et al., [44]. Please check the correct reference to diagram. 

In the A/NK vs A/CNK diagram [45], which designates respectively: Al2O3/ (Na2O+K2O); Al2O3/ 
(CaO+Na2O+K2O), all samples show ratios of A/CNK and A/NK well above 1, reflecting the excess of 
alumina over Ca, Na and K. These rocks are therefore peraluminous (Figure 12), and this aluminum 
richness is indeed reflected in the mineralogy by the presence of muscovite together with feldspar, 
and tourmaline. It is also noted that excess Al2O3 is found as CIPW normative corundum in many 
pegmatite samples up to 12.8 wt.% (Table 4). 

 
Figure 12. Classification diagrams. A/NK versus A/CNK diagram after Maniar et al. [45]; 
Al2O3/Cao+Na2O+K2O versus SiO2 after White et al. [46]. 
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The AFM diagram after Irvine [47], shows calc-alcaline serie for SBO pegmatites (Figure 13). 

 
Figure 13. AFM diagram after Irvine et al. [47]. 

On the other hand, peraluminous granitic rocks, characterized by high Al contents relative to K, 
Na, and Ca, are assumed to be derived from the melting of supra-crustal metasedimentary rocks [48]. 
For Wilson [49] the peraluminous granites contain crustal or sedimentary material in their magma of 
origin. This corroborates with the results of the Al2O3/CaO+Na2O+K2O versus SiO2 diagram [50], to 
differentiate between S-type and I-type granites. The SBO pegmatites plot within the S-type granite 
field (Figure 14). This type of granitoid implies that the parent magma from which the pegmatites 
were formed contained a large amount of sedimentary or crustal material. This suggests that the SBO 
pegmatites are derived from the partial melting of the Paleozoic metasedimentary rocks. 

 

 
Figure 14. Classification diagrams. Al2O3/Cao+Na2O+K2O versus SiO2 after White et al. [46]. 
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5.1.2. Minor and Trace elements 

As far as the minor and trace elements Rb, Sr, Ba have been plotted in the ternary diagram Rb-
Sr-Ba proposed by El Bouseily et al. [51] , revealing that the SBO pegmatites occupy the field of 
strongly differentiated granites (Figure 15). Some samples also show a relative enrichment in Sr com-
pared to their Ba content. It is worth noting that, according to El Bouseily et al. [51] , Rb, Sr, Ba are, 
monitors of the degree of magmatic differentiation. 

In the geodynamic diagram Rb vs Nb + Y proposed by Pearce et al. [52] pegmatites are plotted 
in syn-collisional granite, with an exception for volcanic-arc granites (VAG) and within-plate granites 
(WPG) (Figure 16a). This is compatible with the results given by the Nb vs. Y diagram, after Pearce 
et al. [52]and Pearce [54] (Figure 16b) with some exception for within-plate granites (WPG), and the 
diagram Rb versus Yb + Ta, in which all samples fall in syn-collisional granite with a few exception 
for volcanic-arc granites (VAG) (Figure 16c), and Ta versus Yb, after Pearce et al. [52].  and Rb versus 
Y/Nb diagram by Pearce et al., [52] where all samples fall within syn-collisional granite affinity (Fig-
ure 16d). 

In the diagram after Batchelor et al., [53] (R1 =4Si-11(Na+K)-2(Fe+Ti) versus R2 = 6Ca+2Mg+Al), 
the SBO pegmatites fall in syncollisional to post-orogenic for the granite pegmatite field (Figure 17). 

 
Figure 16. SBO pegmatite plotted in the Rb-Ba-Sr ternary diagram, after El Bouseilyet al., [51]. 
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Figure 17. Tectonic discrimination diagrams for SBO pegmatites compositions. (a) Rb vs. Y+ Nb dia-
gram, (b) Nb vs. Y diagram, after Pearce et al. [52]and Pearce [54], (c) Rb versus Yb + Ta, and (d) Ta 
versus Yb, after Pearce et al. [52]. Tectonic fields are ocean-ridge granites (ORG); syn-collisional gran-
ites (syn-COLG); volcanic-arc granites (VAG) and within-plate granites (WPG). The SBO pegmatites 
show syn-collisional granite affinity. 

