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Abstract

Our recent geological survey of the basement of central and northern Madagascar allowed us to re-
evaluate the evolution of this part of the East Africa-Antarctica Orogen (EAAO). Five crustal domains
are recognised, characterised by distinctive lithologies and histories of sedimentation, magmatism,
deformation and metamorphism, and separated by tectonic and/or unconformable contacts. Four
consist largely of Archaean metamorphic rocks (Antongil, Masora and Antananarivo Cratons,
Tsaratanana Complex). The fifth (Bemarivo Belt) comprises Proterozoic meta-igneous rocks. The
older rocks were intruded by plutonic suites at about 1000 Ma, and at 820 to 760 Ma, 630 to 595 Ma
and 560 to 520 Ma. The evolution of the four Archaean domains and their boundaries remains
contentious, with two end-member interpretations evaluated: 1) all five crustal domains are separate
tectonic elements, juxtaposed along Neoproterozoic sutures; 2) the four Archaean domains are
segments of an older Archaean craton, which was sutured against the Bemarivo Belt in the
Neoproterozoic Rodinia fragmented during the early Neoproterozoic with intracratonic rifts that
sometimes developed into oceanic basins. Subsequent mid-Neoproterozoic collision of smaller
cratonic blocks was followed by renewed extension and magmatism. The global ‘Terminal Pan-
African’ event (from 560 to 490 Ma) finally stitched together the mid-Neoproterozoic cratons to form

Gondwana.
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The supercontinent of Rodinia was created by about 1.0 Ga following end-Mesoproterozoic
orogenesis along a global network of Grenville-Kibaran-Namaguan orogenic belts (e.g. Torsvik et al.
1996; Dalziel 1997; Kroner 2001; McCourt et al. 2006; Li et al. 2008). Within about 120 million
years of its creation, extensional rift basins started to develop, and in some instances progressed into
oceanic basins, partially fragmenting Rodinia into separate crustal plates by middle Neoproterozoic
times (Unrug 1998; Li et al. 2008; Wendorff &Key 2009). Middle Neoproterozoic plate collision and
subsequent extension was followed by multiple collisions of smaller crustal plates between about 560
and 520 Ma to form the Gondwana supercontinent (Meert 2003; Collins &Pisarevsky 2005; Bingen et
al. 2009). The end-Neoproterozoic-Cambrian collisional tectonics resulted in a network of linear
orogenic belts, referred to as “Pan-African” in Africa (Kennedy 1964; Stern 1994; Michard et al.
2008; Gasquet et al. 2008), including the East Africa-Antarctica Orogenic Belt (EAAO) that can be
traced southwards from Arabia through eastern and southern Africa, India, Madagascar and Sri Lanka
into Antarctica (Jacobs &Thomas 2004; Figure 1). Post-collision retrograde metamorphism and

shearing continued into Ordovician times (to about 500 Ma; Emmel et al. 2006).

Recent work has shown that whilst all parts of the EAAO shared a common end-Proterozoic to
earliest Ordovician geological history (Meert 2003; Collins & Pisarevsky 2005; Bingen et al. 2009),
the earlier Neoproterozoic tectonothermal events, at about. 820 - 720 Ma and about 660 - 610 Ma
recognised in East Africa, Arabia, Madagascar and Antarctica, are less uniformly within the EAAO
(Stern 1994; Meert 2003). We use the phrase ‘terminal Pan-African’ to describe events that took place
in the 560-490 Ma period, following the original definition of Kennedy (1964). It corresponds to the
“Kuunga Orogeny” resulting from India-Australia collision (Meert 2003) and the “Malagasy
Orogeny” caused by India-East Africa collision (Collins & Pisarevsky 2005). The events that make up
the wider EAAO have been attributed to progressive closure of a “Mozambique Ocean” involving
collisions between arc terranes and accretion of microcontinents onto East Africa (Meert 2003;
Collins 2006), culminating in the final assembly of all the components of Gondwana during the
terminal Pan-African (e.g. Jacobs et al. 1998; 2003; Hanson 2003; Meert 2003; Boger & Miller 2004;
Collins & Pisarevsky 2005; Johnson et al. 2005).

Early geological work in Madagascar showed that the crystalline basement comprises a number of
major crustal segments separated by tectonic contacts and unconformable boundaries (e.g. Besairie
1968-1971; Jourde 1971; Hottin 1969, 1976). Subsequent research confirmed the presence of
Archaean crustal components, a range of Proterozoic supracrustal sequences, and major periods of
Proterozoic reworking, and interpreted the geology in plate tectonic terms (e.g. Windley et al. 1994;
Cox et al. 1998; Tucker et al. 1997, 1999a, 2010; Kroner et al. 2000; Collins et al. 2000; Collins &
Windley 2002; Collins 2006). The principal tectonic blocks identified in the central-north area include

the Archaean Antongil-Masora and Antananarivo Cratons and Tsaratanana Complex, the
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Neoproterozoic Bemarivo Belt, and the Itremo Domain comprising Proterozoic metasedimentary
rocks (Figure 2; Kroner et al. 2000; Collins et al. 2000; Collins & Windley 2002; Collins 2006).

