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Abstract

The Torak massif located to the west of the Atakor volcanic district is a granitic pluton NNE-SSW elongated and crosscut by
several NNW-SSE lineaments. It is intrusive within the S-W Tefedest terrane composed of Eburnean (c. 2 Ga) gneisses and of
Pan-African (c. 615 Ma) syntectonic granitic batholiths. New field mapping, petrographic, and mineralogical data (feldspars and
mica chemistry) and geochemical data (major and trace elements, REE) reveal the following: the Torak granitic massif shows a
fairly simple and homogenous mineralogy dominated by feldspars (orthoclase and microcline, albite, and oligoclase) and lithium
micas (siderophyllite to protolithionite and phengite to Li-phengite). The Torak granite chemistry is remarkably homogeneous
both in major elements (73.95 < SiO, <76.85 wt.%; 7.68 < (Na,O + K,0) <9.55 wt.%) and trace elements (500 <Rb <780 ppm;
9.774 <La<45.267 ppm; 0.316 < (La/Yb)y<2.418; 0.027 < (Eu/Eu*) <0.064). This data indicates that Torak rocks are highly
fractionated calk-alkaline (HFCA) and co-genetic granites having evolved by assimilation-fractional crystallization (AFC).
Similar to the surrounding GIIb granites of the Taourirt province (Azzouni-Sekkal & Boissonnas in Bulletin Société
G¢éologique France 164: 597-608, 1993; Azzouni-Sekkal et al. in J Afr Earth Sci 37: 337-350, 2003), a similar mixed deep
source (asthenosphere + old lower crust) can be described here. The country rocks could correspond to the old Archaean—
Paleoproterozoic LATEA metacraton. The emplacement of the Torak pluton could be linked to the Murzukian intracontinental
orogenic phase that occurred in the eastern part of the Tuareg Shield (Fezaa et al. in Precambrian Res 180: 299-327, 2010).
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Introduction

The Tuareg shield in North-West Africa is composed of an
assembly of Neoproterozoic continental and oceanic terranes,
as well as Archean and Paleoproterozoic terranes separated by
major continental shear zones. It comprises Hoggar in Algeria,
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Adrar des Iforas in Mali, and Air Mountains in Niger (Black
et al. 1994). It is composed of 25 terranes juxtaposed after large
displacements along mega-shear zones mostly N-S oriented
(Black et al. 1994; Liégeois et al. 2003; Li¢geois 2019) (Fig. 1a).

The “Taourirt” province represents the last plutons
emplaced in central Hoggar at 539-523 Ma where three
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«Fig. 1 a Synthetic geological map of the Tuareg Shield with the

delimitation of the 25 terranes (separated by white or blue lines). Two
terranes have been added (Aouiléne and Afara) to those of Black et al.
(1994). b Geological map of the LATEA metacraton showing the
preserved Archean Paleoproterozoic basement (metacraton) dissected in
five terranes (La=Laouni, Az= Azrou-n-Fad, Te = Tefedest, Eg-Al=
Egéré-Aleksod and Aou = Aouiléne), the thrust juvenile Cryogenian
terranes (Sil = Silet Se = Serouenout with additional more localized
material such as the eclogitic bands), the high-K calc-alkaline (HKCA)
batholiths (630-580 Ma), the mantle-derived mafic-ultramafic layered
complexes, the alkaline/alkali-calcic plutons (principally Taourirts
Province) and the Cenozoic Tuareg volcanism mainly located in the
LATEA metacraton. Neighbor terranes are In Tedeini (It), Tazat (Tz),
and Assodé Issalane (As-ls). With the three proposed Taourirt groups: I:
Silet-Taourirts; II: Laouni-Taourirts; I1I: Tamanrasset-Taourirts. Adapted
from Azzouni et al. (2003), Liégeois et al. (2013) and Liégeois (2019)

geographical groups were identified (Azzouni-Sekkal et al.
2003): the Silet-, Laouni-, and Tamanrasset-Taourirts. The
proposed model for the genesis of the Taourirt province is
the last movements along the mega-shear zones that dissected
the LATEA metacraton (LATEA is the acronym of the ter-
ranes constituting this metacraton: Laouni—Azrou-n-Fad—
Tefedest—Egéré-Aleksod—Aouiléne; metacraton is a notion
proposed by Abdelsalam et al. (2002) defined as a craton that
has been remobilized during an orogenic event but that is still
recognized dominantly through its rheological, geochronolog-
ical, and isotopic characteristics (Liégeois et al. 2003;
Liégeois 2019), provoked linear delamination, and astheno-
sphere uprise, and lead to a mixed asthenospheric/old lower
crust source (Azzouni-Sekkal et al. 2003, Fezaa et al. 2010).

The Torak pluton outcrops in the Tefedest terrane (LATEA
metacraton). Torak constitutes the south part of the Taessa
massif (Boissonnas 1974) and belongs to the Tamanrasset
Tourirt group (Fig. 1b). It has been almost not studied, except
for the petrographic observations (Boissonnas 1974). Indeed,
a number of felsic volcanic highs and basaltic plateaus of the
Atakor district govern landscape and make access to the area
almost impossible.

Modern geological study is presented in this paper. This
study combines field observations, petrography, mineralogy,
and geochemistry (major, trace elements, and REE), of the
Torak rocks. Its aims are (i) draw a new map using remote
sensing and various digital processing methods, such as color
processing, band ratios, etc....; (ii) to debate the relation with
the surrounding Taourit granites of the LATEA; (iii) to detect
igneous differentiation mechanisms leading to high-evolved
compositions and to discuss origin and possible contamina-
tion of the magmas.

Geological setting
LATEA metacraton (Fig. 1b) is located in the central part of

the shield (Central Hoggar); it is composed of well-preserved
amphibolite to granulite-facies Archaean and

Paleoproterozoic terranes despite the major Panafrican
reworking (Liégeois et al. 2003; Peucat et al. 2003;
Bendaoud et al. 2008). Mega-shear zones and intrusion of
batholiths (Bertrand et al. 1978; Acef et al. 2003) (Fig. 1b)
mark the metacratonization of LATEA (metacratonization
process occurred when the LATEA craton was squeezed be-
tween the nearly opposite pushing of the West African Craton
WAC and the Saharan metacraton SmC. This squeezing gen-
erated a general tectonic escape to the north of the Tuareg
shield terranes. LATEA was not able to behave as one rigid
body. It was dissected by mega-shear zones and intruded by
HKCA batholiths and finally by shallow depth alkaline plu-
tons; Liégeois et al. 2003). This event is accompanied by (H-
T) amphibolitic facies metamorphism (Bendaoud et al. 2008)
occurred mainly at 620600 Ma (Bertrand et al. 1978; Acef
et al. 2003; Bendaoud et al. 2008). This H-T stage ended at c.
572 Ma, when high-level sub-circular plutons such as the
Temaguessine pluton intruded (Abdallah et al. 2007) followed
by alkaline-peralkaline complexes (Azzouni et al., work in
progress). Later, and probably in consequence of the 575—
545 Ma intra-cratonic Murzukian event (Fezaa et al. 2010;
Liégeois et al. 2013) with only brittle limited reactivations of
some shear zones within the LATEA metacraton, sub-circular
alkali-calcic complexes called “Taourirt” suite (535-525 Ma)
(Boissonnas 1974; Azzouni-Sekkal et al. 2003) intruded the
basement, (Fig. 1b). Some are granites mineralized with
albite-topaz (Cheilletz et al. 1992; Ahmed-Said et al. 1995;
Chalal and Marignac 1997; Kesraoui and Nedjari 2002) and
constitute the most evolved terms of the Taourirt suite, which
set up on the boundary between the block of Laouni and
Azrou-n-Fad.