The trace element data that are related to SBO pegmatites samples were normalized to the upper 
crust [55]. The multi-element diagram (Figure 18a) shows strong to moderate positive anomalies in 
Rb, U, Sr, Sm, Tm. They indicate a negative anomaly in Nb, Ce, Nd, Zr, Ti. Negative Nb anomalies 
are characteristic of continental crust, while negative Nb and Zr anomalies indicate a calc-alkaline 
affinity. 
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Figure 18. Discrimination geodynamic diagram [52], [53]R1= 4Si-11 (Na+K)-2(Fe+Ti) versus R2= 
6Ca+2Mg+Al. The SBO pegmatites show syn-collisional and post-orogenic affinity. 

Negative Ce anomalies are characteristic of certain orogenic rocks, which Hole at al., [56] and 
White et al., [57] attribute to an imprint of subducted sediments. However, the quantitative aspect 
seems to restrict this hypothesis.  Ben Othman et al., [58], suggest that the relative Ce deficiency in 
some orogenic rocks may reflect the specific behavior of this element with respect to other REE during 
the fluid-rock interactions that take place at subduction zones. 

Negative Nb-Ta anomalies the relative deficit of Nb and Ta compared to light REE is a typical 
feature of rocks associated with subduction zones [59], [60]. Some authors attribute this Nb and Ta 
deficit to selective trapping of these elements by stable titanium mineral phases in the hydrated, high-
pressure, high-temperature conditions prevailing at subduction zones [59], [61], [62]. 

Zr-Hf anomalies contrary to a widely held view in the literature, Zr and Hf elements do not 
show a systematic deficit in relation to REE in orogenic rocks [59], [57]. In this type of representation, 
positive Zr and Hf anomalies are expressed by ordinate values greater than 1, negative anomalies by 
values less than 1. Thus, orogenic rocks do indeed show both positive and negative Zr and Hf anom-
alies. 

The spider diagram of the SBO pegmatites shows a good correlation with the patterns for the 
collision granites calc-alkaline type [52]. There are some distinctive characteristics, the high contents 
of Rb in many of the patterns from the syn-collision granites and the very low contents of Ce and Zr. 

The REEsof the SBO pegmatites were normalized to the chondrites of McDonough et al., [63]. 
The similarity of the rare-earth pattern of the multielement (Figure 18b) suggest a common source of 
their magmas. The patterns show a relatively weak enrichment in LREE compared to HREE. They 
sometimes show a negative Eu anomaly and sometimes a positive anomaly. The pattern of rare earth 
spectra (REE) agrees with the petrographic observations e.g., presence of plagioclases is expressed 
on the REE spectra with a positive Eu anomaly. The samples show an average enrichment in light 
rare earth elements (LREE). The patterns show a good correlation between the REE distribution and 
the Eu anomaly. Thus, samples with a positive europium anomaly have a slightly higher REE 
concentration. 
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Figure 18. Multielements spider and REEs normalization diagrams explaining magma source and 
differentiation (a) Upper Continental Crust spider plot normalized and (b) REE chondrite spider plot 
after McDonough et al., [63]. 

5.2. Hydrothermal alteration and metasomatism 

In addition to providing information on the physicochemical conditions of the system, the dis-
tribution of trace elements and EARs in the SBO pegmatites revealed important information on the 
rock/fluid interaction (Figure 19). Due to the dissolution or replacement of primary main and acces-
sory minerals and the consequent development of new mineral phases, virtually all trace elements 
were mobilized during hydrothermal alteration and the petrographic study indeed confirms these 
changes. Moreover, the different types of hydrothermal alteration that affected these pegmatites can 
also be characterized using several geochemical diagrams proposed in the literature. The diagram of 
Stemprok [64] using the normative composition Qz-Ab-Or allows to determine the sodic, potassic, 

a 

b 
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silicic and greisen alteration. The pegmatite samples are distributed in fields indicating silicification 
and greisinization, respectively (Figure 19). 

 
Figure 19. Ternary diagrams showing Normative Qz-Ab-Or ternary diagram [64]. 

