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Abstract

The Temaguessine high-level subcircular pluton is intrusive into the LATEA metacraton (Central Hoggar) Eburnian (2 Ga) basement
and in the Pan-African (615 Ma) granitic batholiths along a major NW-SE oriented major shear zone. It is dated here (SHRIMP U-Pb
on zircon) at 582 4+ 5 Ma. Composed of amphibole-biotite granite and biotite syenogranite, it comprises abundant enclaves: mafic mag-
matic enclaves, country-rock xenoliths and remarkable Fe-cordierite (#Fe = 0.87) orbicules. The orbicules have a core rich in cordierite
(40%) and a leucocratic quartz—feldspar rim. They are interpreted as resulting from the incongruent melting of the meta-wacke xenoliths
collapsed into the magma: the breakdown of the biotite + quartz assemblage produced the cordierite and a quartz—feldspar minimum
melt that is expelled, forming the leucocratic rim. The orbicule generation occurred at 7' < 850° and P < 0.3 GPa. The Fe-rich character
of the cordierite resulted from the Fe-rich protolith (wacke with 4% Fe,Oj; for 72% SiO,). Strongly negative eng (—9.6 to —11.2), Nd Tpum
model ages between 1.64 and 1.92 Ga, inherited zircons between 1.76 and 2.04 Ga and low to moderately high Is, (0.704-0.710) indicate a
Rb-depleted lower continental crust source for the Temaguessine pluton; regional considerations impose however also the participation
of asthenospheric material. The Temaguessine pluton, together with other high-level subcircular pluton, is considered as marking the end
of the Pan-African magma generation in the LATEA metacraton, resulting from the linear delamination along mega-shear zones, allow-
ing asthenospheric uprise and melting of the lower continental crust. This implies that the younger Taourirt granitic province (535-
520 Ma) should be considered as a Cambrian intraplate anorogenic event and not as a very late Pan-African event.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
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Fig. 1. (A) Tuareg shield terrane map (simplified from Black et al., 1994) and (B) geological map of the southern part of the LATEA metacraton (modified

from Bertrand and Caby, 1977).
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Fig. 2. Magmatic facies of the Temaguessine pluton showing sample locations.

topaz-bearing plutons or small topaz-bearing venues
within larger plutons (535-525 Ma; Azzouni-Sekkal et al.,
2003 and references therein) and some other isolated plu-
tons, among which the Temaguessine pluton.

The Temaguessine granitic pluton is similar to the Tao-
urirt plutons, in that it also has a high-level circular habit
and has a highly potassic composition. It differs from the
Taourirt suite in that it is isolated (Fig. 2), and in the pres-
ence of cordierite orbicules. Only three other occurrences
of cordierite are known in the Tuareg shield granitoids,
but none occur as cordierite orbicules. In Temaguessine,
the nearly spherical cordierite orbicules are composed of
a dark cordierite-bearing core and a light quartz—feldspar
rim. The cordierite is iron-rich, which is not usual in gran-
ites (Clarke, 1995). No other aluminous mineral has been
observed in this granite. In this paper, we present new geo-
chronological, isotopic and geochemical data on this pecu-
liar Fe-cordierite orbicule-bearing pluton, and will
constrain its geodynamical position within the Tuareg

Pan-African orogen, particularly with respect to the other
late plutons. Additionally, we will propose a model for
the genesis of cordierite orbicules within a potassic alkali-
calcic granitic magma.

2. The Tuareg shield and the Azrou n’Fad terrane

The Tuareg shield in Central Sahara extends over more
than 500000 km? in Algeria, Mali and Niger (Fig. 1A).
With a width of 1000 km, it is made of a series of terranes
affected by the Pan-African orogeny (Black et al., 1994)
and is located between the West African craton and the
Saharan metacraton (Abdelsalam et al., 2002). The nature
of these terranes is variable, from juvenile oceanic thrust
terranes generated during the Neoproterozoic (Caby,
2003) to metacratonic Archaean—Palacoproterozoic terr-
anes only slightly affected by the Pan-African orogeny
(e.g. In Ouzzal terrane; Ouzegane et al., 2003). In the centre
of the shield, the composite Archaean/Palaecoproterozoic
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LATEA microcontinent has been squeezed and dissected
by shear zones along which large high-K calk-alkaline
batholiths (Fig. 1B) have intruded (Liégeois et al., 2003).
In LATEA, these batholiths are known in the 630-
600 Ma age range (Bertrand et al., 1986; Liégeois et al.,
2003). In the Tuareg shield, late high-level subcircular plu-
tons with alkaline affinity are present: the large alkaline—
peralkaline Iforas province (Liégeois and Black, 1987),
the c. 555 Ma Tisselliline pluton (Egéré-Aleksod terrane;
Liégeois et al., 2003), and the 535-525 Ma alkali-calcic
Taourirt plutons (Boissonnas, 1973; Cheilletz et al., 1992;
Paquette et al., 1998; Azzouni-Sekkal et al., 2003).

The Azrou n’Fad terrane is one of the terranes constitut-
ing the LATEA metacraton. It is thus made up of an Ebur-
nian gneissic basement overthrust by Pan-African oceanic
material including eclogites (Zetoutou et al., 2004) and
intruded by Pan-African batholiths. It is bound by mega-
shear zones except to the SE, where it is covered by the
Tassilis Ordovician sandstones above an unconformity
(Fig. 1B). It is narrow and elongated along NW-SE direc-
tion. As the other terranes of LATEA (acronym for Lao-
uni, Azrou n’Fad, Tefedest and Egéré-Aleksod terranes;
Fig. 1A), the Azrou n’Fad terrane is made of (1) a base-
ment comprising orthogneisses whose U-Pb ages are
around 2 Ga, and metasediments, both affected by amphib-
olite facies metamorphism (Bertrand et al., 1986); (2) Neo-
proterozoic amphibolite to eclogite-facies rocks thrust on
this basement, that can be correlated with the Tin Begane
region (Fig. 1B) where such units have been dated at c.
685 Ma (Liégeois et al., 2003); (3) large Pan-African high-
K calc-alkaline batholiths comparable to the c. 615 Ma
Anfeg batholith (Bertrand et al., 1986; Acef et al., 2003);
and (4) late generally circular plutons emplaced at shallow
level, among which the Temaguessine pluton.

3. The Temaguessine pluton

The Temaguessine pluton is located in the Tahifet area
of the Azrou n’Fad terrane, 100 km to the SE of Taman-
rasset (Fig. 1B). It is of particular interest as it contains
cordierite orbicules. In the Tuareg shield, this mineral is
only known from three other granitic plutons: cordierite
has been described within the granitic mineral assemblage
of the In Tounine pluton (Boissonnas, 1973 Fig. 1B)
belonging to the Taourirt province (Azzouni-Sekkal
et al., 2003) and in the Tihimatine late pluton within the
In Ouzzal terrane to the west (Fezaa et al., 2005) and in
gneissic xenoliths within the Tin Amzi batholith (Loumi,
pers. comm., 2005).

The Temaguessine pluton (Fig. 2) intrudes: (1) to the
south, the Eburnian basement composed of quartzite, mig-
matitic gneisses, biotite—garnet-sillimanite gneisses, and
amphibolite—pyroxene marbles (Briedj, 1993; Zetoutou
et al., 2004) forming a regional basin and dome structure
(Briedj, 1993) similar to those of the Laouni terrane
(Ouzegane et al., 2001; Peucat et al., 2003; Bendaoud
et al., 2003; Derridj et al., 2003); (2) to the north

(Fig. 3A), the large Azrou n’Fad granitic batholith (bio-
tite—amphibole foliated granite), which is comparable to
the Anfeg batholith, dated at 608 +7 Ma (U-Pb zircon,
Bertrand et al., 1986; recalculated by Acef et al., 2003);
the contact is sharp.

The oval-shaped Temaguessine pluton (11 x 8 km;
Fig. 2) shows two facies: (1) amphibole-biotite granite with
abundant dark and rare light microgranular magmatic
enclaves and (2) biotite syenogranite with centimetre-size

Azrou n'Fad
granitic batholith

—»Z

Biotite syenogranite

®

b

Orbicular cordierite

Fig. 3. (A) Typical outcrops of the Temaguessine granites with the Azrou
n’Fad granitic batholith at the rear; (B) Cordierite orbicules in the biotite
syenogranite; and (C) hectometre-size quartzite xenolith within the biotite
syenogranite.
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orbicules of cordierite (Fig. 3B). The orbicules are distrib-
uted over a surface of about 100 x20 m along a large
quartzite xenolith of the same length (Fig. 3C). The two
granite facies are leucocratic: the normative quartz + feld-
spar are in the range 92-98% for the amphibole-biotite
granite and 96-98% for the biotite syenogranite. The plu-
ton is crosscut by abundant dykes, most being felsic and
NW-SE oriented.

Mineral analyses are given in Table 1A (feldspars), 1B
(amphibole), 1C (biotite), 1D (orthopyroxene) and 1E
(cordierite).

3.1. The amphibole-biotite granite and the mafic
microgranular enclaves ( MME)

The amphibole-biotite granite represents the main facies
of the Temaguessine pluton. It shows coarse- to fine-grained
and often porphyritic textures. It is composed mainly of
quartz, K—feldspar, plagioclase and biotite. Quartz is pres-
ent as large crystals enclosing numerous feldspar and biotite
crystals as well as oxide minerals. The K—feldspar is often of
millimetre- to centimetre-size and has a composition of
0.94 < X,11n < 0.96 (Table 1A). The amphibole has a com-
position of ferro-edenite and hastingsite (Fig. 4B; Table
1B) with Al varying between 1.46 and 1.86. The plagio-
clase is an oligoclase (Any;_59). The biotite shows a ferrifer-
ous character (0.80 < X < 0.54), being close to the annite
pole (Fig. 4A); the total Al varying between 2.30 and 2.35
(Table 1C). Zircon, allanite, titanite and rare oxides (mainly
ilmenite) are the accessory minerals. Secondary chlorite and
epidote can be found in the rock.

The Temaguessine amphibole-biotite granite comprises
abundant light and dark microgranular enclaves. The light
microgranular enclaves show the same mineralogy as the
host granite with a finer grain size. The dark mafic micro-
granular enclaves show a doleritic texture and are com-
posed of plagioclase (andesine-labrador: 0.44 < X,, <
0.64), biotite (0.04 <Al <1.59 and 0.59 < Xg. <0.68)
close to the annite pole as is the case for the amphibole—
biotite granite (Fig. 4A), amphibole (edenite-hastingsite
and Mg-hornblende (0.18 < Xg. <0.63) (Fig. 4B; Table
1D) and orthopyroxene (En: 58.46-65.31; Wo: 3.11-4.21;
Fs: 30.92-37.64; Table 1D), which is an enstatite following
Morimoto et al. (1989).

3.2. The biotite syenogranite and the orbicular cordierite

The biotite syenogranite is less abundant than the
amphibole-biotite granite, and shows the same coarse- to
fine-grained and often porphyritic textures. The plagioclase
is less abundant than K-feldspar and is an oligoclase
(0.18 < XA, <0.29). Biotite is the only dark Fe-Mg min-
eral present in this rock, and forms small crystals. It is
Fe-rich (XE. comprised between 0.82 and 0.70; Table 1C)
and enriched in AIY' (between 0.7 and 1; Fig. 4A), two
characteristics indicating an important siderophyllite com-
ponent (Fig. 4A). Accessory minerals include euhedral alla-

nite, titanite, zircon and opaque crystals. Chlorite and
epidote are the main alteration minerals. This facies does
not contain MME but, by contrast, bears orbicular
cordierite.

