Journal of Afrigan
Earth Sciences

R st "'
ELSEVIER Journal of African Earth Sciences 37 (2003) 161-190

www.elsevier.com/locate/jafrearsci

The LATEA metacraton (Central Hoggar, Tuareg shield,
Algeria): behaviour of an old passive margin during
the Pan-African orogeny

Jean Paul Liégeois **, Louis Latouche ¥, Mustapha Boughrara °, Jacques Navez ¥,
Michel Guiraud °

& Isotope Geology, Africa Museum, B-3080 Tervuren, Belgium
b Laboratoire de Minéralogie, FRE. 2456 CNRS, Muséum National d Histoire Naturelle, 61 rue Buffon, F-75005 Paris, France

Received 13 July 2002; accepted 7 May 2003

Abstract

Historically, the Tuareg shield is divided into three parts bordered by mega-shear zones with the centre, the Central Polycyclic
Hoggar, characterized by Archaean and Palaeoproterozoic lithologies. Nearly 10 years ago, the Tuareg shield was shown to be
composed of 23 displaced terranes [Geology 22 (1994) 641] whose relationships were deciphered in Air to the SE [Precambr. Res. 67
(1994) 59]. The Polycyclic Central Hoggar terranes were characterized by the presence of well preserved Archaean/Palacoproterozoic
and Neoproterozoic lithologies.

We show here that the terranes from Central Hoggar (Laouni, Azrou-n-Fad, Tefedest, Egéré-Aleksod) belonged to a single old
passive margin, to which we gave the acronym name LATEA, which behaved as a craton during the Mesoproterozoic and the Early-
Middle Neoproterozoic but was partly destabilized and dissected during the Late Neoproterozoic as a consequence of its
involvement as a passive margin in the Pan-African orogen.

An early Pan-African phase consisted of thrust sheets including garnet-bearing lithologies (eclogite, amphibolite, gneiss) that can
be mapped and correlated in three LATEA terranes. In the Tin Begane area, P-T—¢ paths have been established from >15 kbar—790
°C (eclogite) to 4 kbar—500 °C (greenschist retrogression) through 12 kbar—S830 °C (garnet amphibolite) and 8 kbar—700 °C
(garnet gneiss), corresponding to the retrograde path of a Franciscan-type loop. Sm—Nd geochronology on minerals and laser
ablation ICP-MS on garnet show the mobility of REE, particularly LREE, during the retrograde greenschist facies that affects,
although slightly, some of these rocks. The amphibolite-facies metamorphism has been dated at 685+ 19 Ma and the greenschist
facies at 522 £ 27 Ma. During the thrust phase, the Archaean—Palaeoproterozoic basement was only locally affected by the Pan-
African tectonics. LATEA behaved as a craton. Other juvenile terranes were also thrust early onto LATEA: the Iskel island arc at
~850 Ma to the west of LATEA, the Serouenout terrane in the 700-620 Ma age range to the east. No subduction-related magmas
have intruded LATEA during this epoch, which behaved as a passive margin.

During the main Pan-African phase (625-580 Ma), LATEA was dissected by mega-shear zones that induced several hundreds km
of relative displacement and allowed the emplacement of high-K calc-alkaline batholiths. Smaller movements continued till 525 Ma,
accompanied by the emplacement of subcircular plutons with alkaline affinity. Here is dated the Ounane granodiorite (624 + 15 Ma;
87Sr/%°Sr; = 0.70839 £ 0.00016; 6WR, MSWD = 0.87) and the Tisselliline granite (552 + 15 Ma; 7Sr/3°Sr; =0.7074 £ 0.0001; SWR,
MSWD = 1.4). Nd isotopes indicate a preponderant Palaeoproterozoic crustal source for these two plutons: eng = —14 to —21 at 624
Ma and Tpm = 1650-2320 Ma for Ounane and eng = —13 to —15 at 555 Ma and Tpy = 1550-1720 Ma for Tisselliline. Our model
links these intrusions to a linear lithospheric delamination along mega-shear zones, allowing the hot asthenosphere to rise, melt by
adiabatic pressure release and inducing the melting of the Palaeoproterozoic and Archaean lower crust.
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The LATEA cratonic microcontinent remained however sufficiently rigid to preserve Archaean and Palaeoproterozoic lithologies
as well as Middle Neoproterozoic oceanic thrust sheets. This corresponds to the notion of metacraton [J. African Earth Sci. 34
(2002) 119], i.e. a craton that has been remobilized during an orogenic event but is still recognizable dominantly through its rheo-
logical, geochronological, isotopic and sometimes petrological characteristics.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The Tuareg shield was mainly built during the Pan-
African orogeny at 600 = 30 Ma. In addition, magmatic
rocks are known between 870 and 520 Ma, corre-
sponding to early accretion events and final post-colli-
sional events. The Tuareg shield presents the whole
width of an orogen from the West African craton to the
west, to the Saharan metacraton to the east. Juvenile
Neoproterozoic oceanic and Archaean—Palacoprotero-
zoic (=2 Ga) lithologies range from well preserved to
completely remobilized ones. Historically, the Suggarian
(= high-grade metamorphic rocks) was separated from
the Pharusian (= low-grade metamorphic rocks) (Kilian,
1932; Lelubre, 1952). The Western Hoggar, dominated
by low-grade upper Proterozoic sedimentary and vol-
canic rocks was called the “Pharusian belt” although
containing a granulitic block (In Ouzzal; Fig. 1A and B).
The Central Hoggar, presenting Archaean and Palaeo-
proterozoic high-grade basement rocks reactivated to
varying degrees by the Pan-African orogeny and in-
cluding some “Pharusian basins” was called the “Poly-
cyclic Central Hoggar”. To the east, basements
considered as pre-Neoproterozoic were grouped to-
gether with the narrow linear intracontinental Tiririne
belt in an “Eastern Hoggar” (Fig. 1A; Bertrand and
Caby, 1978; Bertrand et al., 1978). N-S mega-shear
zones separate these three provinces and the correlations
between them were restricted to metamorphic grade and
to geochronology. In the Central Hoggar, the basal
layers of the so-called “Pharusian basins” are mylonites
(Latouche, 1985; Bertrand et al., 1986).

Nearly 10 years ago, Black et al. (1994) showed that
the Tuareg shield was made of 23 displaced terranes
(Fig. 1B) with their own lithological, metamorphic,
magmatic and tectonic characteristics, being separated
by subvertical strike-slip shear zones or by major thrust
fronts. A model for relationships between the terranes
was proposed for the SE Tuareg shield in Air (Liégeois
et al., 1994) while other terranes appear to be exotic such
as the Iskel terrane (Fig. 2) built at 870-850 Ma (Caby
et al., 1982) to the east of the Pharusian belt or as the
Tchilit terrane in Air with ~2 Ga bimodal volcanic
rocks (Navez et al., 1999).

In this work, we address the evolution of the Central
Hoggar during Neoproterozoic times. We propose a
model of metacraton (=partly destabilized craton;

Abdelsalam et al., 2002) integrating data in the literature
and new data presented here. We use a multidisciplinary
approach including field, structural, petrological, geo-
chemical, geochronological and geophysical data. The
relationships with the other parts of the Tuareg shield
are also proposed.

2. Geological setting

The Central Hoggar is made of four terranes: Laouni,
Azrou-n-Fad, Tefedest, Egéré-Aleksod (Figs. 1B and 2)
that are grouped here under the acronym “LATEA”
since, as we will see, they share fundamental features.
LATEA is bounded to the East by the mainly juvenile
Serouenout terrane and to the west by the ~850 Ma
Iskel terrane (Fig. 2). These four LATEA terranes are
made of a Palacoproterozoic basement (Bertrand et al.,
1986) with Archaean lithologies to the north of Egéré-
Aleksod (Latouche and Vidal, 1974; Peucat et al., 2003,
this issue). On less than 10% of the surface of these four
terranes, low-grade Neoproterozoic rocks are bounded
by tectonic contacts (Bertrand and Caby, 1978). Neo-
proterozoic granitoids are abundant particularly to the
south and to the west.

Two areas in LATEA (Fig. 2) are the focus of this
study, the first in the south, the Tin Begane area (Fig. 3),
and the second to the north, the Gour Oumelalen area
(Fig. 4).

2.1. The Tin Begane area

The Tin Begane area belongs to the Laouni terrane
and is characterized by mega-thrusts (Figs. 2 and 3).
The southernmost thrust, 100 km long and NW-SE
oriented, is marked by serpentinites, peridotites, mafic—
ultramafic rocks, black shales, garnet micaschists and
Mn-rich pods, interpreted as ophiolitic remnants (Tessalit
Mountains; Black et al., 1994; Fig. 2). To the south and
all along this structure, ultramafic-mafic layered intru-
sions of lithospheric mantle origin intruded during the
post-collisional period (Cottin et al., 1998). This attests
that the thrust is rooted in a lithospheric structure, likely
to be an early suture. In the middle of this composite
terrane, a 100 km long mega-thrust is underlined by a
nearly continuous eclogitic level (Figs. 2 and 3). The
latter constitutes a key structure and lithology: it can be
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Fig. 1. Tuareg shield: (A) first subdivision (Bertrand and Caby, 1978); (B) Tuareg shield terrane map (from Black et al., 1994). Solid
arrow = movement direction. From east to west, 23 terranes are Djanet (Dj), Edembo (Ed), Aouzegueur (Ao), Barghot (Ba), Assodé-Issalane (As-Is),
Tchilit (Tch), Tazat (Ta), Serouenout (Se), Egéré-Aleksod (Eg-Al), Azrou-n-Fad (Az), Tefedest (Te), Laouni (La), Iskel (Isk), In Teidini (It), Tin
Zaouatene (Za), Tirek (Tir), Ahnet (Ah), In Ouzzal (Ou), Iforas granulitic unit (Ugi), Tassendjanet (Tas), Kidal (Ki), Tilemsi (Til), Timétrine (Tim).

followed from the south to the north of the shield, in the
Azrou-n-Fad terrane, to the south (Sautter, 1986) and to
the north (Latouche, 1985) of the Egéré-Aleksod terrane
(Fig. 2). In all these structures, stretching lineations are
oriented ~N30°E and shear sense criteria (rotated por-
phyroblasts, shape fabric of quartz grains, preferred

orientation of quartz C axes, mica elongated aggregates,
C-S structures) indicate a general NNE movement
(Bertrand et al., 1986).

To the north of the eclogites, the Laouni terrane is
characterized by large basin and dome structures com-
prising orthogneisses, amphibolites and paragneiss. The
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Fig. 2. Sketch map of terranes from the Central Hoggar. Eg-Al = Egéré-Aleksod, Te = Tefedest, Az= Azrou-n-Fad, Se = Serouenout, Is = Issalane,
La = Laouni, Isk = Iskel, It = In Teidini. Figs. 3 (Tin Begane) and 4 (Gour Oumelalen) areas are represented. TS = Tessalit mountains; Ou = Ounane;

T = Tisselliline; IE-IA =In Ebbeggui-In Attei domain.

regional structure corresponds to stretching of imbricate
thrust sheets upon reactivated Eburnian (~2 Ga) gra-
nulites known as remnants at all scales and upon sub-
contemporaneous garnet-cordierite migmatitic granite.
Mixed U-Pb zircon Concordia age on granulites and
migmatitic granite gave an Eburnian age of 2069 £ 49
Ma (Iherane area on Fig. 3; Bertrand et al., 1986, re-
calculated following Ludwig, 1999). Recalculated ages
on individual lithologies give 1979 + 33 Ma with a lower
intercept of 209% 150 Ma for the granulites and
2038 + 15 Ma with a lower intercept of 130 = 170 for the
migmatitic granite, the zircon fractions being close to
the upper intercept in both cases. These results indicate
the absence of Neoproterozoic effect on these zircons
and demonstrate the Eburnian age of the granulitic
metamorphism. In some places, the discordance of zir-
con fractions may be higher as for the Telohat migma-

tite (north of Azrou-n-Fad terrane, Fig. 1; Barbey et al.,
1989: upper intercept: 2131+ 12 Ma, lower intercept:
609+ 17 Ma with #597/235 between 1450 and 1635 Ma),
which renders the interpretation of the age of the mig-
matitization more ambiguous.

