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Abstract We show here that the Amalaoulaou complex,

in the Pan-African belt of West Africa (Gourma, Mali),

corresponds to the lower and middle sections of a Neo-

proterozoic intra-oceanic arc. This complex records a

90–130-Ma-long evolution of magmatic inputs and differ-

entiation above a subducting oceanic slab. Early c.

793 Ma-old metagabbros crystallised at lower crustal or

uppermost mantle depths (25–30 km) and have geochemi-

cal characteristic of high-alumina basalts extracted from a

depleted mantle source slightly enriched by slab-derived

sedimentary components ((La/Sm)N \ 1; eNd: ?5.4–6.2;
87Sr/86Sr: 0.7027–0.7029). In response to crustal thickening,

these mafic rocks were recrystallised into garnet-granulites

(850–1,000�C; 10–12 kbar) and subject to local dehydra-

tion–melting reactions, forming trondhjemititic leucosomes

with garnet–clinopyroxene–rutile residues. Slightly after

the granulitic event, the arc root was subject to strong HT

shearing during partial exhumation (detachment faults/rif-

ting or thrusting), coeval with the emplacement of spinel-

and garnet-pyroxenite dykes crystallised from a high-Mg

andesitic parental magma. Quartz and hornblende-gabbros

(700–660 Ma) with composition typical of hydrous vol-

canic rocks from mature arcs ((La/Sm)N: 0.9–1.8; eNd:

?4.6 to ?5.2; 87Sr/86Sr: 0.7028–0.7031) were subse-

quently emplaced at mid-arc crust levels (*15 km). Trace

element and isotopic data indicate that magmas tapped a

depleted mantle source significantly more enriched in

oceanic sedimentary components (0.2%). Exhumation

occurred either in two stages (700–660 and 623 Ma) or in

one stage (623 Ma) with a final exhumation of the arc root

along cold P-T path (550�C, 6–9 kbar; epidote–amphibolite

and greenschist facies conditions) during the main Pan-

African collision event (620–580 Ma). The composition of

magmas forming the Cryogenian Amalaoulaou arc and the

processes leading to intra-arc differentiation are strikingly

comparable to those observed in the deep section of

exposed Mezosoic oceanic arcs, namely the Kohistan and

Talkeetna complex. This evolution of the Amalaoulaou

oceanic arc and its accretion towards the West African

craton belong to the life and closure of the Pharusian Ocean

that eventually led to the formation of the Greater

Gondwana supercontinent, a similar story having occurred

on the other side of the Sahara with the Mozambique

Ocean.
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Introduction

Island arcs are important geological objects because of

their probable contribution to the formation and growth of

continental crust since Archean times (Taylor and

McLennan 1985; Rudnick 1995). If the shallow sections of

intra-oceanic arcs are well known, the structure and the

magmatic/metamorphic processes in arc roots are more

mysterious due to the rarity of exposures. The deep struc-

ture of active arcs is grossly approximated using geo-

physical tools combined with information brought by lower

crustal xenoliths. These studies show that the root of

mature island arcs includes dense residual or cumulate

mafic to ultramafic rocks with seismic velocities that

approach upper mantle values (Moore et al. 1991; Suyehiro

et al. 1996; Holbrook et al. 1999; Takahashi et al. 2008;

Tatsumi et al. 2008). However, they give little information

on the relative proportions of the different constituents and

their modes of formation (ultramafic to mafic cumulates or

mafic chilled melts, residual garnet-bearing or garnet-free

material?). Such information has been acquired on the rare

exhumed intra-oceanic arc roots, such as the Kohistan

complex (Miller and Christensen 1994) or the Tonsina

complex (Debari and Coleman 1989), which are all

Mesozoic in age. Their representativeness for all of earth

history can therefore be questioned.

The lithologies of the deep parts of island arcs and the

petrogenetic processes at their origin are also crucial for the

understanding of mantle composition: the inferred high

density of the arc root rocks allows them to sink back into

the mantle (Kay and Kay 1988; Jull and Kelemen 2001;

Behn and Kelemen 2006). Delamination of lower arc crust

would refertilise the mantle and may help explain some

enriched geochemical end-members in the convecting

mantle (Anderson 2005).

This work shows that the Neoproterozoic Amalaoulaou

complex in Mali shares many characteristics of the

Mesozoic island arc roots, thus representing a rare example

of an island arc lower crust formed during the Precambrian

Earth. This study thus presents new constraints on the

nature and construction of an arc root and overlying middle

crust. It moreover brings some new information on the

subduction of oceanic lithosphere at the eastern edge of the

West African Craton during the Cryogenian.

Previous studies and geological setting

The Amalaoulaou complex is located in the Gourma fold

and thrust belt along the eastern Pan-African suture of the

West African Craton (WAC) in Mali (Fig. 1). This belt is a

pile of thrust sheets that were stacked over the Neoprote-

rozoic sediments of the WAC passive margin (Caby 1979;

Fig. 2). The most external nappes are made of metasedi-

mentary material with an intense imprint of greenschist

facies metamorphism and deformation. The internal nappes

show relics of high-pressure (HP) to ultra-high-pressure

(UHP) metamorphism represented by garnet–phengite–

rutile assemblages in metasediments and by coesite-bear-

ing eclogites and blueschists in former magmatic sills and

volcano-sedimentary formations (Reichelt 1972; Caby

1979; de la Boisse 1981; Caby 1994; Jahn et al. 2001; Caby

et al. 2008). 40Ar–39Ar dating on phengite from a micas-

chist equilibrated at UHP conditions has given an age of

623 Ma (Jahn et al. 2001). To the south, in Togo and

Benin, subsequent nappe stacking induced by continuing

continental convergence started at 610 Ma and lasted until

580 Ma (Attoh et al. 1997). The Amalaoulaou mafic and

ultramafic complex was thrust over this whole nappe

assemblage at the south-eastern edge of the Gourma belt,

and it is partly covered by sediments of the Meso-Cenozoic

Illumenden sedimentary basin and recent aeolian sands

(Fig. 1).

Fig. 1 Schematic map of the Pan-African belt along the eastern

border of the West African Craton, showing the position of the main

Pan-African outcrops with emphasis on continental and oceanic arcs
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Reichelt (1972) interpreted the Amalaoulaou rocks as

Archean crust on the basis of field and petrographic

observations. A further study (de la Boisse 1979) inter-

preted the Amalaoulaou complex as a granulitised intrusion

from the lowermost continental crust, mainly on the basis

of whole-rock major element data. Bayer and Lesquer

(1978) have shown that the complex is emplaced along a

Neoproterozoic suture zone bordering the eastern edge of

the WAC. Later studies in the adjacent areas have shown

that arc magmatism and relics of subduction zone mag-

matism and metamorphism are present (Ménot 1980; de la

Boisse 1981; Liégeois et al. 1987; Caby et al. 1989).

Berger et al. (2009) have shown that garnet-granulites and

leucosomes at Amalaoulaou, resembling those in the

Kohistan intra-oceanic arc root, are produced by dehydra-

tion and dehydration-melting reactions.

The geological map of the Gourma published by

Buscail and Caby (2005) defines the Amalaoulaou struc-

ture (Fig. 3). It is a tectonic complex composed of units

with different composition and metamorphic features.

From bottom to top, the units are (1) serpentinites (former

porphyroclastic spinel-harzburgites) associated with Fe-

jasper; (2) epidote-amphibolites; (3) sheared metagabbros

(protomylonitic garnet-bearing and garnet-free amphibo-

lites) and pyroxenites and (4) quartz-gabbros intruded by

small dykes of hornblende-gabbros and tonalitic pegma-

tites. NW–SE striking foliations in the metagabbro unit

and underlying epidote–amphibolite dip to the NE and

delineate the axial surface of open to tight recumbent

folds.

De la Boisse (1979) provided imprecise ID-TIMS U–Pb

zircon ages from three samples of the Amalaoulaou

complex. Available samples and current unsecure condi-

tions in the area preclude generating new U–Pb zircon

ages. However, recalculation of the de la Boisse (1979)

data using the ISOPLOT software (Ludwig 2003) provides

more realistic age constraints. The oldest zircons were

extracted from a tonalitic gneiss. This rock was supposed to

be genetically linked to the metagabbros by de la Boisse

(1979) because it shows a strong amphibolite-facies folia-

tion as in the metagabbro unit. The five grain size fractions

poorly define a discordia with an upper intercept of

793 ± 82 Ma (MSWD = 51); three of them are properly

aligned (800 ± 9 Ma, MSWD = 0.87), and one zircon

fraction is concordant (concordia age = 793 ± 4 Ma,

MSWD of concordance = 1.8; Fig. 4). These three ages

agree within error limits, and we consider the concordant

age of 793 ± 4 Ma as the best age estimation for the

crystallisation of magmatic precursors in the metagabbro

unit. The four zircons from the quartz-gabbro do not

yield satisfactory results with an upper intercept at

707 ± 170 Ma (MSWD = 190). Two zircon fractions are

located on the discordia defined by the tonalitic gneiss and

could be inherited from that lithology. The two remaining

fractions give an upper intercept of 702 ± 7 Ma. One

fraction is nearly concordant and gives a 207Pb/206Pb age of

701 ± 6 Ma (Fig. 4) that we consider as the best age

estimate for the intrusion of quartz-gabbro. A late tonalitic

pegmatite, intrusive into the quartz-gabbros, defines a

two-fraction discordia age of 663 ± 6 Ma; one of these

fractions is concordant at 660 ± 4 Ma (MSWD of con-

cordance = 1.8; Fig. 4) that we consider as the best age

estimate of these late pegmatitic tonalites. We can con-

clude that the magmatic activity of the Amalaoulaou island

Fig. 2 Geological sketch of the

Gourma fold and thrust belt

modified after Buscail and Caby

(2005). Gravity anomaly

position is from Bayer and

Lesquer (1978)
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arc occurred during the Cryogenian, at least at 793 ± 4,

701 ± 6 and 660 ± 4 Ma.