The orbicular cordierites are large spherical (10 cm in
diameter or more) enclaves (Fig. 3B) composed of about
half cordierite, the other half being composed of quartz,
plagioclase (oligoclase An,y—An,g), biotite ghosts that have
the same composition as the biotite from the biotite granite
(Table 1C; Fig. 4A, C, D) and very rare K—feldspar. The
cordierite crystals are generally limpid, euhedral, without
any refractory inclusions and show irregular micro-cracks.
Chemical analysis of this cordierite shows high FeO (14—
17%) and low MgO (1.5-2.3%) contents with an Xg. com-
prised between 0.79 and 0.80 (Table 1E). The cordierite
orbicules are always surrounded by a quartz—feldspar cor-
ona, 2-3 cm thick. These observations indicate that the
cordierite is not in equilibrium with the granitic liquid,
and so it is not a primary phase of the magma.

Although the main chemical variation in the cordierite is
the replacement of Mg by Fe*?, iron-rich cordierite is rare
in nature. We have compiled a series of cordierite Fe# pres-
ent in magmatic rocks from the literature (Fig. 4E). Most
of them have an Fe# (Fe/(Fe + Mn + Mg), molar propor-
tion) between 0.4 and 0.5. The only cordierite richer in Fe
than that of Temaguessine (Fe# = 0.87) is the cordierite of
the Rubicon rhyolite (Fe# 0.98, Australia; Birch and Glea-
dow, 1974). There the Fe-cordierite is considered to result
partly from the breakdown of biotite during anatexis lead-
ing to the crystallization of garnet, opx and Fe-cordierite,
present in the rhyolite as residual phases. Cordierite is
known within the LATEA gneissic assemblage in the Lao-
uni area, to the west of Temaguessine (Guiraud et al.,
1996). However, this cordierite is Mg-rich (Fe# = 0.29)
precluding the hypothesis that the Temaguessine cordierite
is directly coming from the country-rocks.

3.3. Dykes

Several dykes crosscut the Temaguessine pluton. They
show a main NW-SE orientation. In the field, they corre-
spond to dark rocks with blue-greenish colour to clear grey
patina. They have a gabbroic composition: plagioclase,
amphibole (brown and green hornblende) and pyroxenes.
Their petrographical features are similar to those of the
mafic microgranular enclaves.

4. Biotite typology of the Temaguessine pluton

The biotite of the two granitic facies of the Temagues-
sine pluton are well distinguished by the Al"! content, close
to 0 in the amphibole-biotite granite and in the enclaves
and between 0.7 and 1 in the biotite granite and in the cor-
dierite orbicule (Fig. 4A; siderophyllite component). As
their AI'Y is comparable in all facies, this difference can
be also observed in the Al,, content of their biotite
(Fig. 4C; Nachit et al., 1985): (1) the biotite from the biotite



Table 1A
Selected analyses of feldspars from the Temaguessine pluton
Facies  Biotite granite Amphibole-biotite granite Enclaves
Ech. T12 TI2 T12 T3-31 TI2 TI12 T3-49 T3-50 T3-52 T8-87 T8-90 TI4-54 TI14-55 T3-30 Ede Ede Ede Ede Ede Ede T8e T8e T8e T8e T8e T8e E7e
37 34 33 34 36 54 55 56 10 12 13 14 15 16 81 82 83 84 85 88 3
SiO, 6492 65.1 61.55 59.62  63.06 63.82 639 6497 63.09 6253 6386  56.81 59.84 592 52,02 5125 5221 5247 52.64 52.33 53.62 56.49 53.03 58.21 5428 5411 5325
TiO, 0 0.03 0 0.01 0 0 0.02 0.01 0 0.02  0.04 0.24  0.01 0.02  0.005 0.106 0.133 0.005 0.158 0.082 0.09 0.06 0.02 0.06 0.02 006 0
AL O4 18.69 1847 2499 2324 2393 2441 18.61 18.62 18.15 18.66 18.76  27.33 22.8 2394 29.15 2998 29.17 29.01 2834 2949 2974 27.03 29.12 2648  29.64 28.89 25.13
FeO 0.01 0.08 0.13  0.07 0 0.13  0.11 0.08 0 012 0 033 0 0.03 0421 0.281 0414 0.161 1.132 0453 0.21 0.14 0 0.23 0.03 052  0.563
MnO 0.04 0.05 0 0 0.05 009 0 0 0.09  0.05 0.05 002 0 0 0 0.048 0 0.074  0.023 0.007 013 0 0 0 0.05 0 0
MgO 0 0 0 0.01 0.02 0 0 0 0 0 0.01 0.01 0.01 0.02 0.1 0.007 0.095 0.018 0.292 0.18 0.05 0 0.07 0 0.03 0.14 0313
CaO 0.05 0.04 5.96 5.43 4.81 3.55  0.02 0.01 0.05  0.02  0.08 9.03 5.47 586 13.04 13.02 1209 1197 1127 9.2 1187  9.19 12.01 8.38 11.59  10.89 13.92
Na,O 0.56 0.4 7.8 79 8.08 8.18  0.18 048  0.21 1.91 3.06 5.98 7.36 772 4167 4241 4662 4832 4745 4587 462 623 444 6.6 477 504 4709
K,O 16.12 16.14 0.38  0.42 0.5 0.4 16.44 16.17  16.53 13.6 12.3 027 0.8 0.25  0.148 0.132  0.249 0.299 0.525 2.003 0.17 027 0.19 0.26 0.14 03 0.377
Total 100.4 100.3 100.9  96.69 100.4 100.6  99.28 1003 98.12 9691 98.15 100 96.28  97.02 9897 99.06 98.94 98.82 98.87 98.17 100.5  99.41 98.82 100.2 100.5  99.83  97.99
Si 6.375 6.395 5782 5.842 5.919 5.581  6.359 6382 6366 6.323 6.34 5439 5885 5782 5.097 5024 5111 5142 5162 5.158 5.152 5446 5172 5.548 5.197 5224 5.674
Al 2.161 2.137 2765 2.682 2645  2.514 2.181 2.154 2,157 2222 2193 3.081 2641 2754 3363 3.461 3363 3.347 3273 3.423 3365 3.069 3345 2972 3342 3285 3.154
Ti 0 0.002 0 0.001 0 0 0.001 0.001 0 0.002 0.003  0.017 0.001 0.001 0 0.008  0.01 0 0.012  0.006  0.007 0.004 0.001 0.004  0.001 0.004 0
Fe?* 0.001 0.007  0.01 0.006 0 0.01 0.009  0.007 0 0.01 0 0.026 0 0.002 0.034 0.023 0.034 0.013 0.093 0.037 0.017 0.011 0 0.018  0.002 0.042 0.05
Mn 0.003 0.004 0 0 0.004  0.007 0 0 0.008 0.004 0.004  0.002 0 0 0 0.004 0 0.006  0.002  0.001 0.011 0 0 0 0.004 0 0
Mg 0 0 0 0.001 0.003 0 0 0 0 0 0.001 0.001  0.001  0.003 0.015 0.001 0.014 0.003 0.043 0.026  0.007 0 0.01 0 0.004 0.02  0.05
Ca 0.005 0.004 0.6 0.57 0484  0.333 0.002  0.001 0.005 0.002 0.009 0926 0.576 0.613 1369 1368 1269 1257 1.184 0972 1.222 0949 1.255  0.856 1.189  1.126  1.589
Na 0.107 0.076 1.437  1.501 1.471 1.387 0.035  0.091 0.041 0374 0.589 1.11 1.404 1462 0.792 0.806 0.885 0.918 0.902 0877 0.861 1.165 0.84 1.22 0.886 0943 0.973
K 2.019 2.023 0.046 0.053  0.06 0.045 2.087  2.026 2.128 1.754 1.558  0.033 0.1 0.031  0.018 0.017 0.031 0.037 0.066 0252 0.021 0.033 0.024  0.032  0.017 0.037 0.051
Cations  10.67 10.65 10.64  10.66 10.59 9.877 10.67 10.66  10.71  10.69 10.7 10.64 10.61 10.65 10.69 10.71 10.72 10.72 10.74 10.75 10.66  10.68  10.65 10.65 10.64 10.68 11.54
Ab 5 3.6 69 70.7 73 78.6 1.6 43 1.9 176 273 53.6 675 694 363 36.8 405 415 419 417 40.9 54.3 39.6 57.9 424 4438 372
An 0.2 0.2 288 268 24 18.9 0.1 0 0.2 0.1 0.4 248 2717 29.1 628 624 381 56.8 55 46.3 58.1 42 592 40.6 56.8 53.5 60.8
Or 94.7 96.2 22 2.5 3 2.5 983 957 979 823 723 2.6 4.8 1.5 0.8 0.8 1.4 1.7 3.1 12 1 1.5 1.1 1.5 0.8 1.8 2
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Table 1B

Selected analyses of amphibole from the Temaguessine pluton

Granite Enclaves

N° ech. T11-16 TI11-16 TI11-16 T3-21 T8-25 T8-25 T8-25 T8-25 E2 E2 E2 E3 E3 E3 E7e T8e T8e T8e Ede Ede Ede