Pan-African syn-kinematic granites intruded in the
range 620-580 Ma and generally present a subhorizontal
foliation (e.g. the Anfeg (608+7 Ma) and Tinef
(604 +11/-8 Ma) batholiths [recalculated following
Ludwig, 1999], U-PDb zircon, with concordant titanite at
580 Ma for Tin Amzi pluton; Bertrand et al., 1986; Fig.
3). Their emplacement is related to movements along
subvertical shear zones associated with secondary sub-
horizontal structures (Acef et al., 2003, this issue). To
the south of the eclogites, the Laouni terrane is mainly
made of granitoid plutons (>70% of the surface). The
ophiolitic remnant lies in that area. To the east of the
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Fig. 3. Structural sketch map of the Tin Begane area. Localization of the samples used for Sm—Nd geochronology. The ages on the map are U-Pb on
zircon data from Bertrand et al. (1986). The age range mentioned for the Taourirt granites are from Cheilletz et al. (1992) and Paquette et al. (1998).

The ultramafic-mafic complexes are in the range 580-525 Ma (Cottin et al.,

study).

terrane, lithologies comprising very fine-grained felsic
rocks, mylonitic amphibole gneisses, thin layers of
quartzite and pyroxenite (In Ebeggui-In Attei domain;
Fig. 2) are in sharp contact with the main part of the
Laouni terrane through a N-S shear zone cross-cutting
the eclogitic horizon. This area is reminiscent of the
Palaecoproterozoic Tchilit terrane in the SE Tuareg
shield (Air; Navez et al., 1999; Fig. 1).

Four main Pan-African tectono-metamorphic phases
are known in the Laouni terrane: (1) ductile thrusts
associated to eclogites; (2) flat mylonitic thrusts with
abundant sheath folds and mineral stretching lineations
indicating transport to the NE. These thrusts reworked
the preceding structures, generating a tectonic melange
including Palaeoproterozoic basement lithologies and
juvenile Neoproterozoic material. This phase occurred
in the amphibolite facies; (3) during the syn-kinematic
granitoid emplacement (610-580 Ma; Bertrand et al.,

1998). The eclogites and the amphibolites are Neoproterozoic (this

1986), basin and dome structures contemporaneous
with large movements along subvertical mega-shear
zones, HT-LP metamorphism and lithospheric thinning
(Cottin et al., 1990; Guiraud et al., 1996) accompanied
by late troctolitic-noritic layered intrusions (Cottin
et al., 1998); and (4) the last event corresponds to
faulting along pre-existing shear zones that accompa-
nied the intrusion of shallow-depth peraluminous Sn—
W leucogranites at 535-525 Ma (Ar—Ar; Cheilletz et al.,
1992). This last age corresponds to the cessation of the
movement along the main shear zones located to the
west of LATEA as outlined by the Tioueine pluton
(523+£1 Ma; Paquette et al., 1998) within the Iskel
terrane. In the Laouni terrane, ages between 580 and
540 Ma have not been measured although such ages are
known elsewhere in the Tuareg shield such as in the
Kidal terrane in the Iforas region (Liégeois et al., 1987,
1996; Fig. 1).
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Fig. 4. Gour Oumelalen geological map. From Latouche (1978) with unpublished data from Boissonnas for the Tisselliline pluton (1 =coarse-
grained granite; 2 = “black” granite; 3 = medium-grained granite; 4 = fine-grained granite). Insets 1 and 2 represent cross-sections whose location is
indicated by the origin of the arrow. GO = Gour Oumelalen; Touk. = Toukmatine; Mafic charnockites = Mafic facies from the charnockitic series.
Ages for gneisses are from Peucat et al. (2003, this issue).

2.2. The Gour Oumelalen area is one of the best-preserved Archaean and Palaecopro-
terozoic zones in Central Hoggar. It is mainly composed

2.2.1. The Archaean and Palaeoproterozoic basement of granulites (Latouche, 1978; Pineau et al., 1976). Three
The Gour Oumelalen area, located along the north- units were defined by Latouche (1978, 1983; Fig. 4). The

eastern boundary of the Egéré-Aleksod terrane (Fig. 2), Red Gneiss Complex (1) is composed of two types of
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gneiss (Peucat et al., 2003, this issue): the first group is
dated (U-Pb on zircon) at ~2650-2700 Ma with Tpy Nd
model ages in the 3100-3200 Ma range and the second
group has an age of 21900 Ma, with younger Nd model
ages, although still Archaean, for their protoliths (Tpy
model ages between 2500 and 2800 Ma). The Red gneiss
complex is well-represented within the shear zone bor-
dering the western flank of the Ounane pluton (Fig. 4),
but elsewhere it is tectonically overlain by the Gour
Oumelalen Supergroup (2), consisting of a granulitic
metasedimentary sequence deposited between 2400 and
1900 Ma (Peucat et al., 2003, this issue). They were both
intruded by mafic and felsic charnockites at ~1900 Ma
(Peucat et al., 2003, this issue). The younger unit is the
Toukmatine Group (3) of Neoproterozoic age, which
corresponds to Pan-African nappes and slivers of su-
pracrustal metapelitic schists and meta-ophiolites, thrust
towards the north on the Gour Oumelalen area from the
Serouenout terrane (Figs. 2 and 4). This situation is
similar to the juvenile thrust sheets in the Tin Begane
area, although the difference in thrust direction suggests
they correspond to distinct events with different ages. In
addition, Neoproterozoic granitoids intruded both the
Archaean—Palacoproterozoic basement and the thrust
Neoproterozoic juvenile series, mainly along mega-shear
zones (Ounane and Tisselliline plutons; Fig. 4).

2.2.2. The Neoproterozoic Ounane and Tisselliline plutons

Two different Neoproterozoic plutons were studied.
The first (Ounane) is elongated within the general ori-
entation of the Pan-African shear zone while the second
(Tisselliline) presents a circular shape but is moulded on
the structures, particularly on its eastern flank, linked to
the transpressive shear tectonics (Fig. 4).

The Ounane pluton is granodioritic to granitic in
composition, 60x 15 km in dimension and NNW-SSE
oriented. Contacts with the granulite basement are
variable. To the west (Fig. 4, inset 1), the contacts are
progressive: the granitoid is emplaced into the basement
as dykes of various thickness and as pegmatitic pods.
Most dykes are parallel to the gneissic schistosity. Closer
to the main body, boudins of gneiss are incorporated
into the granitoids. The passage from the red gneisses to
the granitoid is progressive, from gneissic zones with few
dykes towards zones where only relics of gneisses inside
the granitoids are present. In some places, the grano-
diorite forms the core of isoclinal folds (Fig. 4, inset 1).
In other places, subhorizontal granitoids sills alternate
with banded red gneisses. To the east (Fig. 4, inset 2),
the contact is sharper. The mineral stretching lineation
present in the red gneiss is oblique (45°) to the linear
contact. The mafic enclaves into the granitoids are ori-
ented parallel to the contact. Inside the pluton, sinuous
bands of foliated facies alternate with non-foliated
granitoids. Bands of red gneisses are regularly found in
the Ounane structure.

The Ounane pluton main facies is a foliated amphi-
bole granodiorite rarely grading to quartz diorite. K-
feldspar is less abundant than plagioclase but forms
often large crystals. Microcline is rare. Plagioclase is
abundant in the matrix and as large crystals. Biotite is
elongated along the foliation. Accessory minerals are
rare allanite and oxides. Granites are also present in the
Ounane pluton (Abdelhalim, written communication,
1974): (1) a porphyritic syenogranite composed of
perthitic microcline, oligoclase, biotite and blue—green
hornblende; feldspar mega-crysts (up to 5 cm in length)
and Fe-Mg minerals are oriented along the main trend
of the massif; (2) a fine-grained biotite—blue—green am-
phibole-oligoclase—perthitic microcline granite; (3) a
fine-grained biotite granite. In these three granitic facies,
allanite is abundant and apatite, titanite and zircon are
ubiquitous.

The Tisselliline pluton displays an ovoid shape
(15x20 km) with the concentric structure of a ring
complex (Fig. 4); however the structure of the country-
rocks is moulded on it and the Tisselliline concentric
structure is folded on its eastern flank (Fig. 4). This
feature indicates that granite intrudes into an opening
gash in a transpression site. The large-scale fold/gash is
thus syn-magmatic and is probably connected with the
last, large-scale dextral transpressive displacement along
the mega-shear zone just to the east. The present erosion
surface is close to the roof of the pluton: a basement slab
is a xenolith in the granite. The Tisselliline pluton in-
truded much higher in the crust than the Ounane pluton,
during a brittle movement along the transpressive shear
zone.

The main facies is a coarse-grained biotite granite
with rare hornblende and with allanite, titanite, mag-
netite and zircon as common accessory phases. Two
other ring complexes have the same mineralogy but
medium- or fine-grained (Fig. 4). Two particular facies
are present in the Tisselliline pluton: (1) a black granite,
with malgachitic (black colour due to minute ferrous
hydrates) feldspar, very rich in biotite that forms the
second external ring, (2) an orbicular granite present as
blobs in the NE part of the pluton. These orbicules form
ellipsoids that are more and more elongated eastward
towards the shear zone.

3. The Tin Begane garnet-bearing rocks: petrography,
P-T—t path, age and origin

3.1. Petrography and mineral compositions

The eclogites display symplectitic—kelyphitic textures
around garnet (unzoned almandine: almsy, py, groso,
spey). The amphibole (hornblende) is present in several
habits: (1) crystallizing within the clinopyroxene—pla-
gioclase (oligoclase Anj, »7) symplectite in small crystals,



168 J.P. Liégeois et al. | Journal of African Earth Sciences 37 (2003) 161-190

(2) in association with plagioclase (andesine Anjy 3¢)
around symplectites, (3) elsewhere as larger crystals (<1
mm). The latter are generally oriented along the regional
schistosity. The garnet is often large (3-4 mm) and
abundant (20%). It shows numerous fractures filled with
chlorite, quartz and calcite. The clinopyroxene is a
slightly zoned diopside. Jadeite molecule does not attain
5% in the core. The accessory minerals are ilmenite,
titanite, rutile and quartz; the secondary minerals are
zoisite, calcite and chlorite.

The garnet amphibolites, in addition to amphibole
(tschermakite—pargasite) and plagioclase (primary:
Anjs—Anss; secondary: Ans—Ang) may bear unzoned
garnet (almsy_gs, py7_2s, gros_ss, speog) and/or clinopy-
roxene (unzoned diopside) as major phases. The schis-
tosity is weak and mainly defined by amphibole, ilmenite
and titanite. The other accessory minerals are rutile and
magnetite and the secondary minerals are biotite, K-
feldspar, calcite and chlorite. The garnet may be frac-
tured in some areas while being intact in others (sample
675). In all areas, veinlets of secondary minerals are
rare.

The primary mineral assemblage of the garnet-bear-
ing gneiss is composed of quartz (40-45%), biotite (25—
30%), plagioclase (10-15%; oligoclase Anjs3;), garnet
(2-5%; unzoned almandine: almgs.g9, PYi9-26, 04,
spes g), K-feldspar (<3%), tsillimanite (0-2%). The ac-
cessory minerals are titanite, rutile and tourmaline and
the secondary minerals are chlorite (5%) and muscovite
(1%).

The metasedimentary rocks are micaschists contain-
ing garnet and kyanite with the observed reaction
bi + ky = sill + ms + qtz; quartzites bearing clinopyrox-
ene and amphibole; marbles with clinopyroxene, am-
phibole, forsterite, spinel and biotite.

A complete set of microprobe analyses can be ob-
tained from the authors upon request.

3.2. Paragenetic assemblages and P-T conditions

The eclogite mineral compositions are represented in
an Al/(Ca+ Na) vs. Ca/(Ca+ Na) diagram (Fig. 5). This
is not a compatibility diagram and the relationships are
not thermodynamically valid. Yet, as all chemical vari-
ations occur in the Na—Ca-Al triangle, this diagram
helps in understanding the changes in mineralogy that
occurred during the PT evolution. The clinopyroxene
composition is now diopside, but its occurrence within
symplectite together with Na-rich plagioclase suggests
that the jadeitic content was much higher at the time of
the eclogite facies (with ga + cpx + qtz equilibrium). The
primary cpx can be evaluated: the trend of cpx compo-
sitions shows that clinopyroxene reacted out with quartz
to give plagioclase. On another hand, amphibole crys-
tallizing in the presence of garnet, is likely to have
formed from cpx + ga equilibrium. Therefore, the com-
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Fig. 5. Al/(Ca+Na) vs. Ca/(Ca+ Na) diagram showing the chemical
compositions of the mineral phases in the eclogite 680-2b and the
different observed mineral assemblages (am = amphibole, cc = calcite,
chl=chlorite, cpx=clinopyroxene, ga=garnet, pl=plagioclase,
qtz=quartz, zo=zoisite). The whole-rock compositions of studied
amphibolites are also located (648-3, 661-1, 675-TB).

position of ¢px; should be close to the intersection be-
tween the line joining cpx-II and pl-I and the
prolongation of that joining amph-I and ga (Fig. 5),
which gives a jadeitic molecule content of 0.3 (0.043 in
cpx-1II). The different retrogression mineral assemblages
can also be displayed in this diagram (Fig. 5)—1I: ga—
cpx-I-qtz; II: cpx-II-am-I-pl-I-qtz; I1I: am-I11-pl-11-qtz;
IV: am-I11-zo and not represented in Fig. 5—V: cc—chl-
qtz.