The present study

The work presented here is a summary of a 4-year World Bank funded project fully reported in BGS-
USGS-GLW (2008) that allowed us to redefine the tectonic domains of north-central Madagascar and
their boundaries. Following previous studies, we recognise four distinct Archaean domains (Antongil,
Masora and Antananarivo Cratons, and Tsaratanana Complex) and the Neoproterozoic Bemarivo Belt
in the north, along with a number of Proterozoic metasedimentary units. The domains are separated by
ductile shear zones (Figure 2) and wide Neoproterozoic belts — including the “Betsimisaraka Suture”
of previous authors (Kroner et al. 2000; Collins et al. 2000), which has now been mapped in greater
detail and separated into two belts that are structurally continuous but have rather different

characteristics; the Anaboriana and Manampotsy Belts.

We define Neoproterozoic periods dominated by extensional tectonics, with resulting magmatism and
sedimentation, and intervening periods of compression, leading to plate collision and uplift, based on
new and existing geochronological data (Tables 1 and 2). These are reported in a number of recently
published articles on specific aspects of the geology (e.g. Thomas et al. 2009; Goodenough et al.
2010; Tucker et al. 2010; Schofield et al. in press; de Waele et al. 2008; Pitfield et al. submitted)
under the umbrella of the project report (BGS-USGS-GLW 2008). The aim of this paper is to draw all
the available data together into a consistent new model for the evolution of central-northern

Madagascar, and its bearing on the evolution of the EAAOQ as a whole.

Crustal Domains of central and northern Madagascar

Antongil and Masora Cratons

Two separate, but previously correlated, Archaean crustal blocks are recognised in eastern Madagascar, known as the
Antongil and Masora Cratons in the north and south respectively (Hottin, 1976; Collins & Windley, 2002). They are
separated by high-grade Neoproterozoic rocks belonging to the Manampotsy Belt (see below) and our geological
mapping has recognised significant differences in the gross lithological make-up of these two cratons. The Masora Craton
is also cut by ¢. 800 Ma granitoids not present in the Antongil Craton.

Antongil Craton

The northem part of the Antongil Craton is dominated by voluminous, largely unfoliated, Neoarchaean
granitoids (Masoala Suite) formed at about 2550-2520 Ma (Tucker et al. 1999, 2010; Collins et al.
2001; Paquette et al. 2003; Schofield et al. in press). To the south there is a core of older Meso-
Paleoarchaean gneisses (Nosy Boraha Suite) which were formed between about 3.3 and 3.1 Ga
(Vachette & Hottin 1970; Tucker et al. 1999, 2010; Schofield et al. in press). These are interfolded
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with Meso-Neoarchaean supracrustal rocks (Mananara Group) dated at between about 3176 Ma and
2597 Ma (Figure 3). The latter include strongly foliated metabasic rocks and paragneisses, which

occur as lenses within the southern granitoids.

The northern part of the Antongil Craton was intruded at about 2150 Ma by a number of minor
metabasic sheets and podiform bodies (Ankavanana Suite: Schofield et al. in press). Previously,
Hottin (1969) describes metasedimentary rocks in the Anjiahely belt in the northern Antongil Craton
with many aligned meta-ultramafic lenses of harzburgite, pyroxenite, tremolite-actinolite rocks and
soapstone. ). The northern margin of the craton is overthrust by the Neoproterozoic Bemarivo Belt
(Thomas et al. 2009) and locally unconformably overlain by a low-grade metasedimentary sequence
of possible Palaeoproterozoic age (Andrarona Group: Hottin, 1976). No Neoproterozoic to Cambrian
intrusions have been recognised in the Antongil Craton which is only marginally affected by Pan-

African events and structures (Table 2).
Masora Craton

In central-east Madagascar, the Masora Craton, in similar fashion to the Antongil Craton, comprises a
core of Mesoarchaean Nosy Boraha migmatitic orthogneisses with infolds of undated meta-
volcanosedimentary rocks (Vohilava Group: Figure 4). Another metasedimentary sequence (Maha
Group) crops out around the western and northern margins of the Masora Craton. A maximum age of
about 1740 Ma is provided for the Maha Group by the youngest age of its detrital zircon population
(De Waele et al. 2008). These rocks were intruded at 840-815 Ma and 780-760 Ma by voluminous
Neoproterozoic granitoid sheets (Imorona-Itsindro Suite). Larger intrusions of the latter help define
regional folds that range from open in form in the centre of the craton to tight dome-and-basin
interference structures along the western and northern margins (Figure 4). The observed deformation
in these Neoproterozoic intrusions, together with metamorphic ages recorded in zircon grain rims
(Table 2) demonstrates that the whole Masora Craton was affected by the terminal Pan-African
tectonothermal episode, in contrast to the Antongil Craton. However, earlier recumbent folds and
associated thrusts are present to juxtapose low grade metasedimentary rocks with high-grade
migmatitic gneisses (e.g. La Roche, 1953). In such zones, normal and inverted metasedimentary
sequences are identified from preserved way-up structures to define recumbent folds. Some parts of
the metasedimentary sequences appear to be floored by mafic-ultramafic rocks and are thought to
represent thrust klippen. The preservation of low metamorphic grade rocks shows that the Pan-
African metamorphism was not as intense as found in the adjacent Manampotsy Belt. The age of the
early recumbent folds is not known; they could be early Pan-African structures or older

(?Mesoproterozoic).
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Antananarivo Craton