The field study, named “The West Atakor domain” by
Vitel (1979) (Fig. 2a), is limited to the West by the great
West-Atakor dislocation oriented N 20 flanked by
mylonitized rocks of kilometric thickness. The formations of
this group are mostly hidden under the basaltic traps of the
Atakor and the Manzaz massifs. The eastern limit is constitut-
ed by a large fault of Irharhar Oued, NNW-SSE. This fault
separates the group from that of Tamanrasset further south,
lithologically and structurally different. In this area, the mag-
matic rocks are dominant and consist of a succession of
Neoproterozoic acid and basic igneous rocks and Cenozoic
volcanism (Fig. 2a, b).

Torak pluton outcrops 30 km north of Tamanrasset be-
tween 23° 2’ and 23° 6' latitudes and 5° 31" and 5° 36’ longi-
tudes (Fig. 2c). Torak is a small unit 7.5 km long oriented
NNW-SSE and constitutes the southern part of Taessa granitic
massif (Fig. 2a). In the west, Torak outcrops in the Eburnean
migmatitic gneisses and granites and adjoins the ultramafic
Edikel massif (Ikhlef-Debabha et al. 2014) (Fig. 3a ). To the
east, it crosscuts the early syntectonic Atakor granites (Fig.
3b). Itis partially covered by Atakor lava towards the southern
and eastern parts (Fig. 2¢). A convex limit towards the Taessa
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Fig. 2 a Geological Map of the 5°35'E
West Atakor domain, Hoggar, e o
Algeria (Using Landsat 7 ETM+ hnthd [ 2
for lithological and structural 5 f: a |'e. 32
mapping) adapted from Ikhlef- ¥ N H

Debabha et al. (2014). b
Geological map of the Tafedest
terrane components (Adapted
from Vitel 1979). ¢ Enlarged
geological map of the Torak
pluton with sample locations.
Legend of symbols given in Fig.
2a
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stricto sensu appears on the aerial photography and even on
the Google Earth satellite image but it remains difficult to find
and follow on the field. On the roof of this formation, that is to
say the contact, Boissonnas (1974) observed webbed micro-
clines (the webbed structure is a mineral structure, which ap-
pears when the mineral ramifications are very close to each
other and then present a palm shape) whose points are directed
towards Taessa. The Torak massif therefore seems a little
more recent than the Taessa granites but nothing indicates a
big hiatus in time. The absence of geometrical criteria (angular
enclaves of one granite in the other, parallel-edges veins ...)
leads us to admit that the two sets are partly synchronous.
Simply, the Torak would have crystallized after the rest of
the complex (Boissonnas 1974).

Torak is composed of coarse porphyritic granites, some-
times showing alignment of feldspars (Fig. 3d), and medium
to fine-grained pink granites. To the south, greisens have

Fig. 3 Field pictures: a View of
the different geologic units of the
studied area (West Atakor
domain). b Contact between the
Torak granite and migmatitic
gneiss. ¢ Coarse-grained
porphyritic granite. d Medium to
fine-grained alkaline granite. e
Metric quartz vein within Torak
granite

Syntectonic Atakor

Migmatitic
gneiss

formed at the expense of the porphyritic granite, and are
enclosed in the intrusive mass. To the north, we observe some
nests of micas, almost metric pegmatite and quartz veins
highlighting contact with the Taessa massif (Fig. 3 ¢ and e).
Field observations, aerial photographs, and Landsat ETM 7
imagery allowed local-scale discrimination of geological units
including the different generations of granites (Fig. 2a). This
was made through a combination of various digital processing
methods, such as color processing and band ratios (5/3, 4/2,
3/1) and (5/7, 3/1, 4/3) (Fig. 4a, b). The use of directional
filters (3 x 3 matrices) at 135°, 45°, and 00°, made possible
to establish precise cartography of lineaments occurring in the
studied area (Fig. 4c).The highest concentration of lineaments
occurs in the northern and southern parts of the studied area.
Two predominant directions emerge. The sub-meridian direc-
tions (NNE-SSW) to meridian are the most important: they
represent the dextral strike of the West Atakor fault (Fig. 4d).
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Fig. 4 Landsat 7 ETM scene
extract in different color
composites showing the
distinction between the different
geological units of the studied
area. a band ratios (5/3, 4/2, 3/1).
b band ratios (5/7, 3/1, 4/3). ¢
Landsat 7 ETM scene extract
from directional filters (3 x 3
matrices) at 135°, 45° and 00° of
the west Atakor domain. d
Lineaments map derived from
satellites images of the west
Atakor domain and rose diagram
showing the distribution of the
lineaments directions
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ENE-WSW (61-70°) directions subparallel to each other in-
tersect the Torak massif and the extreme south of the Taessa
massif stricto sensu (Fig. 4d); they are underlined by late
quartz and aplite dykes and veins.

Petrography

The Torak pluton is composed of five main types of granit-
oids, showing a fairly simple and homogenous mineralogy;
two-mica granite, biotite granite, alaskite, alkaline granite, and
greisen:

Fig. 5 Microfabric of the
different Torak facies. a Two-
mica granite; b Biotite and zircon
in biotite granite; ¢ Fluorite in
biotite granite. d Monazite in
biotite granite. e Microcline and
orthoclase in alaskite. f Texture of
alaskite. g Texture of alkali-
granite. h Allanite in greisen (Fl:
fluorite; All: allanite; Qz: quartz;
Or: orthoclase; Bt: biotite; Ms.:
muscovite; Mc: microcline; Mo:
monazite; Zr: zircon)

Two-mica granite (Fig. 5a) occurs in the southern part of
Torak. These granites are coarse to medium grained. They
show abundant K-feldspar mega-crysts that give a pinkish
color to the rocks, well-developed quartz of 8§ mm on average,
and dark mica appears in irregularly sparse black spots (up to
2 mm), as well as some white mica with silvery luster (1 mm
on average). The K-feldspar is represented by orthoclase and
microcline (up to 5 mm), quartz occurs as large xenomorphic
crystals and plagioclase forms automorphic tabular crystals
(up to 2 mm). Xenomorphic biotite flakes, partially altered
by chlorite, contain zircon (0.04 mm on average).
Heterogranular white mica locally shows purplish-yellow ple-
ochroism. Zircon has elongated, rounded, or square form,