The whole-rock compositions of the amphibolites
(Table 1) have also been plotted in this diagram. All
three compositions belong to the primary ga—cpx-I-pl
assemblage but none is within the symplectitic assem-
blage pl-I-cpx-II-am-I in agreement with garnet in
excess. Only the sample 661-1 still bears cpx.

Combining the amphibole—plagioclase thermometer
(Holland and Blundy, 1994) with an average calculation
using THERMOCALC (Powell and Holland, 1988), the
garnet amphibolites give average estimated tempera-
tures of 830 %30 °C and pressures of 12 +2 kbar while
the cpx—garnet amphibolites give 760 =30 °C and 11+ 3
kbar. The eclogite gives a temperature of 79040 °C
(amph-I-cpx-I) using the estimated jadeite content of
0.3, the minimum pressure with the jd—ab—qtz barometer
(Holland, 1983) is 15 kbar. THERMOCALC gives
average temperature—pressure of 450 £ 25 °C and 4.5+ 2
kbar for the late retrogression paragenesis cc—chl-am-
III-zo—qtz. A summary of the calculated temperatures
based on the plagioclase-amphibole pair is plotted in
Fig. 6. This figure shows that the differences observed
between the calculated temperatures are mostly related



Table 1

Whole-rock geochemistry (major and trace elements) for the Tin Begane rocks, the Ounane and Tisselliline granitoids

Area Tin Begane Ounane Tisselliline

Type ga amph ga-cpx amph  ga-gneiss  granodiorite granite granite

Sample 675 648-3 661-1 648-2 R655 R663 R650 R661 R667 R660 R657 R656 R676 R680 R679 R666 R678
SiO, 60.47 50.56 49.41 65.80 63.11 63.22 63.37 70.51 72.71 73.10 73.19 73.47 72.93 74.28 74.50 75.99 76.90
TiO, 0.37 1.42 1.12 0.90 0.70 0.64 0.69 0.45 0.32 0.25 0.21 0.18 0.34 0.26 0.31 0.06 0.13
AL, O3 16.64 17.28 15.33 15.64 16.26 15.44 15.48 14.84 13.73 13.62 13.57 13.54 12.47 12.00 12.70 14.06 11.60
Fe,0; 3.12 2.01 2.55 1.71

FeO 4.62 8.34 8.91 4.08

MnO 0.08 0.12 0.13 0.07 0.08 0.11 0.09 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.10 0.01
MgO 3.31 5.07 7.57 2.94 2.49 2.36 2.38 0.78 0.49 0.42 0.33 0.25 0.30 0.23 0.25 0.03 0.05
CaO 8.03 11.60 12.03 2.67 4.76 4.17 4.49 1.80 1.34 1.26 1.15 1.07 0.47 0.53 0.87 0.44 0.38
Na,O 2.75 1.48 1.94 3.20 2.81 5.01 3.08 3.24 3.40 3.13 3.06 3.37 2.90 3.21 2.90 3.26 3.26
K,O 0.24 0.38 0.13 2.07 3.05 2.71 2.72 4.90 5.18 5.74 5.63 5.42 5.84 6.05 5.72 4.01 6.35
P,0;s 0.05 0.12 0.08 0.14 0.20 0.18 0.21 0.12 0.06 0.04 0.02 0.01 0.06 0.01 0.01 0.01 0.01
P.F. 1.00 1.84 1.40 1.50 0.64 0.89 1.01 0.54 0.51 0.49 0.70 0.52 0.86 1.00 0.71 0.41 1.00
Total 100.68 100.22 100.60 100.72 99.89 100.48 99.05 100.26  100.02 100.13 99.78 99.58 99.01 99.57 99.94 98.97 100.11
Fe, 05 8.25 11.26 12.45 6.24 5.79 5.75 5.53 3.05 2.26 2.06 1.89 1.73 2.82 1.98 1.95 0.60 0.42
\'% 187 267 265 123 84 74 78 24 15.6 11.4 13.3 8.6 9.20 2.51 5.02 1.15 2.28
Rb 7.24 20.6 1.30 68 81 143 109 158 176 140 177 244 136 187 167 452 180
Sr 184 69 184 617 419 487 238 172 209 162 126 173 76 98 11.3 46

Y 17.4 324 19.7 31.8 26.3 28.7 25.8 12.9 17.7 8.9 16.8 27.3 27.4 4.8 25.8 52.9 18.4
Zr 17 68 48 170 176 153 135 259 180 174 148 141 321 58 212 41 219
Nb 2.3 6.3 3.0 11 17.0 15.5 13.1 11.2 12.4 7.1 14.1 20.02 9.9 6.2 16.6 52.1 10.3
Ba 253 225 6 420 2124 1243 1365 1416 977 1378 809 656 942 337 624 84 181
La 2.03 3.32 3.58 24.3 68 44 40 104 93 83 77 69 178 9.1 181 14.4 146
Ce 4.59 9.05 8.78 54.0 135 89.8 76.8 209 191 166 151 141 347 15.8 305 38.0 289
Pr 0.67 1.48 1.21 5.96 14.0 9.45 8.36 21.5 19.8 15.9 14.7 13.7 34.8 1.59 33.7 4.78 30.0
Nd 3.46 8.02 6.07 23.2 45.8 31.6 28.5 66.9 62.5 47.4 44.7 43.1 107 493 102 20.5 89.8
Sm 0.96 2.66 1.82 4.57 6.76 5.45 4.73 8.15 9.27 6.27 6.37 6.96 14.9 0.90 14.4 6.06 13.0
Eu 0.35 1.17 0.86 1.19 1.63 1.09 1.20 1.09 0.93 0.65 0.74 0.54 1.13 0.68 0.96 0.04 0.41
Gd 1.54 3.60 2.22 4.2 5.83 5.05 3.92 4.58 5.78 4.28 4.73 5.69 10.78 0.75 9.84 5.72 8.12
Dy 2.10 4.23 2.64 4.18 4.11 4.51 3.57 2.36 3.53 1.82 2.92 4.35 5.78 0.92 5.23 7.70 4.17
Ho 0.48 0.96 0.59 0.9 0.77 0.91 0.70 0.34 0.55 0.20 0.47 0.75 0.95 0.20 0.86 1.53 0.62
Er 1.49 2.65 1.58 2.43 2.27 2.42 2.04 0.71 1.14 0.46 1.28 2.17 2.10 0.49 1.90 4.78 1.20
Yb 1.48 2.46 1.39 2.26 1.79 2.08 1.78 0.50 0.82 0.31 1.03 1.69 1.25 0.68 1.20 4.76 0.69
Lu 0.22 0.37 0.21 0.35 0.24 0.28 0.26 0.05 0.11 0.04 0.13 0.22 0.17 0.10 0.15 0.78 0.06
Hf 0.83 2.15 1.50 4.12 5.11 4.61 3.70 7.79 5.70 5.80 5.10 4.98 9.44 3.24 6.79 3.54 7.32
Ta 0.24 0.49 0.31 0.91 0.93 1.03 1.06 0.98 1.23 0.51 1.15 2.45 0.23 0.30 0.58 4.90 0.28
W 0.12 1.13 0.35 0.47 0.28 0.12 0.36 0.10 0.32 0.11 0.10 0.10 0.42 0.05 0.12 0.68 0.10
Pb 7.8 11.7 8.8 16.0 20.8 19.2 21.1 30.3 35.2 29.5 36.6 39.7 25.2 30.9 27.8 42.1 24.5
Th 0.34 1.18 0.34 5.73 12.1 14.7 7.79 17.5 26.3 24.9 32.1 29.6 23.6 7.87 30.1 15.5 32.6
U 0.25 0.53 0.15 2.51 1.66 2.01 2.58 0.98 1.82 2.11 3.55 3.99 1.88 1.57 1.65 5.75 1.43
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Fig. 6. Al/(Ca+ Na) vs. Ca/(Ca+ Na) diagram showing the different
amphibole—plagioclase couples from the amphibolites and the eclogite
and the obtained temperatures.

to the different plagioclase compositions in rocks of
different bulk compositions.

The gneiss 648-2 gives a temperature of 695+ 54 °C
(ga-bi pair; Williams and Grambling, 1991). THER-
MOCALC assigns 8 = 3 kbar and 700 £ 50 °C to the ga—
bi—pl-Kf assemblage. The micaschists give temperatures
between 577 £30 and 593 £ 50 °C (ga-bi couple; Wil-
liams and Grambling, 1991). Thermocalc gives a tem-
perature of 575 % 30 °C and a pressure of 4 + 2 kbar with
the ga—bi-ky—pl-Kf-qtz assemblage.

All the studied rocks belong to a same P-T—t path
(Fig. 7): the various compositions retain different P-T
conditions or the exhumation process has stripped
samples from different depths. It is worth noting that
this retrogression path (1) is bracketed by the primary
and the latest paragenesis found in the eclogite, (2) lies
always within the kyanite field. This path is consistent
with the retrogression part of a loop whose prograde
path corresponds to a typical subduction (Franciscan)
gradient (Fig. 7).

3.3. Sm—Nd geochronology and garnet trace element
composition

Five samples, studied in detail for the mineralogy and
for metamorphic parageneses, have been selected for
Sm-Nd dating (Table 2): one eclogite (680-2b), three
garnet amphibolites (675TB, 661-1 and 648-3) and one
garnet-bearing gneiss (648-2). Mineral separates (>99%
purity) have been obtained after crushing, magnetic
separation and final grain-by-grain manual separation
under the binocular. Altered or ambiguous grains have
been systematically discarded. It was not possible to
separate some phases such as the clinopyroxene from
the symplectites. Between 50 and 150 mg of minerals
were used for isotopic measurements (see analytical

25 P (kbar)

Jadeite

+ quartz albite

20
15
garnet
amphibolite]
) cpx-ga
o amphibolite

garnet gneiss

greenschist
assemblages

without zo Gr

T(°0)
| |
200 400 600 800 1000 1200

Fig. 7. P-T-t path obtained from the different sample studied
(eclogite, garnet amphibolite, cpx—garnet amphibolite, gneiss). Ky =
kyanite; sill =sillimanite; and = andalusite; zo = zoisite; chl = chlorite.
Different metamorphic facies from Spear (1993): Z =zeolite; PP =
prehnite—pumpellyite; GS = greenschist; EA =epidote amphibolite;
A =amphibolite; E =eclogite; Gr = granulite.

techniques in Appendix A). The age calculations (iso-
chrons and weighted means) follow Ludwig (1999),
when MSWD > 1.2, errors on the age are multiplied by
VvMSWD.

Even if very pure, the garnet concentrates gave low
Sm/Nd in some samples, sometimes lower than the
whole rock. The garnet was then analyzed by laser ab-
lation coupled to an ICP-MS (Table 4; see analytical
techniques in Appendix A) for trace elements in order to
determine the elements linked to the variation of the Sm/
Nd ratios and to precise the process at the origin of this
geochemical modification. Systematic sections across
garnet grains were performed. Means of similar patterns
are provided in figures for clarity (number of spots used
for each mean is given in Fig. 8 and Table 4). Variations
observed in the garnet spots do not seem to be due to
inclusions, not seen under the microscope but also not
measured: garnets with peculiar REE patterns have
similar concentrations in most of the other trace ele-
ments (Table 4), only U and Th seem to follow the REE
behaviour.

