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a  b  s  t  r  a  c  t

New  detrital  zircon  U–Pb age  data  obtained  from  various  quartzite  units  of  three  spatially  separated
supracrustal  packages  in  central  and  northern  Madagascar,  show  that  these  units  were  deposited  between
1.8 and  0.8  Ga and  have  similar  aged  provenances.  The  distribution  of detrital  zircon  ages  indicates  an
overwhelming  contribution  of  sources  with  ages  between  2.5  and  1.8  Ga.  Possible  source  rocks  with  an
age of  2.5  Ga  are  present  in abundance  in the  crustal  segments  (Antananarivo,  Antongil  and  Masora
Domains)  either  side  of  a purported  Neoproterozoic  suture  (“Betsimisaraka  Suture  Zone”).  Recently,
possible  source  rocks  for  the  1.8  Ga  age  peak  have  been  recognised  in southern  Madagascar.  All three
supracrustal  successions,  as  well  as  the  Archaean  blocks  onto  which  they  were  emplaced,  are  intruded
by  mid-Neoproterozoic  magmatic  suites  placing  a minimum  age  on their  deposition.  The similarities  in
detrital  pattern,  maximum  and  minimum  age  of deposition  in the  three  successions,  lend  some  support
to  a model  in  which  all  of  Madagascar’s  Archaean  blocks  form  a coherent  crustal  entity  (the  Greater
Dharwar  Craton),  rather  than  an  amalgamate  of  disparate  crustal  blocks  brought  together  only  during
Neoproterozoic  convergence.  However,  potential  source  terranes  exist  outside  Madagascar  and  on  either
side  of  the  Neoproterozoic  sutures,  so that  a  model  including  a  Neoproterozoic  suture  in Madagascar
cannot  be  dispelled  outright.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Madagascar occupies a critical, central position within the East
African Orogen (EAO; Fig. 1). Consequently, an understanding of
the geological history of its component terranes is important for
constraining the palaeogeography of the entire region through
time and elucidating the assembly history of Gondwana. Many
recent studies of the geology of Madagascar have focused on
comparisons between the three component Archaean cratonic
domains and intervening paragneiss assemblages (Collins, 2006
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and references therein). However, new data have been obtained
for the northern half of Madagascar through a concerted phase
of geological mapping and research undertaken by teams from
the British and United States Geological Surveys (BGS-USGS) and
the Council for Geoscience of South Africa (CGS), in conjunc-
tion with Malagasy geologists from the Projet du Governance
des Ressources Minérales (PGRM), as part of a multi-disciplinary,
World Bank-sponsored project which ran between 2004 and
2008 (see BGS-USGS-GLW, 2008 and CGS, 2009a,b). This study
facilitated re-interpretations of the tectonic framework of the
northern half of Madagascar. In this paper we focus on a poorly
understood aspect of the Precambrian shield: the age and prove-
nance of the enigmatic metasedimentary units of Proterozoic
age that rest upon the Archaean cratons of central and eastern
Madagascar.

0301-9268/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.precamres.2011.04.004
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Fig. 1. Palaeoposition of Madagascar in Gondwana (after Thomas et al., 2009).

The ancient shield of Madagascar is composed of distinctive
Archaean crustal blocks: the dominantly Meso- to Neoarchaean
blocks of east Madagascar (Antongil and Masora cratons) and the
exclusively Neoarchaean block of central Madagascar (Antana-
narivo Craton, Fig. 2). Two very different hypotheses attempt
to explain their present-day juxtaposition. A widely-accepted
hypothesis (e.g. Collins, 2006 and references therein) portrays
them as disparate fragments of peninsular India and central East
Africa, respectively, joined along a convergent margin boundary
– the “Betsimisaraka suture” – active throughout Neoprotero-
zoic time (ca. 800–550 Ma). The “Betsimisaraka suture” comprises
a belt of Neoproterozoic metasedimentary rocks, intruded by
voluminous Neoproterozoic to Cambrian granitoids, which has
been named as the Anaboriana-Manampotsy belt (Fig. 2). Another
hypothesis (Tucker et al., 2010a,b) portrays them as different
parts of a common craton (the Greater Dharwar Craton) joined
by a Neoarchaean accretion event (ca. 2.5 Ga). Both perspectives
acknowledge that the disparate Archaean cratons are overlain by
metasedimentary rocks of Proterozoic age: the eastern Antongil
and Masora cratons by the Sahantaha and Maha groups respec-
tively, and the western Antananarivo Craton by the Itremo Group
(Fig. 2). The metasedimentary rocks represent either remnants
of discrete sedimentary basins deposited on the Archaean cra-
tons, and/or dissected parts of one or more parautochthonous
to allochthonous sheets that were structurally emplaced dur-
ing post-depositional orogenic events (e.g. De Waele et al.,
2008).

Of the three successions described here, the Itremo Group,
which locally overlies the western Antananarivo Craton, is
the best-studied (Figs. 2, 3). It comprises a thick succession
of quartzite, metapelite and metacarbonate, affected by (sub-)
greenschist facies metamorphism, and has yielded detrital zircon
age data with the largest modes at ca. 2500 and 1850 Ma  (Cox
et al., 1998, 2004a; Fitzsimons and Hulscher, 2005). On the basis of
the geochronological data, carbonate �13C compositions and the
morphology of stromatolites in the succession, the Itremo Group
is regarded as having been deposited during the Late Palaeopro-
terozoic (Cox et al., 1998, 2004a; Fitzsimons and Hulscher, 2005),
although a younger age cannot be ruled out. As yet, bedrock of
Palaeoproterozoic age (ca. 2.0–1.8 Ga) has only been identified
in southern Madagascar (Tucker et al., 2010a).  Nevertheless, a
close match of detrital zircon ages from the Itremo Group with
the Ubendian-Usagaran belts of east Africa (e.g. marginal to the
Tanzania Craton), led Cox et al. (1998, 2004a) and Fitzsimons
and Hulscher (2005) to conclude that the Antananarivo Craton
was  derived from East Africa. In their view, the Itremo Group
was  deposited unconformably on the East African margin, and a
piece of it (the future Antananarivo Craton) rifted away to form
a microcontinent, “Azania” (Collins and Pisarevsky, 2005). The
Antananarivo Craton and overlying supracrustal rocks were then
metamorphosed and deformed during an early Neoproterozoic
orogenesis (ca. pre-800 Ma,  Collins et al., 2003b; Collins, 2006)
prior to its rifting away, and subsequent amalgamation with east
Madagascar.
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Fig. 2. Tectonic architecture of Madagascar showing the location of successions described in the text.

The less well-studied Sahantaha Group of northern Madagascar
has been variably metamorphosed up to amphibolite-/granulite-
facies, in contrast to the dominant greenschist metamorphism in
the Itremo and Maha groups. Two samples of quartzite of the Sahan-

taha Group yielded a U–Pb detrital zircon signature comparable to
the Itremo Group (Cox et al., 2003).

In this paper, we  compare and contrast the lithostratigraphic,
metamorphic and structural characteristics of the three groups, and
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present further detrital zircon age data on the Itremo Group, along
with new detrital age data for the Sahantaha and Maha groups,
which overlie the Antongil and Masora cratons respectively. On
the strength of these data, we re-examine existing models for the
post-Archaean (Pan-African) tectonic development of Madagascar.