Samples description and mineral chemistry

The composition of minerals was measured on Cameca

SX50 and SX100 electron microprobes, both at the

CAMST (Belgium) and the CAMPARIS (France) services.

More details are provided in the Electronic Appendix A1.

The tables of mineral compositions are presented in the

Electronic Appendix A2.

Serpentinite unit

These rocks are dominated by secondary hydrous phases,

namely serpentine-group minerals and chlorite, together

with magnetite pseudomorphs after Cr-spinel. Primary

anhydrous silicates are lacking, but the dominance of ser-

pentine with the occurrence of some bastite (retrogressed

orthopyroxene) suggests that they represent former spinel-

harzburgites and dunites. Original high-temperature mantle

fabrics are preserved in some boudins of massive ser-

pentinite, defined by elongated sigmoidal porphyroclasts of

retrogressed orthopyroxene and needle-like spinel. Subm-

ylonitic chlorite schists consist of chlorite and quartz with

minor actinolite, white mica and apatite. These could

represent altered basaltic dikes. Many Fe-jaspers form

contorted lodes cutting across the serpentinites. They

consist of quartz, needle-like and granular iron oxides with

minor amounts of chlorite and white mica, rare tourmaline,

pyrite, carbonates, stilpnomelane and blue amphibole of

the winchite group.

Epidote–amphibolite unit

The epidote–amphibolite unit consists of strongly

deformed, low-temperature (clinozoisite-bearing) amphibo-

lites (Fig. 6a). They contain small amounts of rutile,

Fig. 3 a Geological map of the Amalaoulaou massif modified after

Buscail and Caby (2005). The position of Cr-rich (100–1,900 ppm)

rocks analysed in the course of surface geochemical prospecting are

from Michel Ba (personal communication 2005). b schematic cross-

section of the Amalaoulaou complex showing the thickness of the

four units

Fig. 4 Concordia diagram with U–Pb zircon ages from de la Boisse

(1979) recalculated with Isoplot (Ludwig 2003). Three rocks have

been dated: a metatonalite (5 zircons m), a gabbro (4 zircons g) and a

pegmatite (two zircons p). Although most zircon fractions are

discordant, each rock included concordant or nearly concordant

fractions
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titanite, apatite, retrogressed plagioclase, carbonate, par-

agonite and quartz. Chloritoid has also been reported by de

la Boisse (1979).

Most samples are quartz- and plagioclase-bearing epi-

dote amphibolites (ex: sample 04–75, Table 1) with

tschermakite (Mg#: 61–65; Si: 6.2–6.3 a.p.f.u.) and zoisite

(XFe: 0.15–0.16). Two samples (ex: IC 933) have phengite

(Si: 6.7–6.8 p.f.u; Mg#: 55–62) forming 9 vol.% of the rock

and show higher proportion of titanite (up to 5%). The

amphibole is a blue-green barroisite, and the zoisite is rich

in Fe (XFe: 0.23–0.31). Sample IC 935 contains garnet

(Fig. 7; Alm43–52Grs16–20Prp19–35) with clinopyroxene

inclusions similar to those found in metagabbros and

tschermakite (Mg#: 69–72; Si: 6.4–6.7 a.p.f.u.). The

ubiquitous association of blue-green amphibole with gar-

net, zoisite, phengite and chloritoid is indicative of re-

crystallisation at low-temperature/medium to high-pressure

conditions. At the contact with the underlying serpentinite

unit, the epidote amphibolites are transformed into

mylonitic greenschists consisting of chlorite–actinote–quartz–

albite assemblages with accessory muscovite and epidote.

The metagabbro unit

Metagabbro is the dominant lithology in the Amalaoulaou

complex. Lenses, layers and dikes of pyroxenites are

present within this unit and are described separately. One

sample of trondhjemite has been studied.

The metagabbros are plagioclase–clinopyroxene rocks

(Table 1) partly overprinted by garnet growth in the

granulite-facies conditions and by the development of

secondary brown amphibole during an intense phase of

shearing. Scarce modal layering from leucogabbros to

melagabbros is locally preserved. The most common lith-

ological type is an amphibolite with garnet porphyroclasts

in a mylonitic matrix of cpx, amphibole and retrogressed

plagioclase. Clinopyroxene (Cpx I), few orthopyroxene

grains (Mg#: 63–67, Al: 0.24–0.44 a.p.f.u.) and very scarce

amphibole inclusions (Ti-magnesiohastingsite) are the only

relict primary phases (i.e. magmatic or early granulitic).

This clinopyroxene (Fig. 6b) is generally coarse-grained

(500 lm to 2 mm) and shows the development of

mechanical cleavage; it is rich in non-quadrilateral ele-

ments (up to 0.45 Al p.f.u., Mg#: 66–75; Fig. 8) compared

to the other generation of pyroxenes. Plagioclase is totally

replaced by fine-grained epidote–albite–muscovite ±

pyrite ± barite intergrowths and has not been found as

fresh grains. Poikiloblastic garnet (Fig. 6c) is present

within leucocratic veins (pl ± qz ± hbl) predating the

high-temperature (HT) shearing (Fig. 5a) or as sporadic

patches associated with plagioclase-rich haloes. Garnet

(Alm39–43Grs10–18Prp38–43; Fig. 7) encloses rounded

clinopyroxene (Cpx II; Mg#: 71–77, Al: 0.22–0.37; Fig. 8), T
a
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rutile and scarce plagioclase (Fig. 6c). The mechanisms

and P-T conditions of garnet growth are described in detail

by Berger et al. (2009).

The garnet-granulites were diversely sheared after the

garnet growth. Clinopyroxenes were recrystallisated to

fine-grained polygonal Cpx III (Figs. 6b and 8; Mg#:

70–80, Al: 0.20–0.35). Strong HT deformation led to the

development of protomylonitic textures with local cm-

thick ultra-mylonitic bands (Figs. 5c and 6b). Secondary

amphibole grew at the expense of clinopyroxene during the

HT shearing to form coarse-deformed prophyroclasts that

totally replace the pyroxene in some samples. Garnet

(Alm43–46Grs9–17Prp34–39; Fig. 7) can form pseudo-symp-

lectitic fine-grained intergrowths with clinopyroxene hav-

ing the most magnesium-rich compositions and low non-

quadrilateral element contents (Cpx IV; Mg#: 76–80,

0.15–0.30 Al p.f.u.; Fig. 8). Evidence for late, lower tem-

perature deformation is given by the local development of

green magnesiohornblende and chlorite and by the

complete replacement of plagioclase by secondary low-

temperature assemblage (epidote–albite–white mica ±

pyrite ± barite). Two generations of leucocratic veins

(anorthositic to tonalitic in composition) cut across the

metagabbro. The older generation was folded during the HT

amphibolitic metamorphism but shows garnet porphyro-

blasts along the wall of the vein (Fig. 5a). The second

generation (Fig. 5b) cut across all metamorphic fabrics (and

thus postdate the HT amphibolite event), and garnet has not

been observed along the wall of these veins (Table 2).

Pyroxenites crop out as concordant lenses and pods

(garnet and plagioclase pyroxenites) or dikes (spinel and

garnet pyroxenites) that cut across the main foliation. The

dominant lithology is a medium-grained granular spinel

pyroxenite (Fig. 6d). Clinopyroxene (80–90 vol.%) is

compositionally zoned with core (Mg#: 80–85, Al:

0.27–0.35 a.p.f.u.; Fig. 8) being richer in iron and alu-

minium than the rim in contact with coronitic garnet (Mg#:

82–87, Al: 0.10–0.18 a.p.f.u.). Spinel (pleonaste with \ 1

wt% Cr2O3; Mag3–8Herc29–38Spl59–67) and orthopyroxene

(Mg#: 80–87) can together form 15 vol% of the rock. Thin

garnet rims surround spinel when it is in contact with pyrox-

ene; the composition of garnet (Alm30–36Grs10–16Prp46–52;

Fig. 7) is significantly more magnesian than in the garnet

metagabbros. In one sample (AJB 26), this coronitic texture

has evolved to an equilibrated equigranular medium-grained

texture where spinel is present as relic inclusions in garnet.

Two other types of pyroxenites have been sampled. (1) An

equigranular plagioclase pyroxenite (04–77) containing a low

Mg and high Al clinopyroxene (Mg#: 71–74; Al: 0.2–0.5

a.p.f.u.) with 10 vol.% of orthopyroxene (Mg#: 70–72). (2) An

equigranular garnet pyroxenite (04–92) forming a dyke cut-

ting across the metagabbros, with garnet porphyroblasts in the

vicinity of the dyke. It consists of clinopyroxene (Mg#:

74–80), garnet (Alm39–44Grs14–22Prp36–40; Fig. 7) and scap-

olite grains (close to the calcic meionite end-member), prob-

ably replacing a former calcic plagioclase.

Trondhjemite 04–78 is the only felsic vein sampled in

the metagabbro unit. It has a dominant equant texture with

Fig. 5 Field photographs of the

main rock types of the

Amalaoulaou massif. a Early

garnet-bearing leucocratic

veins, deformed during the HT

amphibolite-facies shearing.

b Late garnet-free leucocratic

vein not deformed by the HT

shearing. c HT amphibolite-

facies centimetre-sized

mylonitic oblique shear zone in

a garnet metagabbro. d Quartz-

gabbros intruded by a late

(660 Ma-old) tonalitic

pegmatite
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partially preserved plagioclase laths and is made of retro-

gressed plagioclase, quartz and apatite.

The uppermost unit

This unit is structurally above the metagabbro but is poorly

outcropping due to the presence of sand dunes. The main

mass of quartz-gabbros is cut across by mafic dykes con-

sisting of fine-grained hornblende-gabbros and by tonalite

dykes and pegmatites (Fig. 5d).