N° anal. 43 44 57 65 82 25 30 40 33 34 35 11 14 6 89 13 20 22 51 67 61

SiO, 38.86 39.27 38.08 38.17 37.82 38 39.73  40.09 4236 4049 42.05 40.81 4129 422 4722 4514 43.09 42.69 4293 4271 4449
TiO, 1.263 1.571 0972 0956 0.814 1.133  0.934 1.349 1.87 1.95 2.06 1.54 1.64 1.89 1.42 1.57 1.96 1.89 220 201 1.53
Al,O3 9.228 9.116 9.612 9.655 9.564 9.16 9.836 9.143  8.87 9.33 8.85 8.5 8.5 8.22 587 691 8.47  8.01 827 832 738
FeO 27.41 27.5 27.55 2823 2779 2856 29.66 27.78 23.85 2595 243 26.83  27.69  26.26 16.88 22.81 22.61 23.01 23.55 2243 22.87
Cr,03 0 0.167 0 0 0.022 0 0.012 0.041 0.06 0 0.05 0 0.08 0.02 0.00 0.03 000 0.14 005 0.00 0.06
MnO 0.465 0.48 0.589 0.5 0.739  0.567 0.684  0.051 0.59 0.55 0.62 0.62 0.4 0.52 029 037 038 0.51 044 045 032
MgO 3.402 3.644  3.23 3.154 291 3.092 3235 3164 6.49 4.72 6.13 4.69 4.5 5.32 1237 7.60 6.67 7.01 6.65 6.78 7.82
CaO 10.2 10.23 10.46 10.32 10.47 10.54  10.96 10.7 10.68 10.77 10.66 10.91 10.67 10.59 1143 1086 10.84 11.47 10.77 10.87 10.97
Na,O 1.868 1.76 1.696  1.729 1.77 1.771 1.883 1.961 1.64 1.58 1.54 1.77 1.64 1.7 1.03 1.30 1.58 1.43 1.60 1.47 1.31
K,O 1.349 1.35 1.436  1.437 1.543 1.497 1.489 1.417 1.38 1.27 1.32 1.29 1.31 1.22 0.50 0.72 1.08 1.05  0.98 1.01 0.75
F 1.104 0.562 0436 0.153 0.155 0.806 1.104  0.484  0.39 0.44 0.62 0.63 0.66 0.26 0.19 027 005 0.00 036 0.11 0.16
Cl 0.18 0.2 0.235 0.174 0.228  0.231 0.208  0.024 0.21 0.25 0.18 0.2 0.26 0.21 0.10 0.08 023 0.10 0.18 0.11 0.06
Total 95.32 95.69 9429 9448 938 9536 99.73  96.15 98.33 973 98.33 9779  98.56 9839 97.28 97.62 96.96 97.17 97.93 96.28 97.66
Si 6.389 6.369  6.307  6.281 6.309 6.284 5632 6.523 6.526 6.408 6.504 6475 6483 6.558 698 6.89 6.69 662 6.62 6.67 6.77
AllV 1.611 1.631 1.693 1.719 1.691 1.716 1.642 1.477 1474  1.592 1.496 1.525 1.517 1.442 1.02 1.11 1.31 1.38 1.38 1.33 1.23
AlVI 0.176 0.11 0.182 0.153 0.189  0.067 0 0.275 0.135 0.146 0.116 0.063 0.054 0.063 0.00 0.13 024 009 0.12 020 0.09
Cr 0 0.021 0 0 0.003 0 1.343  0.005 0.007 0 0.006 0 0.01 0.002 0.00 0.00 0.00 0.02 0.01 0.00 0.01
Fes 0.65 0.729  0.707  0.838  0.651 0.749  0.707 0.223  0.611 0.589 0.639 0.579 0.714 0.654 0.70 0.54 031 038 0.52 0.38 0.67
Ti 0.156 0.192  0.121 0.118 0.102  0.141 0.1 0.165 0217 0.232 0.24 0.184 0.194 0.221 0.16 0.18 023 022 026 024 0.18
Mg 0.834 0.881 0.798 0.774 0.724  0.762 0.684  0.768 1.491 1.114 1413 1.109 1.053 1.233 2.72 1.73 1.54 1.62 1.53 1.58 1.77
Fe, 3.118 3.001 3,109 3.047 3227 3.201 2.084 3557 2462 2846 2.505 2981 2.921 2.759 1.38 237 262 261 2.51 2.55 224
Mn 0.065 0.066  0.083  0.07 0.104  0.079 0.082 0.007 0.077 0.074  0.081 0.083  0.053 0.068 0.04 0.05 0.05 0.07 0.06 006 0.04
Ca 1.796 1.777 1.856  1.819 1.871 1.867 1.665 1.865 1.763 1.826 1.767 1.855 1.795 1.763 1.81 1.78 1.80 1.91 1.78 1.82 1.79
NaB 0.204 0.223  0.144  0.181 0.129  0.133  0.335 0.135 0.237 0.174 0.233 0.145 0.205 0.237 0.19 022 020 0.09 022 0.18 0.21
Na 0.392 0.331  0.401 0.37 0444 0435 0.183 0484 0.253 0.311 0228 0399 0.294 0276 0.11 0.16 028 034 026 026 0.18
K 0.283 0.279  0.303 0302 0.328 0316 0.269 0.294 0.271 0.256  0.26 0.261 0.262 0242 0.09 0.14 021 0.21 0.19 020 0.15
Cations 15.68 15.61 15.71 15.67 15.77 15.75 15.45 15.78 15.52 15.57 15.49 15.66 15.56  15.52 1520 1530 1549 1555 1545 1547 15.32
XMg 0.21 0.23 0.2 0.2 0.18 0.19 0.25 0.18 0.38 0.28 0.36 0.27 0.26 0.31 0.66 042 037 038 038 038 044
XFe 0.79 0.77 0.8 0.8 0.82 0.81 0.75 0.82 0.62 0.72 0.64 0.73 0.74 0.69 034 058 063 062 062 0.62 0.56
Ti temp. 732 777 683 678 654 711 650 743 806 823 832 767 779 811 733 762 820 810 849 828 756
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Table 1C

Selected analyses of biotite from the Temaguessine pluton

Facies Biotite granite Orbicule Amphibole-biotite granite Xenolith Enclaves

N°samp Ela T12 TI12 T12 T12 T12 TI12 T12 T12e E7 E7 E7 T8 T8 T8 T8 T14 Tl4 T10e TI10e TI10e Ede Ede Ede Ede T8¢ T8 T8e
Neanal. 28 1 15 17 22 25 28 30 12 3 7 8 31 39 26 27 40 43 14 15 23 49 50 83 85 7 23 56
SiO, 34.93 3523 3468 36.52 34.18 3498 3372 347 34.73 34.64 3517 3553 3531 3459 3446 33.12 359 3574 3446 34.72 343 3541 352 3489 3524 35.84 3543 3483
ALO; 17.24 18.77 19.06 19.78 19.57 19.4 19.28 1949 18.59 1347 1346 1333 1276 12.68 12.7 13.19 1343 13.09 1293 1326 13.14 12.89 1295 13.12 1286 12.94 13.11 13.05
TiO, 2.65 3.37 3.85 3.52 3.1 3.17 2.64 32 3.69 4.02 4.77 4.87 4.14 3.63 3.7 3.23 4.1 4.26 363 378 3.5 5189 5504 5.062 4.89% 4838 5.09 S5.11
FeO 2472 2344 2441 2377 2614 2559 2772 2719 2397 2445 2425 2324 3077 2843 2944 3194 2036 2098 27.27 27.59 27.23 26.17 2628 2651 2559 2524 2524 23.68
MnO 0.43 0.58 0.29 0.36 0.54 0.47 0.26 0.27 0.32 0.24 0.34 0.22 0.34 0.26 0.21 0.42 0.22 0.24 044 052 042 0227 0.13 0.076 0.178 0.08 0.27 0.22
MgO 5.68 3.17 3.1 3.59 3.37 3.25 3.32 3.16 3.27 9.3 8.5 8.82 4.58 4.42 4.55 4.64 9.61 9.43 471 474 442 7103 6974 6854 7294 7.67 74 7.39
CaO 0 0.03 0.07 0.06 0 0.03 0.06 0 0.08 0 0.06 0.01 0.06 0.03 0.01 0.06 0.03 0.19 0.04 007 003 0 0.07 0.077 0.109 0 0.06 0.05
Cr,04 0 0 0.11 0 0 0.21 0.05 0 0.08 0 0.04 0 0 0.04 0.07 0.05 0.02 0.09 0.04 0.13 004 0 0.124  0.061 0.035 0 004 0
Na,O 0.16 0.16 0.16 0.23 0.16 0.15 0.07 0.08 0.17 0.1 0.12 0.18 0.09 0.11 0.06 0.11 0.15 0.11 0.07 0.08 0.06 0.1 0.086 0.053 0.071 0.11 0.17 0.11
K,0 9.08 944 925 946 923 922 918 929 9.14 873 966 9.2 892 9.04 821 6.68 9.09 905 872 883 938 882 929 9.1 8.562 9.06 89  9.17
F 0.93 1.11 0.82 0.87 0.4 0.28 0.32 0.27 0.31 0.49 0.85 0.4 0.54 0.67 0.3 0.44 0.51 0.45 0.51 061 031 0237 0.368 008 0322 0 051 0
Cl 0.15 0.13 0.21 0.17 0.12 0.15 0.12 0.15 0.13 0.12 0.13 0.14 0.14 0.21 0.1 0.21 0.02 0.07 028 023 0.2 0.199 0.087 0.136 0.16 0.14 0.17 0.11
Total 95.97 9543 96.01 9833 96.81 96.9 96.74 978 94.48 9556  97.35 95.86 97.65 94.11 93.81 94.09 9344 93.7 93.1 9456 93.03 96.35 97.06 96.02 9531 9596 96.39 93.72
Si 5.498 5.546 5435 5535 5333 5420 5303 5.363 549 5470 5490 5555 5.625 5.696 5662 5483 5672 5656 5.69 565 568 557 552 552 559 562 557 558
AlIV 2.502 2454 2565 2465 2.667 2580 2.697 2.637 251 2.507 2.476 2445 2375 2304 2338 2517 2328 2344 231 235 232 239 2.39 245 2.40 238 243 242
AlIVI 0.696 1.029 0.955 1.068 0.932 0963 0.876 0913 095 0.000 0.000 0.011 0.021 0.157 0.121 0.057 0.173 0.097 0.21 0.20 0.24 0.00 0.00 0.00 0.00 0.01 0.00 0.04
Cr 0.000 0.000 0.014 0.000 0.000 0.026 0.006 0.000 0.01 0.000 0.005 0.000 0.000 0.005 0.009 0.007 0.002 0.011 0.0l 0.02 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00
Fe 3.254 3.086 3.199 3.013 3411 3316 3.646 3.514 3.17 3229 3.166 3.039 4.100 3915 4.045 4422 269 2777 3.77 376 3777 3.44 3.45 3.51 3.39 331 332 317
Mg 1.333 0.744 0.724 0.811 0.784 0.751 0.778 0.728 0.77 2,189 1978 2.055 1.088 1.085 1.114 1.145 2263 2224 116 1.15 109 1.67 1.63 1.62 1.72 1.79 1.73 176
Mn 0.057 0.077 0.038 0.046 0.071 0.062 0.035 0.035 0.04 0.032  0.045 0.029 0.046 0.036 0.029 0.059 0.029 0.032 0.06 0.07 0.06 0.03 0.02 0.01 0.02 0.01 0.04 0.03
Ti 0.314  0.399 0454 0401 0364 0369 0312 0372 044 0.477 0.560 0.573 0.496 0.450 0.457 0402 0487 0.507 045 046 044 0.61 0.65 0.60 058 0.58 0.60 0.62
Y 5.653 5336 5.384 5339 5561 5487 5.653 5562 5.38 5927 5753 5706 5750 5.649 5.775 6.091 5645 5.648 566 566 560 5.75 5.76 5.74 5.73 569 5.69 5.62
Ca 0.000 0.005 0.012 0.010 0.000 0.005 0.010 0.000 0.01 0.000 0.010 0.002 0.010 0.005 0.002 0.011 0.005 0.032 0.0l 0.01 0.01 0.00 0.01 0.01 0.02 0.00 0.01 0.01
Na 0.049 0.049 0.049 0.068 0.048 0.045 0.021 0.024 0.05 0.031 0.036 0.055 0.028 0.035 0.019 0.035 0.046 0.034 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.03 0.05 0.03
K 1.823 1.896 1.849 1.829 1.837 1.823 1.842 1.832 1.84 1759 1924 1819 1.813 1.899 1.721 1411 1.832 1.827 184 183 198 177 186 184 1.73 1.81 1.78 187
F 0.463 0.553 0.406 0.417 0.197 0.137 0.159 0.132 0.15 0.245 0.420 0.198 0.272 0349 0.156 0.230 0.255 0.225 0.27 0.31 0.16 0.12 0.18 0.04 0.16 0.00 0.25 0.00
Cl 0.040 0.035 0.056 0.044 0.032 0.039 0.032 0.039 0.03 0.032 0.034 0.037 0.038 0.059 0.028 0.059 0.005 0.019 0.08 0.06 0.06 0.05 0.02 0.04 0.04 0.04 0.05 0.03
X 1.872 1.950 1.909 1906 1.885 1.873 1.873 1.855 191 1.789 1970 1.875 1.851 1.939 1.742 1457 1.883 1.893 187 1.87 200 180 190 187 177 184 185 1.92
Cations  15.525 15.285 15293 15.246 15.447 15360 15.526 15.418 15.29 15.694 15.689 15.581 15.601 15.588 15.517 15.548 15.528 15.541 15.52 15.53 15.60 15.52 15.57 1558 1550 15.54 15.53 15.53
X Mg 0.291 0.194 0.185 0.212 0.187 0.185 0.176 0.172 0.20 0.404 0.385 0.403 0.210 0.217 0.216 0.206 0457 0.445 024 0.23 022 033 0.32 0.32 0.34 0.35 034 0.36
XFe 0.709  0.806 0.815 0.783 0.813 0.815 0.824 0.828 0.80 0.596 0.615 0.597 0.790 0.783 0.784 0.794 0.543 0.555 0.76 0.77 0.78 0.67 0.68 0.8 0.66 0.65 0.66 0.64
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Table 1D