The Antananarivo Craton, which underlies the central highlands of Madagascar, comprises granulite-
to upper amphibolite facies Neoarchaean orthogneisses and paragneisses (Figure 5). No evidence for
Mesoarchaean rocks have been found, in contrast to the Antongil and Masora Cratons. Extensive
tracts of Neoarchaean/earliest Palaeoproterozoic tonalitic to granitic gneisses (Betsiboka Suite:
Mangoro Complex) have been dated at about 2490 — 2590 Ma (Tucker et al. 1999a; Kroner et al.
2000; BGS-USGS-GLW, 2008). These are intimately associated with supracrustal rocks, chiefly
migmatitic paragneisses (Vondrozo and Sofia Groups), which form extensive belts (e.g. Sofia Group)
or isolated rafts in the orthogneisses. The Vondrozo and Sofia Groups are thus demonstrably

Archaean, but there are no constraints on their maximum depositional ages.

In central-west Madagascar, the Antananarivo Craton is overlain by Proterozoic metasedimentary
rocks of the Itremo, Molo, and Amborompotsy-lkalamavony Groups in the Itremo Domain. These
correlated rocks, of different metamorphic grades, are characterised by significant detrital zircon
peaks at about 2500 and 1800 Ma (Cox et al. 1998, 2004; Fitzsimons & Hulscher, 2005; Tucker et al.
2007; De Waele et al. 2008). The relationship between them and the underlying craton is unclear.
Collins et al. (2000) recognised a major shear zone forming the contact in some parts, whilst

elsewhere the contact appears unconformable (Collins, 2006; Tucker et al. 2007).

The Antananarivo Craton and the Itremo Domain are intruded by voluminous Neoproterozoic to
Cambrian plutonic rocks. The oldest of these (Dabolava Suite orthogneisses), intruded the Itremo
Group at about1000 Ma (Tucker et al. 2007). Subsequently, plutons of the Imorona-Itsindro Suite,
which intrude the whole Antananarivo-Itremo block, have been dated between about 840 and 720 Ma
(Handke et al. 1999; Tucker et al. 1999a; Kroner et al. 2000; BGS-USGS-GLW, 2008). In addition,
the northern part of the craton was intruded by sheet-like, alkaline ‘stratoid granites’ (Kiangara Suite)
at about 630 Ma (Nédélec et al. 1995; Paquette & Nédélec, 1998), and post-collisional granitoids (e.g.
Ambalavao and Mahamavy Suites and Carion Subsuite) during the period 550 — 530 Ma (Tucker et al.
1999a; Kroner et al. 1999, 2000; Meert et al. 2001; Goodenough et al. 2010).

The Antananarivo Craton is characterised by a penetrative, north- to NNW-trending structural grain,
marked by parallel ortho- and paragneiss belts. The highest strain is recognised in the east, along the
Angavo-Ifanadiana Shear Zone that cuts into the craton from the Manampotsy Belt (Figure 2; Nédélec
et al. 2000). Heat transfer associated with rise of magma and fluids along this shear zone continued
until about 470 Ma (Grégoire et al. 2009).

Tsaratanana Complex

The Tsaratanana Complex, which overlies the northern part of the Antananarivo Craton, comprises
three main infolded synformal belts (Figure 2: Maevatanana, Andriamena and Alaotra-Beforona;
Tucker et al. 1999a; Collins & Windley, 2002; Collins, 2006). Each is dominated by Neoarchaean
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orthogneisses, pelitic schists, and paragneisses that have previously been interpreted as greenstone
belts (de Wit, 2003). The orthogneisses include gabbroic, tonalitic and granodioritic compositions,
and have been dated at about 2520-2470 Ma (Tucker et al. 1999; Kabete et al. 2006; BGS-USGS-
GLW, 2008) with evidence for high-temperature metamorphism of some at about 2500 Ma
(Gongalves et al. 2003; Tucker et al. 2010). However, a paragneiss from the Andriamena Belt
contained detrital zircons in the range 2870 to 1750 Ma, suggesting the presence of Palaeoproterozoic

or younger material (Kabete et al. 2006).

In common with the Antananarivo-Itremo block, the Tsaratanana Complex is intruded by gabbroic
and granitoid plutons of the Neoproterozoic Imorona-Itsindro Suite (Guérrot et al. 1993; Tucker et al.
1999; Kabete et al. 2006; BGS-USGS-GLW 2008). High-grade metamorphism is also recorded in the
Andriamena Belt at about 780 — 730 Ma (Gongcalves et al. 2003; Kabete et al. 2006; BGS-USGS-
GLW 2008).

The Tsaratanana Complex is separated from the underlying rocks by flat-lying to sub-vertical ductile
shears with complex polyphase and polydirectional movement histories (Gongalves et al. 2003; BGS-
USGS-GLW 2008). Moreover, the BGS-USGS mapping has shown that parts of the Tsaratanana
Complex tectonically overlie not only the Antananarivo Craton, but also the Neoproterozoic
Manampotsy Belt (Figure 5). This observation has critical implications for the timing of emplacement
of the Tsaratanana Complex and supports the conclusion of Krdner et al. (2000) that (at least some of)
the complex is an allochthonous unit and not an integral part (e.g. greenstone belt) of the
Antananarivo Craton. However, the precise timing of the final horizontal translation of the
Tsaratanana Complex remains uncertain. Although the last period of movement probably occurred in
the early Cambrian (Gongalves et al. 2003), at least parts of the Tsaratanana Complex were
juxtaposed with the underlying combined Antananarivo-ltremo block before the intrusion of the

Imorona-Itsindro Suite (Tucker et al. 2010).