Quartz-gabbro is the most common lithology of the

upper unit. The primary assemblage is plagioclase, clino-

pyroxene and quartz with minor apatite, chloritised biotite,

ilmenite and accessory zircon (Table 1). The gabbros show

an equant equigranular undeformed texture, but Mg-horn-

blende frequently grew at the rim of clinopyroxene, and

plagioclase is totally retrogressed (Fig. 6e). Clinopyroxene

has a restricted range of composition with significantly

Fig. 6 Microphotographs of the

main rock types at

Amalaoulaou. a Epidote

amphibolite showing a zoisite

porphyroclast. b Clinopyroxene

porphyroclast (Cpx I) forming a

delta object in a ultramylonitic

shear band within garnet

metagabbros. Recrystallised

clinopyroxene (Cpx III) forms

the wing of the mantled

porphyroclast. The matrix is

made of minute clinopyroxene,

retrogressed plagioclase and

brown amphibole. c Garnet

porphyroblast enclosing

rounded inclusions of Cpx II,

plagioclase and rutile in a garnet

metagabbro. The matrix is made

of retrogressed plagioclase, Cpx

II and brown amphibole.

d Coarse orthopyroxene in an

equant spinel clinopyroxenite.

e Quartz-gabbro showing

retrogressed plagioclase, quartz

and partly recrystallised

clinopyroxene with Fe–Ti oxide

exsolution (Schiller plates).

f Fine-grained hornblende

gabbro showing euhedral

brown/green amphibole and

euhedral retrogressed

plagioclase. Other

microphotographs of

metagabbros and pyroxenites

are published in Berger et al.

(2009)

Fig. 7 Composition of garnet in pyroxenites (a), metagabbros and

epidote-amphibolites (b) in the Prp-Grs-Alm system
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lower Al, Ti and Na contents (Fig. 8) than metagabbros

(Al: 0.09–0.12 a.p.f.u.) but comparable Mg# (68–73).

Tonalites are gneissic amphibole-bearing rocks that

consist of cloudy plagioclase, quartz and chloritised green

magnesiohornblende with Mn-rich (4–5 wt% MnO)

ilmenite grains dispersed in the rock (Table 3).

Hornblende-gabbros have preserved euhedral laths of

retrogressed plagioclase and euhedral magnesiohornblende

(Mg#: 61–74), pseudobrookite with accessory apatite

(Fig. 6f). These textures are of magmatic origin, and the

samples do not show evidences for post-magmatic

deformation.

Tonalite pegmatites are coarse-grained rocks consisting

of retrogressed plagioclase, quartz ± chlorite, amphibole

and apatite. Plagioclase is euhedral, and quartz is intersti-

tial to the feldspar. Chlorite replaces former grains of a Ca-

amphibole.

P-T estimates

Magmatic stage

Microprobe analyses of Cpx I cores devoid of exsolution

of low-Ca pyroxene is used to constrain magmatic

crystallisation pressures. Clinopyroxene grains used for

these estimates are not associated with garnet or ortho-

pyroxene; its composition has thus probably not been

affected by chemical reequilibration during the granulite-

facies metamorphism. The structural barometer (BA cal-

ibration for anhydrous basic magmatic rocks) of Nimis

and Ulmer (1998) is useful in this case because it is

independent of temperature and the dataset used in the

calibration covers whole-rock compositions of the Ama-

laoulaou metagabbros. The error on each pressure esti-

mate is about 1.8 kbar. Calculated pressures are in the

range 6–12 kbar with most results between 8 and 10 kbar

(mean: 9.5 kbar; r: 1.5 kbar; r is the standard deviation

of the population of computed pressures). The primary

magnesiohastingite (AJB 2) included into Cpx I crystal-

lised around 950–975�C; 8–9 kbar (using amphibole

thermometer and barometer of Féménias et al. 2006 and

Schmidt 1992, respectively); results are plotted in Fig. 9

(stage A).

In the quartz-gabbro unit, primary amphibole (devoid of

rutile exsolution) in hornblende-gabbros has crystallised at

820–840�C. Computed pressures are 4–6 kbar for all rock

types with a mean of 5 kbar (r: 0.5 kbar). Because these

samples are undeformed and have locally preserved euhe-

dral plagioclase and amphibole, the temperature obtained

Fig. 8 Composition of

pyroxenes in pyroxenites

(a) and mafic rocks (b).

Compositional fields of

pyroxenes from Mesozoic

island arc roots are shown for

comparison (Kohistan: Jan and

Howie 1981; Talkeetna: Greene

et al. 2006)
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Table 2 Whole-rock major and trace elements analyses of the Amalaoulaou samples

Digestion (wt%) AJB 1 AJB 14 04–73 AJB3 AJB12 AJB 18 AJB 25 AJB 23 04–92 AJB26 04–77b

Acid Acid Acid Acid Acid Acid Acid Acid Acid Acid Acid

Mtgabbro Mtgabbro Garnet Garnet Garnet Garnet Garnet Garnet Garnet Garnet Plag

Mtgabbro Mtgabbro Mtgabbro Mtgabbro Mtgabbro Mtgabbro Pxite Pxite Pxite

SiO2 46.19 46.96 45.87 44.38 42.87 45.88 45.18 41.89 47.93 40.21 44.49

TiO2 1.41 1.01 1.53 1.68 1.06 1.43 1.16 0.73 0.89 1.62 0.64

Al2O3 17.57 19.84 17.72 17.75 15.53 16.67 17.44 18.86 9.71 17.90 13.15

Fe2O3t 10.60 9.08 11.65 13.31 12.85 10.66 10.81 10.98 9.11 13.81 11.25

MnO 0.14 0.14 0.20 0.23 0.23 0.16 0.16 0.16 0.12 0.21 0.18

MgO 7.03 5.49 6.89 6.89 11.44 7.69 7.79 10.49 11.58 7.00 13.33

CaO 11.02 10.75 11.77 11.55 11.46 10.71 12.38 13.22 20.33 14.62 15.01

Na2O 3.66 3.66 2.72 2.35 1.76 3.39 2.90 1.43 0.93 1.55 0.74

K2O 0.20 0.13 0.10 0.11 0.15 0.21 0.15 0.34 0.04 0.21 0.07

P2O5 0.23 0.18 0.28 0.28 0.08 0.20 0.15 0.14 0.05

LOI 1.47 1.66 0.78 0.75 1.30 2.27 1.25 1.58 0.21 2.19 1.75

Total 99.52 98.90 99.49 99.28 98.73 99.26 99.39 99.66 100.86 99.45 100.67

(ppm)

Co 54 40 49 54 57 40 47 57 46 43 63

Cr 168 121 148 89 547 158 196 193 600 12 349

Cu 103 60 51 72 22 42 33 50 43 34 200

Ni 65 57 36 25 166 94 30 43 113 24 114

Sc 42 28 45 48 50 37 43 47 66 56 66

Zn 92 66 87 89 89 97 83 77 49 103 56

Rb 0.53 0.68 0.42 1.08 0.45 0.31 1.47 8.62 0.81 0.65 0.57

Sr 446.7 537.3 412.9 381.5 206.5 347.9 370.0 265.7 58.3 950.4 294.2

Yb 22.4 19.5 29.2 31.3 26.1 23.2 18.0 9.5 8.9 40.6 8.1

Zr 104.6 78.6 54.1 62.3 35.1 67.4 79.3 19.0 29.5 78.8 11.3

Zr* 56.6 61.2 30.1 73.5 76.2 11.6

Nb 2.98 2.51 2.84 2.24 1.52 3.70 1.67 0.27 0.13 2.51 0.12

Ba 54.8 55.5 46.3 39.6 83.6 70.9 65.5 60.4 5.7 114.2 12.7

La 3.22 3.37 5.17 3.88 4.74 4.64 2.25 0.47 0.50 3.79 0.99

Ce 10.31 9.01 16.78 13.00 10.80 13.93 7.31 1.62 2.00 13.51 2.91

Pr 2.13 1.72 2.88 2.32 2.11 2.36 1.54 0.39 0.57 2.62 0.51

Nd 12.56 9.78 15.03 12.40 10.47 12.06 9.84 3.03 4.73 14.74 3.06

Eu 1.37 1.08 1.51 1.45 1.14 1.31 1.05 0.50 0.68 1.78 0.48

Sm 3.72 2.84 4.41 3.96 3.02 3.57 2.82 1.25 1.85 4.77 1.16

Gd 4.51 3.50 4.99 4.73 3.60 3.99 3.35 1.64 2.35 5.77 1.47

Dy 4.65 3.80 5.04 5.16 3.83 4.01 3.58 2.05 2.33 6.66 1.53

Ho 0.86 0.70 1.03 1.06 0.83 0.80 0.66 0.38 0.38 1.42 0.31

Er 2.36 1.97 2.91 3.01 2.38 2.22 1.87 1.04 0.94 4.07 0.82

Yb 2.13 1.84 2.74 2.98 2.42 2.12 1.75 0.92 0.66 3.82 0.72

Lu 0.26 0.23 0.41 0.46 0.38 0.32 0.22 0.11 0.07 0.57 0.11

Hf 2.58 1.75 1.73 1.70 0.93 1.85 1.90 0.67 1.12 2.01 0.47

Ta 0.13 0.13 0.16 0.12 0.09 0.23 0.08 0.02 0.05 0.11 0.01

W 2.02 2.99 5.21 4.78 3.07 2.45 2.42 2.30 1.59 1.48 2.37

Pb 0.77 1.33 0.98 0.89 0.61 0.91 0.57 0.24 0.16 3.15

Th 0.15 0.35 0.07 0.07 0.05 0.21

U
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Table 2 continued

Digestion (wt%) AJB21 AJB29 04–75 IC 935.8 IC 933 IC 944Q 04–81 IC 944A IC 952 IC 948 04–78

Acid Acid Alkaline Alkaline Alkaline Alkaline Alkaline Alkaline Alkaline Alkaline Alkaline