2. Geology of the tectonic terranes

The recent phase of 1:100,000 to 1:500,000 scale geological
mapping has allowed the redefinition of the various tectonic ter-
ranes of central and northern Madagascar (BGS-USGS-GLW, 2008;
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CGS, 2009a,b, see Fig. 2), the salient features of which are briefly
described below:

2.1. Antongil Craton

This terrane of NE Madagascar dominantly comprises of gran-
itoids of two main ages. An older Mesoarchaean nucleus, centred
on the island of Nosy Boraha (Isle de Saint Marie) is characterised
by intrusive TTG gneisses and supracrustal rocks (Nosy Boraha
Suite and Fenerivo Group) dated at ca. 3.32–3.18 Ga (Tucker et al.,
1999, 2010a).  Intrusive into these are voluminous Neoarchaean
(ca. 2.54–2.50 Ga) granitoids (Masoala Suite, Tucker et al., 1999,
2010b; Paquette et al., 2003; Schofield et al., 2010) and related
supracrustal rocks of the Mananara Group (Schofield et al., 2010).
The Masoala Suite, which constitutes over 90% by area of the north-
ern Antongil Craton, is composed of a wide range of migmatitic
granitoid lithologies of late Neoarchaean age, with minor disrupted
mafic schist and paragneiss bodies of the Mananara Group occur-
ring as xenolithic pods, lenses and schlieren (Schofield et al., 2010).
In the northern Antongil Craton, a widespread suite of metagab-
bro/microgabbro intrusions known as the Ankavanana Suite, as
well as a minor supracrustal succession of limited extent and
ascribed to the Andrarona Group have been shown to be Palaeopro-
terozoic in age (Schofield et al., 2010). The Antongil Craton largely
escaped Neoproterozoic reworking.

2.2. Masora Craton

The Masora Craton comprises TTG orthogneisses of the Befody
Suite (3.3–3.1 Ga; BGS-USGS-GLW, 2008; Tucker et al., 2010b),
which are correlated with the Nosy Boraha Suite of the Antongil
Craton. Supracrustal units form an important component of
the Masora Craton and include the dominantly greenschist-
grade metasedimentary and metavolcanic Maha Group, and
the amphibolite-grade metamafite-paragneiss-paraschist-banded
iron formation-serpentinised ultramafic pods association of the
Vohilava Group. Thus the Vohilava Group has a metavolcani-
clastic character (paragneiss, schist and amphibolites) and could
be a possible correlative to the Meso- to Neoarchaean Mana-
nara Group in the Antongil Craton. In general, the Masora Craton
rocks show early amphibolite facies metamorphism with some
late high-temperature ductile shearing and a more widespread low
greenschist facies overprint.

The Masora Craton differs from the Antongil Craton by the
apparent absence of Neoarchaean felsic magmatism, a greater
proportion of supracrustal units and by widespread Neoprotero-
zoic reworking. The southern and western margins of the Masora
Craton are juxtaposed against the Neoproterozoic Anaboriana-
Manampotsy Belt along the curviplanar “Maroala Deformation
Zone” (MD, Fig. 2), comprising a tectonically mixed package of
continental margin sedimentary rocks and Masora Craton rocks.
840–760 Ma  granites-granodiorites, leucotonalites to quartz dior-
ites and metagabbro-diorites occur throughout the Masora Craton
mostly as folded sheets; ca. 630 Ma  granites are localised within
the MD  and the adjacent Anaboriana-Manampotsy Belt (BGS-USGS-
GLW, 2008).

2.3. Antananarivo Craton

The Antananarivo Craton consists of Archaean orthogneisses
(Betsiboka Suite), which record zircon U–Pb ages of 2.5 Ga (see
for instance Kröner et al., 2000; Tucker et al., 2007 and BGS-
USGS-GLW, 2008) and paragneisses (Vondrozo and Sofia groups)
that were metamorphosed and partially melted under granulite-
and upper amphibolite-facies conditions in Neoarchaean time
(Nicollet, 1990; Goncalves et al., 2004; BGS-USGS-GLW 2008;

CGS, 2009a; Tucker et al., 2010a).  The age evidence includes
SHRIMP and Pb–Pb evaporation dates obtained on deformed
granulites (2747–2515 Ma,  Kröner et al., 2000) and Thermal Ion-
isation Mass Spectrometry (TIMS) studies on four samples south of
Antananarivo (2590–2503 Ma,  Tucker et al., 1999). Indications for
Palaeoproterozoic and Mesoproterozoic crust incorporated within
the Antananarivo Craton include zircon xenocrysts retrieved from
Neoproterozoic intrusions with ages from 2188 to 1007 Ma  (three
between 1057 and 1007 Ma,  Kröner et al., 2000), but those could
also have been derived from metasedimentary rocks.

A series of structurally overlying, possibly allochthonous belts of
predominantly mafic gneisses occur within the Antananarivo Cra-
ton, collectively termed the Tsaratanana Complex (Collins et al.,
2003a; BGS-USGS-GLW, 2008; CGS, 2009b).  These comprise, from
west to east, the Ambohipaky, Maevatanana, Andriamena, and
Beforona-Alaotra belts (Fig. 2). They are composed of mafic tonalitic
orthogneisses and paragneiss sequences of Archaean age (Tucker
et al., 1999, 2007; Goncalves et al., 2003, 2004; CGS, 2009b).  Field
evidence from the basal contact of the Beforona-Alaotra Belt, which
overlies the mid-Neoproterozoic Anaboriana-Manampotsy Belt,
suggests tectonic juxtapositioning with the underlying Antana-
narivo Craton, although this structural inversion could have
resulted from recumbent and overturned folding.

Large volumes of magma  were intruded throughout the Antana-
narivo Craton – Tsaratanana Complex as a result of Neoproterozoic
to Cambrian orogenesis during three major episodes, the Imorona-
Itsindro, Kiangara and Ambalavao-Maevarano intrusive events:

(a) The Imorona-Itsindro magmatism occurred between 855 and
720 Ma  (maximum range that also includes Pb–Pb evaporation
data, Kröner et al., 2000; CGS, 2009a,b; BGS-USGS-GLW, 2008).
The Imorona-Itsindro Suite comprises variably deformed syen-
ites, gabbros (Handke et al., 1997a,b, 1999; Tucker et al., 1999,
2007; CGS, 2009a,b) and granitoids (Kröner et al., 2000; Collins
et al., 2003b);

(b) The Kiangara Suite is dated at between 634 and 565 Ma  (Ashwal,
1997; Paquette and Nédélec, 1998; Kröner et al., 1999a,b, 2000;
Tucker et al., 1999, 2007; Meert et al., 2001; CGS, 2009a)  and
comprises thick (<0.5 km)  sill-like intrusions known in the
literature as “granitoïdes stratoïdes” (Meert et al., 2003; BGS-
USGS-GLW, 2008).

(c) The Ambalavao-Maevarano suites comprises largely post-
tectonic granitoids with an age range of 565–520 Ma (e.g. Meert
et al., 2003; Goodenough et al., 2010 and references therein).

The Antananarivo Craton is juxtaposed against the Antongil
and Masora cratons along a system of steeply-dipping high
strain zones incorporating intercalated units of younger (Neo-
proterozoic) sedimentary and igneous rocks that form part of
the Anaboriana-Manampotsy Belt (BGS-USGS-GLW, 2008). This
belt of high-grade Neoproterozoic metasedimentary rocks and
orthogneisses is broadly, but not exactly, spatially coincident with
the ‘Betsimisaraka Suture Zone’ as proposed by Kröner et al.
(2000). Previous workers suggested that the Antongil/Masora and
Antananarivo cratons were separated by an oceanic tract prior
to collision and the amalgamation of Gondwana (e.g. Collins
et al., 2000a; Kröner et al., 2000; Collins, 2006 and references
therein). In support of this contention, there are very distinct
lithological and structural differences between the rock assem-
blages of the Antongil, Masora and Antananarivo cratons showing
that they represent lithologically/rheologically discrete fragments
of Archaean crust (Raharimahefa and Kusky, 2009). Other work-
ers dispute the presence of a suture and favour a model of
a contiguous Archaean “Greater Dharwar” craton (e.g. Tucker
et al., 2010a,b). BGS-USGS-GLW (2008) suggest a more com-
plex history of Neoproterozoic-Cambrian Pan-African orogenesis
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involving initial amalgamation of the Antananarivo and Masora
cratons across the Anaboriana-Manampotsy Belt between about
820 and 740 Ma.  Later (ca. 560 Ma)  collision of the Antongil Craton
with the amalgamated Antananarivo-Masora cratons took place
across the Anaboriana Domain of the Anaboriana-Manampotsy Belt
(Goodenough et al., 2010).