Bemarivo Belt

The Neoproterozoic Bemarivo Belt forms the most northerly crustal entity of Madagascar, where it is
tectonically juxtaposed against the Antongil and Antananarivo Cratons and the Neoproterozoic
Anaboriana Belt (Collins & Windley, 2002; Collins, 2006; Thomas et al. 2009). It is divided into
northern and southern terranes which, on the basis of lithostratigraphy and geochronology, are
considered to have formed in volcanic arc settings at about 715 and 750 Ma respectively (Thomas et
al. 2009).

The northern terrane comprises three volcano-sedimentary successions: the upper amphibolite-facies
Milanoa Group, the greenschist-facies to epidote-amphibolite-facies Daraina Group, and the Betsiaka
Group with measured PT conditions of 12 kb and 650° C (BGS-USGS-GLW 2008). The first two

were derived from Neoproterozoic, probably juvenile, sources, whilst the Betsiaka Group contains
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Archaean detrital zircons (Thomas et al. 2009). This terrane is intruded by the plutonic Manambato
Suite, dated between 718 and 708 Ma (Tucker et al. 1999b; Thomas et al. 2009).

The southern terrane is dominated by the granulite facies metasedimentary Sahantaha Group,
consisting of quartzites, calc-silicate and metapelitic rocks. Samples from this group have yielded
detrital zircon age spectra with ages ranging from about 2800 to 1750 Ma, with the largest peak in the
Palaeoproterozoic (Cox et al. 2004; De Waele et al. 2008). These rocks are intruded by the calc-
alkaline plutonic Antsirabe-Nord Suite which was emplaced at about 750-760 Ma (Tucker et al.
1999b; Thomas et al. 2009). Hottin (1969) suggested that the Sahantaha metasedimentary rocks rest
unconformably on high grade ‘basement’ rocks. However, exposed contacts noted between the
Sahantaha Group and other rocks including Antongil Craton rocks were ubiquitously tectonic (BGS-
USGS-GLW 2008; Thomas et al. 2009).

High-grade metamorphism in the southern terrane of the Bemarivo Belt has been dated at about 560-
530 Ma (Jons et al. 2006; Table 2) and this is considered to represent the timing of collision of the
Bemarivo Belt with the previously amalgamated older ‘core’ of Madagascar (Jons et al. 2006;
Thomas et al. 2009). Both terranes of the Bemarivo Belt, and the Anaboriana Belt to the south, were
intruded by voluminous, post-collisional, A-type granitoids (Maevarano Suite) at about 540-520 Ma
(Buchwaldt et al. 2003; Goodenough et al. 2010).

Anaboriana and Manampotsy Belts

The north-south trending Anaboriana and Manampotsy Belts (Figure 2) are redefined
tectonostratigraphic domains which together broadly correspond to the Betsimisaraka Suture Zone
(Kroner et al. 2000; Collins & Windley, 2002). In the NW, the Anaboriana Belt separates the
Bemarivo Belt from the Antananarivo Craton, and is bounded by ductile shear zones. It runs
southwards into the Antananarivo Craton, close to its eastern margin, and has been linked on
geophysical and lithostratigraphical grounds to the Manampotsy Belt, which separates the Masora,

Antongil and Antananarivo Cratons.

The main rock-types throughout the Anaboriana and Manampotsy Belts are quartzofeldspathic
migmatitic paragneisses, with varying biotite and hornblende contents, although some graphitic,
quartzitic and calc-silicate lithologies are locally present. In the Anaboriana Belt, the paragneisses are
termed the Bealanana Group. The Manampotsy Belt paragneisses of the Manampotsy Group are
divided into the Sasomanangana Gneiss, Sakanila Paragneiss, Perinet Paragneiss and
Ambatondrazaka Paragneiss (Figure 6) on the basis of their dominant sedimentary protolith. The
Ambatolampy Group occurs on the margin of the Antananarivo Craton, whilst the Ampasary Group
crops out on the western margin of the Masora Craton, within a tectonic entity known as the “Maroala
Deformation Zone” (Figures 2 and 6). This structural complex comprises a highly deformed imbricate

zone, with inter-thrust slices of the Ampasary Group and Masora Craton rocks. Numerous mafic-
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ultramafic lenses in the Manampotsy Belt range from 1 to 500 m in length, and include harzburgite,

pyroxenite and actino-tremolitite to hornblendite.

Detrital zircon populations from typical paragneiss samples in both the Manampotsy and Bealanana
Groups record Neoproterozoic age peaks of 840-780 Ma, with a lead-loss event indicating
metamorphism at ¢.560-510 Ma (BGS-USGS-GLW, 2008; Table 2). Older detrital zircons are found
in samples from the craton-marginal sequences. Thus, samples from the Ampasary Group contain a
range of detrital zircons from Meso- and Neoarchaean sources as well as 2000-1800 Ma and
Neoproterozoic ( 800-780 Ma) grains (Collins et al. 2003; BGS-USGS-GLW, 2008). Similarly,
Ambatolampy Group samples have major detrital peaks at about 2700 and 2500 Ma (BGS-USGS-
GLW, 2008). These data sets suggest that the original sediments of the Ampasary and Ambatolampy
groups were deposited on the underlying (marginal) parts of the Masora and Antananarivo Cratons
respectively, while the Manampotsy and Bealanana Groups were most likely deposited distal from

either of the cratonic domains. A contrary view is presented by Tucker et al. (2010).