The garnet amphibolite 675-TB has homogeneous
and typical REE in garnet (Fig. 8A) with a strong de-
pletion in light REE (LREE) and enrichment in heavy
REE (HREE). Yby/Cey varies from 240 to 1500. The 50
patterns measured could be reduced to one pattern
without detriment, close to the isotope dilution (ID) Sm
and Nd values, representing the mean concentrations of
~50-100 mg garnet. The slightly higher ID values are



Table 2

Sm-Nd isotopes on whole rock and minerals and Rb-Sr isotopes on whole rock for the Tin Begane rocks

Sample Sm Nd 4Sm/"Nd  'BNd/'""Nd 20 eNd Tom S’RbAOSr  ¥Sr/*%Sr 26 Sr;
0 Ma 515 Ma 685 Ma 515 685
680-2b WR 5.422 19.40 0.1691 0.512419 0.000010 -4.27 -2.46 —1.85 - 0.1985 0.717954  0.000025 0.716497 0.716014
680-2b ga 3.574 14.15 0.1528 0.512355 0.000014 -5.52 -2.63 -1.67
680-2b am 10.79 34.46 0.1893 0.512515 0.000005 -2.40 -1.92 -1.76
680-2b pl 2.309 9.518 0.1467 0.512219 0.000012 -8.17 -4.89 -3.80
675-TB WR 1.284 3.715 0.2091 0.512925 0.000017 5.60 4.79 4.52 - 0.1396 0.705118  0.000011  0.704093  0.703753
675-TB am 3.413 9.034 0.2285 0.513006 0.000009 7.18 5.09 4.40
675-TB ga 0.419 0.402 0.6307 0.514820 0.000030 42.6 14.0 4.56
675-TB pl 0.054 0.336 0.0972 0.512453 0.000048 -3.61 2.94 5.11
661-1 WR 1.82 6.07 0.1814 0.512683 0.000010 0.88 1.89 2.23 -
661-1 ga 1.352 2.662 0.3072 0.513121 0.000019 9.42 2.15 -0.26
661-1 pl 0.24 1.614 0.0899 0.512401 0.000017 -4.62 2.41 4.74
661-1 am 1.741 5.213 0.2020 0.512763 0.000013 2.44 2.09 1.98
661-1 cpx 0.308 1.038 0.1795 0.512672 0.000008 0.66 1.80 2.18
648-3 WR 2.231 9.878 0.1366 0.512399 0.000013 -4.66 -0.71 0.60 1270 1.564 0.743613  0.000011  0.732132  0.728324
648-3 ga 2.704 9.044 0.1808 0.512552 0.000014 -1.68 -0.63 -0.29
648-3 am 11.93 51.11 0.1411 0.512475 0.000006 -3.18 0.48 1.69
648-3 chl 3.303 14.50 0.1378 0.512670 0.000008 0.62 4.51 5.79
648-2 WR 5.584 26.07 0.1296 0.512351 0.000014 -5.60 -1.18 0.28 1252 1.036 0.717351  0.000009 0.709745 0.707222
648-2 bi 3.962 19.38 0.1237 0.512325 0.000013 -6.11 -1.30 0.29
648-2 ga 3.284 10.43 0.1905 0.512554 0.000011 -1.64 -1.23 -1.10
648-2 pl 0.059 0.696 0.0513 0.512313 0.000014 -6.34 3.24 6.41

Tpm are given for whole rocks having '¥7Sm/'Nd <0.15.
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Fig. 8. Sm-Nd isochrons on minerals and REE on garnet from the Tin Begane area: (A) 675-TB garnet amphibolite; (B) 680-2B eclogite; (C) 648-3

0.16
1475 /"*Nd

0.18

garnet amphibolite; (D) 661-1 garnet amphibolite; (E) 648-2 garnet gneiss.

probably due to a slight underevaluation of LA-ICP-MS
of Sm and Nd, a little low when compared to adjacent
rare earths. These patterns are representative of the
amphibolite-facies metamorphism with no retrogression
effects. All the analysed minerals and the whole rock
from the 675-TB garnet amphibolite determine an iso-

La Ce Pr Nd SmEu Gd Dy Ho Er Yb

0.20

chron: 685120 Ma, eng = +4.54 £0.71, MSWD =0.26
(Fig. 8A). The minerals from this sample are crack-free
and very poor in secondary minerals. This age of
685120 Ma can only correspond to the amphibolite-
facies metamorphism which produced the analyzed

minerals.
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Fig. 8 (continued)

The eclogite 680-2b displays several kinds of REE
patterns in its garnets, found in all analyzed crystals
(Fig. 8B): each of them possess different zones that are
more or less primitive. Some parts (cla and c2b) have
REE patterns similar to that of 675-TB (Yby/
Cey = 101-168) but also patterns showing enrichment in
LREE and depletion in HREE (Yby/Cey =1.6-10). Let
us note that these two phenomena are not correlated: c2-
¢ is more than 10 times enriched in LREE but it has still
high HREE (Cey =8.5; Yby =287.5) while c2-b shows
both phenomena (Cey=1.9; Yby=16.7). LREE en-
richment is more important than HREE depletion. The
enriched zones impose their signature to the global
garnet population as shown by the isotope dilution bulk
values (Fig. 8B). The whole rock (WR), garnet and
amphibole from the eclogite 680-2B determine an iso-
chron: 683+ 60 Ma, eng = —1.69 +1.39, MSWD =1.16
(Fig. 8B). The low 'Y’Sm/'*Nd of the garnet (0.15, lower
than the whole rock, generating the low precision of the

isochron) suggests a REE readjustment in agreement
with the presence of the amphibole on the same iso-
chron. This indicates that the age obtained corresponds
to that of the amphibolite facies acquired during the
early thrusting. The plagioclase from the symplectite,
then a secondary phase, lies well below the isochron (2¢)
and this has no clear explanation.

The garnet amphibolite 648-3 shows primary and re-
equilibrated REE patterns in its garnets (Fig. 8D). Cl-a
and C2-a have primitive characteristics (Yby/Cey =
280-290). In this rock also, the LREE enrichment is not
correlated to the HREE depletion: ¢l-b and c¢2-b have
low REE and low HREE (Cey =0.36-1.28; Yby =4.8-
16), c2-c has high LREE and high HREE (Cey = 10;
Yby =100), cl-c and cl-d have high LREE and low
HREE (Cey =9 and 87; Yby =7 and 17). The isotope
dilution on the bulk garnet is within the range given by
the LA-ICP-MS but is largely influenced by the enriched
zones. The 648-3 garnet amphibolite, relatively rich in
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chlorite, does not give aligned minerals (Fig. 8D). Only a
WR-garnet age can be calculated at 528 £ 66 Ma with
éng = —0.51 £ 1.31. The chlorite and the amphibole lie
well above the WR-ga line. The low 'YSm/'*Nd of the
garnet indicates that this mineral has been reset at ~530
Ma. This means that it has lost a large part of the
radiogenic Nd produced before the lowering of its
Sm/Nd. The high position of the chlorite above the
isochron suggests that it could have acted as a pump for
moving radiogenic Nd, as K-feldspar acts for radiogenic
Pb. Let us note that this chlorite has an vy = +4.6 at
530 Ma, a value similar to that of the 675-TB amphib-
olite at the same age (eng = +4.8; Table 2). The am-
phibole, also a hydrated mineral, could have acted in the
same way but its higher Nd concentration (51 ppm Nd)
would have diluted the effect. This suggests a clearly
positive eng for rock 648-3 at ~685 Ma.

The garnet-clinopyroxene amphibolite 661-1 (Fig.
8C) has homogeneous and quite typical REE patterns in
garnet although less fractionated (Yby/Cey from 16 to
85) than the sample 675TB due to both higher LREE
(Cey =0.35-1.37 vs. 0.10-0.26 for 675-TB) and lower
LREE (Yby=22-30 vs. 50-160 for 675-TB). LREE
show disturbances. This can be probably ascribed partly
but not entirely to the bigger analytical errors at these
lower concentrations. All the analysed minerals (ga, pl,
cpx, amph) and the whole rock from 661-1 ga and cpx
amphibolite nearly determine an isochron: 506 + 48 Ma,
eng = +1.95+1.16, MSWD =2.3 (Fig. 8C). Although
the minerals from this sample are relatively poor in
secondary phases, the age obtained is much younger
than the two former ones and can only be ascribed to a
regression event. The bulk isotope dilution concentra-
tions are higher than those measured by laser ablation.
This suggests the existence within the 50 mg of garnet
analyzed for Sm—Nd dating of parts of grains having
enriched REE spectra as in sample 648-3, which have a
major influence on the bulk concentrations. This could
explain the young age observed.

The gneiss 648-2 displays also variations in its garnets
(Fig. 8E) from primitive to redistributed REE patterns
(Yby/Cey =0.4-500) but affecting mainly the LREE
(Cey varies from 0.12 to 63 and Yby from 25 to 93). The
garnet in this rock shows a pronounced negative Eu
anomaly. The global concentration given by isotope di-
lution on bulk garnet is largely influenced by the redis-
tributed garnet enriched parts. The Sm—Nd age has then
to be ascribed to the greenschist facies. The gneiss 648-2
defines an isochron with the WR, biotite and garnet:
531+38 Ma, eyg=—-125+0.78, MSWD=14 (Fig.
8E). The plagioclase lies well above this isochron with an
éna = +3.52 at 530 Ma (Table 2), in the same range as
675 TB and 648-3 chlorite at the same age. This suggests
that, in contrast to garnet, plagioclase retained the exg of
the amphibolite facies. As for sample 648-3, this would
suggest a positive eng for this gneiss at ~685 Ma.

Two sets of ages have been determined in the Tin
Begane area that can be reduced to two weighted means
(following Ludwig, 1999): 685+ 19 Ma (MSWD =0.01)
and 522+27 Ma (MSWD =0.41). The first age corre-
sponds to the amphibolite facies (retrogressed condi-
tions for the eclogite) and the second one to the end of
the Laouni greenschist facies metamorphic conditions.
This event is also marked by the intrusion of high-level
granitic and leucogranitic plutons (535-525 Ma; Cheil-
letz et al., 1992; Azzouni-Sekkal et al., 2003, this issue).
Wet metamorphic retrogression is then a major cause of
REE mobility in garnet.

3.4. The origin of the Tin Begane thrust sheets

All the studied rocks belong to the same P-T—t path,
consistent with the retrogression part of a loop whose
prograde path would correspond to a typical Franciscan
gradient (Fig. 7). Such a gradient indicates a subduction
environment (e.g. Peacock, 1993 and references therein).
This is compatible with the whole-rock chemistry of the
studied samples (Table 1; Fig. 9): they show enrichment
in K, Rb, Ba and depletion in HFS elements (Fig. 9A)
suggesting an island arc environment for the amphibo-
lite protoliths and a more mature active margin for the
protolith of the gneiss 648-2. The sample 661 has a
composition closer to MORB, although slightly de-
pleted in HFSE. The rare earth elements (Fig. 9B) are
variable from nearly flat (648-3) with positive Eu
anomaly (661-1) to enriched in LREE (paragneiss 648-
2). Combined convex upward spectra, positive Eu
anomaly and low REE abundance indicate that the REE
budget is mainly controlled by cpx and plagioclase as
shown by the laser spots (Fig. 9C; laser ablation coupled
to an ICP-MS; Table 4). The sample 675TB spectrum
shows in addition the influence of garnet (HREE en-
richment). The available whole-rock geochemical anal-
yses are too few to constrain the palaeoenvironment of
the Tin Begane amphibolites and associated rocks, but a
former subduction zone is likely.

The rare earth elements have been redistributed
during the different metamorphic phases that have af-
fected variably the studied rocks. Calculated &nqg relate
to the metamorphic phase dated. The estimate of the eng
of the protolith is then model-dependent and has to be
coupled to the depleted model age (7py) information.

The garnet amphibolite 675-TB whole rock has a
147Sm/"*Nd (0.209) close to that of the depleted mantle
(0.214-0.230). This gives subparallel evolution with time
of the " Nd/"**Nd of the rock and the depleted mantle,
giving a meaningless Tpy value but also a fairly constant
ena Whatever the age considered (+5.6 now, +4.5 at 685
Ma). This value indicates no or slight participation of a
pre-Neoproterozoic crust in this rock although it con-
tains 60% SiO, (tonalite in the (’-Anor diagram of
Streckeisen and Le Maitre, 1979). Coupled with the
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rock normalized to chondrite (Taylor and Mc Lennan, 1985); (C) REE on cpx and cpx-plag symplectite.

geochemical data, this suggests that it belongs to an is-
land arc TTG series. The eclogite 680-2b provides a WR
ena = —1.8 at 685 Ma; 'Y’Sm/'"*Nd (0.17) is too high to
give a useful Tpy. The garnet amphibolite 661-1 has a
WR é&ng of +1.92 (isochron: +1.97) at 502 Ma and +2.23
at 685 Ma. '“7Sm/'*Nd (0.18) is also too high to give a
meaningful Tpy value. The garnet amphibolite 648-3
(metadiorite) and the garnet gneiss 648-2 (metagranod-
iorite or metagreywacke) bring similar constraints: they
have for whole rock at 530 Ma eyg = —0.6 and —1.5 and
Tom = 1270 £38 Ma and 1291 £63 Ma, respectively.
eng calculated back to 685 Ma are +0.6 for 648-3 and
—0.1 for 648-2 (Table 2). Considering chlorite eng for the
sample 648-3 (+4.6 at 530 Ma) and plagioclase &yg from
sample the 648-2 (+3.5 at 530 Ma), and taking the WR
Sm/Nd, eng would have been +5.8 and +5.1 at 685 Ma,
for samples 648-3 and 648-2, respectively. This is close

to the eng = +4.5 of sample 675TB. Mean &yq for the
Tin Begane thrust sheets can then be evaluated at +5 at
685 Ma. This indicates a major juvenile component
within all the rock studied. Coupled with their geo-
chemistry, this favours an island arc origin in an oceanic
setting.