@ Springer
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Table 1 Selected electron-microprobe analyses of feldspars (analyze in wt%) from Torak granitoids
Facies Two-mica granite Biotite granite
Sample Ta 18 Ta 15 TA 29
Analyze N°  10c 12¢ 16¢ 24c 25r 28¢c 28r 29¢ 30r 3lc 36¢ 37r 38r 47r 49r 50c
SiO, 68.21 67.57 6397 6759 6722 6332 6757 6815 69.63 69.59 6698 69.67 6570 68.09 6588 65.82
TiO, 0.00  0.00 0.00  0.00 0.00 0.00 0.01 0.00  0.03 0.00  0.00 0.00 0.01 0.00 0.02 0.02
AL O3 19.74 19.75 1843 20.08 19.92 1823 21.16 2047 1942 20.01 2131 19.73 1824 2082 1833 18.53
FeO* 0.00 0.01 0.13 0.02 0.02 0.00 0.00 0.02 0.02 0.00  0.01 0.00 0.03 0.02 0.04  0.03
MnO 0.00  0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00  0.00 0.00 0.00 0.00 0.01 0.01
MgO 0.00  0.00 0.00  0.00 0.00 0.00 0.01 0.00  0.00 0.02 0.01 0.00 0.02 0.00 0.01 0.00
CaO 0.11 0.35 0.00  0.63 0.45 0.00  2.13 1.49 0.34 0.61 2.36 0.24 0.00 1.73 0.02 0.01
Na,O 11.08 10.82 0.21 11.01 1051 0.28 10.11 1062 11.05 11.31 10.17 11.37 0.50 1021 043 0.68
K,0 0.14 013 17.40  0.07 0.13 17.35  0.26 0.13 0.20 0.07 0.17 0.24 17.19  0.20 1721  16.82
Total 99.28 98.64 100.15 99.40 9825 99.19 101.26 100.88 100.69 101.61 101.01 101.25 101.69 101.06 101.95 101.92
Number of ions (on basis of 32 oxygen)
Si 2994 2986 2976 2969 2980 2976 2924 2955 3.013 2989 2910 3.002 3.000 2946 3.000 2.994
Al 1.021  1.029 1.011 1.040 1.041 1.010 1.080 1.046 0991 1.013 1.091 1.002 0.982 1.062 0.984 0.993
Ca 0.005 0.017 0.000 0.030 0.021 0.000 0.099 0.069 0.016 0.028 0.110 0.011 0.000 0.080 0.001 0.001
Na 0.943 0927 0.019 0938 0903 0.026 0.848 0.893 0927 0942 0.857 0950 0.044 0.856 0.038 0.060
K 0.008 0.007 1.033 0.004 0.007 1.040 0.014 0.007 0.011 0.004 0.009 0.013 1.002 0.011 1.000 0.976
Sum cations 4.971 4.966 5.038 4981 4.954 5052 4965 4971 4958 4976 4976 4978 5028 4956 5.023 5.024
An 0.533 1.758 0.000 3.050 2285 0.000 10277 7.136 1.646 2.881 11.240 1.127 0.022 8.446 0.070 0.049
Ab 98.627 97.471 1.779 96.537 96.942 2.399 88.257 92.123 97.172 96.698 87.812 97.540 4.195 90384 3.657 5.806
Or 0.840 0.770 98.221 0413 0.773 97.601 1.466 0.741 1.182 0421 0949 1333 95783 1.170 96.273 94.146
Facies Biotite granite Alaskite Alkaline granite Greisen
Sample TA 04 TA 30 TA 16 TA 22
Analyze N°  9c 12¢ 13¢c 14c 52r S4c 55¢ 32¢ 33r 34r 35¢ Sc 16¢ 17r 18r
SiO, 69.25 64.15 6792 6727 6930 6625 6583 6897 6942 6872 6881 6949 69.64 69.66 70.15
TiO, 0.01 0.03 0.00  0.00 0.01 0.01 0.00 0.00  0.00 0.02 0.01 0.00 0.02 0.02 0.02
ALO; 1939  18.12 1947 1997 1980 1841 1831 1937 1946 1941 1971 1940 1947 1932 19.52
FeO* 0.01 0.02 0.02 0.01 0.01 0.03 0.03 0.03 0.01 0.01 0.01 0.01 0.01 0.03 0.03
MnO 0.00  0.00 0.00  0.01 0.00 0.00 0.00 0.00  0.00 0.00  0.00 0.01 0.01 0.00 0.00
MgO 0.00  0.02 0.00  0.01 0.00 0.01 0.00 0.00  0.00 0.00  0.00 0.00 0.01 0.00 0.00
CaO 0.02 0.00 0.38 0.69 0.58 0.01 0.04 0.04  0.03 0.16 0.22 0.14 0.10 0.09 0.13
Na,O 11.10 036 10.64 1045 11.13  1.29 1.04 10.80 1097 10.68 1085 1142 11.55 1190 11.32
K,0 0.07 17.14  0.19 0.23 0.09 1583 1629 0.08 0.07 024  0.15 0.19 0.22 0.13 0.16
TOTAL 99.85 99.86 98.63 98.66 10092 101.84 101.53 99.30 99.98 99.24 99.77 100.67 101.03 101.14 101.32
Number of ions (on basis of 32 oxygen)
Si 3.017 2988 2999 2975 2995 3.003 3.001 3.018 3.018 3.013 3.002 3.011 3.008 3.008 3.0l6
Al 0.996 0995 1.014 1.041 1.009 00984 0984 1.000 0998 1.003 1.014 0991 0.992 0983 0.989
Ca 0.001  0.000 0.018 0.033 0.027 0.001 0.002 0.002 0.002 0.008 0.010 0.007 0.005 0.004 0.006
Na 0.937 0.033 0911 089 0932 0.113 0.092 0917 0925 0908 0918 0959 0.967 0997 0.943
K 0.004 1.019 0.011 0.013 0.005 0915 0948 0.004 0.004 0.013 0.008 0.011 0.012 0.007 0.009
Sum cations 4.955 5.035 4954 4958 4.968 5.016 5026 4941 4947 4945 4952 4978 4984 5000 4.963
An 0.103 0.004 1929 3458 2.800 0.066 0.173 0.204 0.164 0.814 1.113 0.687 0483 0.420 0.609
Ab 99.508 3.104 96.924 95.147 96.682 11.002 8.795 99.314 99.402 97.742 97.993 98.221 98.293 98.890 98.447
Or 0.389  96.892 1.147 1395 0.518 88.932 91.033 0.483 0433 1443 0.893 1.092 1223 0.689 0.944

*Total iron as FeO. An, anorthite; Ab, albite; Or, orthose; ¢, core; r, rim

generally found as inclusion in biotite, and in lesser impor-
tance in quartz and feldspar. Monazite and xenotime with
brown and very large pleochroic aureoles are included in bio-
tite, which also occur around zircon. Locally, apatite is found
in quartz. Flakes of secondary muscovite develop on the
feldspars.

The biotite granite presents the same characteristics as the
two-mica granite, having in addition opaque oxides and wide-
spread zircon and monazite (up to 0.25 mm) (Fig. 5b, ¢), only
occasionally fluorites (up to 0.3 mm) (Fig. 5d), and no primary
muscovite.

@ Springer

Alaskites (Fig. Se, f) occurring in the northern part of Torak
is leucocratic granite with equigranular fine-grained texture.
Quartz crystals are rounded; feldspars are pink to white irreg-
ularly arranged. The dark-colored minerals are grouped into
small-scattered clusters, giving the rock a speckled appear-
ance. Quartz (up to 0.7 mm) is highly abundant in large
xenomorphic crystals with undulose extinction. It contains
rare and small zircons or in sub-automorphic grains. The dom-
inant K-feldspar is microcline with wide sub-square crystals
(up to 0.7 mm); orthoclase and perthitic orthoclase (up to
0.5 mm) are also present. Plagioclase (up to 0.4 mm) is small
compared to K-feldspar in sub-automorphic tabular crystals
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with several inclusions as biotite, quartz, zircon, and second- Small prismatic or rounded zircon (up to 0.04 mm) is included
ary muscovite. Biotite is scarce in isolated and elongated  in biotite, or locally forms clusters in quartz. Opaque oxides
flakes or in clusters (up to 0.2 mm). It is locally chloritized  are xenomorphic and well developed (up to 0.2 mm) associ-
and associated with opaque minerals. Heterogranular musco-  ated with quartz and feldspar.

Alkaline granite (Fig. 5g) occurs in the South Torak massif.
uted (0.1 on average). The secondary minerals are fluorite (up It is a medium-grained pink granite composed of quartz, alka-
to 0.07 mm) characterized by a greenish color and chlorite. ~ line feldspars, and albite. Quartz is abundant (2 mm on