Spinel Spinel Epidote Epidote Epidote Quartz Quartz Hbl Hbl Tonalite Trondh-

Pxite Pxite Amphib Amphib Amphib Gabbro Gabbro Gabbro Gabbro Jemite

SiO2 42.27 39.25 41.37 43.58 43.72 49.13 55.20 45.64 49.47 66.30 77.56

TiO2 0.57 0.52 1.95 0.44 3.12 0.66 0.60 0.91 1.64 0.37 0.07

Al2O3 14.11 17.42 16.87 18.21 12.91 12.74 15.36 14.70 15.07 13.65 13.08

Fe2O3t 9.69 11.25 12.50 11.93 13.67 12.17 8.73 11.28 13.57 6.23 0.64

MnO 0.15 0.16 0.16 0.19 0.18 0.20 0.14 0.18 0.21 0.10 0.01

MgO 15.01 15.34 8.33 8.24 9.02 7.95 5.97 9.50 4.46 1.83 0.23

CaO 17.25 15.55 12.76 13.38 10.26 10.92 8.94 11.38 9.05 5.43 2.32

Na2O 0.58 0.34 2.55 1.32 2.99 1.63 2.68 2.33 2.85 3.68 4.97

K2O 0.02 0.03 0.18 0.15 1.38 0.61 0.38 0.87 0.44 0.16 0.84

P2O5 0.03 0.04 0.29 0.98 0.12 0.16 0.05 0.50 0.09

LOI 0.59 0.71 1.63 1.57 2.02 2.51 2.66 1.91 2.04 1.20 0.71

Total 100.27 100.62 98.58 99.02 100.24 98.63 100.81 98.77 99.31 99.06 100.41

(ppm)

Co 75 77 62 44 76 48 35 49 47 440 2

Cr 435 101 182 140 419 269 236 550 18 48 4

Cu 120 96 26 13 52 48 48 512 84 634 17

Ni 298 128 93 62 179 62 48 109 10 365 3

Sc 37 49 23 47 33 41 46 28 1

Zn 154 201 93 67 123 97 78 89 79 61 12

Rb 0.36 0.58 2.58 62.41 8.48 4.47 12.93 7.33 2.41 12.00

Sr 37.6 28.2 331.1 365.0 557.3 294.3 351.1 286.9 298.3 306.8 340.1

Yb 12.5 22.1 19.0 10.6 23.7 16.4 17.0 14.8 18.2 19.6 1.8

Zr 13.8 7.5 58.8 13.6 134.2 46.0 94.7 40.7 31.7 39.1 31.2

Zr* 14.1 7.5

Nb 0.07 0.04 4.18 0.03 2.07 2.89 1.89 2.89 1.29 1.84

Ba 2.5 187.9 23.1 17.7 313.5 186.4 183.7 335.1 172.0 95.2 432.9

La 0.92 2.31 3.06 0.38 45.64 5.32 7.86 4.58 3.79 6.27 35.00

Ce 3.23 1.27 10.66 1.45 83.40 11.78 16.52 10.67 8.73 13.97 55.94

Pr 0.63 0.76 2.35 0.42 11.20 1.76 2.31 1.52 1.43 1.95 5.43

Nd 3.81 4.64 15.23 3.65 52.69 9.28 11.54 8.19 8.71 10.28 19.33

Eu 0.56 0.59 1.38 0.59 2.95 0.67 0.79 0.80 1.05 0.68 0.85

Sm 1.50 1.51 4.19 1.29 9.86 2.52 2.79 2.26 2.59 2.60 2.17

Gd 1.98 2.60 4.71 1.77 9.77 2.70 3.09 2.65 3.27 3.13 1.66

Dy 2.23 2.56 4.22 2.14 5.98 3.14 3.22 2.88 3.50 3.44 0.41

Ho 0.46 0.57 0.70 0.40 0.90 0.62 0.61 0.54 0.67 0.69

Er 1.25 1.56 1.84 1.21 2.17 1.78 1.84 1.59 1.86 2.11 0.16

Yb 1.12 1.20 1.54 1.08 1.41 1.95 1.96 1.61 1.77 2.25 0.15

Lu 0.16 0.17 0.18 0.15 0.15 0.26 0.26 0.19 0.22 0.32

Hf 0.61 0.40 1.95 0.43 2.19 1.31 2.32 1.24 0.93 0.99 0.75

Ta 0.01 0.02 0.14 0.15 0.11 0.12 0.09

W 3.95 2.19 1.24 2.20 0.95 2.05 2.07 1.07 2.12 6.80 8.62

Pb 0.43 0.75 3.33 2.76 2.56 2.31 1.10 4.49 3.05

Th 0.19 0.14 0.01 0.01 6.50 0.31 0.18 0.33 0.42 0.30 1.64

U 1.61 0.14 0.06 0.12 0.15 0.13 0.05

Zr* is the concentration of Zr dosed after an alkaline digestion
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from the composition of magmatic amphiboles is believed

to represent late-magmatic conditions (Fig. 9, stage A’).

Granulitic stage

The equilibration pressure and temperature of thin garnet

coronas around spinel in spinel pyroxenites have been

computed using the garnet–orthopyroxene exchange ther-

mometer of Harley (1984a), the two pyroxene thermometer

included in the QUILF software (Andersen et al. 1993),

and the garnet–orthopyroxene barometer of Harley

(1984b). All these calibrations are valid for Fe-rich com-

positions typical of mafic igneous rocks, and they cover the
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Fig. 9 P-T paths recorded in the Amalaoulaou massif. a Magmatic

and granulitic stages. b Exhumation. Dehydration melting solidus,

wet solidus and garnet-present and garnet-absent domains from Lopez

and Castro (2001); 20 and 40% melt curves for metabasalt melting

from Rapp and Watson (1995); P-T range of hornblende breakdown

from Pattison (2003). A and A’ magmatic crystallisation of amphibole

in different units; B coronitic garnet in pyroxenites and two-

pyroxenes equilibrium conditions in the garnet-free metagabbros;

C recrystallisation of garnet–spinel pyroxenites and garnet growth by

dehydration and dehydration melting in the metagabbros; D melting

event generating garnet–clinopyroxene–rutile restites and tonalite;

E HT amphibolite stage; F LT exhumation stage; G greenschist

overprint
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P-T range of equilibration of Amalaoulaou samples. As

Fe–Mg exchange reactions continue during cooling (Fitz-

simons and Harley 1994), only the maximum P-T condi-

tions will be discussed. Using garnet–orthopyroxene

thermobarometry, the average calculated P-T conditions

are 725�C (1r: 20�C) and 6.9 kbar (1r: 1 kbar). The

combination of the two pyroxene thermometer and the

garnet–orthopyroxene barometer gives slightly higher P-T

values: 750 ± 27�C, 7.7 ± 1.1 kbar. The garnet and spinel

pyroxenite AJB 26 is characterised by a more evolved

medium-grained isogranular polygonal texture with relics

of coronitic garnet; the equilibrium temperature is higher

(800–900�C at 10 kbar) for such coarse garnet–clinopy-

roxene pairs. As orthopyroxene is absent in this sample, the

pressure cannot be determined. The opx-free garnet and

spinel pyroxenite (AJB 6) with an equigranular texture also

has higher T of equilibration for garnet–clinopyroxene

pairs compared to coronitic samples (830–875�C). Garnet

and scapolite pyroxenites yield equilibrium temperature in

the same range: 810–860�C at ca. 10 kbar (Fig. 9, stage C).

Garnet–clinopyroxene thermometry (Ganguly 1979) has

been applied to garnet metagabbros, but no independent

estimation of pressure is possible in these orthopyroxene-

free samples. However, from phase equilibria constraints

and taking into account experimental studies on similar

bulk-rock composition (Rapp and Watson 1995; Pattison

2003), it is known that garnet is present at P C 10 kbar for

a temperature close to 800–850�C. Garnet–Cpx II equili-

bration temperatures from garnet metagabbros are signifi-

cantly higher than those calculated for spinel pyroxenites:

730–900�C with most temperatures above 810�C (calcu-

lated at 10 kbar). The presence of garnet–clinopyroxene–

rutile restites together with trondhjemitic melt depleted in

HREE, Y and Ti argues that the P-T path has crossed the

dehydration–melting solidus (Rapp and Watson 1995), the

P-T conditions were above 800–850�C and 10 kbar during

the melting event.

HT amphibolite–granulite stage

In the absence of fresh plagioclase, amphibole-plagioclase

thermometers cannot be applied here. Ti in amphibole

thermometer and Al in amphibole barometers, even if

calibrated for magmatic systems, can be used on available

samples, but results will only be semiquantitative. When

applied to the amphibole from the metagabbros, temper-

atures of crystallisation between 725 and 875�C (Fémé-

nias et al. 2006) at pressures between 8 and 11 kbar

(Schmidt 1992) are obtained (Fig. 9, stage E). Garnet–

Cpx III pairs forming symplectite-like textures give sig-

nificantly lower temperatures (660–720�C for a pressure

fixed at 8 kbar) that probably represent conditions of

garnet destabilisation.

Epidote–amphibolite stage

The association barroisite–zoisite ± garnet ± white mica

in the amphibolite sole is a common paragenesis of the

epidote–amphibolite facies. Minor amounts of paragonite

and chloritoid constrain temperatures to \ 570�C (Will

et al. 1998; Liu and Ye 2004). Pressure cannot be tightly

constrained, but the domain occupied by the epidote–

amphibolite facies in a P-T grid indicates pressures

between 3 and 10 kbar (Will et al. 1998). Using the

semiquantitative amphibole thermometer and barometer

cited above, the P-T conditions can be fixed between 520

and 570�C and 6 and 9 kbar (Fig. 9, stage f).