This subduction-related geodynamic environment
can be related to that of the nearby Mount Tessalit
ophiolites (Fig. 2).

4. The Ounane and Tisselliline granitoids from the Gour
Oumelalen area: age and origin

The whole-rock geochemical analyses are listed in
Table 1 and the Sr-Nd isotopic results in Table 3.
Analytical techniques are given in Appendix A.
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Table 3

Sm-Nd and Rb-Sr isotopes on whole rock for the Ounane and Tisselliline granitoids

Sr;

Sr SRb/  ¥Sr/f°Sr 20
86S1’

Rb

Tom

ENd

20

145N/
]44Nd

147Sm/
144Nd

Nd

Sm

Sample

624 Ma

555 Ma

624 Ma

555 Ma

0 Ma

Ounane
R656

0.707089
0.708342
0.708494

0.712673
0.708716
0.709135

0.000008
0.000009
0.000007
0.000007
0.000007
0.000007
0.000007
0.000008

0.75739

5.65

126
617
487
209
238

244

1949
1646
2322
1919

-16.89
-14.14

-17.76
-15.09
-21.95
-20.49

-24.75

0.000008
0.000008

0.511369
0.511475

0.0978
0.0892
0.1004
0.0800
0.0737
0.0898
0.0860
0.1043

43.05
45.82
28.47

47.38

6.96
6.

0.38 0.711711
0.65 0.714263
1.94  0.725869
1.93  0.725630
2.96 0.734746
3.18 0.738354
0.99 0.715347

81

-22.69

76
73
27

R655

109
140

-28.75 -21.10

0.511164  0.000009

0.511165

4.

R650

0.710534  0.708619

0.710371
0.711296
0.713200
0.707523

-19.46
—-17.64

-19.01

—-16.11

-28.73

0.000008

6.

R660

0.708466
0.708367
0.710059
0.706546

158
176

1737
2003

—-18.73
-19.9

-27.43
-27.5

0.511232  0.000008

0.511228
0.511361
0.511532

66.92

8.15
9.27
6.37
5.45

R661
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172
162

419

0.000008
0.000010
0.000008

62.45

R667

177
143

1755
1820

-17.09
-15.04

-24.91

44.74

R657

-14.23

-21.57

31.56

R663

Tisselliline

R666

0.568463
0.704786
0.694329
0.703201
0.701277

0.694140
0.707045
0.705665
0.708062
0.708305

0.000013
0.000007
0.000011
0.000007
0.000008

1.700553

127.2

11

172.6

452

-13.35
—-14.25
-13.41

-13.50
-15.24

—-14.38

-14.75
-23.15

0.000012
0.000013

0.511882
0.511451

0.1789
0.0848
0.0873
0.0857

20.49
106.5

6.06
14.93
12.96
14.44

2.29 0.72513
11.47  0.796441
492  0.746994

7.11

136.1
180.4
167

1613

R676

459

1576
1545
1728

-22.12

89.81 0.511504  0.000005
0.511511

101.9

R678

98

-13.15

-21.98 -14.13

-19.21

0.000008
0.000013

R679

0.764584

76.3

186.5

-12.32

-13.09

0.511653

4.9292  0.1100

0.8971

R680

Tpm are given for whole rocks having '7Sm/"*Nd < 0.15.

4.1. Rb—Sr geochronology

Eight samples from the Ounane pluton have been
analyzed for the Rb-Sr geochronology. The isochron
obtained has a high MSWD of 19 giving an age of
628 £47 Ma (initial ¥Sr/%Sr or Sr; =0.7081 £ 0.0016;
Fig. 10A). This high MSWD is due to two samples
(R657 and R663). Based on the other six samples, the
age obtained is: 624 £ 15 Ma (Sr; =0.70839 £ 0.00016;
MSWD =0.87; 6WR/8; Fig. 10A). These two ages and
Sr; are very similar, suggesting slight variation of initial
ratio in the two outliers, which suggests that the second
more precise age is meaningful.

The five samples from Tisselliline pluton are well
aligned, determining an isochron: 555%15 Ma,
Sr; =0.70728 £0.00095, MSWD =1.16 (Fig. 10B). The
sample R666 possesses a much higher Rb/Sr than the
other samples. However, the four other samples deter-
mine similar parameters, although less precise: 560 + 21
Ma (Sr;=0.7070 £0.0012; MSWD = 1.4).

The age of the Ounane pluton is in the range known
for batholiths in the Laouni terrane (600-610 Ma; Ber-
trand et al., 1986) and in other parts of the shield (620-
580 Ma; Boullier, 1991 and references therein). This age
corresponds to the beginning of movements along shear
zones following collision with the West African craton
(Liégeois et al., 1998) that occurred at ~620 Ma (Jahn
et al., 2001). To the east, in the Assodé-Issalane terrane,
high-K calc-alkaline batholiths have been dated within
the 645-580 Ma age range (Liégeois et al., 1994).

The age of the Tisselliline pluton is younger than the
recorded ages of the high-K calc-alkaline batholiths
(625-580 Ma) and older than the Taourirt high-level
plutons located on the western age of LATEA (530-520
Ma). The Taourirt plutons intruded at the end of the
transtensive deformation along the 4°50" shear zone
(Djouadi et al., 1997; Paquette et al., 1998; Azzouni-
Sekkal et al., 2003, this issue). Structural observations
indicate that the Tisselliline pluton intruded high in the
crust but under a transpressional regime (Latouche,
1975) and has not been included in the Taourirt family
by Boissonnas (1974). This intermediate age appears in
agreement with these data. On the other hand, it is
contemporaneous to the alkaline—peralkaline subvolca-
nic province in the Adrar des Iforas (Kidal terrane;
Liégeois et al., 1987), in particular the Tessalit ring
complex (553 =8 Ma; Liégeois et al., 1996). This indi-
cates that during the period from 560-520 Ma, charac-
terized by high-level intrusions, the Tuareg shield was
already largely eroded.

4.2. Major and trace element geochemistry
The Ounane and Tisselliline plutons are enriched in

K,O (Fig. 11A). The Ounane defines a high-K calc-
alkaline trend, incomplete due to the number of samples
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Fig. 10. Rb-Sr isochrons for the Ounane pluton (A) and the Tisselliline pluton (B).

but within the Kidal-Assodé HKCA syn-shear group
(640580 Ma; Liégeois et al., 1998). The Tisselliline is
composed only of granites and for such differentiated
rocks, the geochemistry of HKCA and alkaline series
share several characteristics, including K,O content
(Liégeois et al., 1998). Indeed, the Tisselliline granitoids
are located at the intersection of the potassic and alka-
line trends (Fig. 11A). The sample R666 is particularly
low in K,0O. The agpaitic index (molar [Na,O + K,O)/
Al,O;) better discriminates HKCA series from alkaline—
peralkaline series (Fig. 11B): above 1, the rock is per-
alkaline while metaluminous alkaline granitoids have
generally an agpaitic index AI >0.87, in contrast to the
HKCA granitoids (Liégeois and Black, 1987). In that
diagram, the Ounane granitoids are always <0.87, in
agreement with their HKCA character; with the excep-
tion again of R666, the Tisselliline granitoids have
AI>0.87 with the sample R678 being peralkaline
(AI=1.05) suggesting they belong to an alkaline—per-
alkaline series. This is confirmed by the use of the sliding
normalization to the reference alkali-calcic Yenchichi—
Telabit series: each studied sample is normalized to an
interpolated rock of the reference series having the same
SiO, content, to minimize the differentiation effect
(Liégeois et al., 1998). In the synthesis diagram grouping
some LILE (+Ta) on the Y-axis and some HFSE on the
X-axis (Fig. 11C), the Ounane pluton is located in a
typical position for a potassic series while the Tisselliline
(except R666) forms an alkaline trend. The sample R666
is far from the other samples due to a peculiar enrich-
ment in Nb (52 ppm) and in Ta (4.9 ppm). This is
coupled with low K,O (Fig. 11A) and Ba contents but
also to a high Rb/Sr (Fig. 10B), high ALO; and U
content when compared to other Tisselliline granitoids
(Table 1).

The rare earth elements from the Ounane pluton
show classical spectra (Fig. 12A) for a K-rich series for
light REE (LREE) but with a large set of heavy REE
(HREE), Lay/Yby varying from 14 to 181. High Lay/
Yby are reminiscent of Archaean granitoids (Martin,
1987).

The three samples from the Tisselliline pluton
grouped in Fig. 11C have similar REE patterns with a
strong LREE/HREE fractionation (Fig. 12B): Lay/Yby
vary from 96 to 143, also reminiscent of Archaean
granitoids. The sample R666, already noted for its pe-
culiar chemistry, presents a seagull spectra with a nearly
flat pattern and a strong negative anomaly (Eu/
Eu* =0.02), typical of subsolidus re-equilibration with
halogen-rich fluids, another characteristics of alkaline
series. The sample R680 is very low in REE content
(3~ REE = 36 ppm for 600-700 ppm for the main trend)
and displays a positive Eu anomaly (Eu/Eu*=2.49),
suggesting the presence of cumulative feldspar or that
this granite is a low degree fluid-present partial melt of a
felsic source (Harris and Inger, 1992).

The mean REE of the three Tisselliline samples from
the main trend (R676, 678, 679) and the mean of the
Ounane granitic samples (>72% SiO,; Fig. 12C) are
subparallel with the Tisselliline being more enriched
than the Ounane, both marked by a strong LREE/
HREE fractionation.

The Ounane pluton displays MORB-normalized
spidergrams that are very close for most trace elements
for rocks ranging from 63% to 73% SiO, (Fig. 12D).
Only P and Ti display strong inverse correlations with
SiO; (apatite and ilmenite or titanite role) and as already
noted, Yb and Y are quite variable. LILE anomalies
correlate with SiO,: positive for K and Rb, negative for
Sr and Ba. The plagioclase plays a major role either in
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Fig. 11. Geochemistry of the Ounane and Tisselliline plutons: (A) SiO,
vs. K,O; (B) SiO, vs. agpaitic index ([K,O + Na,0]/Al,0s, in molar
proportions); Al =0.87 from Liégeois and Black (1987), separating the
HKCA series from the alkaline—peralkaline series in the Kidal terrane;
(C) synthetic diagram with sliding normalized values to the Yenchichi-
Telabit reference series (Liégeois et al., 1998), see text.

the fractional crystallization or in the partial melting
process. As a whole, the Ounane pattern (enrichment in
LILE, Nb-Ta negative anomaly, low Y-Yb content and
strong slope from Ce to YD) indicates a subduction-
related source (but not necessarily a subduction envi-
ronment at the time of Ounane intrusion). The REE
patterns are reminiscent of Archaean.

For the Tisselliline pluton, the MORB-normalized
spidergrams (Fig. 12E) distinguishes the main trend
(R676, 678, 679) from the two samples displaying par-
ticular REE patterns and sliding normalized values
(R666 and 680). As for the REE, the main trend displays
a pattern parallel to that of the Ounane pluton (Fig.
12F) but with higher values for LREE, MREE, Zr and
Hf and lower values for Ba. These differences can be
linked to the more alkaline character of the Tisselliline
pluton. However a source similar to that of the Ounane
is likely, with differences in fluid activity as marked by
the sample R666 or in partial melting degree, as marked
by the sample 680.