2.4. Bemarivo Belt

The Bemarivo Belt consists of juvenile magmatic arc crust
(Tucker et al., 1999; Thomas et al., 2009) and associated arc-
volcanosedimentary rocks that were accreted to the northern
edge of Madagascar at ca. 520 Ma  (Buchwaldt and Tucker, 2001;
Buchwaldt et al., 2002, 2003; Buchwaldt, 2006; Jöns et al., 2005a,b,
2006; Thomas et al., 2009). The belt is composed of two arc ter-
ranes (Thomas et al., 2009), dated at ca. 750 Ma  (Southern Bemarivo
Domain) and ca. 720 Ma  (Northern Bemarivo Domain, see Fig. 2).
These amalgamated arc terranes were translated southward across
a composite Archaean foreland, with a postulated Palaeoprotero-
zoic infrastructure, along an imbricate décollement system termed
the Andaparaty Thrust (see Fig. 2 and Thomas et al., 2009).

The southern, structurally lower part of the Bemarivo Belt is
dominated by extensive metasedimentary rocks of the Sahantaha
Group. Arc-related granitoid rocks, dated at ca 750 Ma and known
as the Antsirabe North Suite, contain metasedimentary xenoliths
which may  be fragments of the Sahantaha Group (although this
remains unproven). Intercalated metasedimentary successions in
the northern Bemarivo Belt include the Betsiaka Group, limited to
a narrow strip along the northwestern edge of the terrane, which
gave detrital zircon ages no younger than ca. 2450 Ma and two
much younger volcano-sedimentary successions, the Milanoa and
Daraina groups, directly dated at 749–720 Ma  (Tucker et al., 1999)
with detrital zircon ages of 770–720 Ma  (Thomas et al., 2009). The
Milanoa and Daraina groups have a notable lack of older detrital age
components, testifying to their juvenile Neoproterozoic character.

2.5. Itremo-Ikalamavony Domain

The Itremo-Ikalamavony Domain (Fig. 2) is an Early Cam-
brian east-vergent fold-and-thrust belt comprising tectonically
interleaved Proterozoic supracrustal and metaplutonic gneisses,
translated eastwards with, and over, the reworked migmatitic rocks
of the Antananarivo Domain (Moine, 1974; Fernandez et al., 2001,
2003; Fernandez and Schreurs, 2003; Nédélec et al., 2003; Cox et al.,
2004b; Tucker et al., 2007, 2010a,b; CGS, 2009a,b; GAF-AG-BGR,
2009).

The domain is further subdivided into two sub-domains on the
basis of differences in lithostratigraphy and metamorphic grade.
In the east, the large nappes of the Itremo Sub-domain, or as
it was formerly known the “Massif Schisto-Quartzo-Dolomitique”
(SQD, Moine, 1974), are dominated by the Palaeoproterozoic
greenschist and locally lower amphibolite facies metasedimentary
rocks (quartzite, marble and pelite) of the Itremo Group that are
intruded by, and tectonically interleaved with, mid-Neoproterozoic
(∼800 Ma)  orthogneisses of the Imorona-Itsindro Suite (Moine,
1974; Fernandez and Schreurs, 2003; Cox et al., 2004b; Tucker et al.,
2007; CGS, 2009a,b; GAF-AG-BGR, 2009).

In the west, the upper amphibolite to granulite facies rocks
of the Ikalamavony Sub-domain consist of a stack of intensely
deformed allochthons thrust eastward over the Itremo Sub-
domain (Tucker et al., 2007; GAF-AG-BGR, 2009; CGS, 2009a).
The Ikalamavony Sub-domain includes a variety of Proterozoic
metasedimentary units (Itremo, Ikalamavony and Molo groups)
and two suites of intrusive granitoids (Dabolava and Itsindro-
Imorona suites; Cox et al., 2004b; Tucker et al., 2007, 2010a,b; CGS,
2009a,b). The Ikalamavony Group comprises mainly metapelites,

metapsammites and metavolcanic rocks. A metarhyolite from the
succession has been dated at 1013 ± 10 Ma  (CGS, 2009a; Tucker
et al., 2010a,b). The Dabolava Suite intrudes the Ikalamavony
Group and consists of calc-alkaline gabbroic, tonalitic and granodi-
oritic orthogneisses that have yielded zircon ages between 1013
and 984 Ma  (Rakotoarimanana, 2001; Tucker et al., 2007; CGS,
2009a). The eastern part of the Ikalamavony Sub-domain includes
an important package of much younger metaclastic rocks (<630 Ma)
which Cox et al. (2004a) termed the Molo Group. However, the
full extent and distribution of this unit remains unclear (Cox et al.,
2004b; GAF-AG-BGR, 2009; CGS, 2009a).

Strongly deformed Imorona-Itsindro Suite orthogneisses are
found throughout the sub-domain whereas intercalated slices of
Neoarchaean gneisses are much less common (CGS, 2009a).  The
age of the regional fold-and-thrust deformation is constrained
by deformed orthogneisses of latest Neoproterozoic age and
the clearly post-tectonic Cambrian granites of the Ambalavao
Suite that intrude both sub-domains (Tucker et al., 2007; CGS,
2009a).

3. Post-Archaean, pre-Neoproterozoic cover successions of
Madagascar

Three post-Archaean, pre-Neoproterozoic cover successions are
recognised in three geographic areas in the northern half of Mada-
gascar (Fig. 3): the Itremo, Sahantaha and Maha groups in western,
northern and eastern Madagascar respectively. The following sec-
tions give an overview of the lithological and sedimentological
character of these groups.

3.1. Itremo Group

3.1.1. Itremo Group in the Itremo Sub-domain
Originally named the “Série Schisto-Quartzo-Calcaire” (SQC) and

“Groupe Schisto-Quartzo-Dolomitique”, the main outcrops of the
Itremo Group occur in the lower grade Itremo Sub-domain (“Massif
Schisto-Quartzo-Dolomitique”) in the eastern parts of the Itremo-
Ikalamavony Domain (Fig. 2, Bésairie, 1964; Moine, 1966, 1974).
Here, the well exposed quartzite-marble-pelite package is located
in the relatively accessible southern parts of the Central High-
lands and represents the best studied group of rocks in Madagascar
(Emberger, 1955; Moine, 1968a,b, 1974; Cox et al., 1995, 1996,
1998, 2000, 2001, 2004a,b; Cox and Armstrong, 1997; Raoelison,
1997; Kröner et al., 2000; Fernandez et al., 2001, 2003; Collins
et al., 2003a,c; Fernandez and Schreurs, 2003; Inzana et al., 2003;
Nédélec et al., 2003; Fitzsimons and Hulscher, 2005; Tucker et al.,
2007).