vite is in accessory modal amounts and is irregularly distrib-
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Fig. 6 Mineral chemistry from the different granite facies of the Torak
massif. a Feldspars in the Or-Ab-An diagram. b Mica compositions re-
ported in the M** = (Fe + Mn + Mg)-Al-Si diagram (Monier 1987). ¢
Mica compositions reported in the mgli=Mg-Li and feal =Fe+Mn +
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Al
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Ti— AIY! diagram (Tischendorf et al. 1997, 1999). d Biotite plotted in
the AI'" versus Mg diagram (Nachit et al. 1966). e Biotite plotted in the
wt.% FeO-MgO-Al,0O5 diagram (Abdel-Rahman 1994)
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Table 2 Selected electron-microprobe analyses of trioctahedral micas (analyze in wt%) from Torak granitoids
Facies Two-mica granite  Biotite granite
Sample TA 15 TA 29 TA 04
N° analyze 23 20 21 23 26 27 33 44 45 46 4c S5r
SiO, 37.00 3734 3620 3610 3551  36.27 3585 3647 3633 36.79 3637 36.36
TiO, 1.03 1.06 1.77 2.49 3.02 0.89 0.31 2.11 213 1.60  0.67 0.52
ALOs 21.71 2136 20.64 1947 1842  20.68 2144 19.80 1999 20.80 20.86  20.68
FeO* 24.12 2633 27.10 2693 2829  26.88 2640 2726 2740 26.10 2627  26.31
MnO 0.30 0.54 0.53 0.54 0.59 0.56 0.60 0.53 053 053  0.65 0.64
MgO 0.41 0.68 0.63 0.66 0.68 0.68 0.58 0.64 0.63 061 0.19 0.15
CaO 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.00
Na,O 0.07 0.11 0.13 0.09 0.09 0.09 0.14 0.05 0.10 0.10 0.13 0.09
K,O 10.37 9.88 10.03  10.18  9.83 9.97 9.81 1024 998 10.12 10.06  9.96
Li,O 1.04 1.13 0.80 0.78 0.60 0.83 0.70 0.88 084 098 0.85 0.85
F 2.82 1.67 1.52 1.45 0.87 1.95 1.72 1.44 120 1.68 236 2.66
Total 98.93 100.11  99.36  98.68 9791  98.81 97.56  99.43  99.13 9930 9844 9822
Number of ions (on basis of 22 oxygens)
Si 5.663 5.618 5540 5575 5545 5599 5580 5584 5564  5.604 5.646  5.674
ALY 2.337 2382 2460 2425 2455 2401 2420 2416 2436 239 2354 2326
ALV 1.580 1406 1263 1.118 0936 1361 1514 1.158 1.171 1338 1463 1478
Ti 0.119 0.120 0204 0289 0354 0.104 0.036 0243 0245 0.183 0.078  0.061
Fe 3.087 3313 3468 3478 3.694 3470 3436 3491 3509 3324 3410  3.434
Mn 0.039 0.069 0.069 0.070 0.078 0.073 0.079 0.069 0.069  0.068 0.085  0.085
Mg 0.093 0.151 0.143 0.153 0159 0.155 0.135 0.147 0.143  0.137 0.043  0.034
Li 0.638 0.686 0495 048 0380 0.512 0441 0544 0518 0598 0.533  0.533
Ca 0.000 0.000  0.001  0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.006  0.000
Na 0.020 0.033  0.039 0.028 0.028 0.027 0.041 0.016 0.030 0.029 0.038  0.027
K 2.026 1.897 1958 2006 1959 1964 1948 1999 1951 1.967 1.992  1.984
F 1.364 0.797 0.738 0.707 0431 0953 0.844 0.697 1364 0.811 1.157 1313
OH 2.621 3203 3262 3293 3569 3.047 3.156 3303 2.621 3.189 2.843  2.687
sum cations  15.601 15.676 15.641 15.622 15588 15.668 15.631 15.666 15.637 15.643 15.649 15.635
Fe/Fe+Mg 0971 0956 0960 0958 0959 0957 0962 0960 0961  0.960 0.987  0.990
mgli —0.545 —0.534 -0.352 -0329 -0.221 -0.357 -0.305 -0.397 -0375 -0.460 -0.490 -0.499
feal 1.664 2096 2478 2719 3.190 2286 2.038 2.644 2.652 2236 2.110  2.102

*Total iron as FeO.

average), locally in large xenomorphic crystals (up to 7 mm)
and K-feldspar is mainly anhedral orthoclase (2 mm on aver-
age). It is kaolinitized and contains plagioclase and fluorite;
perthite and microcline are almost absent. Plagioclase has an
average size of 2 mm; it is sub-automorphic and most often
altered. Dark mica (1 mm on average) is scarce and altered by
chlorite. Secondary white mica is frequent; it develops at the
expense of feldspar (up to 0.7 mm). Rare cubic zircon is in-
cluded in mica and quartz (0.03 mm on average).

The greisen is closely associated with the two-mica gran-
ites. They are muscovite (0.3—3 mm) and quartz rich (3 mm on

@ Springer

Calculated according to equation (tril) of Tischendorf et al. (1997). mgli, Mg-Li; feal, Fe + Mn + Ti— AIM; ¢, core; 7, rim

average), K-feldspar free, and contain accessory fluorite (up to
0.7 mm) and allanite (up to 0.2 mm) (Fig. Sh).

Mineralogy
Analytical method
Major elements in feldspars and micas (Tables 1, 2, and 3)

were determined by electron microprobe using a CAMECA-
SX100 at the Microsonde Sud facility (Montpellier, France),
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Table 3 Selected electron-microprobe analyses of dioctahedral micas (analyze in wt%) from Torak granitoids

Facies Two-mica granite Biotite granite Alaskite
Sample TA 15 TA 18 TA 29 TA 04 TA 30
Analyze N° 22 27 2 7 11 15 32 Tc 11 58
SiO, 46.46 45.19 44.69 46.14 44.95 45.73 47.79 47.46 48.04 47.71
TiO, 0.17 0.32 0.37 0.12 0.23 0.17 0.08 0.04 0.18 0.13
ALO; 29.61 29.86 29.71 27.23 29.86 29.12 30.50 31.74 27.24 30.63
FeO* 6.43 7.95 7.90 9.30 7.05 7.60 6.97 6.10 9.57 7.26
MnO 0.18 0.20 0.24 0.15 0.19 0.23 0.17 0.16 0.24 0.23
MgO 0.21 0.27 0.23 0.38 0.30 0.18 0.38 0.06 0.24 0.16
CaO 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.03 0.01
Na,O 0.24 0.29 0.28 0.08 0.26 0.18 0.40 0.38 0.06 0.24
K,0 11.03 10.90 10.76 10.89 10.88 10.67 10.56 9.86 9.49 10.48
Li,O 1.00 0.92 0.49 1.24 0.82 0.85 1.39 0.54 0.93 0.20
F 2.02 1.89 1.18 2.37 1.74 1.78 2.59 1.28 1.92 0.60
Total 97.38 97.80 95.91 97.90 96.28 96.52 100.82 97.61 97.95 97.64
Structural formulae (on the basis of 22 oxygens)
Si 6.361 6.215 6.229 6.400 6.243 6.339 6.331 6.360 6.560 6.416
ALY 1.639 1.785 1.771 1.600 1.757 1.661 1.669 1.640 1.440 1.584
ALV 3.140 3.055 3.120 2.853 3.133 3.097 3.093 3.374 2.945 3.270
Ti 0.018 0.034 0.039 0.012 0.024 0.018 0.008 0.004 0.019 0.013
Fe 0.736 0915 0.921 1.079 0.818 0.880 0.772 0.683 1.093 0.817
Mn 0.021 0.023 0.028 0.017 0.022 0.027 0.019 0.018 0.028 0.026
Mg 0.044 0.056 0.047 0.080 0.062 0.037 0.074 0.011 0.048 0.032
Li 0.549 0.506 0.273 0.690 0.458 0.472 0.739 0.293 0.513 0.108
Ca 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.004 0.002
Na 0.064 0.076 0.075 0.023 0.069 0.049 0.102 0.098 0.016 0.063
K 1.927 1.913 1.912 1.928 1.928 1.887 1.785 1.685 1.654 1.798
F 0.873 0.822 0.518 1.041 0.765 0.782 1.083 0.541 0.829 0.254
OH 3.127 3.178 3.482 2.959 3.235 3.218 2917 3.459 3.171 3.746
Sum cations  14.501 14579 14417 14682 14515 14469 14.593 14167 14320  14.128
Fe/Fe + Mg 0.944 0.942 0.951 0.931 0.930 0.959 0.912 0.984 0.958 0.962
mgli -0.506 —0.450 —-0226 —0.610 -0397 0435 —0.665 —0.282  —0.465 —0.076
feal —2365 —2.084 2132 1745 2268 2172 —2.294 —2.669 —1.804 2415
Facies Alaskite Alkaline granite Greisen
Sample TA 30 TA 16 TA 22
Analyze N° 66 57 60 21 24 28 30 6 7 8 9 11
SiO, 48.43 47.60 47.98 48.10 46.66 46.56 48.24 48.05 48.00 48.45 48.55 48.16
TiO, 0.17 0.66 0.38 0.23 0.43 0.48 0.21 0.19 0.09 0.04 0.09 0.03
AL Os 32.28 27.53 26.33 30.68 30.60 30.88 30.46 30.56 32.20 30.68 30.43 31.24
FeO* 5.48 10.25 10.83 5.89 6.87 6.30 6.33 8.59 4.63 5.74 6.50 6.46
MnO 0.15 0.12 0.14 0.17 0.22 0.16 0.18 0.28 0.16 0.19 0.18 0.19
MgO 0.16 0.27 0.30 0.24 0.22 0.24 0.20 0.07 0.07 0.00 0.12 0.01
CaO 0.00 0.01 0.02 0.03 0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.00
Na,O 0.34 0.05 0.04 0.30 0.23 0.28 0.22 0.18 0.16 0.12 0.20 0.16
K,O0 10.97 10.97 10.89 9.21 9.71 9.15 9.58 11.12 11.00 11.21 11.07 10.85
Li,O 0.20 0.01 0.10 1.10 0.75 0.83 0.27 0.71 0.67 0.67 0.81 0.54
F 0.60 0.07 0.34 217 1.63 1.75 0.75 1.57 1.49 1.49 1.72 1.27
Total 98.77 97.54 97.35 98.11 97.32 96.63 96.44 101.32  98.51 98.58 99.68 98.90
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Table 3 (continued)