Selected analyses of orthopyroxene from the Temaguessine pluton

Sample E4-el-1 E4-el-2 E4-el-5 E4-el-6 E4-el-7 E4-el-8 E4-el-9 T8E-1 T8E-3 TSE-4
Si0, 52.941 52.558 52.62 51.841 51.499 51.766 51.118 52.69 52.22 52.63
TiO, 0.567 0.504 0.394 0.554 0.454 0.605 0.617 0.49 0.43 0.5
AL O3 1.523 1.493 1.393 2.105 1.717 1.466 1.466 1.7 1.83 1.73
FeO 20.827 21.945 19.822 19.43 20.554 22.422 22.323 20.02 20.79 20.34
Cr,05 0.197 0.304 0.225 0.324 0.243 0.196 0.232 0 0.13 0.22
MnO 0.318 0.363 0.433 0.293 0.382 0.484 0.44 0.12 0.41 0.26
MgO 22.24 21.324 22.667 22.924 22.48 21.097 21.736 22.95 22.31 22.38
CaO 1.773 1.602 1.867 1.678 1.679 1.766 1.811 1.79 1.53 1.69
Na,O 0 0 0 0.036 0.039 0 0.028 0.04 0.03 0.02
K,O 0 0.023 0 0 0 0 0.023 0 0 0.01
Total 100.39 100.12 99.42 99.19 99.05 99.8 99.79 99.8 99.68 99.78
Si 1.96 1.962 1.958 1.928 1.926 1.942 1.912 1.949 1.943 1.955
AllV 0.04 0.038 0.042 0.072 0.074 0.058 0.065 0.051 0.057 0.045
AlVI 0.026 0.028 0.02 0.021 0.002 0.007 0 0.024 0.023 0.031
Ti 0.016 0.014 0.011 0.016 0.013 0.017 0.017 0.014 0.012 0.014
Cr 0.006 0.009 0.007 0.010 0.007 0.006 0.007 0.000 0.004 0.006
Mg 1.227 1.187 1.258 1.271 1.253 1.180 1.212 1.266 1.238 1.240
Fe, 0.645 0.685 0.617 0.604 0.643 0.704 0.698 0.619 0.647 0.632
Mn 0.010 0.011 0.014 0.009 0.012 0.015 0.014 0.004 0.013 0.008
Ca 0.070 0.064 0.074 0.067 0.067 0.071 0.073 0.071 0.061 0.067
Na 0.000 0.000 0.000 0.003 0.003 0.000 0.002 0.003 0.002 0.001
K 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Ca 3.602 3.290 3.793 3.426 3.405 3.604 3.635 3.620 3.115 3.455
Mg 62.863 60.939 64.077 65.132 63.442 59.901 60.697 64.583 63.191 63.665
Fe, Mn 33.535 35.771 32.130 31.442 33.153 36.495 35.668 31.797 33.694 32.880
WO 3.602 3.290 3.793 3.426 3.405 3.604 3.635 3.620 3.115 3.455
EN 62.863 60.939 64.077 65.132 63.442 59.901 60.697 64.583 63.191 63.665
FS 33.535 35.771 32.130 31.442 33.153 36.495 35.668 31.797 33.694 32.880

8LI-EST (L00T) 6F $22Ua1dS YD UDILYY fo jpuinof | ‘v 32 yvjvpqy "N

191



Table 1E

Analyses of cordierite from the orbicules in the Temaguessine pluton

Sample Tel2-1 Tel2-2 Tel2-3 Tel2-4 Ele-5 Ele-6 Ele-7 Ele-8 Ele-9 Ele-10 Ele-11 Ele-12 Ele-13 Ele-14 Ele-15
SiO, 45.94 44.76 46.11 45.6 453 45 44.94 42.14 44.42 45.16 44.76 44.66 44.65 43.02 45.87
TiO, 0.00 0.00 0.08 0.01 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.01
AlLO; 30.79 28.56 30.26 30.52 28.23 28.15 28.33 26.73 28.64 27.72 28.56 28.69 28.14 28.49 29.14
Cr,03 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 0.00 0.00
FeO 14.70 16.92 14.94 14.39 17.59 17.53 16.14 14.86 17.50 16.53 16.92 17.79 16.48 17.34 16.13
MnO 0.99 0.96 1.32 0.85 1.143 0.94 1.12 0.69 0.96 1.61 0.96 0.91 1.08 1.02 0.94
MgO 2.36 1.78 2.4 2.31 1.538 1.53 22 1.66 1.78 1.89 1.78 1.54 2.04 1.86 2.33
CaO 0.07 0.09 0.12 0.07 0.106 0.12 0.06 0.39 0.16 0.1 0.09 0.23 0.11 0.19 0.06
Na,O 1.15 1.37 1.24 0.98 1.405 1.38 1.22 0.57 1.37 1.32 1.37 1.37 1.33 0.87 1.38
K,0 0.03 0.01 0.03 0.57 0.076 0.02 0.63 4.24 0.04 0.04 0.01 0.07 0 1.77 0.04
Total 96.03 94.45 96.5 95.3 95.43 94.68 94.64 91.28 94.87 94.37 94.45 95.31 93.83 94.56 95.90
Si 5.03 5.06 5.04 5.04 5.09 5.09 5.07 5.03 5.02 5.12 5.06 5.03 5.08 4.94 5.08
Al 3.79 3.80 3.90 3.97 3.73 3.75 3.76 3.76 3.81 3.70 3.80 3.80 3.77 3.85 3.80
Ti 0.00 0.00 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
Fe, 1.34 1.6 1.36 1.33 1.65 1.66 1.52 1.48 1.65 1.56 1.6 1.67 1.56 1.66 1.49
Fes 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 0.00 0.00
Mn 0.09 0.09 0.12 0.08 0.1 0.09 0.1 0.07 0.09 0.15 0.09 0.08 0.1 0.09 0.08
Mg 0.38 0.3 0.39 0.38 0.25 0.25 0.37 0.29 0.3 0.31 0.3 0.25 0.34 0.31 0.38
Ca 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.05 0.01 0.01 0.01 0.02 0.01 0.02 0.00
Na 0.24 0.3 0.26 0.21 0.3 0.3 0.26 0.13 0.3 0.29 0.3 0.29 0.29 0.19 0.29
K 0.00 0.00 0.00 0.08 0.01 0.00 0.09 0.64 0.00 0.00 0.00 0.01 0.00 0.25 0.00
Total 11.09 11.17 11.12 10.77 11.18 11.17 11.21 11.47 11.21 11.17 11.17 11.2 11.17 11.35 11.16
XFe 0.8 0.8 0.8 0.7 0.9 0.9 0.8 0.8 0.9 0.8 0.8 0.9 0.8 0.8 0.8
100 * Xpgq 21 15 21 21 13 13 19 16 15 15 15 13 17 15 19
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Fig. 4. Selected mineralogical characteristics from the Temaguessine rocks: (A) Composition of the Temaguessine biotite after Guidotti, 1984. (B)

compositions of the Temaguessine amphiboles after Leake et al. (1997); (C) Mg-Al, diagram (Nachit et al.,

1985) of the biotites from the different

Temaguessine facies compared with those of the Anfeg batholith (Hoggar, Acef et al., 2003); (D) Mg-Al, diagram (Nachit et al., 1985) of the biotites from
the Temaguessine biotite syenogranite compared with those of the Tar¢ouate pluton (Morocco, Barbey et al., 2001), the Beni-Toufout and Filfila plutons
(Northern Algeria, Ouabadi, 1994) and the El-Pilon pluton (Argentina, Rapela et al., 2002); and (E) Comparison of the Xg. values of the Temaguessine
cordierite with other cordierite-bearing lithologies in Hoggar and other rocks in the world having Fe-rich cordierite (See above mentioned references for

further information).

syenogranite and from the cordierite orbicule is highly alu-
minous (Al between 2.3 and 3.5), plotting at the bound-
ary between the peraluminous and the calc-alkaline granite
fields; (2) the biotite from the biotite—-amphibole granite is
much less aluminous and plot in the alkali-calcic field or
even in the alkaline field for the less magnesian group.
The latter have an Al content similar to the biotite of
the Anfeg batholith (Acef et al., 2003), but lower Mg con-

tent (MgO < 1.5), indicating an alkaline affinity, in agree-
ment with the general characteristics of the Hoggar late
circular plutons (Azzouni-Sekkal et al., 2003; Bonin
et al., 1998; Liégeois and Black, 1987). The T14 xenolith
whose REE indicate that it came from the enclosing
Anfeg-type batholith (see below), has the biotite with the
highest Mg content, i.e. the closest to the Anfeg biotite
compositions.
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c The Temaguessine biotites have been compared with
Tglemovovoormorovormarongon®g three other comparable granites, either because they
comprise cordierite (Northern Algeria; Argentina) or
ecause of a similar geotectonic settin orocco).
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at pressures <0.4 GPa or can crystallize from peralumi-
nous granitic melts in a pressure range of 0.1-0.2 GPa.
In their study of the contact metamorphism of the Man-
aslu granite (Central Nepal), Guillot et al. (1995) used
the absence of Fe-cordierite in the staurolite-bearing
gneisses to deduce that the pressure remained above
0.32 GPa during granite emplacement based on the reac-
tion Grt+ Crd = St+ Bi, occurring at this pressure
(Thompson, 1976).

The Ti in amphibole thermometer for calcic amphiboles
(Féménias et al., 2006) gives a large temperature range
between 650 and 830 °C (Table 1C). Considering the tita-
nite often associated with the amphibole, the lower calcu-
lated temperatures reflect most probably a late magmatic
reequilibration. The initial magmatic temperature can thus
be considered to have been at 800-830 °C. This is con-
firmed by the zircon saturation thermometer in whole rock
(Watson and Harrison, 1983) that gives temperatures
between 780 and 850 °C.