The lower intensity of the deformation and lower grade of
metamorphism in the central parts of the Itremo Sub-domain has
meant that sedimentary features and stratigraphic relationships
are often well preserved. Fernandez et al. (2003) and Fernandez
and Schreurs (2003) have measured a minimum thickness of the
Itremo Group of at least 2250 m and demonstrate that the succes-
sion consists of, from bottom to top, quartzites, lower metapelites,
lower metacarbonates and upper metapelites overlain by upper
metacarbonates.

The upward-fining quartzites of the central Itremo Sub-domain
are medium-grained and moderately- to well-sorted with numer-
ous primary sedimentary structures preserved, such as planar
lamination, wave ripples, current ripples and dune cross-bedding
(Moine, 1967a,b, 1974; Cox et al., 1998; Fernandez et al., 2003;
Fernandez and Schreurs, 2003). Thin metapelitic beds and laterally
discontinuous layers of metaconglomerate occur in the upper parts
of the metaquartzite units. The generally clast-supported metacon-
glomerates consist of quartzite cobbles set in a matrix of fine- to
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Fig. 4. Relative age-probability curves for the Itremo (top) and Molo Group (bottom). Data after Cox et al. (1998, 2004a) and Fitzsimons and Hulscher (2005).

medium-grained quartz sand (Moine, 1974; Fernandez et al., 2003;
Fernandez and Schreurs, 2003; CGS, 2009a).  The metapelite layers
within the quartzite succession become thicker and more closely
spaced upsection, and mark the transition to the overlying pelitic
schist unit.

The metapelitic rocks of the central Itremo Sub-domain have
traditionally been referred to as “micaschiste” by previous workers
(Moine, 1968b, 1974) but Cox et al. (1998) preferred to use the gen-
eral term “pelites” since these rocks consist of laminated siltstones
and mudstones metamorphosed at different grades. Fine-grained
quartzites with normal grading and asymmetrical hummocky
cross-laminations occur as interbeds in the lower metapelite unit,
whereas graphite schists occur in the upper metapelite (Fernandez
and Schreurs, 2003) (Fig. 4).

The metacarbonates of the central Itremo Sub-domain are dom-
inated by calc-silicates and dolomitic marbles that occur as lower
and upper units separated by metapelite in the upper half of the

Itremo succession (Fernandez and Schreurs, 2003). Domal and
pseudo-columnar stromatolites are relatively common (Fig. 5 in
Cox et al., 2004a).  The calc-silicates, containing variable amounts
of carbonate, quartz and mica, occurring together with metamor-
phic tremolite and diopside, are found throughout the marbles,
but are more common across the transition from metacarbonate to
metapelite (Fernandez and Schreurs, 2003). Rare thin amphibolite
layers are sometimes observed within the Itremo Group.

In general, most researchers agree that the Itremo Group was
deposited on a shallow continental margin, but some differences
remain regarding the interpretation of the detailed environmental
conditions (Moine, 1967a,b, 1974; Cox et al., 1998; Fernandez et al.,
2003; Fernandez and Schreurs, 2003). The most likely age of the
Itremo Group is about 1.80–1.65 Ga based on the morphology of
stromatolites and the ages of the youngest detrital zircons (Cox
and Armstrong, 1997; Cox et al., 1998, 2004a,b; Fernandez et al.,
2003).
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Fig. 5. Cathodo-luminescence imagery of selected zircon grains from samples of the Sahantaha Group; sample RT-06-431 (a, b) and sample BDW197 (c, d).

3.1.2. Itremo Group in the Ikalamavony Sub-domain
Whereas the lithostratigraphy of the Itremo Sub-domain has

been relatively well understood since the publication of the
1:200,000 “Groupe Schisto-Quartzo-Dolomitique” (SQD) map  of
Moine (1968b), the much more intense fold and thrust deforma-
tion and the greater lithological and stratigraphic variety has led
to a somewhat confusing range of different litho-tectonic subdivi-
sions and stratigraphic nomenclature for the higher grade rocks of
the Ikalamavony Sub-domain (Table 1; e.g. Fournié and Heurtebize,
1963; Moine, 1963, 1968b, 1974; Joo, 1963; Alsac, 1963a,b; Bésairie,
1964, 1969; Hottin, 1976; Windley et al., 1994; Tucker et al., 2007;
Collins et al., 2000b, 2003a,b,c; Collins, 2006).

The recent CGS (2009a,b) mapping recognised three east-
vergent and thrust-bounded mega-lithotectonic packages across
the central and northern Ikalamavony Sub-domain (Table 1). The
structurally uppermost package includes two main supracrustal
rock associations: metapelite-metapsammite-amphibolite-
metarhyolite and quartzite-metaconglomerate-marble. The
supracrustal rocks are tectonically interleaved with orthogneisses
of the Dabolava and Imorona-Itsindro suites and more rarely, thin
thrust slices of Antananarivo Craton migmatites. Although these
supracrustal rock associations commonly crop out separately, in
places the intense infolding and thrusting results in relatively
intimate and complex interfingering of the lithodemic units.

The middle lithotectonic package consists of a succession
of quartzites and subordinate metaconglomerates up to 2 km

thick that form the Bevitsika-Tsinjomay-Kingaly mountains. The
lowermost lithotectonic package, which is thrust over the
Itremo Sub-domain comprises mostly biotite-quartz-feldspar ±
hornblende gneisses tectonically interleaved with thick quartzite-
metaconglomerate packages and large volumes of sheared
Imorona-Itsindro granite orthogneiss.

Given their lithological similarities to the Itremo Group of
the Itremo Sub-domain, the quartzite-metaconglomerate ± marble
associations observed in all three packages have been assigned to
the Itremo Group (or SQD) by most early mappers (Table 1; Moine,
1963, 1968b; Joo, 1963; Alsac, 1963a,b) and by the CGS (2009a). The
metapelite-metapsammite-amphibolite-metarhyolite association
in the upper package and the biotite gneisses in the lower pack-
age are assigned to the Ikalamavony Group. Dating has revealed an
additional, formerly unknown, supracrustal unit in the lower pack-
age, the Neoproterozoic Molo Group (Cox et al., 2004a),  however
the extent of the unit remains largely unknown (Fig. 2).

Moine (1963, 1967a, 1974) considered the Ikalamavony Group
rocks to be coeval distal, western facies of the Itremo Group but
modern detrital zircon geochronology suggests otherwise. Detrital
zircons from the thick quartzite-metaconglomerate Kinangaly-
Tsinjomay-Bevitsika mountain ridge in the central Ikalamavony
Sub-domain (Fig. 2) yielded Archaean-Palaeoproterozoic age spec-
tra and peak ages similar to those of the Itremo Group in the Itremo
Sub-domain (Cox et al., 2004a,  see next section) and support their
classification as part of the Itremo Group. In contrast, the detrital
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zircon from the metapelites of the Ikalamavony Group dated by
the CGS (2009a) yielded a restricted range of ages between 1070
and 1020 Ma,  and a metarhyolite from the unit yielded an extru-
sion age of 1013 Ma  (Tucker et al., 2010b). These new ages clearly
demonstrate that the Itremo and Ikalamavony metasedimentary
rocks were derived from different sources and cannot be coeval lat-
eral facies equivalents. What remains unresolved is the nature of
the original contact relationships between the two, often intimately
related units, given that all contacts are now tectonic following the
Ediacaran-Cambrian thrusting and folding. Two models are pro-
posed. The first suggests that the Itremo and Ikalamavony were
never in sedimentary contact and were only juxtaposed during
Ediacaran-Cambrian orogeny. The second model proposes that the
Ikalamavony Group was deposited unconformably upon the Itremo
Group. Arguments against the unconformity model include: (1) the
complete absence of recycled Palaeoproterozoic and older detri-
tal zircons from the Itremo Group in the Ikalamavony Group (CGS,
2009a; Tucker et al., 2010b); (2) unpublished Nd isotope data imply
that the Ikalamavony Group metavolcanics are juvenile and show
little or no evidence of crustal contamination and (3) field obser-
vations suggest the Dabolava Suite intrudes only the Ikalamavony
Group suggesting the Itremo and Ikalamavony groups were only
juxtaposed during the late Neoproterozoic-Ediacaran Orogeny.