The Manampotsy Belt also comprises Neoproterozoic magmatic rocks that belong to the Imorona-
Itsindro Suite. Rapid unroofing of these intrusions may have provided source material for the spatially
associated metasedimentary rocks (indicated by their detrital zircon populations). The Imorona-
Itsindro Suite is not present in the Anaboriana Belt, which contains large volumes of post-collisional
granitoids of the Maevarano Suite, dated between about 540-520 Ma (Goodenough et al. 2010). No
older, pre-Neoproterozoic magmatic rocks have been found in either the Manampotsy or Anaboriana
Belts.

The Manampotsy Belt has a strong, curviplanar N-S tectonic grain defined by major polyphase shear
zones with an E-W spur separating the Masora and Antongil Cratons. It includes the Maroala
Deformation Zone around the western perimeter of the Masora Craton (Figures 2, 4 and 6). The
western section of the Maroala Deformation Zone is cut by the southern part of the regional Angavo-
Ifanadiana Shear Zone. Transposed north-south-oriented planar fabrics, dextral shears and polyphase
folds occur in the latter which forms the highest strain tract in the Manampotsy Belt (Raharimahefa,
2004).

Geotectonic evolution of central and northern Madagascar

Archaean

The oldest rocks known in Madagascar are the Mesoarchaean orthogneisses of the Antongil and
Masora Cratons, known as the Nosy Boraha Suite, and dated at about 3320-3150 Ma. Neoarchaean
(about 2500 Ma) granitoid gneisses are a major component of the Antongil Craton. The Maha Group
in the Masora Craton contains detrital zircons with ages of about 2500 Ma, providing indirect

evidence for rocks of this age in that craton. It has been proposed that the Antongil Craton is a
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fragment of the Dharwar Craton of western India (Tucker et al. 1999a, 2010; Collins & Windley,
2002; Collins, 2006; Schofield et al. in press). The presence of Meso- and Neoarchaean gneisses of
similar age in both cratons, common isotopic signatures, along with their common Palaeoproterozoic
igneous activity (Peucat et al. 1993; Tucker et al. 19993, 2010; Jayananda et al. 2006; Schofield et al.
in press) provides support for this correlation. The Masora Craton may originally have been part of

the Antongil-Dharwar Craton, but has clearly experienced a different Neoproterozoic history.

The Antananarivo Craton and the Tsaratanana Complex are dominated by Neoarchaean gneisses, with
no direct evidence for Mesoarchaean magmatism. However, Nd isotope evidence indicates that the
Neoarchaean magmas were contaminated by older crustal material, thus raising the possibility that

some Mesoarchaean crust may remain to be found in these domains (Tucker et al. 1999).

Metasedimentary rocks of probable Neoarchaean age are found in the Antongil Craton (the Mananara
Group); the Masora Craton (the Vohilava Group); the Antananarivo Craton (the Vondrozo and Sofia
Groups); and the Tsaratanana Complex. The sources of the Mananara Group appear to be broadly
coeval with the extensive Meso- and Neoarchaean magmatism in the Antongil Craton. Most of the
other possible Neoarchaean metasedimentary sequences have not been investigated for detrital

zircons, and so the age of their sources remains uncertain.

Palaeoproterozoic

Palaeoproterozoic magmatic rocks are minor components of the Andriamena Belt (Tsaratanana
Complex) and the Antongil Craton (Ankavanana Suite). Mafic dykes of very similar age are also
found in the Dharwar Craton (Pandey et al. 1997), again supporting previous suggestions that the
Antongil and Dharwar Cratons were once linked. However, mafic dyke intrusion of this age is a

common feature of many cratons (Ernst & Buchan, 2001).

A number of Proterozoic sedimentary sequences are recognised in Madagascar, including the Itremo,
Maha and Sahantaha Groups, which have evidence for Neoarchaean to Palaeoproterozoic sources,
with detrital zircon age peaks at around 2500 and 1800 Ma (Cox et al. 1998, 2004; Fitzsimons &
Hulscher, 2005; De Waele et al. 2008). The detrital zircon age spectra for the Itremo Group match
potential sources in East Africa rather than India, leading to a correlation between the Antananarivo
Craton and East Africa (Cox et al. 1998; Fitzsimons & Hulscher, 2005). However, other cratons also
contain magmatic rocks dated at around 2500 and 1800 Ma, so using detrital zircon ages as evidence
for provenance is not valid in this case. It could also be argued that the absence of dominant amounts
of 2000 Ma detrital zircons from any of the Madagascan metasedimentary sequences would suggest
that their source areas were not the African cratons, where igneous rocks of this age are a significant

component of the geology (e.g. Hanson, 2003; Key et al. 2001).
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Neoproterozoic-Palaeozoic magmatism and orogenesis