The richness in iron of the cordierite is attributed to a
relatively low pressure and high water content (Birch and
Gleadow, 1974; Harley et al., 2002). The absence of alman-
dine and sillimanite within the Temaguessine Fe-cordierite
orbicules indicates a pressure <0.3-0.4 GPa (Skippen and
Gunter, 1996) or most probably <0.25 GPa at 800 °C
and <0.2 GPa at 700 °C (Pattison et al., 1996). On the
other hand, the Fe-biotite can generate Fe-cordierite at
0.3 GPa/750 °C and at 0.4 GPa/800 °C (Pattison et al.,
1996). The composition and the environment of the Tema-
guessine cordierite strongly suggest that they are rich in

165

H,O (probably 1.6-1.8% H,O; Harley et al., 2002), which
would explain in part the fact that the sums of the Tema-
guessine cordierite analyses are around 96% (Table 1).
These P-T conditions are close to the 650-700 °C and
0.3 GPa estimation for the retrogression/hydration
observed in the LATEA basement in response to the
emplacement of the Anfeg-type granitic batholiths (Gui-
raud et al., 1996).

We can then consider that the Temaguessine pluton
emplacement and the generation of the cordierite orbicules
occurred at about 800 °C and 0.2-0.3 GPa.

6. U-Pb zircon geochronology of the Temaguessine pluton
6.1. Analytical techniques

The U-Pb dates have been obtained on the ion micro-
probe (Perth Consortium SHRIMP-II) from the Geochro-
nological laboratory of the Curtin University of
Technology in Perth, Western Australia. The zircons have
been polished together with the zircon standards CZ3 and
TEMORA-2 (U=551 ppm, ca. 120 ppm, ages= 564,
418 Ma, respectively; Black et al., 2004; Pidgeon et al.,
1994). The mounted zircons were analyzed under the fol-
lowing conditions: cycles of 7 scans, primary O®~ beam
of ~2 nA, spot size of ~25 um with a mass resolution of
about 5000. The data have been reduced following the pro-
cedure described by Nelson (1997) using the software
SQUID (Ludwig, 2001). U/Pb ratios and U concentrations
of the samples have been normalised to the TEMORA-2

T .
o 1 Temaguessine pluton (F13)
0.10r £ \ 14 zircons (2 outliers)
E \ Regression to common “’Pb/*Pb= 0.876 +0.015
5 ‘+ 582 +5 Ma; MSWD = 1.4
XY
0.09r \ (not considered)
. e
I\, 038 | ™PbFU
N ! Inherited zircons
0.08 —— 0% | =ppph ages
i 0.34 >
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‘ .
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Fig. 5. U-Pb zircon SHRIMP Concordia diagram for the Temaguessine granite (Terra-Wasserburg diagram for the Pan-African zircons, normal

Concordia diagram for the Palacoproterozoic zircons).
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" —
B

1834 Ma

Fig. 6. Internal structures of the studied zircons with the SHRIMP spots. The white bar represents 100 pm in all pictures. The indicated ages are

206pp /2381y ages.

and CZ3 standards, respectively. The ages have been calcu-
lated using the Isoplot/Ex, version 3.31 software (Ludwig,
2003). The results are given in Table 2. Considering the low
204pb amount and consequent larger errors on this isotope,
we prefer to use for these relatively young samples uncor-
rected °’Pb/?*°Pb and 2°°Pb/***U ratios for display in a
Tera-Wasserburg diagram and regressed the points
towards calculated common Pb (Stacey and Kramers,
1975) for the age of the sample. The uncorrected data do
show a small and expected drift to ancient common Pb,
indicating that the regressions are valid, even when most
data plot close to Concordia.

6.2. U-Pb zircon age results

Twenty spots have been measured in the zircons of the
Temaguessine pluton, both in the cores and rims of the zir-
con crystals. Fourteen rims and cores define an age of
582 +£5Ma (MSWD = 1.4; Fig. 5), cight of which are
nearly concordant and have a very low common lead con-
tent (<0.02% 2°°Pb; Table 2); the other spots have a com-
mon *°Pb proportion between 0.023% and 1.370%. This
age is considered as the age of emplacement of the Tema-
guessine pluton. A large dark crystal (spot 10) gives an
older age of 609 + 10 Ma. This age corresponds to that
of the Anfeg batholith (608 +7 Ma; Bertrand et al.,
1986; recalculated by Acef et al., 2003; Fig. 1), similar to
the nearby Azrou n’Fad batholith and could then represent

a zircon xenocryst from an equivalent at depth of this bath-
olith. The high content in U (3422 ppm) and in Th
(3672 ppm) of this zircon (in the absence of bright U-Th
inclusions in the cathodoluminescence picture; Fig. 6)
could shed some doubts on the meaning of this age; how-
ever, the fact that this spot is concordant and recorded
no common Pb within error limits suggests this age can
be considered as meaningful. A single rim (spot 14r) gave
a young age (468 + 10 Ma) but is relatively discordant
(0.58% common 2°°Pb). This age corresponds to the begin-
ning of the deposition of the Tassilis Ordovician sandstone.
A similar young age has already been evidenced by a good
11 WR Rb-Sr isochron (482 + 11 Ma, MSWD =0.72;
Azzouni-Sekkal et al., 2003) for the Teg’Orak Taourirt plu-
ton. This was interpreted as a result of the fluid circulation
that occurred during the reactivation of the shear zones
and the initiation of the Tassilis deposition (Beuf et al.,
1971). Finally, four spots are yielding older ages:
207pp/?°°Ph  ages are 17604+ 56 Ma (spot 15c),
1874 + 12 Ma (spots 17¢c and 18¢) and 2039 +40 Ma (spot
16c). Ages in the range 1.85-1.90 Ga (Peucat et al., 2003)
and around 2 Ga (Bertrand et al., 1986) are known in the
LATEA basement. No ages of c. 1.76 Ga are known but
one must note that the ages on the LATEA basement are
very scarce and that an age of 1755 + 10 Ma is known in
the basement of western Hoggar (Caby and Andreopou-
los-Renaud, 1983). These different old ages can then be
ascribed to the source of the Temaguessine granite.



Table 3

Whole-rock geochemistry (major and trace elements) for the Temaguessine pluton

Amphibole-biotite granite MME Dykes Biotite syenogranite Orbicule

T3 T6 T11 T14 E4 E9 T8E Edel E3-el E7e S T9 T13 TS T4 T12 Ela Ele
SiO, 73.15 71.05 69.07 68.8 73.39 74.29 58.25 57.6 53.98 49.62 58.67 60.88 54.71 71.19 79.28 74.01 73.33 67.95
TiO, 0.28 0.52 0.78 0.63 0.2 0.7 1.7 1.74 1.65 1.22 0.84 1.01 0.76 0.35 0.28 0.18 0.16 0.14
AlLO5 13.37 13.17 12.8 15.1 13.06 15.8 14.85 15 15.29 15.99 15.5 14.86 15.19 14.23 9.87 13.97 13.61 15.81
Fe, 05t 2.56 3.78 6.45 3.45 2.43 5.42 9.7 10.82 11.22 10.53 8.06 7.78 8.22 2.79 2.43 1.78 1.84 9.76
MnO 0.02 0.03 0.06 0.04 0 0.05 0.12 0.15 0.18 0.15 0.13 0.1 0.14 0.02 0.02 0.03 0 0.45
MgO 0.25 0.54 0.85 1.13 0.2 0.74 2.78 2.8 3.45 6.5 3.63 2.85 5.92 0.37 0.27 0.21 0.22 0.94
CaO 1.34 1.49 2.04 2.49 1 2.74 5.15 5.58 6.61 8.84 6.24 4.66 8.17 1.49 1.12 0.9 0.99 0.74
Na,O 2.57 23 2.72 3.39 2.56 2.84 291 2.9 3.06 2.55 2.73 2.64 2.85 2.65 2.03 2.82 2.81 1.38
K,0 5.81 6.06 3.96 4.11 6.2 5.93 3.09 2.8 3.17 2.32 3.14 3.53 2.11 5.87 3.85 5.77 5.44 1.02
P,0Os 0.01 0.12 0.19 0.16 0 0.17 0.56 0.42 0.34 0.24 0.14 0.22 0.09 0.14 0.08 0.06 0.06 0.1
Loss 0.48 0.83 0.97 0.69 0.77 0.74 0.88 0.53 0.94 2.14 1.42 1.36 1.72 0.81 0.59 0.7 1.33 1.45
Total 99.84 99.89 99.89 99.99 99.81 99.42 99.99 100.3 99.89 100.1 100.5 99.89 99.88 99.91 99.82 100.4 99.79 99.74
As 1.07 0.81 0.73 0.76 1.12 1.44 1.26 1.07 0.65 0.84 0.77 0.66 0.82 1.31 1.29 0.83 1.71
Ba 538 687 297 1570 456 1863 1026 1224 575 696 333 530 174 874 330 399 363 110
Be 2.88 1.85 4.64 3.24 3.14 2.09 2.53 2.06 2.54 1.42 1.72 2.36 3.54 3.46 2.41 7.55 2.7 1431
Bi 0.15 0.43 0.08 0.08 0.65 0.14 0.09 0.13 0.33 0.32 0.1 0.08
Co 3.1 6.06 8.31 8.59 2.67 8.66 25.6 27.6 335 43.6 25.1 24 34.3 3.73 2.9 1.61 2.25 5.13
Cr 14.8 21.4 13.6 479 349 385 68 324 159 159 268 34.7 347 9.6 20.2 17 158 1066
Cs 6.57 3.57 6.69 1.77 3.64 2.79 3.31 1.68 2.19 1.03 5.87 4.44 435 4.74 5.35 10.6 10.2 93
Cu 21.9 10.5 7.3 38.2 41.6 52.1 12.5 16.3 23.7 7.3 11.1
Ga 224 21 28.9 25.7 20.4 26.5 24.5 23.6 21.9 18.7 19.4 21.3 18.7 233 17.4 25.1 21.3 458
Ge 1.7 1.43 2.05 1.6 1.53 1.37 1.61 1.79 1.9 1.66 1.55 1.67 1.82 1.48 1.39 1.99 1.71 2.17
Hf 7.9 9.5 18.1 6.81 6 14 10.3 8.07 6.81 3.28 4.64 5.8 3.09 7.96 7.38 5.08 5.53 4.12
Mo 0.63 0.77 1.57 0.41 11.8 12.3 2.07 9.84 5.93 1.61 8.54 0.75 0.84 0.24 0.47 0.27 5.25 34.5
Nb 17.6 17.7 37.3 8.41 12.5 225 30.4 26.8 31 14.9 9.47 23.7 6.69 21 16.4 16.1 16.9 18
Ni 9.5 8.1 10 229 25.3 20.8 79.6 11.7 14.9 39.3 5.5 20.6
Pb 18.6 27.1 21.6 29.8 26.5 27.3 223 16.1 14.6 6.19 13.5 17.6 7.25 31.8 22.7 41.1 38.7 7.99
Rb 236 172 240 147 251 177 146 101 112 72.4 133 100.3 118 210 190 306 306 128
Sn 3.98 3.32 591 222 2.83 2.38 2.41 1.68 2.07 2.29 3.87 2.42 13.4 2.09 3.59 10 4.55 1.63
Sr 99.3 121 89.7 533 74 238 381 341 249 398 285 266 212 157 68.5 75.2 86.3 49.9
Ta 1.73 1.25 2.65 0.78 1.24 1.27 2.08 1.85 2.25 1.07 0.87 1.82 0.6 2.49 1.53 2.35 2.7 5.57
Th 40.5 222 85 17 33.6 30.2 13.2 9.11 8.17 2.84 14.2 17.4 10.6 35.5 37.1 33.1 33.7 25.5
U 5.57 2.25 6.78 2.59 4.16 3.98 2.79 3.34 1.76 0.63 2.19 2.6 1.81 5.55 4.86 6.46 7.88 7.38
v 10.1 22.7 26.6 339 16.8 37.4 106 119 127 1.57 154 86 172 15.3 8.1 3.7 104 313
W 1.12 0.8 0.65 0.28 11.6 12.5 1.55 8.89 4.67 2.19 9.2 3.93 5.62 0.56 1.04 1.37 5.84 34.8
Y 373 35.5 71.3 12.5 31.2 49.5 439 40.7 40.7 23.1 28.8 34.6 24.9 36.9 28.2 21.3 32 233
Zn 432 50.8 90.6 74.9 29.7 60.8 127 128 136 98.9 76.3 824 113 343 38.5 45.5 21.4 87.8
Zr 279 357 599 280 202 580 439 350 272 133 162 221 118 287 245 163 166 118
La 106 127 306 77.8 86.6 214 79.9 65.7 45.8 24.1 52.1 70 33 98.6 74.4 73.9 60.2 54.9
Ce 200 245 603 143 164 350 163 128 98.4 49.3 106 138 65.1 190 145 153 121 118
Pr 21.3 25.6 60.6 14.6 17 39.2 18.9 14.9 12.7 5.88 11.4 15 7.13 19.8 16.2 17.5 12.7 12.8
Nd 74.2 88.3 198 49.5 56.1 130 73.3 60.6 50 22.6 39.1 51.8 25.5 67.5 55.4 62.7 44.3 44.5
Sm 12.3 13.6 31 6.38 10.2 19.1 13.5 11.2 10.3 4.59 7.02 9.11 4.79 10.7 9.37 11.1 8.19 8.76
Eu 0.94 1.18 1.02 1.50 0.76 2.19 2.54 248 1.64 1.48 1.19 1.46 0.92 1.31 0.67 0.67 0.64 0.31
Gd 9.09 9.6 20.5 4.04 7.07 13.6 10.9 9.64 8.98 4.71 6.01 7.57 4.81 8.52 7.05 7.16 6.15 5.51
Tb 1.31 1.36 2.77 0.527 1.1 2.05 1.5 1.37 1.28 0.702 0.923 1.08 0.745 1.21 0.96 0.952 1.02 0.818