3.1.3. Itremo Group in the Bekodoka Inlier
The Bekodoka Inlier of northwest Madagascar (Fig. 2) has tra-

ditionally been subdivided into migmatitic orthogneisses of the
Antananarivo Craton and metagreenstones of the Tsaratanana
Complex (e.g. Bésairie, 1969) but the recent CGS (2009b) map-
ping has identified a small, formerly unknown, belt of amphibolite,
quartzite and marble in the southwestern parts of the Bekodoka
Inlier (Fig. 2). The supracrustal rocks form NW-striking, northeast-
vergent tight cylindrical folds that are clearly thrust over older,
strongly migmatitic orthogneisses of the Antananarivo Craton
along the Kalonja Thrust (KT on Fig. 2, CGS, 2009b). The field
appearance, mineralogy and geochemistry of the rock types, the
observed rock type associations and the structural and metamor-
phic characteristics of the belt are strikingly similar to the Itremo
and Ikalamavony Group rocks further east in the central Ikala-
mavony Sub-domain and, along with the new detrital age data
presented in this paper, the CGS (2009b) have used these similar-
ities to classify the rocks as the north-westernmost extent of the
Itremo-Ikalamavony Domain.

3.2. Sahantaha Group

The rocks we  term the Sahantaha Group have been the subject of
considerable debate for the pioneering French workers in Madagas-
car. Based on the mapping by Dormois (1949) and Brenon (1951),
the lowermost metasedimentary gneisses of northern Madagas-
car, lying on Archaean basement, were ascribed to the “Système
de Graphite”, including amphibolite, calc-silicate and quartzite of
the “Série du Sambirano” of Bésairie (1959).  The rocks (quartzites,
migmatites and schists, “granitised” at the base) were later called
the “Serie de Sahantaha”  (Bousteyak, 1970, 1972, 1974; Bousteyak
et al., 1970-72). Jourde et al. (1978) equated the “Daraina-Milanoa
Series” of farther north to the “Système Supérieure de Andriamena –
Sahantaha”. This implied that the Sahantaha and Daraina-Milanoa
rocks were possibly lateral equivalents, though this has been shown
to be incorrect, in that the Daraina-Milanoa groups are Neoprotero-
zoic in age, and are thus part of the northern Bemarivo Belt (Thomas
et al., 2009).

The current phase of mapping has shown that the Sahan-
taha Group comprises a complex succession of high-grade (upper
amphibolite to granulite facies), predominantly metasedimentary
gneisses and schists which underlie much of the southern part
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of the Bemarivo Belt (Fig. 2). The northern part of the south-
ern Bemarivo Domain is dominated by granitoid orthogneisses
of the Antsirabe North Suite, the oldest of which is dated at ca.
758 ± 5 Ma  (Thomas et al., 2009). The plutonic rocks locally con-
tain xenoliths of metasedimentary gneisses which are possible
correlates of the Sahantaha Group. This is uncertain, but may
provide a minimum age for deposition of the group. In the south-
west, the Sahantaha Group abuts the high-grade Neoproterozoic
Anaboriana-Manampotsy Belt and a short segment of the Antana-
narivo Craton along the high-angle Sandrakota Shear Zone (SSZ on
Fig. 2). In the southeast the rocks are juxtaposed with the Antongil
Craton along the Andaparaty thrust (Fig. 2).

The Sahantaha Group has been subdivided into a number of lith-
odemic units, dominated by high-grade paragneisses and schists.
These are locally rhythmically interlayered with thin metapsam-
mite layers ranging up to 1.5 m thick. Quartzites are commonly
developed, especially in the south near the craton margins, where
they can be up to 300 m thick, and often form marked topographic
scarp features at the base of the sequence. Individual quartzite
units rapidly pass laterally into enveloping pelitic schists, defining
narrow corridors. This relationship is reminiscent of coarse clas-
tic fans or lobes passing out into mud  dominated shelf or slope
apron deposits and probably reflects the origin of the quartzite
as a proximal continental margin sedimentary succession, origi-
nally deposited along the northern margin of a craton. In this, units
of quartzite are generally gently inclined northwards and over-
lie the Archaean basement with a low-angled contact, and form
a sequence of piggy-backed imbricate structures along a flat-lying
basal décollement. In the central parts of the southern Bemarivo
Belt, massive to layered pure quartzite units form striking white
outcrops where they are well-layered and up to several hundred
metres thick.

Calcareous and calcic metasedimentary rocks are a widely dis-
tributed and a characteristic feature of the Sahantaha Group,
though they are only volumetrically significant in the south, near
the margin with the Antongil Craton. In this area massive calc-
silicate units crop out, lying structurally above the basal quartzite
units.

The only mafic rocks within the Sahantaha Group are layers,
pods and lenses of amphibolite. These are quite heteroge-
neous, ranging from massive to foliated, dark-grey, coarse-grained
hornblende-plagioclase rocks to finer-grained laminated biotite
amphibolites, often with conspicuous garnet.

3.3. Maha Group

Metasedimentary rocks of the Maha Group overlie the Archaean
rocks of the Masora Domain and are overthrust by, and locally
tectonically intercalated with, the Neoproterozoic Manampotsy
Complex (part of the Anaboriana – Manampotsy Belt) along its
western margin (Fig. 2). Intrusive bodies of the 820–760 Ma
Imorona-Itsindro Suite are emplaced in, and deformed with, both
the Maha Group and Manampotsy Complex.

The Maha Group was first distinguished and described on
the Ifanadiana-Mananjary 1:200,000-scale geological map  (de la
Roche, 1951, 1953). Bertucat et al. (1958) found it impossible to map
the Maha and Vohilava groups separately, so a combined Vohilava-
Maha series was shown on the 1:100,000-scale geological map  of
Sheet QR52. The division was reinstated in the 1:500,000-scale
compilation map  of Bésairie (1970) and is supported by the recent
mapping (BGS-USGS-GLW, 2008).

The most extensive outcrop of the Maha Group, the Nosivolo
Formation, overlies the northern part of the Masora Craton and
can be traced southwestwards into the Maroala Deformation Zone.
In the north, the group comprises a medium- to low-grade silici-
clastic association of interlayered pelitic and chlorite/talc schists

with subordinate feldspathic schists, quartzites and amphibolites.
The pelitic schists are characterised by the presence of muscovite,
biotite, garnet and/or kyanite.

In the MDZ  the Maha Group is represented by garnet-
biotite ± kyanite schists and paragneisses with units of locally
garnetiferous quartzite, amphibolite and amphibolitised metagab-
bro, indicating metamorphism at higher pressures within the MDZ
than further northeast on the Masora Craton. Thus, metamorphic
conditions of 647 ◦C and 5.6 kb were calculated for the Nosivolo
Formation in the north, and temperatures in the range 583–640 ◦C
at a calculated 6.9 kb from a metapelite in the MDZ  based on Grt-Bi
geothermometer and GASP geobarometry respectively (BGS-USGS-
GLW, 2008).