Following a period of apparent quiescence throughout Mesoproterozoic times, renewed
tectonothermal activity in Madagascar began around 1000 Ma with the emplacement of granitoids
into the Itremo Domain (Tucker et al. 2007). The nature of this early magmatism remains uncertain.
Subsequently, the voluminous Imorona-Itsindro Suite was emplaced between about 840 and 720 Ma
into all crustal domains except the Anaboriana Belt, the Bemarivo Belt, and the Antongil Craton. A
wide range of rock types from granitic to gabbroic orthogneisses are represented. The suite can be
traced for about 450 km along a wide, N-S trending zone in central-northern Madagascar and has been
likened to an Andean-type continental magmatic arc on petrological grounds (Handke et al. 1999;
Kroner et al. 2000; Ashwal et al. 2002; de Wit, 2003). However, more geochemical work is required
on this major magmatic suite as it may represent emplacement of plutons in a range of settings along
one or more accretionary margins. The Manampotsy Group and associated intrusions may represent a
juvenile island arc terrane formed at this time, in a basin between the Antananarivo and Masora
Cratons (Figure 7). It has been argued that subsequent collision of the arc system with adjacent
continents created the Betsimisaraka Suture Zone (e.g. Cox et al. 1998; Kroner et al. 2000; Collins et
al. 2000; Collins & Windley, 2002). This scenario was based on the presence of (1) metasedimentary
lithologies diagnostic of a marine setting, notably graphitic gneisses; (2) abundant lenses of mafic and
ultramafic rocks interpreted as slivers of oceanic crust; (3) Neoproterozoic detrital zircon ages; (4)
different Archaean blocks on opposite sides of the belts; (5) meta-igneous rocks of purported supra-
subduction origin (ltsindro-Imorona Suite); (6) medial Proterozoic platform sediments on the
Antananarivo Craton with detrital zircons of proposed African provenance and (7) extensive Pan-

African overprinting of the Antananarivo Craton but not of the Antongil Craton.

However, whilst our work supports many of these arguments it does not supported others and we
would question whether the detrital zircon data support an African provenance for the platform
sediments on the Antananarivo Craton (see Tucker et al. 2010 for a fuller discourse on rebutting the
existence of a suture zone). Our work also suggests that the Antananarivo and Masora Cratons share a
common history prior to terminal Pan-African orogenesis, and that if they collided it took place

during an earlier mid-Neoproterozoic orogenesis (Figure 7).

The Bemarivo Belt was formed as two juvenile island arc terranes between about 750 and 720 Ma
(Tucker et al. 1999b; Thomas et al. 2009). Detrital zircon evidence shows that sediments in these arcs
were not sourced from the older rocks of Madagascar, and thus that the arcs are considered to have

formed at some distance (Thomas et al. 2009).

The Neoproterozoic metasedimentary rocks of the Manampotsy Belt, as well as successions in the
Antananarivo Craton and Tsaratanana Complex, record pre-Pan-African structures related to

horizontal tectonics and associated high-grade metamorphism. In the Itremo Group, early large-scale
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recumbent folds may have been formed prior to emplacement of Imorona-Itsindro suite plutons
(Collins et al. 2003), although this field relationship is disputed by Tucker et al. (2007).

Extensional tectonics after about 800 Ma led to the development of new oceanic crust, preserved in
the Vohibory volcano-sedimentary succession of southern Madagascar (Collins, 2006). This event has
been attributed to the rifting of a microcontinent (“Azania” from East Africa; Collins & Pisarevsky,
2005). Subsequent collisional deformation has been recorded in southern Madagascar at about 650-
610 Ma (de Wit et al. 2001). In central Madagascar, the late stages of this event are considered to be
manifested by post-collisional alkaline Kiangara Suite granites, which were emplaced into the
Antananarivo and Masora Cratons and the Manampotsy Belt between about 630 and 595 Ma (Nédélec
et al. 1995; Paquette & Nédélec, 1998). This widespread, but volumetrically small, suite includes
several phases of foliated, typically sheet-like alkaline granites and syenites emplaced within an 800
km long zone north and south of Antananarivo. However, the absence of metamorphic zircon ages in
this age bracket (Table 2) in our study implies that there was no collisional event during this period in

central and northern Madagascar.

From about 560 Ma, the major terminal Pan-African collisional event culminated in the amalgamation
of the various tectonic blocks of central and northern Madagascar. Table 2 summarises the inferred
ages (and PT conditions) of the Pan-African metamorphism based on U-Pb dates obtained from
metamorphic rims to zircon grains (BGS-USGS-GLW, 2008). The ages confirm that the terminal Pan-
African metamorphism took place over a protracted period between about 560 and 510 Ma. This long
metamorphic period reflects multi-staged collision, subsequent orogenic collapse and high heat flow
associated with post-collisional granite emplacement. Estimated PT conditions suggest that
amphibolite- to granulite-facies mineral assemblages were prevalent during the Pan-African events
(Buchwaldt et al. 2003; Jons et al. 2005, 2006). An initial high pressure, moderate temperature
metamorphism is localised in the eastern part of the Manampotsy Belt near the tectonic boundaries
with the Antongil and Masora Cratons, and in the Palaeoproterozoic supracrustal rocks (e.g. Maha
Group). This metamorphism is considered to be associated with the collision of the Antongil Craton
with the previously amalgamated Antananarivo and Masora Cratons. No magmatic event is recorded
at this time and the emplacement of the Antongil Craton may have been along a major transcurrent
ductile shear, rather than by collision across a dipping subduction zone. A later, higher temperature
metamorphism, probably at lower pressures, caused the commonly seen overprint of kyanite by
sillimanite, suggesting a clockwise P-T path (BGS-USGS-GLW, 2008). This event is probably
associated with the high heat flow caused by the emplacement of the voluminous post-collisional

granites and charnockites (Goodenough et al. 2010).