(continued on next page)
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Table 3 (continued)

Biotite syenogranite Orbicule

TS

Dykes

MME
TSE

Amphibole-biotite granite

T3

Ela Ele

TI12
4.76

T4

T13
4.36

T9

E7¢

E3-el
7.46

Edel
7.48

E4 E9

T14
2.69
0.45
1.17
1.15
0.17
0.17
1.04
303

TI1

T6

4.39

5.32
1.01
3.06
3.08
0.48
0.42
3.35
255

5.62

7.07
1.3
3.53
3.67
0.55
0.53
1.06
414

6.3

5.31
1.07
2.88
2.64
0.40
0.44
0.81
236

3.96

8.73
1.51
3.94
3.87
0.60
0.59
0.85

9.17
1.73
4.78
4.15
0.75
0.59
0.98
791

5.71
1.11
2.92
2.64
0.47
0.38
1.03
356

13.7

7.45
1.36
3.42
3.23
0.51
0.46
1.01

528

7.23
1.28
3.53
3.28
0.55
0.48
1.03

441

Dy

0.743
2.01

0.744
1.9
1.79
0.27
0.27
1.12

337

0.985
2.76
2.69
0.44
0.39
1.03
322

0.852
2.3

1.22
3.23
3.24
0.50
0.45
0.89
309

0.814
2.16
2.13
0.34
0.33
0.70
123
7.6

1.37
3.96
3.75
0.62
0.56
0.75
247
8.3

1.46
3.82
3.47
0.62
0.52
0.84

311

2.38
6.42
5.74
0.94
0.88
1.03

Ho

Er

1.86
0.34
0.28

243
0.36
0.36
0.70
153
9.2

Yb

Tm

Lu
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—
—
—

A/CNK
~REE

268

383

1253
36.0

N
o
—

18.7 27.9 19.9

18.2

14.6

13.3

22.2 34.8 14.0 12.8

45.7

21.8 26.6

LaN/ YbN

1.27
0.27

1.58

0.13

1.75
0.21

1.61 1.56 1.62 1.49 1.56 1.48 1.43 1.33 1.19 1.20 1.41 1.20 1.32 1.46
0.12 0.84 0.26 0.40 0.62 0.71 0.51 0.96 0.55 0.52 0.58 0.41 0.24

0.30

1.52
0.26

Dyn/Lun
Eu/Eu*

7. Geochemistry
7.1. Analytical techniques

7.1.1. Major and trace elements

Seventeen representative samples (Table 3) of different
granitic facies have been analyzed at the CRPG, Nancy,
France using ICP-AES (major elements) and ICP-MS
(trace elements). See the CRPG website for details. Major
elements have been recalculated to 100 wt% on a water-free
basis. The most important ratios discussed in the paper
have been added in Table 3.

7.1.2. Sr—Nd isotopes

After acid dissolution of the sample in a beaker or in a
pressure vessel if any solid was present after centrifugation,
and Sr and Nd separation on ion-exchange resin, Sr isoto-
pic compositions have been measured on Ta simple fila-
ment (VG Sector 54), Nd isotopic compositions on triple
Ta-Re-Ta filament (VG Sector 54) in the Section of Iso-
tope geology of the Africa Museum, Tervuren. Repeated
measurements of Sr and Nd standards have shown that
between-run error is better than 0.000015 (20). The
NBS987 standard has given a value for ®'Sr/%Sr of
0.710267 £ 0.000005 (26 on the mean of 12 standards, nor-
malised to ¥Sr/*®Sr = 0.1194) and the Rennes Nd standard
a value for "*Nd/"**Nd of 0.511959 + 0.000006 (20 on the
mean of 24 standards, normalised to '**Nd/'*Nd =
0.7219) during the course of this study. All measured ratios
have been normalised to the recommended values of
0.710250 for NBS987 and 0.511963 for Nd Rennes stan-
dard (corresponding to a La Jolla value of 0.511858) based
on the 4 standards measured on each turret together with
16 samples. Decay constant for S’Rb (1.42x 107! a~!
was taken from Steiger and Jiger (1977) and for '*’Sm
(6.54x 107'2 a~!) from Lugmair and Marti (1978). Results
are given in Table 4.

7.2. Major and trace elements geochemistry

As a whole, the Temaguessine forms a monzonitic suite:
MME and dykes are monzodiorite, quartz—monzodiorite
and quartz-monzonite, the amphibole-biotite facies is both
monzo- and syenogranitic while the biotite facies is only
syenogranitic (Fig. 7A). The mafic and intermediate
enclaves and dykes are metaluminous, the amphibole—bio-
tite is moderately peraluminous and the biotite syenogra-
nite slightly more peraluminous (Fig. 7B). The reference
cordierite-bearing granites used for the biotite composition
are much more peraluminous, having A/CNK ratios
between 1.15 and 1.40 (Fig. 7B). By contrast, the cordie-
rite-free Targouate pluton (Barbey et al., 2001) is compara-
ble to Temaguessine. The slight peraluminous character of
the Temaguessine pluton does not prevent it to be high-K
calc-alkaline, alkali-calcic or even shoshonitic (Duchesne
et al., 1998), the latter characteristic being shared by the
Pilon pluton (Fig. 7C). Except the intermediate dykes,



Table 4

Sr and Nd isotopic ratios for the Temaguessine pluton

TDM

TCHUR
1379
1340
1585
1551

20

143Nd/1%Nd
0.511764
0.511740
0.511734
0.511772
0.512061
0.511890
0.511880
0.511739
0.511770
0.511820

147G /144Nq

0.1002
0.0947
0.1099
0.1118
0.1228
0.1086
0.1064
0.0959
0.1023
0.1118

Nd

Sm

12.3

Sri(582)
0.71323
0.71167
0.70556

20

87 /565y
0.770658
0.776358
0.787655
0.718204
0.711558
0.710239
0.719056
0.742370
0.777012
0.790782

STRb/50Sr
6.920
7.795
9.893
0.858

Sr

Rb

ENd,582
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the Temaguessine pluton is mostly ferriferous, by contrast
with the other cordierite plutons (Fig. 7D). The cordierite-
rich dark centre of an orbicule is characterized by a high
quartz content (Fig. 7A), a very high A/CNK value
(3.35, Fig. 7B), a low K,O content (Fig. 7C) and a strong
ferriferous character (Fig. 7D), in agreement with the
abundant presence of Fe-cordierite.

The different facies of the Temaguessine plutons display
similar REE patterns and spidergrams, taking into account
their different silica contents (Fig. 8A—C). The Temagues-
sine biotite granite (Fig. 8A) is moderately enriched in
REE and fractionated, with rather flat HREE and a pro-
nounced negative Eu anomaly. It is remarkable that the
REE pattern of the cordierite dark centre of the analyzed
orbicule is similar to the biotite granite, the differences
being a less important enrichment in REE and a deeper
Eu negative anomaly. Three amphibole-biotite granite
samples (Fig. 8B) are similar to the biotite granite; two
other samples are strongly more enriched. Sample T14 is
strongly different and looks very much like the REE pat-
tern of the Anfeg batholith (Acef et al., 2003). This sample
is thus most likely a xenolith from the nearby Azrou n’Fad
batholith (Fig. 2). Except sample E7¢, the MME and dykes
(Fig. 8C), display similar REE patterns: mildly enriched in
REE, slightly enriched in LREE, rather flat HREE and a
negative Eu anomaly. Sample E7¢ has nearly no Eu anom-
aly but does not have the high La/YDb ratio of the Azrou
n’Fad xenolith T14. All spectra share a common signature:
(high REE content and Layn/Yby in the 1040 range),
which likely point to a cogenetic origin and evolution.

The N-MORB-normalized spidergrams of Temagues-
sine granitoids (Fig. 8D, E) show remarkably similar pat-
terns. They display an enrichment in LILE and negative
anomalies in Ba, Nb, Ti and P; in a normal magmatic dif-
ferentiation process, the negative anomaly observed for Sr,
Ba, P and Ti can be ascribed to the fractionation of plagio-
clase, K-feldspar, apatite and ilmenite and/or titanite,
respectively.

The mafic microgranular enclaves and dykes (Fig. 8F)
have patterns roughly similar to those of the granites but
they are slightly more enriched in LILE and present a weak
negative anomaly in P and Ti.

The trace elements patterns in the Temaguessine gran-
ites are comparable to the Silet Taourirt *GIII’ (Azzouni-
Sekkal et al., 2003) composition (Fig. 8G, H). The Tema-
guessine pluton is more enriched than the Taourirt GI
and than the Anfeg batholith, which has particularly low
HREE (cf. the attribution of sample T14 to the Azrou
n’Fad batholith). The Taourirt magmatic province repre-
sents the youngest post-collisional igneous event in the
Tuareg shield (530-525 Ma; Cheilletz et al., 1992; Fig. 1B).