Greenschist facies assemblages

The development of chlorite as replacement product of

amphibole in some metagabbros and the widespread retro-

gression of plagioclase into epidote ?albite ± white

mica ± carbonate ± chlorite ± quartz suggest a ubiqui-

tous metamorphic imprint and/or fluid percolation under

LT–LP conditions. Some shear zones in the amphibolite

show the association chlorite ?quartz ?epidote ?titan-

ite ± zoisite. Following experimental data (Liou et al. 1985

and references therein), chlorite, epidote and zoisite coexist

between 400 and 550�C at 3 ± 2 kbar (Fig. 9, stage G).

Major and trace elements geochemistry

Major elements were dosed by ICP-AES (Royal Museum

for Central Africa, Belgium) using an alkali digestion

procedure. Trace elements were dosed by ICP-MS using

either an alkali digestion protocol and/or high-pressure HF-

HNO3-HClO4 acid digestion (Royal Museum for Central

Africa, Belgium and Service d’analyse de roches et

minéraux, France). More details are provided in the elec-

tronic appendix A1.

Metagabbros

Most of metagabbros have similar major and trace element

compositions (Figs. 10, 11a and 12a). They have low silica

content (45–47 wt%) with a Mg# ranging between 50 and

60 and show compositions matching those of tholeiitic

low-silica high-Al basalts, i.e. high Al contents (15–18

wt% Al2O3) with low total alkali concentrations (2.5–3

wt%) and rather high Ti contents (1–1.7 oxide wt%).

Samples AJB12 and AJB23 have high MgO content (10–11

wt%) with low silica (42–43 wt% SiO2), which is typical of

ferromagnesian mineral cumulates (clinopyroxene and

spinel) as evidenced by the high Cr content of these sam-

ples (up to 547 ppm instead of 100–200 ppm for other
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metagabbros). The sample AJB3 is enriched in Al (20 wt%

Al2O3) and Sr (537 ppm) compared to other metagabbros,

probably indicating a significant amount of cumulus

plagioclase.

The metagabbros are LREE-depleted ((La/Sm)N: 0.7–1)

and have REE patterns that resemble that of average

N-MORB except lower HREE content (Fig. 11a). The

absence of Eu anomaly (Eu/Eu*: 0.98–1.05) despite the

presence of plagioclase as a major mineral phase strongly

suggests that most metagabbros represent chilled melts

rather than cumulates.

The multielement diagrams show patterns that are

globally around N-MORB values but with some anomalies

(Fig. 12a). Strong positive anomalies are observed for Ba,

Rb, Pb and Sr and slight negative anomalies for Nb–Ta

((Nb/Nb*)N: 0.3–0.7) and Zr-Hf. Most HFSE are slightly

depleted compared to N-MORB. This is distinctive of the

influence of subduction-derived components (either slab-

derived fluids or recycled sediments) in the mantle source

of the Amalaoulaou metagabbros.

The trondhjemite 04–78 has a strongly fractionated REE

pattern ((La/Yb)N: 157; Fig. 11a) but shows the same LILE

(except Th), Nb–Ta, Pb and Sr contents as the other basic

to intermediate rocks from the upper unit (Fig. 12a). Strong

depletion in HREE, Y and Ti led Berger et al. (2009) to

propose that the trondhjemite was formed by melting of a

Fig. 10 Bowen diagrams

showing the major and

transition elements composition

of the Amalaoulaou rocks

compared to other Pan-African

arc rocks (Tilemsi: Dostal et al.

1994) and continental arcs

(Ougda: Dostal et al. 1996) and

to peridotites, pyroxenites,

websterites, mafic granulites,

gabbros and felsic rocks from

the Kohistan arc root (light grey
points; Garrido et al. 2006;

Dhuime et al. 2007, 2009).

White stars show the

composition of most primitive

magmas from three

representative active oceanic

arcs. From the highest MgO

content to the lowest: Lesser

Antilles, Aleutian and Mariana

(Kelemen et al. 2003)
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Fig. 11 Chondrite-normalised

REE patterns for metagabbros

(a); pyroxenites (b); quartz and

hornblende-gabbros and

tonalites (c) and epidote–

amphibolite (d). N-MORB from

Hofmann (1988); Kohistan

rocks from Garrido et al. (2006)

and Dhuime et al. (2007, 2009);

Cretaceaous Greater Antilles

tholeiites from Marchesi et al.

(2007); Talkeetna rocks from

Greene et al. (2006).

Normalisation values from

McDonough and Sun (1995)

Fig. 12 N MORB-normalised

multi-element diagrams for

metagabbros (a); pyroxenites

(b); quartz- and hornblende-

gabbros and tonalites (c) and

epidote–amphibolite (d). Same

references as previous figure

except for the Tilemsi intra-

oceanic Pan-African arc (Dostal

et al. 1994). Normalisation

values from Hofmann (1988)

786 Contrib Mineral Petrol (2011) 162:773–796

123



metagabbro leaving a garnet–clinopyroxene–rutile residue

that is locally observed in pseudo-migmatitic samples and

in ultramafic lenses within metagabbros.

Pyroxenites

The pyroxenites display high MgO content (12–16 wt%)

with low Si, high Ca (14–20 wt% CaO) and Cr–Ni contents

(up to 600 and 300 ppm, respectively), the plagioclase-

bearing pyroxenite being intermediate in composition

between spinel pyroxenites and metagabbros (Fig. 10). The

garnet pyroxenites have the lowest MgO content and are

generally closer in this regard to metagabbros than to other

pyroxenites. Sample AJB 26 is indeed close to the mean

composition of metagabbros except for lower content in Si,

Cr and Ni but higher Ca content.

Despite variations in modal and major element compo-

sition, the trace element contents are surprisingly similar

among the different types of pyroxenites. The REE patterns

are concave downward with low REE content (between 3

and 10 times the chondritic values; Fig. 11b), a typical

pattern for pyroxenites. The multielement distribution is

also homogeneous for the different types (Fig. 12b); they all

show a strong negative Nb anomaly with a less-pronounced

Ta-negative spike (Nb/Ta: 2–8 for the pyroxenites; 11–18

for metagabbros). Some pyroxenites show enrichment in Ba

and Sr, the most Sr-rich samples being the plagioclase

pyroxenite and one garnet-bearing sample. The high Sr

content of sample 04–92 shows that scapolite has probably

been formed by plagioclase-consuming reaction.

Upper unit

The rocks forming the uppermost tectonic unit of the

Amalaoulaou complex have a wide range of composition,

from low-silica high-Mg basic samples to tonalites with

high Si, Al and Na (Fig. 10). All samples, however, plot in

the field of tholeiitic magmas in AFM or FeO/MgO vs SiO2

plots. The two analysed quartz-gabbros range between 49

and 56 wt% SiO2 with 6–8 wt% MgO (Mg#: 56–58). They

have lower Al, Ti and Ca contents compared to metagabbros

but comparable Na. Hornblende-gabbros have also low

silica content (47–50 wt%), but one sample is more primi-

tive as demonstrated by its high Mg content (9 wt% MgO,

Mg#: 63) compared to the others (Mg#: 37). The amphibole

tonalite has an intermediate composition between the tron-

dhjemite and the quartz-gabbros. The Ni content of the

tonalite is abnormally high for such felsic rock (380 ppm),

and it is linked to the presence of hydrothermal Ni-sulphides

in the secondary assemblages replacing plagioclase.

Despite large variations in major elements, trace ele-

ment compositions of these samples are quite comparable.

They show REE patterns (Fig. 11c) slightly enriched in

LREE ((La/Sm)N: 0.9–1.8; (La/Yb)N: 1.4–2.7) with no or

only a slight negative Eu anomaly (Eu/Eu*: 0.73–1.09).

Multielement patterns (Fig. 12c) show an enrichment of

LILE compared to HFSE with positive spikes in Ba, K and

Pb and negative anomalies in Nb–Ta ((Nb/Nb*)N: 0.1–0.3),

Th, Zr-Hf.

Epidote amphibolites

Two amphibolites have major element composition very

close to the metagabbros and to one plagioclase pyroxenite

whereas the phengite-bearing sample (IC933) has low Al

and Si content (13 and 43 oxide wt%, respectively;

Fig. 10), high alkalis (4.3 wt% Na2O ? K2O) and TiO2 (3

wt%). The nature of the protolith of these amphibolites can

be easily determined using trace element patterns. The

plagioclase amphibolite has similar REE and multielement

patterns to the metagabbros while the garnet-bearing

amphibolite has similar trace element patterns to the

Amalaoulaou pyroxenites (Figs. 11d and 12d). They thus

represent samples from the metagabbros unit that under-

went low-temperature medium-pressure recrystallisation

and deformation in the sole of the Amalaoulaou arc root.

However, sample IC933 is richer in REE (6–200 times the

chondritic values) with a steep LREE-enriched distribution

((La/Yb)N: 22). It is strongly enriched in LILE compared to

HFSE with small negative anomalies in Ba, K, Zr-Hf and

Ti. Such geochemical fingerprints are typical for under-

saturated alkaline lavas, such as nephelinites and basanites.

Sr–Nd isotopic compositions

Sr and Nd isotopic compositions were measured by TIMS

(Brussels University and Royal Museum for Central

Africa, Belgium) on a VG sector 54 mass spectrometer.

More details are provided in the Electronic Appendix A1.

The magmatic precursor of the 793-Ma-old metagabbros

tapped a mantle source characterised by highly positive eNd

(?5.4 to ?6.2) with low 87Sr/86Sr initial ratios

(0.7027–0.7029), values that are close to depleted mantle

composition at 793 Ma (eNd: ?6; 87Sr/86Sr: 0.7023; Salters

and Stracke 2004; Fig. 13). Nd TDM model ages

(818–960 Ma; calculated with depleted mantle evolution

curve of Nelson and DePaolo 1984, only for samples

having 147Sm/144Nd \ 0.18) are only slightly older than

the magmatic crystallisation ages; this can be interpreted as

the involvement of a limited quantity of an old radiogenic

component in the mantle source of the metagabbros pre-

cursor. Pyroxenites (Fig. 13) have slightly lower eNd (?4.9

to ?5.6) with more radiogenic Sr isotopic composition

(87Sr/86Sr: 0.7027–0.7034). The different rocks from the

upper unit (quartz-gabbros, tonalites, hornblende-gabbros)
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show lower eNd (?4.6 to ?5.2) and accordingly higher

initial 87Sr/86Sr ratios (0.7028–0.7031) but are still close to

the depleted mantle composition at 730 Ma.