A minimum age for the amalgamation of the Antongil and Antananarivo Cratons is given by the
subsequent tectonic emplacement of the Bemarivo Belt across the tectonically joined Antananarivo-

Antongil Cratons and the interleaved Anaboriana Belt. The emplacement of the Bemarivo Belt has
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been dated by Jons et al. (2006) from successive monazite rims, which suggest collision at about 560-
530 Ma, with (post-collision) peak metamorphic conditions at about 520-510 Ma. However,
Buchwaldt et al. (2003) obtained U-Pb TIMS ages on titanite, monazite and zircon from the southern
Bemarivo Belt and suggested that emplacement and metamorphism took place between 520 and 510
Ma, associated with the intrusion of the voluminous post-collisional granitoids of the Maevarano
Suite (Goodenough et al. 2010).

The Antongil Craton is least affected by the Pan-African event as fabrics of this age are only present
along the western and southern margins (BGS-USGS-GLW, 2008; Schofield et al. in press).
Metamorphic ages of about 530 Ma from these margins (Table 2) either date the docking of the

Antongil Craton against the older crustal blocks or provide a minimum age for the amalgamation.

Late to post-tectonic, post-collisional granites (~550-520 Ma; Tucker et al. 1999b; Krdner et al. 2000;
Meert, 2003; Collins, 2006) are now dated at between about 537 and 522 Ma (Goodenough et al.
2010). These ‘late’ granites are potassic in composition, and were emplaced into a post-collisional

setting, in contrast to all of the older granites that show subduction-related geochemistry.

The final phases of tectono-metamorphic activity associated with the EAAQO are shown both by
fission track analysis of basement rocks in central Madagascar, and by low temperature, shear
controlled hydrothermal mineralisation. These data indicates that cooling from the final metamorphic
overprint terminated at about 500 Ma (Emmel et al. 2006) and (emerald) mineralisation took place at
about 490 Ma (Moine et al. 2004).

Discussion and conclusions

Our geological study (BGS-USGS-GLW, 2008; Thomas et al. 2009; Goodenough et al. 2010; BGS-
USGS-GLW. 2008, Tucker et al. 2010; De Waele et al. 2008; Schofield et al. in press) has confirmed
that central and northern Madagascar comprises a number of distinct Archaean domains separated by
wide ductile shear zones within the central part of the EAAQ. Of the four Archaean domains in north-
central Madagascar, the Masora and Antananarivo Cratons appear to have different Mesoarchaean
histories, but to have shared a common history since about 820 Ma, perhaps as early as the
Neoarchaean (2500 Ma). The Antananarivo Craton cannot be matched with an East African craton
(e.g. the Tanzania Craton) and we agree with Collins (2006) in interpreting this domain as part of a
separate Azania microcontinent within the East African Orogen. The Tsaratanana Complex may
originally have formed a continuous sequence that was intruded by Neoarchaean granitic rocks and
subsequently tectonically transported en masse across the Antananarivo Craton, before segmentation
into synformal keels and thrust slices during Pan-African times. Despite this, the similarities in the
preserved Archaean histories of the Tsaratanana Complex and tectonically underlying Antananarivo
Craton rocks suggests that at least parts of the former were autochthonous parts of the underlying

craton.
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The Antongil Craton may have a similar Archaean history to the Masora Craton, but it lacks pervasive
Neoproterozoic reworking. It thus probably only docked with the rest of Madagascar during the
terminal Pan- African collision. The Bemarivo Belt clearly had a separate Neoproterozoic history as
an island arc assemblage which was only amalgamated with the rest of Madagascar in the Late

Neoproterozoic to early Cambrian (Thomas et al. 2009).

The status of the Anaboriana and Manampotsy Belts as a suture zone (the Betsimisaraka Suture Zone)
is not fully resolved (Tucker et al. 2010). In support of the suture zone interpretation are (1) the
absence of rocks older than Neoproterozoic from the belts, (2) the presence of apparently different
Archaean cratons on opposite sides of the Manampotsy Belt with continental margin sediments on its
eastern and western margins, (3) the presence of actively eroding Neoproterozoic magmatic arc rocks
within the Manampotsy Belt, (4) tectonic slices of mafic/ultramafic rocks interpreted as remnants of
oceanic crust, and (5) the 800 Ma detrital zircon population and absence of proximal Archaean crust
in the central Manampotsy Group metasediments. Against the interpretation are the similar early
Neoproterozoic histories of the Antananarivo and Masora Cratons on either side of the Manampotsy
Belt, including the presence of intrusions of the Imorona-Itsindro Suite across the whole area. We
therefore suggest that the Manampotsy Belt first developed as a pre-terminal Pan-African, pre-
Kiangara Suite collisional/suture zone between the Antananarivo and Masora Cratons. Metamorphic
fabrics in the Imorona-Itsindro Suite rocks and adjacent metasedimentary rocks that developed during
the collisional event are strongly overprinted by terminal Pan-African fabrics associated with the later

collision between the Antongil and Masora cratons.