7.3. Sr—Nd isotopes
The Sr and Nd isotopic ratios have been calculated back

to 582 Ma, the crystallization age (U-Pb zircon) of the
Temaguessine pluton.
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The biotite—amphibole granite and the biotite syenogra-
nite show the same variation in Nd and Sr initial isotopic
ratios (Table 4): eng values vary between —9.9 and —11.2
and between —9.7 and —10 and Ig, values vary between
0.705 and 0.713 and 0.704 to 0.710, respectively. The micro-
granular enclaves have eyg values ranging from —5.6 to
—10.6 and Ig, values from 0.707 to 0.711. eng and Ig, of
the dykes are —8 and 0.709 respectively. It must be noted
that an errorchron can be calculated with 7 samples (exclud-
ing the dyke and one MME): 559 +44 Ma, Is, =
0.7116 4+ 0.0042, MSWD = 7.7. Within error limits (quite
large here) this age is identical to the zircon age
(582 4+ 5 Ma) implying that the obtained /g, (0.707-0.716)
encompasses most of the initial variability in Sr isotopes
of the Temaguessine pluton. The two lower I, of the gran-
ites Ela (0.7049) and E4 (0.7056) cannot be considered to
indicate a more juvenile batch due to their high Rb/Sr ratio
(around 10, inducing a high uncertainty on their individual
Ig,); the I, of dyke S (0.6990), which has a moderate Rb/Sr
ratio (around 1) is too low and indicates a later perturbation
that may be due to alteration. This is confirmed by the eng
of this sample, close to the value of the other dyke T9.

8. Genesis of the orbicular Fe-cordierite from the
Temaguessine pluton

The occurrence of cordierite in granitoids should be
interpreted according to petrographical observations since

chemical discrimination is often impractical. In his compi-
lation, Clarke (1995) petrographically defined three types
of cordierites, each having a different origin: the type 1 cor-
responds to inherited cordierite (xenocrystic or restitic)
near the host country rocks or within xenoliths. This is
the case of the Alpine cordierite-bearing granites of north-
ern Algeria (Ouabadi, 1994; Fourcade et al., 2001). The
type 2 corresponds to magmatic cordierite crystallizing
either directly from the silicate magma or from a reaction
between the magma and a pre-existing mineral. In this case,
the cordierite crystal is often euhedral and inclusion-free.
The type 3 is late metasomatic cordierite in equilibrium
with a water-rich fluid phase. The cordierite crystals are
often associated with quartz and show graphical texture.

Orbicular cordieritites (Gordillo, 1979; Schreyer et al.,
1979) in granitic rocks are very scarce. They were first
reported by Mathias (1952) in the Upington granite, South
Africa and are composed of 63% porphyric cordierite. Such
cordieritites are now well known in peraluminous (leu-
co)granites, e.g. those of the Central Iberian Massif (Ugi-
dos, 1988).

In the Temaguessine biotite syenogranite, the Fe-cordie-
rite orbicules are unusually large spherical enclaves (10—
20 cm in diameter). They are distributed over a surface of
a few hundred square metres around a 100-m-long quartzite
xenolith. The occurrence of the orbicules within the granite
resembles the massive and orbicular cordieritites of the El
Pilon granite, Argentina (Rapela et al., 2002). However,
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several differences between the El Pilon and the Temagues-
sine granites emerge: (1) the El Pilon granite is strongly
peraluminous whereas the Temaguessine granite is moder-
ately peraluminous; (2) in the El Pilon granite, the cordierite
orbicules are egg-shaped (10-30 cm), show a cumulate
aspect and are surrounded by a corona that is composed
of biotite + sillimanite. In the Temaguessine biotite syenog-
ranite, the orbicules are spherical with a corona composed
of quartz and feldspar and no sign of cumulate is observed.
(3) The cordieritites of the El Pilon granite are composed of
cordierite + biotite + sillimanite while those of Temagues-
sine comprise cordierite, quartz and scarce phantoms of
Fe-biotite flakes largely transformed into Fe-cordierite.

The Temaguessine cordierite is not of type 3 (metaso-
matic) as it is included in an orbicule itself in the granite
where no trace of fluid activity is recorded. It is not of mag-
matic origin as it is clearly in disequilibrium with the gra-
nitic magma (quartz—feldspar rim). It is not restitic as no
expected high-grade minerals are present. It cannot be a
true xenocryst as the cordierite known in the country-rocks
is Mg-rich (Guiraud et al., 1996) and not Fe-rich as in the
Temaguessine orbicules (Fig. 4E).

Table 5
Calculations from the chemistry of the cordierite orbicule

The only solution is to consider that the Temaguessine
cordierite crystallized inside a xenolith within the granitic
magma. This is sustained by (1) the reaction rim around
the cordieritites; (2) destabilised Fe-biotite inclusions in
cordierite, now only seen as ghosts; both observations sug-
gesting an important recrystallization within the orbicule;
(3) the Temaguessine granite is not peraluminous enough
to generate the cordierite; and (4) the presence of a mega-
xenolith of quartzite (Fig. 3C) suggests that the roof of
the pluton collapsed into the magma, rendering the pres-
ence of numerous smaller xenoliths of all size in the vicinity
very likely, particularly if the exploding xenolith model of
Clarke et al. (1998) is taken into account. As we did not
find gneissic xenoliths in the vicinity of the orbicules, this
means that the explosion process achieved completion.
With this model, three questions arise: what are the reac-
tions and the P-T conditions at the origin of the cordierite?
What is the origin of the felsic rim? What was the nature of
the protolith of the xenolith?

The biotite ghosts suggest that the formation of cordie-
rite is related to the dehydration—melting of biotite accord-
ing, as mentioned in the Velay anatectic massif (Dupraz

A. Calculation of the mineral composition of a cordierite orbicule from the chemistry

An29 calculated Crd
Qtz Plag Or Bt Crd assemblage orbicule Difference
Ech T12-33 T12-36 T12e Ele Ele
Si02 100.00 61.55 65.10 34.73 44.66 67.34 67.95 -0.61
TiO2 0.03 3.69 0.05 0.35 0.14 0.21
Al203 2499 1847 18.59 28.69 16.10 15.81 0.29
FeOt 0.13 0.08 23.97 17.79 9.36 9.76 -0.40
MnO 0.05 0.32 0.91 0.40 0.45 -0.05
MgO 3.27 1.54 0.92 0.94 -0.02
CaO 5.96 0.04 0.05 0.23 0.73 0.74 -0.01
Na20 7.89 0.40 0.17 1.37 1.41 1.38 0.03
K20 0.38 16.14 9.14 0.07 1.05 1.02 0.03
% phase 39.0 10.6 1.0 9.0 40.4
Q' Q' 77.08
B. Calculation of the chemical composition of the protolith of the cordierite orbicule
leucocratic rim
Crd orbicule | An19 | calculated
assemblage Qtz Plag Or assemblage
Minimum 3 kbar 30 47 23 CIPW norm
Sio2 67.95 100.00 63.82 65.10 72.02 Qz 40.13
TiO2 0.14 0.03 0.06 Co 6.90
Al203 15.81 24.41 18.47 15.76 Or 16.33
FeOt 9.76 0.13 0.08 4.15 PI 31.98
MnO 0.45 0.09 0.05 0.22 PIANn 5.59
MgO 0.94 0.00 0.39 PlAb 26.39
Ca0 0.74 3.55 0.04 1.28 Hy 1.11
Na20 1.38 8.18 0.40 2.86 Mt 1.95
K20 1.02 0.40 16.14 2.69 Il 0.09
% phase 42.0 17.4 27.3 13.3 Hm 1.21
A/ICNK 1.58 Ap 0.30
Q' 45.4
ANOR 25.5 = (grey)wacke

An orbicule 10 cm in diameter with a leucocratic rim of 1.25 cm is made, in volume,

of 42% of the central cordierite-rich core and of 58% of the leucocratic rim
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and Didier, 1988), to the reaction biotite + plagio-
clase + Al,Os = KAISi;Og + cordierite + melt (P<04
GPa and 7° <850 °C; Le Breton and Thompson, 1988).
These P-T conditions are compatible with the Temagues-
sine pluton. The reaction, which is an incongruent melting,
implies a peraluminous protolith and produces a melt,
which could then form the leucocratic rim. We suggest that
in the case of the Temaguessine pluton, the melt is expulsed
from the partially molten xenolith by filter pressing due to
the magma pressure. A simple mass balance calculation
shows that this model is tenable (Table 5). First, using
the composition of the cordierite from the centre of the
orbicule (sample Ele) and the composition of plagioclase,
K-feldspar and biotite from sample T12, it is possible to
build a mineralogical assemblage (40% cordierite, 39%
quartz, 11% plagioclase, 9% biotite and 1% K-feldspar)
in agreement with the rough mode of the orbicule. This
demonstrates the validity of the chemical analysis. Second,
this analysis can be used to build the chemical analysis of
the protolith by adding the correct proportion of a
quartz—feldspar melt corresponding to the felsic rim. We
took here, as an approximation, the composition of a min-
imum melt at 0.3 GPa (30% quartz, 47% plagioclase
(Anyy), 23% K-feldspar). Taking an orbicule of 10 cm in
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Fig. 9. Srand Nd isotopic data for the Temaguessine granites and for other
granites from the Tuareg shield: Taourirt granites (Azzouni-Sekkal et al.,
2003), Anfeg batholith (Acef et al., 2003), Laouni ultrabasic-basic (UB-B)
complex (Cottin et al., 1998), Gour Oumelalen granitoids (Liégeois et al.,
2003) and Renatt syenogranite (Liégeois et al., 1994). (A) &nd(ss2aa) VS-
(87Sr/86sr)i(582Mn)l (B) end(ss2aa) vs. Nd Tpy model ages.

diameter with a leucocratic rim of 1.25 cm, this implies,
in volume, 42% of the cordierite-rich core and 58% of the
leucocratic rim. With these proportions, the calculated
assemblage has (normative) 40% quartz, 32% plagioclase,
16% K—feldspar, 7% corundum and a few percent of other
minerals (Table 5). This is equivalent to a composition of a
peraluminous greywacke.

We can thus propose (Fig. 11) that the Temaguessine
cordierite orbicule resulted from the collapse of a wacke
into the granitic magma at a temperature of about
800 °C and at a pressure of ¢. 0.3 GPa, which induced its
incongruent melting and in turn induced (1) the expulsion
of the felsic melt produced by the magma overpressure
which crystallized around the unmelted part of the xeno-
lith, forming the felsic rim and (2) the solid product of
the incongruent melting of the xenolith became highly
peraluminous (A/CNK = 3.35), with abundant cordierite
(40%) which is Fe-rich (Fe# = 0.87) due to the fact that,
in the orbicule, all the iron of the protolith (4%; Table 5)
is concentrated in the cordierite.

We must, however, consider the fact that the biotite
from the biotite syenogranite is also rich in iron (Fig. 4A)
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Fig. 10. (A) Ba/Sr vs. Rb/Sr diagram (Sylvester, 1998) showing that most
of the Temaguessine granites are located between calculated psammite and
pelite-derived melts; two samples plot in direction of the basalt compo-
sition. AnF = Azrou n’Fad. (B) CaO/Na,O vs. Al,03/TiO, (Sylvester,
1998) showing that the Temaguessine granites plot between the 0.5 and
1 GPa trends at temperatures between 900 and 980 °C, at a distance from
the field of the natural plagioclase (pl)-poor pelite vapour absent melting.
Same legend as in A.
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and in alumina (Fig. 4A, C). This can be explained by two
opposite possibilities: (1) the complete assimilation of smal-
ler xenoliths similar in composition to the Fe-wacke at the
origin of the orbicules adds iron which is incorporated
within the biotite; (2) the Fe-biotite crystallized only from
the granitic magma itself enriched in iron and some mixing
occurred between the granitic magma and the melt gener-
ated in the xenoliths; the iron which is not incorporated
in the quartz—feldspar melt is integrated in the crystallizing
cordierite. There are no definite arguments in favour of one
or other of these models, but taking into account the sharp
contact between the granite and the leucocratic rim around
the orbicules, we favour the first interpretation.