Discussion

The Amalaoulaou complex is a Neoproterozoic intra-

oceanic island arc

The intra-oceanic character of Amalaoulaou is demon-

strated by several evidences. The absence of (meta-) sedi-

mentary rocks and felsic orthogneiss contrasts with

continental arcs located along the same Pan-African suture

zone in the Adrar des Iforas (Fig. 1; Liégeois et al. 1987;

Caby et al. 1989; Dostal et al. 1996) or to the south in Benin

(Kabyé arc, Duclaux et al. 2006). On the other hand,

Amalaoulaou correlates with the Tilemsi oceanic island arc

to the north even if the latter is limited to the shallow sec-

tions of an island arc (Fig. 1; Caby et al. 1989). The

metagabbros have similar geochemical fingerprint to the

Jijal melt-like mafic rocks from the Kohistan oceanic arc

and island arc tholeiites (IAT) from the Carribean (Figs. 10,

11, 12), and quartz-gabbros are strikingly similar to rocks

from the Tilemsi and Talkeetna oceanic arcs (Figs. 10, 11,

12). Lavas from continental arcs are by contrast dominated

by calc-alkaline Si-rich primitive melts (andesitic basalt to

andesite) and generally show higher K, Th and LREE

contents as well as (La/Sm)N ratios. Sr–Nd isotopic com-

positions of the Amalaoulaou arc are homogeneous and

strongly depleted ((87Sr/86Sr)i: 0.7027–0.7034; eNd: ?4.5 to

?6.0) and preclude a significant contamination of the

parental magmas by continental crust material. These nar-

row ranges of isotopic compositions (Fig. 13) are indeed

characteristic of lavas and cumulates forming modern and

Neoproterozoic intra-oceanic arcs (Izu-Bonin-Marianna

system: 0.7026–0.7043; eNd: ?4 to ?9; Stern et al. 2003;

Tilemsi Neoproterozoic island arc: (87Sr/86Sr)730 Ma:

0.7024–0.7039; eNd: ?4.4–6.6; Caby et al. 1989) and not of

continental arc rocks (Andean arc: 87Sr/86Sr : 0.704–0.7187;

eNd: -10.2 to ?4.9; data from the GEOROC online data-

base; Neoproterozoic continental Kabye arc: 87Sr/86Sr:

0.7015–0.7051, eNd : -6.6 to ?9.4; Duclaux et al. 2006).

Building of the root and middle crust

of the Amalaoulaou intra-oceanic arc

The deep and medium sections of the Amalaoulaou arc

have been built during two main magmatic inputs (stages 1

and 2) with contrasted geochemical characteristics and

level of emplacement. A late-magmatic event is repre-

sented by low volume of tonalite pegmatite emplaced

around 660 Ma but will not be discussed furthermore.

Magmatic stage 1

The magmatic precursors of metagabbros have been em-

placed at oceanic upper mantle depth corresponding to a

pressure of about 9.5 ± 1.5 kbar, probably around 800 Ma.

Metagabbros have a melt-like geochemical signature; their

parental melt (Mg#: 49–63) shows characteristic island arc

tholeiite (IAT) fingerprints, i.e. high FeO/MgO ratios and

low SiO2, depletion in LREE, low-amplitude negative Nb

anomalies (Fig. 12a) and Sr–Nd isotopic composition close

to depleted mantle (DM) values at 800 Ma (Fig. 13). The

low La/Sm chondrite-normalised ratios (\1) argue for the

involvement of a depleted mantle source, and the higher

Fig. 13 Sr-Nd isotopic composition of Amalaoulaou rocks compared

to composition of Tilemsi oceanic arc samples (grey triangles, Dostal

et al. 1994) and the Kabyé continental arc (grey diamonds, Duclaux

et al. 2006). Poles of the mixing hyperbolas are the depleted mantle of

Salters and Stracke (2004) and Paleoproterozoic (meta-)sediments

from the West African Craton (Roddaz et al. 2007). Same symbols as

in Fig. 10

Fig. 14 Density versus P-wave velocity for Amalaoulaou lower

crustal rocks. Vp and q have been computed with the macro of Hacker

and Abers (2004) with the modal proportions and mineral compo-

sitions presented in this paper
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Th/Nb (0.05–0.16) compared to N-MORB values (\0.07)

show that melts or fluids from recycled sediments have

been mixed with this depleted mantle source (Plank 2005)

to form the metagabbros precursor. Semiquantitative

modelling of Sr–Nd isotopic composition (Fig. 14) using a

mixing hyperbola between the DM (Salters and Stracke

2004) and Proterozoic sediments from the West African

craton (Roddaz et al. 2007) shows that less than 0.1% of a

sedimentary component has to be added to the depleted

mantle source to reproduce the isotopic composition of the

metagabbros. Mafic rocks with very similar geochemical

signatures characterise the immature stage of the Kohistan

arc (Jijal complex, Dhuime et al. 2007; Figs. 11a and 12a)

and of the Greater Antilles arc (Marchesi et al. 2007).

Magmatic stage 2

The 730-Ma-old quartz-gabbros, tonalites and hornblende-

gabbros have been emplaced in the middle arc crust (5 ± 0.5

kbar). Despite variations in major element composition, they

show similar trace element distribution. They are tholeiitic,

melt-like rocks, primitive or differentiated (SiO2: 46–66;

Mg#: 37–67) but with higher (La/Sm)N ratios ([1; Fig. 11c)

compared to metagabbros and more pronounced Nb–Ta

negative anomalies (Fig. 12c). Accordingly, the Th/Nb

ratios are higher (0.06–0.17) when compared to the meta-

gabbro; it indicates a higher proportion of sedimentary

components in the mantle source of the parental melts. Sr–

Nd isotopic compositions point to a sediment proportion

between 0.1 and 0.2% in the mantle wedge at 730 Ma

(Fig. 13). These melts are comparable to mafic and felsic

plutonic rocks emplaced in the middle and upper crust of the

Talkeetna island arc (Greene et al. 2006). They likely reflect

a more mature stage in the evolution of the Amalaoulaou arc.

An evolution of the composition of mantle source and

parental melts with time is usual in island arcs. It can result

from the modification of the partial melting regime and of

the amount and nature of recycled sedimentary material

(fluid or melt) delivered by the subducting slab (Dhuime

et al. 2007; Reagan et al. 2008; Straub et al. 2010).

Maturation of the arc root

The metagabbro unit was affected by a metamorphic event

leading to dehydration and partial melting of the arc root

(Berger et al. 2009). Garnet pyroxenites and garnet meta-

gabbros record higher T and/or P of equilibration (up to

900�C at P C 10 kbar) compared to spinel pyroxenites and

garnet-free metagabbros (700–750�C at 7–8 kbar). This

event is tentatively interpreted as the maturation stage of the

oceanic arc (Berger et al. 2009) similarly to the interpreta-

tion of the Kohistan arc root (Burg et al. 1998; Garrido et al.

2006). It corresponds to the burial of the arc root to HT-HP

conditions with localised dehydration and dehydration-

melting thanks to high magmatic input in the upper and

middle arc crust. The maturation stage has not modified the

bulk composition of the arc root, but it has a strong impact on

the physical properties of the lowermost crust (see below).

Comparison with the deep section of Mesozoic arcs

and implications for the crust-mantle transition

under arcs

The Cryogenian Amalaoulaou intra-oceanic arc shares

many similarities with the Jurassic Kohistan arc in the

Himalayan belt and the Talkeetna arc section in Alaska.

Primary magmas emplaced in the Amalaoulaou arc root

have the same trace element signature as the Jijal melt-like

mafic rocks (Dhuime et al. 2007; Figs. 11a and 12a). In

addition, plutonic rocks emplaced in the middle arc crust

are closely comparable to the lithologies forming the

middle crust of the Talkeetna arc (Greene et al. 2006;

Figs. 11c and 12 c). These observations show that the

processes of melt formation under intra-oceanic arcs have

not significantly changed between the Neoproterozoic and

the Mesozoic eras. Berger et al. (2009) already pointed out

that crustal thickening at Amalaoulaou has strongly mod-

ified the structure and physical properties of the arc root by

generating dense garnet-bearing lithologies in response to

dehydration and dehydration–melting reactions. The same

processes have been proposed for the evolution of the Jijal

complex forming the base of the Kohistan arc (Yamamoto

and Yoshino 1998; Yoshino and Okudaira 2004).

The existence of exposed deep arc sections is an excellent

opportunity for comparing information brought by geo-

physical methods on the structure and composition of the

crust-to-mantle transition zone under oceanic arcs. The

deepest part of the Amalaoulaou arc is mainly composed of

former gabbros now transformed into amphibolitised garnet-

bearing and garnet-free granulites. Densities and seismic

wave velocities (Vp) of the main rock types (Fig. 14,

Table 1) forming the base of the Amalaoulaou arc have been

computed with the algorithm of Hacker and Abers (2004).

Following their method, we have used the mineral compo-

sition measured by microprobe and the modal proportions

measured on thin section. However, because the original

composition of plagioclase is not known and because sec-

ondary brown amphibole has grown at the expense of

clinopyroxene in most samples, the results are quite

imprecise, but they give an idea of the physical properties of

the lowermost arc crust. We adopted a conservative An80

value, a typical plagioclase composition in lower crustal

garnet-bearing and garnet-free gabbros from island arcs

(DeBari and Coleman 1989), also in agreement with the

dominant epidote as secondary phase. The proportion of

clinopyroxene in the granulitic precursor was computed as
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the sum of clinopyroxene and amphibole proportions.