Facies Two-mica granite Biotite granite Alaskite
Sample TA 15 TA 18 TA 29 TA 04 TA 30
Structural formulae (on the basis of 22 oxygens)
Si 6.385 6.503 6.602 6.428 6.326 6.324 6.500 6.337 6.368 6.469 6.180 6.409
Al 1.615 1.497 1.398 1.572 1.674 1.676 1.500 1.663 1.632 1.531 1.820 1.591
AlY! 3.402 2.937 2.872 3.261 3.218 3.268 3.339 3.088 3.403 3.298 3.208 3.308
Ti 0.017 0.068 0.039 0.023 0.043 0.049 0.021 0.019 0.009 0.004 0.009 0.003
Fe 0.604 1.172 1.246 0.659 0.779 0.715 0.714 0.948 0.514 0.641 0.722 0.719
Mn 0.016 0.014 0.016 0.019 0.025 0.019 0.021 0.031 0.018 0.021 0.021 0.021
Mg 0.031 0.055 0.061 0.048 0.044 0.048 0.040 0.014 0.015 0.000 0.023 0.002
Li 0.107 0.006 0.053 0.590 0.409 0.451 0.145 0.421 0.380 0.358 0.432 0.288
Ca 0.000 0.001 0.002 0.004 0.002 0.000 0.000 0.000 0.006 0.000 0.000 0.000
Na 0.086 0.012 0.011 0.079 0.061 0.075 0.057 0.046 0.042 0.031 0.053 0.041
K 1.845 1911 1.911 1.570 1.680 1.586 1.646 1.871 1.861 1.909 1.874 1.842
F 0.252 0.030 0.150 0.916 0.698 0.752 0.319 0.708 0.657 0.629 0.724 0.533
OH 3.748 3.970 3.850 3.084 3.302 3.248 3.681 3.292 3.343 3.371 3.276 3.467
Sum cations  14.109  14.177 14212 14252 14260 14211 13.984 14437 14247 14262 14343 14224
Fe/Fe + Mg 0.951 0.955 0.954 0.932 0.947 0.937 0.947 0.985 0.972 1.000 0.969 0.998
mgli —0.076  0.048 0.008 -0.541 -0365 —-0403 —0.106 —0.407 —-0366 —0.358 —0.409 —0.286
feal -2.765 —-1.684 —1.571 2560 2371 2486 2582 —2.090 2863 —2.632 2457 —2.565

*Total iron as FeO.

equipped with five wavelength-dispersive spectrometers.
Operating conditions were 20-kV voltage, 10-nA current,
and counting times of 20-30 s for peaks and background,;
standards were natural and synthetic minerals.

Results

Feldspars (Table 1) compositions are plotted in Or-Ab-An
diagram (Fig. 6a). K-feldspar X, is 97% in biotite granite
and 72 to 98% in alaskite. In biotite granite plagioclase is
albite-oligoclase (An,_;¢) and albite in the other facies (An;_
g In two-mica granite, An;_3 in alaskite and alkaline granite,
and An;_, in greisen).

Micas (Tables 2 and 3) are iron-rich (0 <XMg<0.09;
XMg=Mg/(Mg +Fe2")), aluminous and fluorinated
(0.75 wt.% <F <2.82 wt.%), excepting for micas occurring
in alaskite TA 30 (see Table 2) where four minerals were
analyzed, which have fairly low fluorine contents with a mean
0f 0.36 wt.%. In the AI-M**-Si diagram (Monier 1987) micas
form two groups (Fig. 6b). The first group is defined by micas
from the two-mica granite and biotite granite and plot close to
the protholithionite pole (3.39 < Al < 3.91), while the micas
from the other granite facies form the second group that plots
between the zinnwaldite and trilithionite-muscovite poles
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Calculated according to equation (di 1) of Tischendorf et al. (1997). mgli, Mg-Li; feal, Fe + Mn + Ti— AV ¢, core; r, rim

(4.27 < Alyy < 5.03) indicating the presence of Li in the mica
structure. In the mgli vs. feal plot [mgli = Mg-Li] and [feal =
Fe' +Mn + Ti - AlY"] classification diagram (Tischendorf
et al. 1997, 1999) the mica analyses define also two groups
(Fig. 6¢). Trioctahedral mica is protholithionite (F =
2.82 wt.%, Li,0 = 1.04 wt.%) in two-mica granite, and ranges
from siderophyllite (Fe micas) to protolithionite compositions
(Li-Fe micas) (0.87 wt.% < F < 2.66 wt.%, 0.80 wt.% < Li,O
< 1.13 wt.%) in biotite granite (Fig. 6¢, Table 2). Li contents
increase in favor of the M** component in the siderophyllite-
ptotolitionite direction. Dioctahedral mica from different
Torak facies shows a weak evolution in composition similar
to that for the trioctahedral mica (Fig. 6¢, Table 3). The trend
is initiated by weak Li and Fe compositions (phengite) to
richer contents (Li-phengite) (0.27 wt.% <Li,O <
0.74 wt.%) (4.63 wt.% <FeO* <9.30 wt.%). The more
evolved alaskite TA 30 contain FeO-rich mica (5.48 wt.% <
FeO* < 10.43 wt.%) with poor Li and F contents (0.01 wt.%
<Li,0<0.2 wt.%, 0.07 wt.% <F < 0.6 wt.%) and have
phengite compositions.

Biotite compositions in both biotite granite and two-mica
granite, are reported on the AI"-Mg plot (Nachit et al. 1985)
showing an Al'® content between 3.39 and 3.92. They initiate
in this massif the alumino-potassic line represented by the
lithic mica of the Tamanrasset-Taourirt group (Fig. 6d). All
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Table 4 Major (Wt%), trace (ppm) elements and CIPW-normative compositions for Torak studied rocks

Facies Two-mica granite Biotite granite Alaskite Alkaline granite ~ Greisen
Sample TAIS TAIS8 TA29 TA31 TA32 TA04 TA30 TAIl6 TA22
Location South Torak North Torak South Torak ~ North Torak  South Torak South Torak
SiO, 75.49 75.52 75.87 73.95 75.95 76.86 74.23 75.94 75.25
TiO, 0.07 0.07 0.13 0.08 0.10 0.03 0.05 0.04 0.07
AlLO; 12.41 12.55 12.55 12.55 12.20 12.44 13.34 12.46 13.03
Fe,Ost 1.16 1.59 1.70 1.44 1.59 1.12 0.84 0.82 2.28
MnO 0.02 0.02 0.03 0.03 0.03 0.02 0.01 0.02 0.07
MgO 0.07 0.07 0.07 0.07 0.07 0.000 0.07 0.06 0.07
CaO 0.68 0.94 091 0.31 0.92 0.23 0.77 0.23 0.71
Na,O 3.47 3.08 3.16 2.87 3.17 3.27 3.11 3.64 1.90
K,0 4.28 4.61 4.64 5.69 4.53 4.88 6.44 421 342
P,05 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02
LOI 0.86 1.10 0.70 0.67 0.82 0.59 0.66 0.67 1.92
Total 98.54 99.57 99.78 97.68 99.40 99.46 99.55 98.10 98.74
Trace elements