In conclusion, the geochemical data point to a high-K
calc-alkaline series for the Ounane pluton and to an
alkaline series for Tisselliline pluton but in both cases,
the source possesses subduction-related characteristics
and Archaean affinities. Let us note that this concerns
the source of the studied pluton, and not their pala-
eoenvironments: the subduction-related geochemistry of
the source could have been acquired a long time before
the Ounane and Tisselliline emplacements. The Tissell-
iline pluton displays more variations than the Ounane
pluton due to greater fluid activity and lower degree of
partial melting or higher degree of crystal fractionation.
To resolve these last points is out of the scope of this
study.

4.3. Nd and Sr isotope geochemistry

The Rb-Sr isochron ages are taken as the intrusion
age of the Ounane pluton (624 Ma) and for the Tis-
selliline pluton (555 Ma). Using individual initial ratios
will integrate the error on the ages. Comparisons will be
made with the gneissic country-rocks (Nd isotopes;
Peucat et al., 2003, this issue), with the Anfeg pluton
from the Laouni terrane that is in a similar context (Sr
and Nd isotopes; Acef et al., 2003, this issue) and with
the Renatt regional parautochthonous crustal leucog-
ranite from the Assodé-Issalane terrane, just to the east
(Figs. 1 and 2; Sr and Nd isotopes; Liégeois et al., 1994).
This latter granite represents a lower granulitic crustal
melt mixed at the intrusion level with an amphibolite-
facies crustal melt at ~666 Ma (Rb-Sr isochron;
Liégeois et al., 1994).

A Tpm model age (calculated following Nelson and
DePaolo, 1985) vs. eng diagram is opposing correlated
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Fig. 12. Geochemistry of the Ounane and Tisselliline plutons: (A) REE diagram for the Ounane pluton; (B) REE diagram for the Tisselliline
pluton; normalization to chondrite (Taylor and Mc Lennan, 1985); (C) means of the Ounane granites (SiO, >72%) and of the main trend of the
Tisselliline pluton (samples R676, 678, 679); (D) trace elements normalized to N-MORB (Sun, 1980; Pearce, 1982) for the Ounane pluton; (E)
trace elements normalized to MORB for the Tisselliline pluton; (F) trace elements normalized to MORB for means of the Ounane granites
(SiO, > 72%) and of the main trend of the Tisselliline pluton (samples R676, 678, 679). Value next to the sample number is the silica content of
this sample.
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values (both are linked to the measured '*Nd/!*Nd) but
the first privileges in addition the Sm/Nd ratio and the
second the intrusion age. This diagram is particularly
useful to compare the above lithologies (Fig. 13A). The
Ounane pluton has Tpy model ages varying between
1920 and 2540 Ma with a mean of 2141+ 122 Ma im-
plying low eng at 624 Ma, between —14 and —21 (mean:
—17.3 £ 1.6). The Tisselliline pluton gives slightly youn-
ger Nd model ages with Tpy between 1820 and 2040 Ma
(mean: 1900 = 85 Ma) and &eng between —12.7 and —14.7
(mean: —14.2 £0.8). The Ounane trend follows that of
the Renatt granite. However, when combining eng and
Sr; (Fig. 13B), we can note that the high eyg end-member
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(at —14) of the Renatt granite has high Sr; (up to 0.780)
at 624 Ma, which is not the case for the Ounane. In this
diagram, only the low &g (—19 to —22) end-member of
the Renatt granite is close to one end of the Ounane
trend. This Renatt end-member has Tpy varying from
2200 to 3200 Ma.

Fig. 13B shows that the Ounane-Tisselliline plutons
form a trend parallel to the Y-axis with a small variation
in Sr; (allowing for errors in the Rb-Sr isochrons)
compared to larger variations in &yg. This can be inter-
preted as the result of mixing between a melt extracted
from an Archaean/Palacoproterozoic granulitic crust
and a melt generated within the mantle. The latter
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Fig. 13. Nd and Sr isotopes for the Ounane and Tisselliline plutons, compared with the Gour Oumelalen basement (Peucat et al., 2003, this issue),
the Anfeg batholith from the Laouni terrane (Acef et al., 2003, this issue) and the parautochthonous Renatt leucogranite from the Assodé-Issalane

terrane (Liégeois et al., 1994).
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would be minor, particularly in the Ounane pluton. The
Anfeg batholith (Laouni terrane; Acef et al., 2003, this
issue) would have a greater juvenile input in its genesis
(Fig. 13B). The older the melted crust is, greater the
juvenile input has to be (Fig. 13A). With a larger juve-
nile input, the source of the Archaean Red gneiss com-
plex (group 1) would be a suitable source for the Ounane
and Tisselliline plutons. The difference observed in the
geochemistry of the Ounane pluton vs. the Tisselliline
pluton could be due to the mantle source involved in the
process (Liégeois et al., 1998). This shows that alkaline—
peralkaline granitoids can be rooted either mainly in the
lower crust (Tisselliline) or in the mantle without crust
contribution (Tin Zebane dyke swarm in Tassendjanet
terrane; Fig. 1; Hadj Kaddour et al., 1998; Ait-Djafer
et al., 2003, this issue).

5. Geodynamic implications—the LATEA metacraton

5.1. The evolution of the LATEA cratonic passive margin
during Neoproterozoic time

The LATEA composite terrane (Fig. 14) is made of
an Archaean (=2.7 Ga with protolith up to 3.3 Ga;
Peucat et al., 2003, this issue) and Palacoproterozoic
basement (2.1-1.9 Ga; Bertrand et al., 1986; Peucat
et al., 2003, this issue); the Eburnian orogeny (=2 Ga)
produced a granulitic facies metamorphism.

No Mesoproterozoic event or rock is recorded in
LATEA and in the entire Tuareg shield. This means that
LATEA had plenty of time to acquire a thick litho-
spheric mantle (Black and Liégeois, 1993), rendering it
very rigid, i.e. cratonic.

A model can be proposed for the Neoproterozoic
evolution of LATEA (Fig. 15).

The remarkable thrust eclogitic unit that can be fol-
lowed from the south to the north of LATEA (Figs. 1
and 2) can be used to estimate relative Pan-African
displacements along the mega-shear zones. Indeed, this
eclogitic unit constitutes a geological marker of the first
order, not only to define the pre-collision and collision
conditions but also to determine the post-collisional
movements along the mega-shear zones. In this case, it
shows minimum relative movements to the north of
~500 km, probably much more in an absolute frame.
This allows an initial configuration for LATEA to be
suggested before the Pan-African orogeny at around 900
Ma ago, as forming one cratonic passive margin (Fig.
15A). The Iskel island arc was offshore with the sub-
duction plane dipping away from LATEA.

At 870-850 Ma (age of the syn- to late-kinematic
plutons (Caby et al., 1982) in the Iskel terrane), the
LATEA continent entered the subduction zone east of
the Iskel island arc, with the result that the Iskel terrane
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Fig. 14. Present situation of LATEA showing the preserved
Archaean—Palaeoproterozoic basement (metacraton) dissected in four
terranes (La=Laouni, Az=Azrou-n-Fad, Te=Tefedest, Eg-
Al = Egéré-Aleksod), the thrust juvenile material (at ~850 Ma [Isk =
Iskel], 685 Ma and even probably later [Se = Serouenout]), the high-
K calc-alkaline (HKCA) batholiths (620-580 Ma), the mantle-derived
mafic—ultramafic layered complexes, the alkaline-alkali-calcic plutons
(Taourirts) mainly localized on the western boundary of LATEA and
the recent Tuareg volcanism mainly located in the LATEA metacraton
(forming, with that located along the Saharan craton in Air, 95% of
this volcanism in the Tuareg shield).

can be considered as the remnants of this arc lying upon
the western margin of LATEA (Fig. 15B). This position
on a cratonic margin has protected this thrust terrane
from later events, as was the case for the Barghot and
Aouzegueur terranes, thrust at 720-700 Ma onto the
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(B) 870-850 Ma: accretion of the Iskel island arc onto the LATEA cratonic passive margin. (C) Accretion onto LATEA of juvenile terrains rep-
resented by eclogites, ophiolites and other various oceanic lithologies, including that studied here in the Tin Begane area. (D) Period of meta-
cratonization of LATEA: LATEA is squeezed between the West African craton (WAC) to the east and the Saharan craton (SC) or metacraton
(SmC) to the east. LATEA is dissected by mega-shear zones generating linear lithospheric delamination and asthenospheric uprise. This generated
partial melting of the Archaean lower crust and the intrusion of HKCA batholiths (see Fig. 14) along these shear zones, expanding along sub-
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of the Archaean—Palaecoproterozoic basement are uplifted or included into thrust sheets. At 555 * 15 Ma, the Tisselliline high-level pluton intruded in
a transpressional regime. At 530-520 Ma, there is the intrusion of the alkaline and alkali-calcic shallow level plutons in particular along the western
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Saharan craton (Liégeois et al., 1994) for the same
reason. This collision did not destabilize the LATEA
craton.

At ~685 Ma (Fig. 15C), another collision with a
subduction zone took place: a series of thrusts of oce-
anic material occurred from SW to NE on the southern
border of LATEA. This event destabilized locally the
LATEA craton, as old basement rocks were introduced
into the thrust sheets, but probably did not produce a
regional destabilization. Such thrusts occurred probably
also later as for the Serouenout terrane, thrust towards
the NW (Fig. 15D).

The younger Neoproterozoic effects are transcurrent
movements along subvertical shear zones accompanied
by the intrusion of high-K calc-alkaline batholiths that
expanded horizontally away from the shear zones
(Latouche, 1975, 1978; Bertrand et al., 1986; Acef et al.,
2003, this issue; Fig. 15D). Dated batholiths are within
the 625-580 Ma age range (Bertrand et al., 1986; this
study). Later transpressive movements at higher struc-
tural levels occurred at 555+ 15 Ma (Tisselliline pluton,
this study) and transtensive movements in the range
535-525 Ma (Sn—W enriched small plutons; Cheilletz
et al., 1992; Taourirt plutons; Azzouni-Sekkal and
Boissonnas, 1993; Bonin et al., 1998; Paquette et al.,
1998; Azzouni-Sekkal et al., 2003, this issue). This cor-
responds to a widespread greenschist facies retrogres-
sion dated at 522 + 27 Ma (this study).

Granitoids are not regularly disposed in LATEA:
they are sparse in the Egéré-Aleksod terrane (Fig. 14)
and abundant to the south in the Laouni terrane. In all
cases, these batholiths are flat and thin in most of their
surface, having a subvertical foliation only in the vi-
cinity of the transcurrent mega-shear zone. The Ounane
and Tisselliline plutons studied in the NE of the Egéré-
Aleksod terrane are meaningful in this regard: being an
extreme case, they strongly constrain the genesis of
LATEA batholiths. Both are linked to an intra-terrane
mega-shear zone, the Ounane as a middle crust intru-
sion, the Tisselliline as an upper crustal intrusion. Both
show internal structures that agree with an emplacement
within a transpressive context. Although being distinct
geochemically (the Ounane is high-K calc-alkaline, the
Tisselliline is alkaline), they share several major geo-
chemical characteristics (Fig. 12C and F) and reflect
melting of a Palacoproterozoic—Archaean granulitic
lower crust (giving rise to Tpy model ages between 1820
and 2540 Ma); this melting was generated by a mantle
input that is seen by the Nd and Sr isotopes. The geo-

chemical differences existing between the two plutons
must then be probably searched within the mantle
component.

This mixed crustal dominated source associated with
mega-shear zones can be linked to the structure ob-
served in current mega-shear zones, such as the Red
River shear zone in Asia or the San Andreas Fault in
California. In both cases, high heat flow indicates
that the asthenospheric mantle is close to the Moho
(Lachenbruch et al., 1985; Leloup and Kienast, 1993). In
the case of the San Andreas shear zone, the lithospheric
mantle is lacking (Lachenbruch et al., 1985). This sug-
gests that a lithospheric delamination occurs along
mega-shear zones, where the cold lithospheric mantle
sinks and allows the hot asthenospheric mantle to reach
the Moho (Fig. 15D). This generates mantle melts by
adiabatic pressure release and crustal melts in the lower
crust due to the high heat flow. Some mixing can occur
between the mantle and the lower crustal melts. The
resulting magmas will follow the shear zone and will
intrude at different level in the crust. An intrusion in the
mid crust can follow horizontal foliations at the dis-
continuity formed by the juvenile thrust sheets over the
old basement (Anfeg-type; Acef et al., 2003, this issue).
They can also stick to the mega-shear zone (Ounane-
type), which will be the rule at higher structural levels
(case of the Tisselliline and of the Taourirt plutons;
Azzouni-Sekkal et al., 2003, this issue). To the south of
LATEA, the phenomenon was more intense, resulting in
abundant HKCA batholiths with a more important
mantle component in their source (Anfeg-type; Acef
et al., 2003, this issue). There are also intrusions of
mantle-derived mafic—ultramafic layered complexes
(Cottin et al., 1998; Fig. 14), variably contaminated by
the Archaean lower crust. The Pan-African shear zones
with thinner lithospheric mantle probably also played a
role in the localization of the recent Hoggar volcanism
(Fig. 14).