Granulites devoid of garnet have rather low densities,

around 3 g/cm3 and accordingly Vp in the range of lower

crustal basic rocks (7–7.1 km/s). In garnet-bearing samples,

the computed density strongly depends on the proportion of

garnet: it varies from 3.2 to 3.3 for rocks with 20 vol.%

garnet to 3.4–3.6 for rocks with 30–40% garnet, the highest

density being reached in the restitic garnet–clinopyroxene–

rutile sample. Vp values for these samples (7.7–7.9 km/s)

can be as high as upper mantle values under modern mature

island arcs (7.7–8.0 km/s; Takahashi et al. 2008). Pyroxe-

nites have also high densities (3.3–3.4, Vp: 7.6 km/s) with

the highest value for garnet pyroxenites (3.4, Vp: 7.8 km/s).

The presence of dispersed dense lithologies towards the base

of the arc crust explain why in many active island arcs the

seismic wave velocities increase progressively from lower

crust to upper mantle (Takahashi et al. 2008) and why the

lower crust has high Vp (up to 7.4 km/s) above an upper

mantle with relatively low Vp (7.6–8.0 km/s). Indeed, this

transition zone may be structured as a dense garnet-granu-

lites and pyroxenites in the lowermost crust, underlain by an

upper mantle containing pyroxenites (formed by melt-rock

interactions or delaminated) and garnet-granulites (former

intrusions of gabbros) similarly as exposed in the Kohistan

arc root (Burg et al. 1998). However, all these dense

pyroxene- and garnet-bearing rocks are present only in small

proportions in the lowermost Amalaoulaou root: pyroxenites

are limited to few dykes and garnet-rich samples are

restricted to former zones of fluid and/or melt circulation and

zones where the gabbros partially melted.

The origin of pyroxenites in the Amalaoulaou intra-

oceanic arc

Previous work has shown that garnet–rutile clinopyroxenite

lenses are residues formed by dehydration melting of

metagabbros during crustal thickening of the Amalaoulaou

arc (Berger et al. 2009). The plagioclase, the spinel and the

garnet pyroxenites are cropping out as dykes cutting across

the metagabbros; they can consequently be interpreted as

magmatic bodies. The high Mg# (88–92, Fe as total iron)

of clinopyroxene cores (i.e. not affected by metamorphic

garnet growth) in spinel pyroxenites indicates that the Mg#

of parental melt was between 67 and 78, considering a Fe–

Mg Kd in the range 0.27–0.31 (Müntener et al. 2001). Such

melt is significantly more magnesian than the IAT-melt

represented by the metagabbros precursor (Mg#: 49–63). In

the spinel pyroxenites, the phase that dominantly hosts

REEs is the clinopyroxene because REE partition prefer-

entially into this phase rather than in orthopyroxene and in

spinel. The REE content of the clinopyroxene parental melt

has been computed using the cpx/melt partition coefficients

of Hart and Dunn (1993), after correction of the bulk-rock

REE content for the dilution effect generated by the pres-

ence of orthopyroxene and spinel. The calculated parental

melt (Fig. 15) is REE-rich (10–100 times the chondritic

values) with a steep LREE-enriched pattern (La/YbN:

4.8–5). No comparable melt has been found at Amalaou-

laou; however, high-Mg# and high REE island arc magma

strongly enriched in LREE is characteristic of high-Mg#

andesites (Mg# [ 45, up to 74; La/YbN: 2–6; 99 samples

from the Aleutian arc in the online GEOROC database). A

boninite melt (Mg#: 40–87) as parental magma is unlikely

because most boninites have a flat or enriched HREE dis-

tribution compared to MREE, with low La/YbN ratios

(most samples with La/YbN \ 2; 199 data from the online

GEOROC database). The source of Amalaoulaou pyroxe-

nites is comparatively enriched (higher Sr isotope ratio and

lower Nd isotopic ratio), confirming that the parental melt

has been formed by processes different than those forming

the magmatic precursor of metagabbros (close to IAT).

An origin of the pyroxenites by interaction between

peridotite and a basaltic melt in magma conduits has been

proposed for the pyroxenites of Kohistan (Garrido et al.

2007; Bouilhol et al. 2009), but it cannot be transposed to

the Amalaoulaou arc where most pyroxenites form bodies

cutting across older metagabbros. The mineral-like signa-

ture of pyroxenites, the more radiogenic isotopic ratios and

their probable high-Mg andesitic parental melt can be

explained by a combination of two processes. (1) Forma-

tion of high-Mg primitive andesites requires melting of a

strongly metasomatised mantle source (Wood and Turner

2009 and references therein) with further possible melt–

rock interactions during ascent in the mantle wedge

(Kelemen 1995). The source of the pyroxenite parental

melt was consequently enriched in incompatible elements

including LREE; the enriched Sr–Nd isotopic signature of

pyroxenites compared to metagabbros implies that signifi-

cant proportions of an old radiogenic component is present

Fig. 15 REE pattern of the parental melt of the pyroxenite dykes.

Comparison data are from the online GEOROC database
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in the mantle source. These constraints could be met by a

subduction component corresponding to older WAC-

derived sediments, sediment partial melts or fluids

(Fig. 13). High-Mg# andesites are common in modern

island arcs (Kelemen et al. 2003), and consequently, they

are likely to have been produced during the building of the

Amalaoulaou arc. (2) Segregation of clinopyroxene in

former melt conduits (dykes), probably by flowage differ-

entiation in response to the Bagnold effect (Nkono et al.

2006). This is required by the mineral-like fingerprint of

pyroxenites and their style of emplacement; the high Sr

content of plagioclase pyroxenites and the slight positive

Eu anomaly in sample 04–77 probably reflect limited

segregation of plagioclase in the melt conduit.

Implications for the growth of the continental crust

Island arcs are expected to be the fundamental bricks of

continental crust (Taylor and McLennan 1985; Stern 2010),

but a major problem of this assumption is that continental

crust has a bulk andesitic composition while island arcs are

formed by progressive inputs of basaltic magmas with

minor primitive high-Mg# andesites and boninites (Kele-

men et al. 2003; Garrido et al. 2006; Stern 2010 and ref-

erences therein). A fundamental question is to know

whether this andesitic composition can be reached by

delamination of ultramafic cumulates and restites or whe-

ther primitive melts forming ancient island arcs are more

evolved than modern arcs. The lower and middle crusts of

the Amalaoulaou arc have a basaltic bulk composition

(Fig. 10), but the metagabbros have low Mg# (49–63) are

iron-rich when compared to primitive magmas from mod-

ern island arcs (average Mg#: 65–71; Kelemen et al. 2003,

Fig. 10). The low Cr and Ni contents of melt-like meta-

gabbros (120–200 ppm and 24–65 ppm, respectively)

compared to primitive island arc lavas (350–1,000 ppm

and 130–440 ppm, respectively; Fig. 10) probably show

that ferromagnesian phases (olivine, pyroxene and spinel)

have been fractionated but ultramafic cumulates are lacking

at Amalaoulaou. A simple mass balance calculation dem-

onstrates that when 10–20 vol.% of ultramafic cumulate is

added to the mean composition of melt-like metagabbros,

the resulting magma has a Mg# comparable to mean

primitive Mariana arc lavas (65; Kelemen et al. 2003). The

lack or paucity of primitive high-Mg cumulates is also a

characteristic of the Mesozoic oceanic arcs, namely the

Talkeetna section and the Kohistan complex (Greene et al.

2006; Garrido et al. 2007). This has been explained either

by the more Fe-rich and Si-rich nature of primitive melts

compared to modern arcs or by the delamination of dense

primitive cumulates (mainly pyroxenites) forming the base

of the arc root. Our preferred hypothesis for the Ama-

laoulaou arc is that ultramafic cumulates have been formed

but are lacking in the present day structure of the arc

complex, probably as a consequence of delamination of the

lowermost arc crust.

Intra-oceanic arcs, such as Amalaoulaou, Kohsitan and

Talkeetna, can consequently not be taken as unique

examples of fundamental bricks forming the continental

crust because even if delamination of ultramafic cumulates

and/or residues occurred, they are all of basaltic bulk

composition. Archean oceanic arcs, instead, are expected to

be more felsic because subduction of mafic crust would

induce partial melting of the latter and the production of

tonalite-trondhjemite-granodiorite melts (Drummond and

Defant 1990) forming batholiths intruding the supra-sub-

duction oceanic crust with dense garnet–clinopyroxene

residues sinking into the mantle. A model combining

Archean-like rapid crustal growth involving the accretion

of bimodal basaltic-felsic arcs with the addition of basaltic

island arcs since the Late-Proterozoic can be envisaged to

explain the andesitic composition of the bulk continental

crust.

Geodynamical implications

Age of the metamorphic events

Due to the lack of direct dating of the various events of

metamorphism and deformation, only relative ages can be

provided.

– Metamorphic phase 1 is a granulitic/melting event that

occurred at 900–1,000�C and 10–12 kbar (stages C and

D on Fig. 9). At Amalaoulaou, the role of magma

intrusion in the generation of the granulite-facies

overprint is locally evidenced by the development of

garnet within the metagabbros at the contact zone with

pyroxenite and felsic dykes (Berger et al. 2009). This

metamorphism is thus bracketed between c. 793 Ma

(age of the protoliths) and c. 701 Ma (the rocks of this

age are not affected).

– Metamorphic phase 2 is a high-temperature shearing

(725–875�C, 8–11 kbar; stage E on Fig. 9), leading to

the transformation of garnet-granulites into protomy-

lonitic metagabbros with brown pargasite. It affected

these rocks during the final stages of the granulitic-

melting event (phase 1). Indeed, garnet-bearing leuc-

ocratic veins (emplaced at P [ 10 kbar) are affected by

this deformation event whereas garnet-absent veins

(P \ 10 kbar) are undeformed by this HT shearing

(Fig. 5a, b). This event is thus related to partial

exhumation of the arc root. Many structural and

metamorphic similarities with the Kohistan arc root

(Arbaret and Burg 2003, Burg et al. 2006) suggest that

it is linked to rifting or detachment fault within the arc.
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As phase 1, this second phase is bracketed between c.