Be 4.162 3.791 3.855 3.632 7.853 6.959

Ba 52.486 48.500 60.593 95.150 27.668 23.207

Rb 610.382  617.053 608.969 634.345 781.645 497.960

Sr 11.064 17.827 16.688 15.043 *18 *6 12.823 8.225 *13

Th 53.770 63.598 70.053 55.454 29.970 29.720

U 11.582 17.661 11.518 19.792 11.337 8.931

Zr * 119 149 156 125 161 79 56 64 62

Hf** 4.403 5513 5.772 4.625 5.96 2.92 2.072 2.368 2.29

Nb 32.042 31.011 33.638 26.183 27.030 20.763

Ta 3.975 4.480 3.803 2474 3.766 2914

Y 141446 175955 167.761 111.132 174.578 76.739

La 27.818 32.934 45.267 35511 9.774 19.127

Ce 72.686 76.834 110951 82412 23.508 48.732

Pr 9.118 9.777 13.618 10.415 3.360 6.049

Nd 36.279 38.888 51.549 40.517 14.562 23.538

Sm 12.899 13.396 15.666 12.606 7.203 8.432

Eu 0.158 0.193 0.241 0.287 0.105 0.079

Gd 15.384 16.696 17.736 14.626 10.989 9.350

Tb 3.110 3.256 3373 2.572 2.558 2.016

Dy 21.817 24.995 25.222 18.278 21.682 15.503

Ho 4.612 5.591 5.390 3.707 4957 3414

Er 14.927 17.878 17.199 10.482 16.753 11.026

Tm 2.688 2.976 2.741 1.566 2.816 1.964

Yb 18.860 20.604 18.543 9.926 20.888 13.473

Lu 2.690 2.790 2.577 1.285 2.781 1.798

Cr 26.000 <20 <20 <20 <20 <20 <20 37 <20

Ni 35 38 38 30 42 23 37 24 36

LaN/YbN 0.997 1.080 1.650 2418 - - 0.316 0.959 -

HoN/YbN 0.713 0.791 0.847 1.088 - - 0.692 0.738 -

DyN/LuN 0.811 0.896 0.979 1423 - - 0.780 0.862 -

Eu/Eu* 0.034 0.039 0.044 0.064 - - 0.036 0.027 -

SumREE 243.05 266.81 330.07 244.19 - - 141.94 164.50 -

CIPW norm

@ Springer



664 Page 14 of 22

Arab J Geosci (2020) 13: 664

Table 4 (continued)

Faciés Two-mica granite Biotite granite Alaskite Alkaline granite ~ Greisen

Sample TAl1S TA18 TA29 TA31 TA32 TA04 TA30 TA16 TA22

Location South Torak North Torak South Torak  North Torak  South Torak South Torak
Fe**/Total Fe as Fe,0;  0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35
Quartz 37.93 38.01 37.59 35.34 38.16 38.81 29.93 38.87 50.39
Plagioclase 33.36 31.01 31.39 26.51 31.79 28.97 30.09 32.62 20.15
(Albite) 30.08 26.46 27.00 25.06 27.27 28.01 26.62 31.59 16.66
(Anorthite) 3.28 4.55 439 1.45 4.52 0.95 3.47 1.03 3.50
Orthoclase 25.95 27.71 27.72 34.75 27.20 29.20 38.50 25.57 20.93
Corundum 091 0.87 0.75 1.18 045 1.44 0.00 1.59 5.13
Diopside 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00
Hypersthene 1.02 1.36 1.35 1.26 1.32 0.87 0.65 0.78 2.02
IImenite 0.14 0.13 0.25 0.16 0.19 0.06 0.10 0.08 0.13
Magnetite 0.59 0.81 0.86 0.74 0.81 0.57 043 0.42 1.18
Apatite 0.07 0.07 0.07 0.05 0.05 0.07 0.05 0.05 0.05
Zircon 0.02 0.03 0.03 0.03 0.03 0.02 0.01 0.01 0.01
Total 100.00 100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00
DI 97.24 96.73 96.69 96.59 97.16 96.97 98.52 97.06 91.47
ASI 1.13 1.15 1.14 1.12 1.11 1.14 1.04 1.16 1.74
PI 1.60 1.63 1.61 1.47 1.58 1.53 1.40 1.59 2.45
Ag Ind 0.83 0.80 0.81 0.87 0.83 0.86 091 0.85 0.52

DI = CIPW-normative (quartz + orthoclase + albite + nepheline). ASI=A/CNK = Al/(Na+ K +2*(Ca—3.3*P)) (atoms). PI=NK/A = (Na + K)/Al
(atoms). Ag Ind = (Na+ K)/Al (atoms). * = content measured by the XRF method. **Hf values were calculated from Zr using the Zr/Hf ratio of

carbonaceous chondrite (McDonough and Sun 1995)

the studied biotites plot in the same line of peraluminous gran-
itoids (Abdel-Rahman 1994) (Fig. 6e).

Major and trace element geochemistry
Analytical method

Based on the petrographic study, representative samples of
the different petrographic types were selected for geochem-
ical analysis (nine for major elements and six for trace ele-
ments) (Table 4). The samples were cut into small slabs to
remove the thin traces of veins. Sample powders were ob-
tained by crushing rock slabs in a jaw crusher and powder-
ing fragments in an agate ring mill. Bulk rock major ele-
ments and minor elements (Cr, Ni, Sr, and Zr) were ana-
lyzed by X-ray fluorescence (XRF) at the Instituto
Andaluz de Ciencias de la Tierra (IACT, Granada, Spain)
using a Bruker AXS S4 Pioneer equipped with three ana-
lyzers (LiF200, OVO-55, PET). Within-run precision (%
RSD), measured by repeated analyses of USGS reference
materials as external standards, was better than 1.5% for all
elements except P (2.7%). Bulk rock trace elements (REEs,
Be, Sc, Sb, Cs, Rb, Ba, Th, U, Nb, Ta, Y, and Sc) were
analyzed in solution using an Agilent 8800 QQQ
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inductively coupled plasma mass spectrometer (ICP-MS)
at IACT (Granada, Spain). Sample digestion was performed
following the HF/HCI1O4 dissolution and analytical
procedure described in detail by Ionov et al. (1992) and
Garrido et al. (2000). Bulk rock trace element concentra-
tions were determined by external calibration, except for
Hf that was calculated using Zr measured by XRF and the
chondritic Zr/Hf ratio. Accuracy of the ICP-MS analyses
was assessed from the results obtained for the international
rock standards GS-N and AC-E, analyzed as an unknown
during the same analytical runs as the Torak granitic
samples.