This dissection, accompanied by linear lithospheric
delamination, occurred in a general transpressional
system allowing an escape of the LATEA terranes to
the north. This was accompanied by the reactivation
and the uplift of the basement in the vicinity of the
shear zones. In the region intruded by HKCA
batholiths, a greenschist facies metamorphism was
present at various degrees in both the basement and
the early Pan-African thrust sheets. The closure of
this retrograde phase has been dated here at 522+
27 Ma.

<

Fig. 15 (continued)

boundary of LATEA under a transtensional regime (Taourirt plutons; see Fig. 11). During the whole Pan-African orogeny, LATEA was not
subjected to a major thickening, preserving a part of its rigidity; in turn, its Archaean—Palacoproterozoic basement and the early Pan-African oceanic

thrust sheets are well preserved.
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5.2. The LATEA metacraton

The above story corresponds to the “hit and run”
orogeny of Maxson and Tikoff (1996): the “hit” corre-
sponds to early collisions marked by mega-thrusts and
by high-pressure metamorphic rocks uplift and the
“run” to large horizontal movements of terranes along
subvertical mega-shear zones and accompanied by
numerous granitoids, mainly high-K calc-alkaline in
nature. This corresponds to the collisional and post-
collisional periods as defined by Liégeois et al. (1998).
However, in the LATEA case, the collision is not ac-
companied by a major crustal thickening and the Pan-
African high-grade metamorphism is limited to the
juvenile thrust sheets and to rare pieces of base-
ment accompanying overthrusts. That means that the
Archaean—Palaeoproterozoic basement is well preserved
and that isotopic geochronometers, including the Rb-Sr
geochronometer (Latouche and Vidal, 1974) applied to
the basement rocks, generally did not record the Pan-
African orogeny.

This intermediate character between a rigid, unaf-
fected craton and a mobile belt completely affected by
an orogeny corresponds to the notion of ‘“metacr-
aton” recently proposed by Abdelsalam et al. (2002).
These authors defined a metacraton as a craton that
has been remobilized during an orogenic event but
that is still recognizable dominantly through its rhe-
ological, geochronological and isotopic characteristics.
Indeed, LATEA behaved as a craton during the first
part of the Pan-African orogeny but was partly de-
stabilized and dissected during the second half, cor-
responding to the metacratonization process. In this
case, the LATEA metacraton has preserved even Pal-
aeoproterozoic petrological characteristics indicating
that the metacratonization was of medium intensity.

This metacratonization occurred mainly during the
620-580 Ma period, but continued until 520 Ma (Fig.
15D). This is when the LATEA craton was squeezed
between the nearly opposite pushing of the WAC and
the SmC. This squeezing generated 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 plutons
(Fig. 15D).

The western boundary of LATEA is well marked by
the 4°50’ fault with a western deviation to the south
(Fig. 14). This fault dissected the Laouni terrane in two
parts and generated spectacular cold mylonites (Lelubre,
1952). To the west, the In Teidini terrane is one of the
terranes from the so-called “Pharusian belt” made up of
juvenile lithologies and probably accreted to LATEA at
the beginning of northward tectonic escape. The

Archaean—Palaeoproterozoic terrane of In Ouzzal, lo-
cated further west (Fig. 1) cannot have been a part of
LATEA. This is confirmed by the age of the high tem-
perature granulitic metamorphism (Ouzegane and
Boumaza, 1996) that is 100 Ma older than in LATEA
and by a more complex history as a whole (Peucat et al.,
2003, this issue).

The eastern boundary of LATEA is less certain. The
Tin Begane island arc thrusting occurred at 685+ 19 Ma
when that of Barghot-Aouzegueur terranes (Fig. 1) onto
the Saharan metacraton was nearly finished and when
the Assodé-Issalane terrane underwent post-collisional
collapse (Liégeois et al., 1994). Relations between LA-
TEA and the Assodé-Issalane terrane (Fig. 1) still have
to be deciphered: gently dipping fuchsite-bearing
quartzites that lie above high-grade gneisses in the north
of Assodé-Issalane suggest a correlation with the same
quartzites in the Gour Oumelalen Supergroup (Fabries
and Latouche, 1973) and along the western part of the
Laouni terrane. However, the Assodé-Issalane terrane
has been pervasively affected by a regional anatectic
event resulting from collision with the Saharan metacr-
aton (Renatt parautochthonous granite; Liégeois et al.,
1994). The Assodé-Issalane terrane could then represent
the eastern border of LATEA that collided with the
Saharan craton at ~700 Ma or could be a distinct mi-
crocontinent. A general problem that has still to be
deciphered is the relation existing between LATEA and
Saharan metacratons: is LATEA the western extension
of the Saharan metacraton?

6. Conclusions

The Central Hoggar is made of four terranes (Laouni,
Azrou-n-Fad, Tefedest and Egéré-Aleksod) grouped
under the acronym LATEA as they share major char-
acteristics.

(1) Their basement is made of granulitic facies rocks
metamorphosed during the Eburnian orogeny (=~1.9 Ga;
Bertrand et al., 1986; Peucat et al., 2003, this issue); the
protoliths are either Palacoproterozoic or Archaean (up
to 2.7 Ga, zircon ages, or 3.3 Ga, Tpmy Nd model ages;
Peucat et al., 2003, this issue).

(2) No Mesoproterozoic rocks or events are known.

(3) Neoproterozoic rocks are juvenile oceanic units
lying upon the old granulitic basement. They range from
greenschist facies ophiolites to garnet amphibolites and
gneiss and eclogites giving a complete retrogressive P—
T—t path from >15 kbar—790 °C to 4 kbar—500 °C
through 12 kbar—830 °C and 8 kbar—700 °C. These
island arc rocks have been metamorphosed in a sub-
duction zone and afterwards thrust during early Pan-
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African phases from ~850 Ma (Iskel terrane; Caby et al.,
1982) to 685+ 19 Ma (Laouni thrust sheets) and even
probably later (Serouenout terrane). LATEA has not
been intruded by subduction-related magmas during this
period; LATEA behaved as a passive margin. The early
thrusts are remarkably preserved, as is the old basement,
if shear zones are ignored. This indicates that the
LATEA passive margin was rigid, i.e. cratonic, during
these early Pan-African phases of accretion.

(4) The late Pan-African phase is marked by the
collision with the West African craton to the west, in-
ducing a general tectonic escape of the Tuareg terranes
to the north (Black et al., 1994). During this period,
LATEA was squeezed between the West African craton
to the west (through the western Tuareg terranes) and
the Saharan metacraton to the east (through a fringe of
eastern terranes; Liégeois et al., 1994). This resulted in
the dissection of LATEA into four terranes by mega-
shear zones that induced relative movements of several
hundred kilometres. This transpressive major tectonic
phase induced the emplacement of high-K calc-alkaline
batholiths along the shear zones with some of them
expanding horizontally along older thrust planes. To the
north, where they are few, their source is mostly the
Archaean basement at depth with only a small mantle
input (Ounane pluton, 624+ 15 Ma; eng = —17.3 + 1.6).
To the south, where they are numerous, the mantle in-
put is more important, even with mantle-derived mafic—
ultramafic layered complexes (Cottin et al., 1998). In our
model, we relate this to a linear lithospheric delamina-
tion along the mega-shear zones allowing the hot as-
thenosphere to rise, melt by adiabatic pressure release
and melt the lower crust. These linear delaminations left
intact large areas between the shear zones. At the end of
this phase, high-level circular plutons intruded along
these shear zones, first during transpression (Tisselliline
pluton, 555+15 Ma; &yg = —14.2+£0.8), afterwards
during trans-tension (Taourirt plutons; Azzouni-Sekkal
et al., 2003, this issue).

This dismembered and partly destabilized the LA-
TEA craton. This corresponds to a metacratonization
process that, if completed, would have led to a mobile
belt comprising old protoliths. It may be for LATEA
that this process was only incipient, leaving most of
LATEA and its thrust superstructures nearly intact.
This matches the notion of metacraton (Abdelsalam
et al., 2002). The LATEA metacraton, in the centre of
the Pan-African belt, constitutes a museum for middle
Neoproterozoic, Palaeoproterozoic and Archaean
events.

LATEA formed during the Eburnian orogeny, grew
as a craton during the Mesoproterozoic by acquiring a
thick lithospheric mantle (Black and Liégeois, 1993), a
rigidity allowing the preservation of early Pan-African

events, and finally became a metacraton during the final
amalgamation of the Trans-Saharan belt.
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Appendix A. Analytical techniques

Electron microprobe analysis (University of Paris 6
and M.N.H.N): The minerals have been analysed using
a Camebax electron microprobe. The operating condi-
tions were 15 kV and 10 nA, with a counting time of 20
s, except for volatile elements in biotite and plagioclase.
Natural silicates and synthetic oxides were used as ref-
erence for all elements. For details, see Mouri et al.
(1996).

Whole-rock major and trace elements (Africa Mu-
seum): Si, Al, Ti, Fe, Ca and P have been analyzed by X-
ray fluorescence following the method described by
Norrish and Hutton (1969); Mn, Mg, K and Na have
been measured by atomic absorption after open acid
digestion (HF + HCIO, + HNO3); FeO has been titrated
by KMnO,. Three different techniques have been used
for the analysis of 29 trace elements: X-ray fluorescence
on raw material for Rb and Sr; ICP-AES for Cu, Zn, Cr
and Co (for details, cf. Navez, 1983); ICP-MS (VG
PQ2+) for the other elements: the result of the alkaline
fusion (0.3 g of sample + 0.9 g of lithium metaborate at
1000 °C during 1 h) has been dissolved in 5% HNO;.
The calibrations were set using both synthetic solution
(mixture of the considered elements at 2, 5 and 10 ppb)
and international rock standards (BHVO-1, W1, GA,
ACE). For all these elements, the precision varies from
5% to 10% (for details, see Navez, 1995).

Rb—Sr and Sm—Nd geochronology (Africa Museum):
After acid dissolution of the sample and Sr and/or Nd
separation on ion-exchange resin, Sr isotopic composi-
tions have been measured on Ta simple filament
(VG Sector 54), Nd isotopic compositions on triple
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Ta-Re-Ta filament (VG Sector 54) and Nd concentra-
tions (isotope dilution) on Re double filaments (Finni-
gan MAT 260). Repeated measurements of Sr and Nd
standards have shown that between-run error is better
than 0.000015 (26). The NBS987 standard has given a
value for ¥Sr/*Sr of 0.710275%0.000006 (26 on the
mean, normalized to 3Sr/®Sr=0.1194) and the
MERCK Nd standard a value for “Nd/'#Nd of
0.511730£0.000010 (26 on the mean, normalized to
14ONd/"Nd = 0.7219) during the course of this study.
All measured ratios have been normalized to the rec-
ommended values of 0.710250 for NBS987 and 0.511963
for Nd Merck standard (corresponding to a La Jolla
value of 0.511858) based on the 4 standards measured
on each turret together with 16 samples. Sm and Nd
concentrations were measured by isotope dilution. The
error on the Sm/Nd ratio is ~2%. The Rb-Sr and Sm—
Nd ages have been calculated following Ludwig (1999).
Decay constant for ¥Rb (1.42x107'" a~!) was taken
from Steiger and Jager (1977) and for 'YSm (6.54 x 10~
a~') from Lugmair and Marti (1978). Sr and Nd isotope
ratios are listed in Tables 2 and 3.

Laser ablation ICP-MS (Africa Museum): The data
listed in Table 4 were obtained on a Fisons PQ2+
Plasma Quad coupled to a Fisons Laserprobe. General
working conditions were:

e Plasma conditions: RF Power: 1.35 KW Forward, <3
W reflected; Glas flow rates: Ar Cool gas flow (13.5
Imin~!); Ar Auxiliary gas flow (1.15 Imin'); Ar
Nebulizer gas flow: (0.9 Imin~").

e Interface: Sampling cone (Ni 1.0 mm aperture),
Skimmer cone: (Ni 0.7 mm aperture).

e Laser system (Spectrum SL282 Nd:YAG): Laser
beam: (IR; wavelength: 1065 nm); operating mode
(Q-switchted); energy (280 mlJ/pulse); repetition rate
(10 Hz); pre-ablation time (7 s/shot); acquisition time
(15 s); crater size (50 pm).

e Acquisition parameters: detector type (Galileo chan-
neltron); ion detection (pulse counting; mode: peak
jumping with 3 pts/peak; dwell time: 10.24 ms;
DAC/step: 5.