9. Genesis of the Temaguessine magma

The similarity of the geochemistry (Fig. 8) of all the
Temaguessine facies (amphibole-biotite granite, biotite

Roof collapse

syenogranite, MME, dykes) indicates that they share a
common history. The Temaguessine Sr—Nd isotopic ratios
(Is; = 0.704-0.710 and &ng between —9.6 and —11.2) dis-
play a variation that can be interpreted as a variable incor-
poration of a material coming from an Eburnian upper
crust. When compared to other granites from LATEA,
most of the Temaguessine granites Sr—Nd isotopic initial
ratios are located at the lower end of the Anfeg batholith,
i.e. with relatively radiogenic Sr for a given eng (Fig. 9A);
two samples are located more to the left at the lower end
of the Laouni basic-ultrabasic trend (Cottin et al., 1998),
close to the upper end of the Gour Oumelalen granitoids
(Liégeois et al., 2003). The main Temaguessine trend indi-
cates that the crustal pole in its genesis corresponds to a rel-
atively enriched (Rb undepleted) continental crust known
to be the source of an end-member of the Renatt granite
(Liégeois et al., 1994, 1998; Fig. 9A). The inherited zircons
dated suggest that this continental crust is Eburnian in age
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Fig. 11. Genesis of the Temaguessine pluton and of the cordierite orbicules. (A) In a deep magma chamber (0.7-0.8 GPa), intrusion of basic magma from
the mantle induces the partial melting of the continental crust. The two magmas moves upward and partly mingle, forming the MME and the mafic dykes;
light microgranular enclaves (LME) represent marginal facies detached from the contact with the country-rocks; blocks and particles of all sizes from the
country-rock roof collapse into the magma. (B) The gneissic xenoliths are affected by partial melting and recrystallization due to the high temperature
(>900 °C) and the pressure (c. 0.3 GPa), some of them being transformed in cordierite orbicules.
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(c. 2 Ga). Nd Tpym model ages of all samples vary from
1.64 to 1.92 Ga (Fig. 9B), at the lower end of both the
Anfeg batholith and Taourirt plutons Ty bracket. These
parameters point to a large participation of the Eburnian
continental crust in the genesis of the Temaguessine pluton
but also to some participation of mantle (asthenospheric)
material.

The high K,O content points to a pelite or psammitic-
derived melt composition: this is shown in the Ba/Sr vs.
Rb/Sr diagram (Fig. 10A; Sylvester, 1998). Although most
Temaguessine granites are moderately peraluminous, they
do plot in the strongly peraluminous field (A/
CNK > 1.10) compiled by Sylvester (1998). Most Tema-
guessine granites fall between the calculated pelite- and
psammite-derived melts (Sylvester, 1998 and references
therein); two granites correspond to the calculated psam-
mite-derived melt (TS5 and T6) and one (E9) requires the
addition of a basaltic component; the orbicule cordierite-
rich core is close to the calculated pelite-derived melt. It
must be noted that the two samples TS5 and T6 are two
samples close to the quartzite xenolith (Fig. 2): their dis-
tinct composition could be influenced by the collapse and
explosion of the xenoliths, determined to be a wacke (geo-
chemically similar to a psammite) on the basis of the orb-
icules (see above). Azrou n’Fad xenolith T14 is rather
different and is not considered here. The use of the
Al,O3/TiO, ratio allows the estimation of the temperature
of the melting and, combined to the CaO/Na,O ratio, to
roughly evaluate the pressure and/or the psammite/pelite
ratio (Sylvester, 1998 and reference therein). Indeed, during
melting of a given pelitic or psammitic source, the Al,O3
will remain constant during the increase in temperature
due to stability of the aluminous refractory phase; while,
in contrast, the TiO, will increase with temperature due
to the progressive break-down of Ti-rich phases such as
biotite and ilmenite. On the other hand the CaO/Na,O
ratio will be higher in psammite-derived melts than in pel-
ite-derived melt and higher at higher pressure (Fig. 10B).
The Temaguessine granites determine a trend correspond-
ing to a psammite (biotite gneiss)-derived melt between
875 and 980 °C at a pressure of 0.7-0.8 GPa. The highest
temperature (sample E9) is linked to a larger basaltic com-
ponent, as it seems to be the case for the Azrou n’Fad
xenolith (T14). The peculiar position of sample T11 is
due to a very low Al,O5 content (12.8%), which is currently
not understood.

Considering the composition of the source (lower conti-
nental crust with some asthenospheric mantle participa-
tion) and the position of the Temaguessine pluton along
a major shear zone of the Azrou n’Fad terrane, we adopt
here the model proposed for the LATEA batholiths and
high-level plutons by Acef et al. (2003) and Liégeois et al.
(2003) that these intrusions are linked to a linear litho-
spheric delamination along mega-shear zones, allowing
the hot asthenosphere to rise, melt by adiabatic pressure
release, inducing the melting of the Palacoproterozoic
lower crust.

10. Geodynamical implications of the Temaguessine pluton

The Temaguessine pluton is a high-level subcircular plu-
ton. Its well-constrained age of 582 + 5 Ma implies that the
LATEA metacraton was at this time already uplifted from
the depth needed for the batholiths, such as the Anfeg
batholith (0.5 GPa; c. 615 Ma; Bertrand et al., 1986; Acef
et al., 2003). It implies also that the degree of partial melt-
ing of the lower crust at c. 580 Ma was much less, the vol-
ume of the Temaguessine pluton and similar plutons being
very low. We can thus consider that the Temaguessine plu-
ton, together with other late subcircular plutons such as the
Tihodaine (Abdallah et al., 2003) and Tisselliline plutons
(NE Central Hoggar; Rb-Sr age of c. 555 Ma; Liégeois
et al., 2003) are marking the end of the Pan-African orog-
eny in the LATEA metacraton as it is considered to be the
case for the Iforas alkaline—peralkaline province dated by
the Rb—Sr method in the 560-540 Ma age range (Boullier
et al., 1986; Liégeois and Black, 1987; Liégeois et al.,
1996). We must note that there is a strong need for U-Pb
zircon ages for these late occurrences that could be slightly
older than the Rb—Sr ages and thus could be contempora-
neous to the Temaguessine pluton.

This means that the younger Taourirt plutons (535—
525 Ma; Azzouni-Sekkal et al., 2003 and references therein)
precisely dated by the U-Pb zircon method (Tioueine plu-
ton at 524 + 1 Ma; Paquette et al., 1998) occurred after the
end of the Pan-African orogeny within the Tuareg shield
and should not be considered as a very late-Pan-African
event (Azzouni-Sekkal et al., 2003) but as an anorogenic
Cambrian magmatic event. This is not in contradiction
with the observation that the Taourirt plutons such as
the Tioueine pluton are contemporaneous to a tectonic
phase and then considered as syn-tectonic (Djouadi et al.,
1997; Paquette et al., 1998): anorogenic magmatism is
always accompanied by a tectonic reactivation of older
structures (e.g. Devonian Air ring complexes, Moreau
et al., 1994; Cenozoic Hoggar volcanism, Liégeois et al.,
2005; alkaline magmatism as a whole, Black and Liégeois,
1993; Bonin et al., 1998). It must be noted that the model
proposed for the generation of the Taourirt province by
Azzouni-Sekkal et al. (2003), a tectonic response to far-dis-
tance stress at plate margins, fits with our conclusion.

11. Conclusions

The Temaguessine subcircular pluton in Central Hoggar
(LATEA metacraton) is remarkable by the presence of Fe-
cordierite orbicules particularly in a moderately peralumi-
nous potassic magma. Also, its geotectonic position gives
to this pluton a major status as a marker in the evolution
of the Pan-African orogeny in the Tuareg shield. We can
conclude:

(1) The Temaguessine pluton is a high-level elliptical
intrusion. It is an alkali-calcic pluton composed of
amphibole-biotite granite and biotite syenogranite
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including mafic microgranular enclaves (quartz mon-
zodiorite), country-rock xenoliths and cordierite-rich
orbicules. It is intrusive along a NW-SE major shear
zone, within the Azrou n’Fad terrane composed of
Eburnian (c. 2 Ga) gneisses and of Pan-African (c.
615 Ma) granitic batholiths.

(2) The cordierite orbicules are composed of a cordie-

rite-rich core (40%) and a leucocratic rim. They
are located in the centre of the pluton near a 100-
m-long quartzite xenolith, in a place where the roof
of the pluton collapsed into the granitic magma.
The cordierite orbicules resulted from the incongru-
ent melting of meta-wacke xenoliths that have fallen
in the magma. The resulting quartz—feldspar mini-
mum melt obtained through dehydration melting
of the biotite was extracted by overpressure and
formed the leucocratic rim. The solid product of
the incongruent melting was highly peraluminous
(A/CNK= 3.35), with a high proportion of cordie-
rite. The orbicule generation occurred at 7' < 850°
and P <0.3 GPa.

(3) The Temaguessine cordierite is particularly rich in

iron (Fe# = 0.87). This is probably the consequence
of a Fe-rich protolith (wacke with 4% Fe,O3 for
72% Si0,). However, it is not sure if the Fe-rich
and Al-rich composition of the biotite in the biotite
syenogranite, enclosing the cordierite orbicules, is a
consequence of the process (complete assimilation
of smaller xenoliths) or implies some mixing between
the granitic magma and the melt generated in the
xenoliths. However, taking into account the leuco-
cratic rim around the orbicules, we privilege the first
interpretation.

(4) The Temaguessine pluton is dated (SHRIMP U-Pb

on zircon) at 582 4+ 5 Ma. Inherited zircons have
been dated at c. 610 Ma (Pan-African batholith),
1.76, 1.87 and 2.04 Ga (Hoggar Palaeoproterozoic
basement).

(5) The different Temaguessine magmatic facies (amphi-

bole-biotite granite, biotite syenogranite, MME,
dykes) have a similar geochemistry (Fig. 8) suggesting
a common magmatic history. Strongly negative eng
between —9.6 and —11.2, Nd Tpn model ages
between 1.64 to 1.92 Ga, inherited zircons between
1.76 and 2.04 Ga and variable Is, (0.704-0.710) dem-
onstrate that this source is the Rb-depleted lower
continental crust of the Azrou n’Fad terrane, part
of the Palacoproterozoic LATEA metacraton mixed
with some mantle material for explaining the existing,
although short, isotopic trend. Such a mixing and
thus a mantle contribution is confirmed when consid-
ering the available isotopic signature of the LATEA
lower crust, which has more negative eng and higher
Is, than the Temaguessine pluton.

(6) The Temaguessine pluton, together with other high-

level subcircular plutons, is considered as marking
the end of the Pan-African magma generation in

the LATEA metacraton, resulting from the linear
delamination along a mega-shear zone, allowing
asthenospheric uprise and melting of the lower conti-
nental crust. The younger Taourirt granitic province
(535-525 Ma) should be considered as a Cambrian
anorogenic event unrelated to the Pan-African oro-
genic event in the region.
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