Results

The studied rocks are all fresh except of greisen TA 22. The
LOI contents vary between 0.86 wt.% and 1.1 wt.% for the
two-mica granite, 0.59 wt.% and 0.82 wt.% for the biotite gran-
ites, and 0.67 wt.% for the alaskite and alkaline granite while
the greisen reaches 1.92 wt.%, which confirms the results
established on the petrographic and mineralogical criteria.
The contents of the different oxides show little variations
from one granitic facies to another. Despite their great homo-
geneity in major elements, we can note in detail some
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Fig. 7 Bulk rock major-element
chemistry of the different granite
facies of the Torak massif. a wt.%
Al,O5 versus wt.% SiO,. b wt.%
Na,O versus wt.%SiO,. ¢ TAS
(total alkalis versus silica)
diagram (Le Bas et al. 1986,
1992). d MALI (Modified Alkali
Lime Index) diagram ((Na,O +
K,0)-CaO vs. wt.% SiO,) (Frost
etal. 2001). e 100*((MgO +
FeOt+Ti0,)/Si0,) versus

(Al,O3 + CaO)/(FeOt +Na,O +
K,0) diagram separating calc-
alkaline and alkaline granitoids
with a third common field for
alkaline granitoids and highly
fractionated calc-alkaline
(HFCA) granitoids (Sylvester
1998). f wt.% SiO, versus wt.%
KO (subdivisions from
Rickwood 1989). g Inverse
agpaitic index A/NK (molar A/
Na + K) versus peraluminous
index A/CNK (molar Al/Ca +
Na+ K) (Shand 1951). h Agpaitic
index A.I (molar (K + Na)/Al) vs.
wt.% SiO, (Liégeois et al. 1998).
The line at 0.87 separates the
alkaline granitoids (above) from
the sub-alkaline granitoids
(Liégeois and Black 1987)

differences. The sum of the alkalis is most often equal to
8 wt.% but it reaches 9.5 wt.% in the alaskite TA 30 and does
not exceed 5.3 wt.% in the greisen. The alaskite is distin-
guished by its high K,0/Na,O ratio of 2.07 while in the other
three facies this ratio is about 1.46 and 1.8 in the greisen (low
Na,O and K,0). Al,O5 decreases slightly during the crystal-
lization (Fig. 7a) while the sodium content, increases progres-
sively in the course of the evolution emphasizing the role of
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plagioclase (albite) during the crystallization (Fig. 7b). In fact,
the Torak massif represents the liquid at the end of crystalli-
zation (group GII b granites; Azzouni-Sekkal and Boissonnas
1993) of the Taessa-Torak complex (see Fig. 2a). Alaskite
shows the highest aluminum content (Al,O; =13.34 wt.%);
however, its abnormal position in the studied rocks is proba-
bly due to leaching of the silica. Indeed, in many “Taourit”
complexes (Azzouni-Sekkal 1989; Azzouni-Sekkal et al.

@ Springer



664 Page 16 of 22

Arab J Geosci (2020) 13: 664

2003), the alaskite represents the liquid at the end of crystal-
lization, with the highest SiO2 contents, contrary to what ap-
pears in Fig. 7 a and b.

In the TAS diagram (Fig. 7c), only alaskite plots above the
sub-alkaline-alkaline boundary. The calculated norm CIPW
[calculated using Kurt Hollocher’s CIPW Norm Excel pro-
gram (http://minerva.union.edu/hollochk/c petrology/index.
html) (Table 4) indicates that all the Torak pluton facies con-
tain normative corundum; they are therefore peraluminous,
with the exception of the alaskite Ta 30; this confirms the
alkaline character of this rock. The contents of orthoclase
and albite are very close, the alaskite and greisen individual-
ized here also by their higher normative orthoclase content
than the albite. The MALI diagram (Frost et al. 2001) (Fig.
7d) indicates that the Torak granites belong to alkali-calcic
series, typical of the post-collisional circular plutons of the
Tuareg shield whereas the greisen plots in the calcic field.
On the other hand, based on the criteria of Sylvester (1998)
(Fig. 7e), the Torak granites are located in the common field of
the high-fractionated calk-alkaline granites (HFCA). The en-
richment in K,O as indicated in the diagram of Rickwood
(1989) (Fig. 7f) allows the Torak massif to be associated with
high potassium calk-alkaline (HKCA) or even shoshonitic
magmatism, well known during the late stage of the Pan-
African orogeny in the Tuareg shield and especially the
Hoggar. The Torak granites are peraluminous (A/CNK > 1)
(Fig. 7g). In the agpaitic index Al versus SiO, diagram (Fig.

7 h) (Liégeois and Black 1987), all rocks are HKCA granites
(AL <0.87). Alaskite TA 30 displays high Al values (AI=0.
91) and projects into the alkaline series field (Fig. 7 h).

Regarding the trace elements compositions, Rb contents
remain relatively high and constant (500 ppm <Rb <
780 ppm). In the diagram reported in Fig. 8a, Ba (23 ppm <
Ba <95 ppm) and Sr (8 ppm < Sr< 18 ppm) show a linear
correlation for the entire sample population, highlighting the
evolution of the series, from biotite granite to alkaline granite
and alaskite, and the fractionation of feldspars. The Torak
granites plot in the field of highly differentiated (alkaline)
granites (EL Bouseily and El Sokkary 1975) (Fig. 8b).

The MORB-normalized diagrams (Fig. 8c) show the same
patterns as the Silet-Taourirt GIIb and Laouni-Taourirt
Baouinet subgroups (Azzouni-Sekkal and Boissonnas 1993,
Azzouni-Sekkal et al. 2003). The positive anomalies in Rb,
Th, Sm, and Y and to a lesser degree Ta and negative anom-
alies in Sr, Ba, P, and Ti and to a lesser degree, Nb highlight
the fractionation of plagioclases, alkaline feldspars, apatite,
ilmenite and/or titanite. The light depletion of Zr and Hf is
linked to the enrichment of Th and Y by isomorphic substitu-
tion allowing crystallization of thorite, xenotime and monazite
accessory minerals in the studied rocks. The Eu/Eu * ratio is
less than 1 and is low due to plagioclase fractionation. The
(La/Sm)N and (La/YDb)N ratios are very low and <2, which
shows that the rare earths are not fractionated. The Torak REE
patterns (Fig. 8d) show little or no fractionation and deep

Fig. 8 Trace elements variations Rb
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Sr versus ppm Ba; b ppm Ba-Sr- 25 - i i b
Rb diagram (EI Bouseily et al., 7] E Amglmfgfa%?: ite
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negative Eu anomalies. This corresponds to tetrad effects on
La—Ce—Pr—Nd and Gd-Tb-Dy-Ho suites of lanthanide ele-
ments (Bau 1996) resulting in gull wing-shaped patterns with
downward concavity as all GIIb Taourirt groups (alaskite and
alkali feldspars granite in Silet-Taourirt, Tamanrasset-
Taourirt, and Laouni-Taourirts, Azzouni-Sekkal et al. 2003).

The use Ta vs Yb diagram (Pearce et al. 1984, Pearce 1996)
(Fig. 9a) indicates that the studied granites have compositions
of within-plate granite (WPG). Torak granites belong to the
post-orogenic granites field on the Al,O5; vs. SiO, plot
(Maniar and Piccoli 1989) (Fig. 9b). In the (Na,O + K,0)/
CaO) vs (Zr + Nb + Ce +Y) (Whalen et al. 1987), Torak gran-
ite project at the limit between the A-type granite field, and the
fields of highly fractionated granites (Fig. 9c). On the other
hand, they project into the field of A-type granites in the
(FeOy/MgO) vs (Zr+Nb+ Ce +Y) (Whalen et al. 1987)

(Fig. 9d). In the ternary plot (Y, Nb, and Ce) (Eby 1992)
(Fig. 9e), Torak granite project in the A2 granitoid group.
The A2 group is generated in post-collisional or post-
orogenic environments with significant crustal contribution.

Comparison with other Taourirt complexes
from Tamanrasset and Laouni regions

The Torak pluton belongs to the Tamanrasset-Taourirt group
(Azzouni-Sekkal et al. 2003). In this area, the GIIb Taourirt
granites are widely spread. The Laouni-Taourirts and the
Tamanrasset-Taourirts intruded the LATEA metacraton. The
Laouni-Taourirts are undeformed and comprise the two com-
plexes Baouinet North and Baouinet South emplaced within
the Laouni terrane east of the 4°50" E shear zone (Zaimen

Fig. 9 a ppm Ta versus ppm Yb

IS ©
(Pearce et al. 1984, Pearce 1996). g Within-plate granite a © % b
b wt.% A1203 versus wt.% Si02 S N Within-plate granite and < IAG+CAG+CCG
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Fig. 10 Micas compositions from Torak granites, Tamanrasset-Taourirt,
and Laouni-Taourirt reported in the M?* = (Fe + Mn + Mg)-Al-Si
diagram (Monier 1987)

1994). The Tamanrasset-Taourirts include large massifs such
as In Tounine, Aheleheg or smaller one such as Tessibent but
also very small massifs made up of albite-topaz mineralized
granites (Cheilletz et al. 1992; Ahmed-Said et al. 1995; Chalal
and Marignac 1997; Kesraoui and Nedjari 2002) correspond-
ing to the most evolved end-members of the Taourirt suite that
were emplaced close to the boundary between Laouni and
Azrou-n-Fad terranes.