Within the southern half of the Masora Craton, the Maha Group
appears to be locally preserved in synforms and thrust slices within
the Archaean basement.The relationship with the greenstone asso-
ciation of the Vohilava Group is, however, complex and difficult
to resolve. The Maha Group in this sector is typified by the same
lithological association as in the north, but appears to be dominated
by quartzites and quartzo-feldspathic gneisses with pelitic schist
interlayers. Regular repetition of massive-bedded, upward-fining
psammitic layers and locally graphitic mica schist are reminiscent
of turbiditic sequences. Calcareous rocks are not recorded from the
Maha Group, in contrast to the Itremo and Sahantaha groups.

4. Previous detrital age data from the cover sequences

Detrital zircon age data for the cover successions, reported prior
to this study, are limited to the Itremo and Molo groups of west-
ern Madagascar (Fig. 4, data after Cox et al., 1995, 1996, 1998, 2000,
2001, 2004a,b; Cox and Armstrong, 1997; Fitzsimons and Hulscher,
2005), and a single sample of quartzite in the Sahantaha Group of
northern Madagascar (Cox et al., 2003). These studies show that the
detrital source of the Itremo Group ranges in age from 3425 to about
1700 Ma  (Cox and Armstrong, 1997; Fernandez et al., 2003; Cox
et al., 2004a,b). The detrital zircon age patterns are remarkably con-
sistent between samples, with major peaks at approximately 2500
and 1850 Ma  and minor peaks at 2700, 2250, 2100 and 2000 Ma  (see
summary of data in Fitzsimons and Hulscher, 2005). The maximum
age of the Itremo Group was constrained by the youngest detrital
monazite (1685 ± 29 and 1637 ± 29 Ma;  Huber, 2000; Fernandez
et al., 2003) and zircon grains (1722 ± 40 Ma;  Cox et al., 2004a). The
minimum age was constrained by the ca. 800 Ma  Imorona–Itsindro
Suite orthogneisses that intrude the group (Handke et al., 1999;
Kröner et al., 1999a,b; Tucker et al., 2007). A similar succession from
the Molo Group yielded a youngest detrital zircon age of around
623 Ma,  and was interpreted as having been deposited between
that time and around 523 Ma,  the age of metamorphic rims (Cox
et al., 2004a).  Cox et al. (2003) also reported limited data on the
Sahantaha Group, which showed detrital zircon ages concentrated
at 1834 ± 4 Ma  and 2502 ± 8 Ma,  suggesting some similarity to the
detrital patterns of the Itremo Group.

Although the contacts are strongly tectonised, it has been sug-
gested that the Itremo Group was deposited unconformably onto
the Archaean migmatitic gneisses of the Antananarivo Craton of
central Madagascar (Cox et al., 1998). Evidence for this includes (1)
the observation that the detrital zircons from the Itremo Group
show age peaks at ca. 2700, 2500 and 2450 Ma  (major peaks),
broadly equivalent to the main inheritance, crystallisation and
migmatisation ages collected from the migmatitic gneisses of the
Antananarivo Craton (Kröner et al., 1999a,b, 2000; Kröner, 2001;
Fernandez et al., 2003; Fernandez and Schreurs, 2003; Cox et al.,
2004a; Tucker et al., 2007; CGS, 2009b); and (2) field evidence
showing that localised metaconglomerate units are proximal to,
and in a few cases directly overlie basement gneisses (Cox et al.,
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Table 2
Characteristics of zircon analysed from the samples in this study.

Sample Colour Size (urn) Aspect ratio Morphology Internal zoning Interpretation

RT-06-431 Colourless, clear 50–200 1:1–2:1 Subhedral to euhedral, pitted
surfaces and rounding

Concentric zoning, some have a
narrow dark-CL rim

Detrital grains from
dominant magmatic sources

BDW197 Colourless, clear 50–150 1:1–2:1 Subhedral to euhedral, pitted
surfaces and rounding

Concentric zoning, some have a
narrow dark-CL rim

Detrital grains from
dominant magmatic sources

CP183b Colourless, clear 50–200 1:1–3:1 Subhedral to euhedral, pitted
surfaces and variable rounding

Concentric zoning, some complex
grains with core and rim domains.

Detrital grains from
dominant magmatic sources

Rims are narrow and dark-CL
PP727 Colourless, clear 50–200 1:1–3:1 Subhedral to euhedral, pitted

surfaces and rounding
Concentric zoning, some complex
grains with core and rim domains.

Detrital grains from
dominant magmatic sources

Rims are narrow and dark-CL
PF06035 Colourless, to dark brown 50–250 1:1–3:1 Subhedral, pitted surfaces and

rounding
Concentric and broad zoning. Some
broad and dark-CL rims

Detrital grains from
dominant magmatic sources

PR06088 Colourless, brown, mainly
slightly turbid

100–200 1:1–2:1 Subhedral to anhedral, pitted
surfaces and rounding

Concentric zoning, some have a
narrow dark-CL rim

Detrital grains from
dominant magmatic sources

1998). Both the Itremo Group and the Antananarivo basement are
intruded by mid-Neoproterozoic (ca. 800 Ma)  orthogneisses of the
Imorona-Itsindro Suite (Handke et al., 1999; Tucker et al., 1999,
2007; Kröner et al., 2000) indicating that the unconformity must
predate these intrusions. The detrital zircon provenance analysis
of the Itremo Group completed by Cox et al. (2004a) recognised
several zircon age peaks that indicate that the Itremo Group was
derived from local sources (Antananarivo Craton) and rocks in
East Africa, and that the Antananarivo Craton might therefore
have been adjacent to the Congo/Tanzania/Bangweulu Block in
the Late Palaeoproterozoic/Early Mesoproterozoic. They also con-
cluded that the detrital zircon and sedimentological similarities
between rocks of the Itremo Group and the Zambian Muva Super-
group suggest a possible lithostratigraphic correlation between the
two (Cox et al., 2004a).

4.1. New Detrital zircon U–Pb geochronology

Two samples from each of the Sahantaha, Maha and Itremo
Groups were processed to separate detrital zircons for prove-
nance analysis. Samples from the former two groups were analysed
by laser ablation multi-collector-ICP-MS (LA-MC-ICP-MS) at the
NERC Isotope Geosciences Laboratory, British Geological Survey,
UK, whilst the samples from the Itremo Group were analysed using
sensitive high resolution ion microprobe (SHRIMP) at the Research
School of Earth Sciences, Australian National University, Canberra,
Australia. Full details of the techniques and validation results are
available in the methodology section in the online repository. Final
data were plotted and data point ages determined using Isoplot
(Ludwig, 2003) with statistics and combined probability density
distributions (PDDs) and histograms produced using the ‘Age Dis-
play’ macro of Sircombe (2004) for Microsoft Excel. Histogram bin
widths were selected to reflect the total uncertainty distribution
of the data points and to maximise the histogram efficiency whilst
providing the best coincidence of histogram and PDD peak profiles.

4.2. Sahantaha Group

Detrital zircons from two samples of Sahantaha quartzite were
analysed by LA-MC-ICP-MS. Sample RT-06-431 (see sample posi-
tion Fig. 3) was collected from an outcrop of clean, medium- to
coarse-grained, bedded quartzite.103 analyses were conducted on
zircon domains that show prominent concentric internal zoning
patterns (Tables 2 and 3, Fig. 5a and b). Of these, 42 analyses
plot 100 ± 5% concordant, with remaining analyses defining crude
arrays below the concordia line on a Wetherill plot (see Fig. 6a and
Table 3), indicating variable amounts of non-zero Pb-loss. Assess-
ment of 207Pb/206Pb data within 5% of concordance indicates a
mean uncertainty of the data point ages of 14.6 Ma  (2�) and a

histogram bin width efficiency of 81.4% (at 30 Ma  bin width). Con-
sidering this mean age uncertainty and rounding to the nearest
10 Ma,  the probability density distribution indicates age maxima at:
3190, 3170, 2880, 2690, 2440, 2290, 2240, 2080, 1910, 1860, 1850,
1830 and 1800 Ma.  Maxima within uncertainty define age ranges
of 3190–3170 and 1860–1800 Ma  (see Fig. 6b), of which the latter is
by far the largest grouping with 32 of the 42 concordant data points.
The youngest concordant zircon in this dominant population has a
207Pb/206Pb age of 1771 ± 18 Ma  (2�), which is interpreted as the
maximum age of deposition of the quartzite.