The Antongil Craton only collided with an amalgamated Antananarivo-Masora Craton during the
terminal Pan- African. It may have been emplaced along a N-S transcurrent shear that extended into
the Manampotsy Belt. Later collision occurred as the Bemarivo Belt was thrust southwards over the
older terranes (Thomas et al. 2009). The Anaboriana Belt represents the suture between the Bemarivo
Belt and the Antananarivo and Antongil Cratons. Terminal Pan-African orogenesis in the
Manampotsy Belt involved imbrication along the western margin of the Masora craton in the Maroala
Deformation Zone. Post-collisional magmatism (Goodenough et al. 2010), retrograde metamorphism

and shearing continued until about 490 Ma.

It can be seen that the rocks of northern and central Madagascar record complex, polyphase
orogenesis with intervening extensional phases, over a period of about 330 million years between
about 820 and 490 Ma. This process may have included the creation and subsequent almost complete
destruction of oceanic crust that separated the Antananarivo and Masora Cratons. Understanding the
precise timing of the collisions between these different tectonic blocks relies in part on trying to date
specific syn-collision igneous events or tectonic and/or metamorphic fabrics in the suture zones, and
less precisely on dating the time when domains on opposite side of a suture start to share a common

geological history and were thus ‘docked’. In suture zones with polyphase tectono-thermal histories
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and where the final tectono-thermal event was sufficiently strong to effectively either obliterate or

transpose earlier fabrics it is often difficult to precisely date older structures.

The present study supports and enlarges upon recent studies on the various Neoproterozoic-earliest
Palaeozoic orogens of East Africa and Madagascar that describe the partial break-up of Rodinia into
smaller continental blocks during the first half of the Neoproterozoic and the later collision of these
blocks to create Gondwana by earliest Phanerozoic times (e.g. Porada & Berhorst, 2000; Grantham et
al. 2003; Johnson et al. 2007; De Waele et al. 2008; Wendorff & Key, 2009; Bingen et al. 2009,
Thomas et al. 2009). The break-up of Rodinia created a number of smaller continental blocks bounded
by active and passive margins. A major magmatic arc formed after about 840 Ma to create an uplifted
region that was eroded to feed sediments within the Manampotsy Belt and along the margins of the
Antananarivo and Masora Cratons. The period between about 740 and 630 Ma involved the initial
collision between the Antananarivo and Masora Cratons with the development of compressional
structures in the adjacent Manampotsy Belt. Subsequent extension was accompanied by the
emplacement of magmatic rocks (of the Kiangara Suite) that cut across structures formed during the
earlier collisions. The global terminal Pan-African orogenic event (560-490 Ma) was common to all
the Neoproterozoic orogens and culminated with the amalgamation of all the disparate terrains into
Gondwana. The Neoproterozoic Era has the unique distinction of recording the break-up of one
super-continent and the creation of a second; both super-continents formed by contemporaneous
orogenesis in a network of linear orogens. The driving force for the synchronicity of global orogenesis

is not known.
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Figures
1.

Location of the BGS-USGS-GLW study area in central and northern Madagascar and its
position within the East African-Antarctica Orogen (EAAQ); modified from Jacobs
&Thomas (2004).

An outline of the geology of the study area showing the main tectonic domains and main
shear zones.

Simplified geological map (A) of the Antongil Craton, showing the main lithodemic units
and U-Pb dates. New geochronological ages shown as well as previously published U-Pb
dating (shown in italics) of Tucker et al. (1999) and Paquette et al. (2003). Inset map (B)
shows the major Precambrian crustal terranes of Madagascar, modified after Collins 2006).
APT = Andaparaty Thrust; AB-MO = Anaboriana Belt — Manampotsy Belt; AN = Antongil
Craton; BE = Bemarivo Belt; MA = Masora Craton; NT = Antananarivo Craton; IT =
southern mobile belts including the Itremo Group; VO =Vohibory Unit. (from Schofield et
al. in press)

An outline of the geology of the Masora Craton and surrounding Maroala Deformation Zone
with the locations of isotopically dated rock samples. The 87.7 £2.1 Ma age in the extreme
SE is from the Cretaceous volcanic cover over the Masora Craton.

An outline of the geology of the main outcrop of the Antananarivo Craton with the locations
of isotopically dated rock samples.

An outline of the main supracrustal units of the Manampotsy Belt with the locations of
isotopically dated rock samples.

Schematic representation of the stages recognised in north-eastern Madagascar in the break-
up of Rodinia and the eventual formation of Gondwana. Section 1 highlights the early
fragmentation of Rodinia into smaller continents. Section 2 shows the development of an arc
terrane marginal to the Antananarivo Craton and subduction-related magmatism on the
Masora Craton.1 and 2 in this section refer to sediments and magmatic arc rocks in the
Manampotsy Belt respectively. Sections 3-7 show the various stages in the Pan-African
orogeny recorded in central and northern Madagascar with progressive amalgamation of the
various continents and arc terranes and successive phases of granitic magmatism.
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