793 Ma and c. 701 Ma.

– Metamorphic phase 3 is a low-temperature amphibo-

lite-facies event (stage F on Fig. 9), recorded in the

epidote–amphibolite unit and affecting only the meta-

gabbro unit. It has affected only the metagabbros. The

peculiar P-T conditions associated with this event

(*550�C, 6–9 kbar) are closely similar to the retro-

grade exhumation path of the Gourma continental UHP

eclogites (Caby et al. 1989; Caby 2003). It can thus be

interpreted as a late exhumation phase of the Ama-

laoulaou arc.

– Metamorphic phase 4 occurred under greenschist facies

conditions and is most probably responsible for the

youngest LT–LP shear zone and recrystallisation

observed in the whole Amalaoulaou complex. It can

be reasonably related with the nappe stacking (Caby

1979, 2003) that occurred during the continental

collision with the main part of the Tuareg shield

between 620 and 580 Ma (Liégeois et al. 1987; Attoh

et al. 1997).

Regional constraints

To the north of Amalaoulaou, the Tilemsi oceanic arc can

be considered as the upper crust superstructure equivalent

of the Amalaoulaou complex. Considering the available

geochronological data, the Tilemsi arc was active prior to

726 Ma (age of oceanic metadiorites cutting across vol-

cano-sedimentary successions emplaced in an oceanic arc

setting) and at 710 Ma, corresponding to the emplacement

of a plagiogranitic mobilisate (Caby et al. 1989). The

Tilemsi island arc superstructure is thus subcontemporane-

ous with Amalaoulaou magmatic stage 2. If relics of island

arcs are preserved along the eastern Pan-African WAC

suture, there is only a few evidences for the presence of fore-

arcs and back-arcs, except in the Anti-Atlas belt of Morocco

where probable fore-arc, arc and back-arc systems are

identified (Thomas et al. 2004). In Mali, two occurrences of

mafic–ultramafic associations are known: (1) the Timetrine

serpentinites and (meta) basalts, with locally preserved pil-

low structures and (2) a few serpentinite outcrops in the

Northern part of the Gourma belt (Fig. 3). However, no

detailed investigations have been performed on these rocks,

and their tectonic setting cannot be further precised.

To the east of the Tilemsi-Amalaoulaou oceanic terranes

are located the continental active margin terranes of the

Adrar des Iforas (Fig. 1). In the Kidal terrane (Black et al.

1994), an early stage of ocean-continent subduction, rep-

resented by few gneissic tonalitic plutons, has been dated at

696 ± 5 Ma (Caby and Andréopoulos-Renaud 1985) and

716 ± 6 Ma (Bruguier et al. 2008). They are covered by

active margin-type volcano-sedimentary sequence, one of

them being dated at 630 ± 13 Ma (Liégeois 1988)

accompanied by tonalitic and granodioritic plutons of the

same age (635 ± 5 Ma; Caby et al. 1989; 634 ± 8 Ma;

Bruguier et al. 2008). They are followed by the huge

composite Iforas batholith that intruded between 620 and

580 Ma in a post-collisional setting through transpressive

movements (Liégeois et al. 1987; Liégeois 1988; Liégeois

et al. 1998). This indicates that (1) a subduction period

occurred below the Adrar des Iforas active margin at least

between 716 and 630 Ma; (2) two subductions coexisted at

least between 716 and 660 Ma, an intra-oceanic subduction

represented by the Amalaoulaou arc and an ocean-conti-

nent subduction below the Iforas active margin; (3) this

active margin collided with the WAC between 630 and

620 Ma, which corresponds to the UHP metamorphism in

Gourma (623 ± 3 Ma; Jahn et al. 2001).

Geodynamical evolution of the Amaloulaou arc

The magmatic activity in the Amalaoulaou intra-oceanic

island arc started at c. 790 Ma, with the emplacement of

LREE-depleted tholeitic mafic melts (nascent or immature

stage). The maturation of the arc is evidenced by the

emplacement of melts tapped from a mantle source enri-

ched in recycled sedimentary material and by the HT-HP

granulitic phase in the root. This is followed by a partial

exhumation of the arc root (metamorphic phase 2 associ-

ated with shearing) due to intra-oceanic rifting or maybe to

the proximity of the WAC. This phase is followed at

c. 700 Ma by the magmatic phase 2 represented by slightly

LREE-enriched tholeiitic mafic to felsic rocks.

The LT amphibolite event (metamorphic phase 3) is

linked to the accretion of the Amalaoulaou island arc

towards the WAC, either at (1) 700–660 Ma and a second

time during the exhumation of the Gourma continental

UHP eclogites at c. 623 Ma or (2) only in one stage at

c. 623 Ma, the absence of magmatic activity in the

660–623 Ma period being attributed to the WAC conti-

nental subduction. Finally, the metamorphic phase 4 cor-

responds to the nappe stacking under greenschist facies

conditions during the major transpressive period

(620–580 Ma).

The oceanic evolution of the Amalaoulaou island arc

and its final accretion towards the West African craton fit

within the general Pan-African cycle ending with the

Gondwana amalgamation, especially in its Saharan part. In

the Tuareg shield, the period between 850 and 640 Ma is

mainly represented by juvenile lithologies that developed

within the Pharusian Ocean and that successively accreted

towards either the West African craton (Caby et al. 1982;

Liégeois et al. 1987; this study), the LATEA metacraton
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(Caby and Andreopoulos-Renaud 1987; Liégeois et al.

2003) or the Saharan metacraton (Liégeois et al. 1994;

Henry et al. 2009). The final closure of the different

branches of the Pharusian Ocean occurred during the

continental collision between the West African craton, the

LATEA and Saharan metacratons during the 630–580 Ma

period (Black et al. 1994; Liégeois et al. 1987; 2003; Jahn

et al. 2001; Caby 2003), corresponding to the western

Gondwana supercontinent amalgamation. The story that

occurred on the eastern side of the Sahara is similar. There

also the 850–630 Ma period is marked by the opening and

the closing of the wide Mozambique Ocean and the gene-

ration of the huge juvenile Arabo-Nubian Shield including

more easterly terranes (Sato et al. 2011) mostly by island

arcs accretion (see Stern and Johnson 2010). The main

closure of the Mozambique Ocean corresponds to the

eastern Gondwana amalgamation marked by the East

African orogen and occurred within the 630–580 Ma time

interval (Stern 1994; Küster et al. 2008; Stern and Johnson

2010), with late events that reached early Cambrian (Stern

1994; Sato et al. 2011) leading to the formation of Greater

Gondwana.

Conclusions

The Amalaoulaou complex represents the exposed section

of a Neoproterozoic intra-oceanic arc from the root to the

medium crust. The successive magmatic inputs reflect a

progressive change of mantle source composition with a

dominant depleted mantle component for 793-Ma-old

metagabbros (nascent stage) and a more significant,

although still minor (0.2%), involvement of recycled sedi-

ments in the source of younger gabbros (*701 Ma, mature

stage) with late minor magmatic activity around 660 Ma.

The oldest metamorphic event (phase 1) recorded in the arc

root induced dehydration and localised melting in response

to arc thickening (maturation of the arc). HT shearing

(metamorphic phase 2) affecting the metagabbros slightly

after the granulitic event is tentatively linked to partial

exhumation of the arc root accommodated by detachment

faults or partial rifting of the body. The accretion of the

Amalaoulaou arc onto the WAC passive margin is evi-

denced by two phases of metamorphism (phases 3 and 4),

but the exact timing and significance of these events are not

well constrained.

The lowermost crust of the Amalaoulaou arc root is

mainly composed of metagabbros having melt-like geo-

chemical fingerprints with a few pyroxenites of cumulates

origin. Dense rocks (3.3–3.6) are either partial melting/

dehydration residues dominated by garnet–clinopyroxene

assemblages or pyroxene segregates representing the for-

mer magma path of high-Mg andesites. However, the dense

rocks form a low volumetric proportion and are dispersed

in the arc root; this precludes massive delamination of the

deep crustal section during or after the maturation stage.

Parental magmas at Amalaoulaou have already crystallised

ultramafic cumulates before being emplaced in the lower

and middle crust, but these cumulates are missing. The

bulk composition of the exposed section is however still

basaltic, and the probable delamination of these ultramafic

cumulates did not induce a compositional change from

basaltic to andesitic, i.e., close to the bulk continental crust.

Compared to other well-studied and more recent

exhumed section of oceanic arcs, the Amalaoulaou complex

shares same geochemical fingerprints and metamorphic

evolution. It can consequently be concluded that processes

responsible for building and differentiation of Neoprotero-

zoic oceanic arcs are similar to those forming younger

recent arcs. If we consider that accretion of island arcs is the

main mechanism of continental growth, those formed since

the Late Precambrian cannot be the fundamental bricks of

the andesitic continental crust because they have a basaltic

bulk composition. A transition from the accretion of inter-

mediate to felsic Archean-like island arcs to basaltic island

arcs since the Late-Proterozoic is then required to match the

andesitic composition of continental crust.
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Caby R, Andréopoulos-Renaud U, Pin C (1989) Late Proterozoic arc-

continent and continent-continent collision in the Pan-African

Trans-Saharan Belt of Mali. Can J Earth Sci 26:1136–1146

Caby R, Buscail F, Dembele D, Diakite S, Sacko S, Bal M (2008)

Neoproterozoic garnet-glaucophanites and eclogites: new

insights for subduction metamorphism of the Gourma fold and

thrust belt (eastern Mali). Geol Soc Lond Spec Pub 297:203–216

de la Boisse H (1979) Pétrologie et géochronologie des roches
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Précambrien supérieur. C R Soc Géol Fr 3:97–100
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