These results are confirmed by microscopic observations where the occurrence of quartz and the 
quartz-muscovite association that comes from the transformation of minerals of the primary para-
genesis is evident. Nevertheless, other samples have significant contents of Na2O and are shifted to-
wards albite. Albitization occurs during sodium metasomatism when Na+ substitutes for K+ and Ca2+ 
in pre-existing feldspars, while silicification leads to an increase in SiO2 at the expense of the other 
major oxides and is followed by an increase in a few trace elements, including Zr, Ba and Rb. The 
K2O vs. Na2O diagram of Cuney et al., [42] show that these pegmatites are affected by mainly clay 
sodic and potassic alteration (Figure 20).  
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Figure 20. Bivariate K2O−Na2O variation diagram [42]. 

Moreover, the argillic alteration is the most dominant and the most marked (Figure 21) accord-
ing to the ternary diagrams Al2O3- (Na2O + CaO)- K2O and Al2O3 - (Na2O+K2O) - (Fe2O3t+MnO+MgO) 
and ofMeyer and at., [66].  

 
 

Figure 21. Al2O3 − (Na2O+K2O) − (Fe2O3 t +MnO+MgO) ternary diagram showing alteration type 
[66]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 December 2023                   doi:10.20944/preprints202312.1793.v1

https://doi.org/10.20944/preprints202312.1793.v1


 28 

 

It is obvious that the action of hydrothermal fluids was intense and generalized to all the peg-
matitic bodies as suggested by Fransolet [12] and confirmed by Fontan [67], who explained that the 
transformation of triphylite into ferrisicklerite could only be complete under the action of hypoge-
nous hydrothermal fluids, and that ferrisicklerite and hterosite can only be formed by hydrothermal 
alteration. 

5.3. Classification 

The current schemes used to classify pegmatites are as varied as numerous. Several authors have 
proposed various classification schemes based on the typical and auxiliary minerals of the pegmatite, 
on the P-T conditions of its emplacement and, more recently, on its geochemistry [68], [69], [70], [71]. 
However, the classification of pegmatites by Ginsburg et al., [72], which groups them according to 
their depth of emplacement, association with metamorphism, and relationship to granitic plutons, 
has had a significant influence on contemporary methods of pegmatite classification. The currently 
used taxonomy of pegmatites has the support of researchers and is known as the revision of Černy 
[73]. Its classification is based on a combination of minor element concentration and metamorphic 
grade at depth of emplacement. Four main classes or types are identified: 1) Abysal (AB) is the high-
grade temperature (700-800°C), high to low pressure (4-9 kbar) and depth ≥11 km); 2) Muscovite 
(MSC) is a lower temperature (580-650°C) high pressure (5-8 kbar) and depth (7-11 km); 3) Rare-
Element (REL) is a low temperature (500-650°C) and pressure (2-4 kbar) and depth (3. 5-7 km); 4) 
Miarolitic (MI) is a shallow level 500-650 °C at low temperature (≤500°C) and pressure (1-2 kbar) and 
depth (1.5-3.5 km). 

The study of SBO pegmatites shows that these rocks are essentially composed of large crystals 
of feldspar, quartz, and muscovite with sometimes tourmaline. They are hosted exclusively in schists 
and no outcrops of granite have been observed in this area. Moreover, the geochemical results of 
these rocks indicate that they do not present any significant enrichment, that they are poor in REE 
but are on the other hand quite famous for their content in ceramic minerals [20]. These characteristics 
allow to classify the SBO pegmatites in the class of muscovite pegmatites. The latter are according to 
Černy [73] rarely mineralized but can produce feldspars and muscovite. They are considered to be of 
metamorphic origin, characterized by high-pressure metamorphism, hosted in almandine and kya-
nite schists and may contain Th,U,Nb,Ta,Zr,Ti [73]. Direct anatexis is thought to be the origin of first-
drop rare-element mineralised pegmatites [68] and could also explain the diversity of magmatic frac-
tionation observed in each type of pegmatite [74]. The crustal anatexis model was suggested in the 
1970s [75, 76, 77, 78], to justify the extent of pegmatite fields compared with that of granitic plutons 
[79]. It has also been used to justify:(i) the absence of granite related to LCT pegmatite fields, (ii) the 
diachronism between granites and pegmatites [80], and (iii) the lack of continuity of magmatic frac-
tionation between granites and the most differentiated pegmatites [81, 82]. Furthermore, the diversity 
of mineralisation and geochemical signatures associated with the pegmatite complex is mainly linked 
to the P-T conditions of regional metamorphism rather than to the fractional crystallisation of granitic 
bodies during their crystallization [83]. 