Rock samples were prepared as thin sections whose
thicknesses were set to 150-200 pm. This thickness range
still allows recognizing minerals under the polarizing
microscope.

The quality of the data depends on calibration, in-
terference correction and drift control. In addition, there
is the reproducibility of the laser ablation. The latter and
the drift are largely controlled by the knowledge of the
concentration of an element used as internal standard.
We chose here a major element, Ca, which has been
measured close to each laser spot by electron micro-
probe. Interferences are well-known and corrected in
consequence:

Element mjz Interferences

Eu 151 135BaleQ; 13*BalOH
Dy 163 47Sm'°0

Gd 157 141prloQ; 40Cel® OH
Sm 152 35Bal’OH

Er 166 3ONd!'°0O; 13°Sm!°O
Yb 172 156Gd160; 156Dy160
Hf 178 162Dy160; 162Er160
Ta 181 165Ho!°0

These interferences are quite low in this case, as Ba,
the main interferent, is low in garnet and in clinopy-
roxene.

The calibration problem is delicate for laser ablation
analysis particularly for infrared laser, more sensitive to
matrix variability. In our case, it was crucial to use ex-
ternal standards with composition and concentration
close to analysed samples. As natural international ref-
erence of garnet and pyroxene are lacking, we used a
home garnet and pyroxene standard. The latter were
selected for homogeneity (verified by laser ablation) and
their bulk composition was measured into solution by
ICP-MS (high-pressure acid digestion on three fractions
from the same crystal). The concentrations in mg/l of
these home standards are:

Element Diopside Garnet
Sc 57 42
Co 16.3 75

G 1.1 11.0
Ge 3.1 2.5
Sr 2030 0.9
Zr 5.6 73
Ba 3.6 0.8
Hf 0.24 1.3
Pb 1.4 <0.2
La 6.7 <0.2
Ce 18.8 0.3
Pr 2.9 <0.2
Nd 14.0 1.56
Sm 3.0 1.8
Eu 0.86 1.14
Gd 2.3 5.0
Dy 1.1 9.9
Er 0.35 6.2
Yb 0.27 5.1

Relative errors are estimated to be around 10%.

For elements such as Ti, V, Cr, Ni, Rb, Nb, Ta, W,
Th and U, concentrations in these natural home stan-
dards are too low to be used as reference and we used
instead NIST 610 and NIST 620 artificial glasses (in-
ternational standards).



Table 4

Laser ablation ICP-MS trace elements of garnet and clinopyroxene

Sample Sc Ti A\ Cr Co Ni Ga Ge Rb Sr Zr Nb Ba La Ce Pr Nd Sm Eu Gd Dy Er Yb Hf Ta w Pb Th U
Mean garnet 675-TB

cl-a (15 pts) 61 130 54 11 35 13 6 5 0.09 0.6 5.0 0.2 2.8 0.07 0.11 004 018 0.14 020 2.07 89 21.6 399 023 003 021 0.14 024 0.09
cl-b (14 pts) 59 149 67 26 40 11 8 7 0.06 2.3 4.5 0.1 40 006 009 003 016 022 0.14 1.82 87 197 363 020 006 0.16 0.18 0.17  0.03
c2-a (6 pts) 48 133 71 28 32 15 6 4 0.10 3.1 6.6 0.2 10 0.04 0.18 0.06 0.12 0.15 0.13 245 8.1 16.4 26.7 0.32 0.05 0.37 0.23 0.25 0.14
c2-b (6 pts) 58 121 67 22 36 19 7 5 0.11 0.8 4.4 0.1 1.4 0.11 020 0.05 015 017 0.17 1.81 86 173 270 0.19  0.09 022 030 0.39  0.11
c2-c (6 pts) 52 110 57 10 34 17 7 7 0.10 0.6 3.5 0.1 0.5 0.08 020 005 054 025 025 2.59 8.6 11.5 15.7 023 001 025 0.14 022 0.12
c2-d (3 pts) 56 88 53 6 32 17 7 7 0.10 1.0 2.6 0.1 0.8 006 022 005 018 013 0.13 2.16 82 109 13.9 0.16 0.00 0.18 0.25 032 0.09
Mean garnet 680-2

cl-a (5 pts) 53 443 124 12 39 22 9 4 0.18 22 157 0.3 44 0.10 0.60 0.17 0.59 0.43 0.23 2.65 10.5 18.8 26.2 2.99 0.10 0.33 0.28 0.33 0.29
cl-b (1 pt) 49 1377 156 16 39 26 8 4 0.12 134 108 32 29 9.7 234 3.1 16.1 4.9 14 6.1 12.9 12.2 9.9 22 0.2 1.9 1.0 6.2 1.0
c2-a (3 pts) 53 624 157 14 41 27 9 4 0.10 1.4 150 02 21 0.28 0.66 0.07 057 0.51 0.38 4.10 14.5 19.7 17.4 243  0.14 025 043 0.60  0.02
c2-b (3 pts) 75 256 102 16 35 113 12 6 232 117 615 1.2 157 1.3 1.8 0.5 39 1.5 1.1 34 6.7 4.4 4.1 10.6 04 1.0 2.0 1.8 0.9
c2-c (1 pt) 35 829 177 11 53 13 11 4 0.12 150 508 02 31 33 8.1 1.0 4.4 1.1 0.5 3.9 179 258  21.7 7.6 0.0 0.0 0.9 1.6 0.5
Mean garnet 648-3

cl-a (4 pts) 55 1361 153 33 42 26 11 7 0.25 24 48 29 7 0.25 038 010 065 021 0.37 497 28.1 348 377 .18 021 117 137 0.18  0.37
cl-b (10 pts) 30 1243 93 20 32 28 12 4 .02 273 228 23 352 0.37 122 016 099 068 084 4.69 5.33 1.84 119 318 023 054 171 033 042
cl-c (7 pts) 37 6689 105 32 34 24 11 5 0.36 72 268 13 75 2.4 8.7 1.4 8.9 35 2.0 11.8 15.4 6.8 43 3.4 14 14 0.8 0.8 2.6
cl-d (1 pt) 38 384 102 15 36 39 13 7 0.21 84 107 0.7 1 42 84 10 49 6.6 2.3 13 11 342 1.69 045 0.08 087 14 9.5 2.0
c2-a (10 pts) 53 1297 167 44 38 35 11 9 0.39 8.3 4.6 30 89 0.24 0.37  0.09 0.75 0.63 0.70 5.76 23.1 28.6 274 0.30 1.37 6.78 0.64 0.34 0.23
c2-b (2 pts) 61 678 157 45 49 37 12 7 0.19 24 40 10 5 0.23 0.35  0.05 1.09 085 0.81 8.46 152 6.59 401 041 047 310 082 0.18  0.13
c2-c (2 pts) 61 1758 188 50 52 51 14 11 0.57 53 6.4 35 50 2.6 9.7 1.4 7.5 2.6 1.3 8.8 207 284 248 0.7 04 26 1.6 1.0 3.1
Mean garnet 648-2

cl-a (IS pts) 59 168 71 111 17 .1 6 4 0.63 0.6 33 0.1 0.3 0.09 022 003 028 1.31 018 6.65 269 267 231 120 004 020 0.13 0.11  0.23
cl-b (3 pts) 53 327 85 154 16 0.0 6 5 0.09 0.6 20 14 0.1 1.41 534 048 1.57 1.33 0.15 7.13 17.3 9.17 6.16 0.23 0.08 0.89 0.12 0.46 0.27
cl-c (1 pt) 77 501 107 197 23 0.4 9 8 0.34 0.7 461 1.2 0.5 25 61 7 24 6.9 0.9 13 17 19 17 6.9 0.13  0.27 0.66 17 8
cl-d (2 pts) 60 256 115 196 21 0.0 11 7 039 18.7 180 0.5 29 76 194 26 97 28 2.6 24 16 17 19 33 0.06 0.00 12 30 11
c2-¢ (9 pts) 44 150 42 72 15 09 4 3 0.35 04 11 0.7 0.1 010 012 011 036 082 0.08 5.46 225 20.1 15.3 045 016 020 022 015 0.17
Mean garnet 661-1

cl (9 pts) 45 321 219 27 27 15 11 3 1.54 38.6 27 0.3 0.5 0.25 0.33 0.12 0.80 1.90 1.13 4.62 9.40 7.08 6.82 0.76 0.12  0.26 0.54 0.37 0.15
c2 (6 pts) 45 311 149 34 30 22 7 2 1.61 0.8 7 0.6 0.6 0.28 0.34 0.23 0.83 1.81 0.99 4.56 8.55 7.90 7.47 0.75 0.18 0.22 0.38 0.50 0.27
c3 (10 pts) 42 337 172 57 30 23 8 3 2.28 1.1 6 0.4 0.6 032 035 014 115 1.66  1.00 4.54 9.14 728 6.65 077 017 045 042 040  0.26
c4 (11 pts) 44 317 132 27 30 27 7 2 1.58 6.6 7 0.3 0.3 0.32 048 014 125 1.62  1.04 4.73 10.4 848 7.68 054 033 042 035 046  0.27
c5 (7 pts) 42 530 153 36 36 23 9 2 136 715 9 0.3 0.5 0.36 1.31 023 1.73 1.58  0.94 3.86 6.61 567 554 055 007 054 070 032 0.07
c6 (4 pts) 41 319 233 47 26 9 11 3 0.96 42.6 5 0.2 0.9 0.16 0.40  0.05 0.86 1.78 1.08 4.46 891 7.23 6.98 0.47 0.13  0.00 0.43 0.24 0.00
Mean clinopyroxene in single crystal

661-1cpx 51 2764 725 59 46 80 18 2 1.00 161 31 0.4 4 1.06 5.02 1.14 7.22 3.42 1.32 433 4.74 223 1.15 1.31 0.02  0.56 1.00 0.21 0.05
c6 (9 pts)

661-1cpx 44 1744 372 54 49 94 14 2 1.43 123 24 0.4 0.8 0.99 334 073 39 214 051 1.31 2.13 1.38  0.83 1.61 017 047 094 049  0.19
c7 (5 pts)

661-1cpx 41 1921 449 67 53 100 14 2 0.96 56 24 0.2 1.1 0.76 355 075 3.85 1.84 0.48 1.89 1.68 0.98 0.65 1.17 0.15 0.16 0.65 0.38 0.18
c8 (6 pts)

Mean symplectite

661-1sym 30 447 197 41 18 21 21 3 0.66 791 8 0.1 4 0.63 215 041 230 118 1.86 1.64 1.62 086 060 057 004 000 253 0.25  0.00
cl (9 pts)

661-1sym 34 563 196 30 17 26 23 3 1.06 821 52 0.2 8 0.71 1.98 0.40 2.79 1.71 2.04 1.89 2.25 0.95 0.59 1.57 0.08 0.22 2.23 0.30 0.08
c2 (12 pts)
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Table 4 (continued)

Th

Pb

Pr Nd Sm Eu Gd Dy Er Yb Hf Ta

Ce

Co Ni Ga Ge Rb Sr Zr Nb

Cr

Ti

Sc

Sample

0.11

0.23

.21 081 063 007 022 212

2.18 2.39

201 042 272 200 1.6l

0.62

0.4

7

0.80 689

25 904 158 54 15 28 16 2

661-1sym

c3

11 pts)

0.07

0.42

3.12

0.09 0.27

243  1.14 089 0.57

2.35

349 053 318 191 1.63

1.12

0.3

9

1.22 867

140 33 16 32 17 2

391
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1.01

0.55

23

15 4.20 20 21 856 4.09 211 220 1.15 2.

25

29 347 288 18 4.56

45

0.26 651

2

16

179 33

45312

0.67

0.18

148 1.67 082 028 049 578

5.01  2.50 6.96 6.07

15

2.38

57 20 6.2 713 2.04

5.07

3898 322 52 55 60 28

36

648-3cpx

(1 pt)

648-3sym

0.38

0.44

170 1.01 090 033 1.02 9.59

1.87 2.81

446 043 1.68 064 196

3.0 1488 1.34

35

172

16.9

27 34 58 39

86

426

(6 pts)
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