Sample BDW197 (see sample position on Fig. 3) was collected
from a large outcrop of sillimanite-bearing quartzite in the Sahan-
taha Group. The zircon grains show very similar morphologies
and internal zoning patterns to those from sample RT-06-431,
with variable sedimentary rounding and internal concentric zon-
ing (Table 2, Fig. 5c and d). 49 analyses plot on or within 100 ± 5%
of concordia, whilst the remainder plot variably discordant along
non-zero Pb-loss trends (Table 4, Fig. 6c). Assessment of 207Pb/206Pb
ages of concordant (>95%) data indicates a mean uncertainty of the
data point ages of 18.2 Ma  (2�) and a histogram bin width efficiency
of 83.3% (at 40 Ma  bin width). The probability density distribution
indicates age maxima at: 2620, 2500, 2470, 2310, 2260, 2240, 2180,
2100, 2070, 2040, 1921, 1820 and 1760 Ma  (Fig. 6d) rounded to
the nearest 10 Ma.  Maxima within uncertainty define age ranges of
2500–2470, 2260–2240 and 2100–2040 Ma.  By far the largest mode
is that at 1820 Ma  which comprises 22 of the 49 concordant data
points. The youngest detrital zircon with an age of 1745 ± 18 Ma
provides the maximum age of deposition for this quartzite of the
Sahantaha Group, agreeing within uncertainty with that for sample
RT-06-431.

4.3. Maha Group

Two  samples were analysed from the Maha Group on the
Masora Domain. Sample CP183b was  collected from a quartzite
that forms part of a succession of quartzite, metapelite and minor
metaconglomerate. 82 analyses were conducted by LA-MC-ICP-MS
on both single sector zircon and core-rim domains of complex
zircon grains (Tables 2 and 5, Fig. 7a and b). The data range
from concordant to strongly discordant, with 47 analyses plot-
ting within 5% of concordia (Table 5, Fig. 8a). U content is in the
range 53–1337 ppm, with the highest contents recorded in sec-
tors interpreted as an igneous phase. Analyses on high uranium
overgrowths have U contents of between 221 and 951 ppm, but
inspection of CL imagery shows that due to the relatively small
size of these zones (∼20 �m)  the laser spot in all but one case
(analysis 77, see Fig. 7a) possibly intersects both core and rim
phases, lending some doubt to the interpretation of these anal-
yses. Assessment of “concordant’ (>95%) data indicates a mean
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Table 3
Zircon U–Pb LA-MC-ICP-MS data for sample RT-06-431.

Spot 204Pb (cps) 206Pb (mV) 238U (mV) Pb (ppm) U (ppm) 238U/206pb ls% 207pb/206pb ls% 207pb/206pb 2s abs 206Pb/238U 2s abs %C

15 – 7 20 96 219 2.279 1.9 0.2046 0.50 2864 16 2345 74 82
16 – 12  32 166 349 2.065 1.9 0.2005 0.50 2830 16 2546 80 90
17 445  11 48 153 528 3.295 3.0 0.1546 1.17 2398 40 1709 90 71
18  – 8 45 105 492 4.302 4.2 0.1014 1.49 1650 55 1347 102 82
19  – 4 30 60 331 4.895 4.6 0.0928 1.43 1484 54 1198 99 81
20  – 8 38 116 413 3.520 2.2 0.1087 0.50 1777 18 1612 63 91
21  – 4 13 61 148 2.388 2.0 0.1448 0.50 2285 17 2255 76 99
22 – 5 20 68 219 3.187 2.0 0.1099 0.50 1798 18 1759 62 98
23 – 8  46 118 503 4.183 2.0 0.1042 0.50 1701 18 1382 51 81
24 –  3 12 43 128 2.948 1.9 0.1122 0.50 1836 18 1883 62 103
25  – 12 97 168 1062 6.121 2.9 0.0936 1.07 1500 41 975 53 65
26  – 3 11 48 118 2.391 1.9 0.1407 0.50 2236 17 2252 71 101
27  – 4 14 57 152 2.582 1.9 0.1286 0.50 2078 18 2110 69 102
28 – 8 68 116 744 6.209 2.0 0.0970 0.50 1566 19 963 36 61
29  – 10 72 134 786 5.727 2.0 0.0956 0.50 1540 19 1037 37 67
30 –  7 30 104 325 3.032 2.0 0.1130 0.50 1848 18 1838 64 99
31  – 2 10 33 105 3.050 2.0 0.1125 0.50 1840 18 1828 62 99
32 – 4 16 56 176 3.069 2.0 0.1128 0.50 1845 18 1818 63 99
33  – 6 36 91 390 4.158 2.0 0.1048 0.50 1711 18 1389 51 81
34 –  4 16 54 172 3.116 1.9 0.1141 0.50 1866 18 1794 59 96
35  – 11 42 148 458 3.037 1.9 0.1117 0.50 1827 18 1835 61 100
36  – 5 30 71 327 4.003 4.4 0.1024 1.39 1668 51 1438 113 86
37  – 5 21 74 235 3.061 1.9 0.1111 0.50 1818 18 1822 59 100
38  – 6 25 90 279 3.001 2.0 0.1121 0.50 1834 18 1854 63 101
39 – 11 46 148  510 3.358 1.9 0.1097 0.50 1794 18 1680 57 94
40  – 9 46 110 482 3.922 1.3 0.1141 0.50 1865 18 1464 33 79
41 664  6 39 68 403 5.118 2.8 0.1132 0.58 1852 21 1151 60 62
42  – 11 47 132 494 3.328 1.0 0.1111 0.50 1818 18 1694 31 93
43  373 16 57 195 598 2.735 1.1 0.2392 0.50 3114 16 2009 39 65
44 – 4 14 47 144 2.691 1.4 0.1505 0.50 2352 17 2037 48 87
46  – 8 31 92 325 3.077 1.3 0.1109 0.50 1815 18 1814 40 100
47 – 6  24 75 251 2.978 1.6 0.1627 0.50 2484 17 1867 50 75
48  – 7 29 79 303 3.241 1.7 0.1098 0.50 1797 18 1734 51 96
49 –  7 39 82 402 4.158 3.1 0.1069 0.51 1746 19 1389 76 80
50  – 14 56 165 588 3.160 1.1 0.1102 0.50 1802 18 1772 33 98
51  3 15 41 156 3.388 1.2 0.1313 0.50 2116 18 1667 34 79
52 7 29  88 302 3.045 1.1 0.1111 0.50 1817 18 1830 35 101
53  – 8 32 92 332 3.205 1.1 0.1099 0.50 1797 18 1751 33 97
54 –  8 50 92 525 4.225 3.9 0.1313 2.36 2116 83 1369 96 65
56  – 6 27 76 282 3.257 1.1 0.1105 0.50 1808 18 1726 32 95
57  – 2 9 28 93 2.868 1.1 0.1170 0.50 1911 18 1928 38 101
58  – 7 20 83 209 2.227 1.2 0.1584 0.50 2439 17 2391 47 98
59  – 2 7 21 74 3.076 1.1 0.1098 0.58 1796 21 1815 36 101
60 – 8 40 102  422 3.657 3.3 0.1058 0.83 1728 31 1558 92 90
61  – 3 14 42 150 3.183 1.1 0.1112 0.50 1819 18 1761 33 97
62 –  5 17 54 179 2.928 1.3 0.1125 0.50 1840 18 1894 42 103
63  358 8 50 102 517 4.363 1.9 0.1104 1.10 1806 40 1330 46 74
64  – 5 22 62 225 3.190 1.2 0.1116 0.50 1826 18 1758 35 96
65  – 7 48 84 500 4.971 3.6 0.0961 1.37 1550 51 1181 77 76
66  – 11 84 131 873 5.659 2.5 0.0955 1.16 1538 44 1049 48 68
67  – 11 47 136 489 3.153 1.3 0.1100 0.50 1800 18 1776 39 99
68  – 7 31 82 320 3.372 1.1 0.1083 0.50 1771 18 1674 32 95
69  – 9 62 106 650 4.716 5.7 0.0960 2.61 1547 98 1240 128 80
70  – 7 32 79 332 3.715 2.2 0.1091 0.50 1785 18 1537 59 86
71  – 9 42 111 439 3.515 1.1 0.1152 0.52 1882 19 1614 33 86
72  – 12 44 148 463 2.781 1.3 0.1418 0.50 2249 17 1980 45 88
73  – 12 126 149 1314 7.865 1.1 0.0856 0.71 1329 28 111 17 58
74  – 7 36 78 372 4.244 1.6 0.1039 0.50 1695 18 1364 40 80
75  – 2 13 22 132 4.065 5.8 0.0989 3.09 1603 115 1418 145 88
76  – 11 46 137 482 3.115 1.1 0.1104 0.50 1806 18 1795 34 99
77  6 27 76 283 3.331 1.3 0.1096 0.50 1792 18 1692 37 94
78  – 11 74 129 773 5.359 1.3 0.0965 0.50 1557 19 1103 27 71
79  – 7 32 80 334 3.688 1.2 0.1061 0.50 1734 18 1547 32 89
80  – 7 40 85 414 4.108 3.7 0.1068 0.85 1745 31 1405 92 80
81  – 3 8 36 79 1.920 1.1 0.1835 0.50 2685 17 2702 49 101
A –  7 14 95 334 3.433 1.5 0.1133 0.50 1854 8 1648 43 89
B  – 9 9 116 216 1.825 1.0 0.2068 0.50 2881 4 2817 46 98
C  – 6 10 74 229 2.909 1.0 0.1121 0.50 1834 8 1905 34 104
D  – 4 8 56 180 2.956 1.6 0.1140 0.50 1864 11 1878 51 101
F  – 12 11 151 255 1.636 2.0 0.2479 0.50 3171 3 3076 97 97
G – 4 7  56 173 2.958 2.1 0.1127 0.50 1843 11 1877 67 102
H –  8 13 101 306 2.917 1.5 0.1117 0.50 1827 7 1900 48 104
1  – 9 18 119 427 3.434 1.1 0.1098 0.50 1796 6 1648 33 92
J –  5 8 58 197 3.315 1.1 0.1107 0.50 1810 11 1699 34 94
K  – 7 13 96 296 2.969 1.9 0.1143 0.50 1869 7 1871 61 100
L –  4 8 58 182 2.896 1.3 0.1616 0.50 2473 7 1912 42 77
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Table 3 (Continued )