5.4. Origin of SBO pegmatites  

The most widely accepted model for the genesis of pegmatites in the 1970s and 1980s was frac-
tional crystallization of a granitic fluid. However, it is becoming accepted that they can be formed by 
metamorphic rock anatexis [74]. Considering the different models proposed that simplify the for-
mation and mineralization of pegmatites, two final models have been proposed for pegmatite for-
mation, continuous crystallization, and fractional dissolution [75]. 

According to Shmakin et al., [76], Gorlov [77], and Sokolov et al., [78], pegmatites of the musco-
vite class are produced directly by partial melting or by a very limited level of differentiation of an-
chiautochthonic palingenitic granites [72], [79], [80], [81]. This leads us to suggest that SBO pegmatite 
resulted from the partial melting of argillaceous metasedimentary rock of Sarhlef shist during var-
iscan subduction and shortening. This corroborates with the geodynamic models proposed to explain 
the evolution of the Meseta from Upper Devonian to Lower Permian. The Eastward subduction of 
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the Rheic Ocean leading to the formation of fore- and back-arc basins in the Mesetian block between 
420 and 330 Ma model [92, 93, 94] corroborates also with the Evolution model of the Meseta during 
the Carboniferous, proposed by Essaifi et al., [95] involving west-ward subduction followed by a slab 
breakoff leading to upwelling of hot asthenospheric currents eroding the litho-sphere.  

6. Conclusions and final remarks 

The Sidi Bou Othmane Variscan pegmatite crop out as dykes mainly oriented N30° (N-S to NNE-
SSW) with sub-vertical dip. The field investigations show that E-W dykes are secant on NS pegmatite 
dykes. Their thickness varies from a few centimeters to a few meters (30 cm to 8 m) and has an exten-
sion of a few meters to a few hundred meters (1m to 500m). These dykes underwent a deformation 
presented on the ground by boudinage and strike-slip faults shifted their architectures. 

SBO pegmatites are observed within the metamorphic rocks of the Sarlef series. They are clearly 
delimited bodies, which are mainly zoned and rarely homogeneous. They are never isolated but in a 
group of several dikes which are organized in fields of groups (clusters). SBO pegmatites show clearly 
tectonic control and are syn- or tardiorogenic and have calco-alkalic affinity and are S type granite. 
Using the mineralogy and the geochemistry, these pegmatites fall in very strongly differentiated 
granite field. Their features geochemical are compatible with their petrographical and mineralogical 
characteristics. They are mainly constituted by quartz, albite, muscovite, tourmaline, with minor mi-
crocline, illite, with accessory garnet, apatite, and zircon. These characteristics allow to classify the 
SBO pegmatites in the class of muscovite pegmatites. The classification of the SBO pegmatites within 
this class, indicate that they do not present any significant enrichment in REE. They are probably the 
products of partial melting of pelitic metasedimentary rock of Sarhlef during variscan shortening 
between 330 and 280-275 Ma. 

Finally, in the frame of the shift to green technologies it is worth noting that, apart from some 
accessory minerals of interest that are hosted in pegmatite-type deposits, some main occurring min-
erals such as feldspars and quartz are increasingly required for the production and storage of renew-
able (green) energy to supply the green and sustainable societies of the future [82], [83]. For instance, 
feldspars have been recently assessed by the European Commission as critical raw materials (CRMs) 
(https://single-market-economy.ec.europa.eu/publications/study-critical-raw-materials-eu-2023-fi-
nal-report_en). 

Therefore, in the frame of the current global trend, the SBO pegmatite may constitute an im-
portant georesource to be considered at a greater detail. 
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