The Torak granites and GIIb Taourirt granites show the
same mineralogical compositions, mostly evidenced by the
lack of amphibole and the occurrence of Li-micas and fluorite.
Topaz is absent in the studied Torak granites. However, we
cannot completely exclude its occurrence in the Torak pluton,
considering its occurrence reported by Boissonnas (1974).

Studied micas of Torak compared to both Tamanrasset-
Taourirt (In Tounine, Aheleheg, and albite-topaz mineralized
granites) (Bouabsa 1987) and Laouni-Taourirt (Baouinet
Nord) (Zaimen 1994) show similar composition with the
two groups (Fig. 10). The Torak micas compositions show
the lack of the phlogopite and are plotted midway between
annite and sideropyllite poles (0.956 <XFe<0.990; 2.33 <
A1"Y <2.46). The protholithionite has a similar composition
to the Baouinet while the Torak shows a second group of
composition between zinnwaldite and trilithionite-muscovite
poles, which reflects the aluminum-potassium scheme initiat-
ed by the Tamanrasset-Taourirt micas.

Geochemically most of the granitoids have SiO, content
above 70 wt.%. Torak granites show similar alkali contents
between 8 and 9.5 wt.% to the Tamanrasset-Taourirt and the
Laouni-Taourirt Baouinet North. Torak granites and the two
groups granites are entirely peraluminous (Fig. 11a), all
granitites fall in an area between (CaO/Al,O3),0 =0 and
0.25. The abundance of Sr is roughly correlated with the Eu/
Eu* ratio (Fig. 11b). The Torak granites and the Laouni-
Taourirt Baouinet North are both characterized by a very
low Sr and Eu/Eu*. This indicates a clear role of feldspar in
the differentiation of the Taourirt granitoids. Comparing trace
elements of different magmatic suites shows that the
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Fig. 11 Major and trace elements variations of the Torak granitesp>
compared with the Laouni and Tamanrasset-Taourirt groups granites.
Data for Baouniet North granites (Laouni) form Zaiman (1994) and
from Bouabsa (1987) for Tamanrasset-Taourirt granites. a A/CNK
[AL,O3/(CaO + Na,O + K,0) in molar proportion] versus agpaitic index
[(Na,0O + K,0)/AL,03, in molar proportion] (Azzouni et al. 2003). b Eu/
Eu* versus Sr ppm variation diagram. ¢ MORB-normalized incompatible
element diagrams. MORB values from Sun and McDonough (1989) d, e,
and f Chondrite-normalized REE patterns. Chondrite values from Sun
and McDonough (1989). g Lan/Yby versus Eu/Eu* for the various
compared granites

incompatible element patterns are parallel with the same pos-
itive and negative anomalies. The granites of North Baouinet
are more enriched in Ta (Fig. 11c). The comparison with
Tamanrasset-Taourirt is prevented because of the lack of com-
plete data. Torak granites MORB-normalized REE patterns
are close to the Tamanrasset-Taourirt topaz leucogranites
and Laouni-Taourirt Baouinet Nord (Fig. 11d, e, and f).
Baouinet Nord granites show stronger negative anomalies
(Fig. 11f). These REE characteristics can be summarized in
a diagram Eu/Eu* vs. LaN/YbN (Fig. 11 g). The Laouni-
Taourirt Baouinet North pluton compositions are similar to
the different facies of the Torak granite while the
Tamanrasset-Taourirt topaz leucogranites are similar to the
Torak alaskite.

Discussion and conclusion

Studied granites of the Torak massif are highly differentiated
(DI>96) (Table 04). On the classification diagram, these rocks
are represented by granites and rich K-feldspars granites (alka-
line granites). These granites can be related to the alkali-calcic to
alkaline magmatic series such as those defined for the
“Taourirts” complexes (GIIb) because of the marked similarity
between incompatible element patterns (Fig. 11e, f) of these
rocks with Baouinet Nord granites and Tamanrasset topaz
leucogranites. The samples plot on the boundary of the
metaluminous, peraluminous, and peralkaline fields
(A/CNK = 1.1) and are highly fractionated calk-alkaline granites
(HKCA). Li contents in mica, increase systematically with evo-
lution (Fig. 6¢, Tables 2 and 3) reflecting hydrothermal mag-
matic process causing a supply of volatile elements (Li) at the
end of the crystallization. In addition, seagull wing-shaped REE
patterns due to high REE mobility is caused by F- and Cl-rich
hydrothermal fluids that give sometimes greisens.

Torak granites show high Fe-index (>0.95), post-
collisional granitic affinity, alkali-calcic to alkaline character,
and high REE content with Eu-negative anomalies; this led us
to classify them as A-type granites. The constancy of ratios Zr/
Hf and Ho/Y (Fig. 12a, b) [Ho/Y (0.033+£0.01), Zr/Hf
(27.03)] during the fractional crystallization suggests a single
and homogeneous source for all of the Torak rocks or a
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fractionating assemblage that do not modify these ratios (Sun
and McDonough 1989).

The multi-element diagrams highlight the major role
played by the continental crust in the genesis of the studied
rocks (negative anomalies in Nb and Ti and positive in Th and
Rb). The analyzed samples follow the AFC trend (Fig. 12¢, d).
Indeed the behavior of certain trace elements such as La, Ce,
Yb, or Eu made it possible to highlight the contribution of the
crust in the genesis of Torak rocks. Crustal contamination
affects Th much more than Ta (Th is enriched in the continen-
tal crust) and the “crustal contamination” vector is sub-vertical
(Pearce 1983) (Fig. 12e). The elements Th and Ta are there-
fore normalized with respect to the Yb in order to try to reduce
the effect of partial melting or fractional crystallization and to
better highlight the phenomenon of contamination. In this

diagram, the Torak granites (Fig. 12¢) define a sub-vertical
trend superimposable on that of crustal contamination, already
mentioned by the trend of spiders. It is generally accepted that
contamination mainly increases the concentrations of Th and
Ba, which is the case of Torak granites. The analyzed samples
plot between the calk-alkaline and shoshonitic domain
(Fig. 12e) as already observed in the major elements, since
they are highly fractionated calk-alkaline granites (HFCA).

It is currently admitted that the whole Taourit granites have
the similar mixed deep source (asthenosphere+old lower
crust) and that the most differentiated GIIb Taourirt granites,
have strongly interacted with their country rocks during em-
placement (Azzouni-Sekkal et al. 2003). The Torak granites
and in the light of the results of this study as well as the
similarities they share with the most differentiated GIIb
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Taourirt granites, could have the same source as these latter.
The nature of their country rocks could correspond to the
Eburnean (c. 2 Ga) gneiss of the Tefedest (LATEA). The trace
elements analyses need to be implemented with isotopic data
to better comprehend the nature of the contaminant and pos-
sibly the source of the Torak magmas.

The studied rocks may be related to the post-orogenic to
anorogenic magmatism of the LATEA metacraton accompa-
nied by a tectonic reactivation of the mega-shear zones with
significant hydrothermal fluids circulation. This evolution is
similar to that recently described in the Djanet terrane (570-
540 Ma), which is caused by the collision between the Tuareg
shield and the Murzukian craton (Fezaa et al. 2010). The sit-
uation of the Torak pluton and its NNW-SSE oriented struc-
ture could link its emplacement to the late Ediacaran
intracontinental Murzukian orogenic phase that occurred in
the eastern part of the Tuareg Shield.
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