Spot 204Pb (cps) 206Pb (mV) 238U (mV) Pb (ppm) U (ppm) 238U/206pb ls% 207pb/206pb ls% 207pb/206pb 2s abs 206Pb/238U 2s abs %C

M – 12 28 156 643 3.821 1.1 0.1083 0.50 1771 5 1499 30 85
N  – 7 24 92 568 5.794 1.6 0.0943 0.64 1515 24 1026 30 68
0 – 4 10 49  232 4.492 1.5 0.1194 0.53 1947 19 1296 35 67
P –  7 11 96 265 2.628 1.1 0.1474 0.50 2316 7 2079 40 90
Q  – 14 33 184 763 3.960 1.1 0.1074 0.50 1756 4 1452 29 83
R –  2 7 31 166 4.972 1.5 0.1116 1.25 1826 45 1181 32 65
S  – 9 20 122 458 3.455 0.9 0.1120 0.50 1833 6 1639 27 89
T  – 2 3 20 61 2.880 1.0 0.1173 0.68 1915 24 1921 33 100
U  – 15 98 196 2278 10.767 1.2 0.0606 0.50 627 18 573 13 91
V – 6 12 76 270 3.197 1.6 0.1121 0.50 1834 8 1754 50 96
w  – 9 17 119 401 3.120 1.0 0.1131 0.50 1849 6 1792 33 97
X –  6 11 77 262 3.088 1.0 0.1133 0.50 1853 8 1808 32 98
Y  – 5 9 65 220 3.060 1.1 0.1128 0.50 1845 10 1823 34 99
AA  – 7 13 90 307 3.050 1.8 0.1139 0.50 1862 7 1828 56 98
AB  – 4 32 54 750 12.481 1.4 0.0699 0.50 925 18 497 14 54
AC –  2 5 30 117 3.521 2.2 0.1375 0.50 2196 14 1612 61 73
AF –  6 9 76 214 2.651 1.1 0.1361 0.50 2178 7 2063 40 95
AG  – 7 21 97 478 4.520 1.9 0.0999 0.50 1622 9 1288 45 79
AH – 3 25 44 588 12.272 1.6 0.0744 0.51 1051 21 505 16 48
Al  – 7 7 95 156 1.520 2.0 0.2502 0.50 3186 5 3258 102 102
AJ –  10 23 127 537 3.844 1.7 0.1097 0.50 1795 6 1491 45 83
AK  – 8 15 108 349 2.927 1.6 0.1130 0.50 1848 6 1894 52 103
AL  – 7 13 87 312 3.355 2.0 0.1132 0.50 1851 8 1682 60 91
AM  – 15 33 189 761 3.615 1.1 0.1499 0.50 2345 4 1574 31 67
AP  – 6 26 79 604 7.066 4.7 0.1458 1.93 2298 66 853 74 37
AN – 9 31 122 714 5.205 1.3 0.1021 0.50 1663 7 1133 27 68
AO  – 4 8 53 179 3.043 2.7 0.1304 0.50 2103 13 1832 85 87
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Fig. 6. Plots for LA-MC-ICP-MS zircon U–Pb data for samples from the Sahantaha Group; (a) and (b) Wetherill plot and combined probability-density/histogram plot for
sample  RT-06-431; (c) and (d) Wetherill plot and combined probability-density/histogram plot for sample BDW197. Uncertainty ellipses are shown at 2� confidence level.
Histogram bin-size is 30 million years for RT-06-431 and 40 million years for BDW197 (only 100 ± 5% concordant data are shown in the histogram).
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Table 4
Zircon U–Pb LA-MC-ICP-MS data for sample BDW197.

Spot 204Pb (cps) 206Pb (mV) 238U (mV) Pb (ppm) U (ppm) 238U/206pb ls% 207pb/206pb ls% 207pb/206pb 2s abs 206Pb/238U 2s abs %C

2 – 14 52 196 613 3.360 1.1 0.1094 0.50 1789 18 1680 31 94
3  – 16 35 225 413 1.944 1.1 0.2011 0.50 2835 16 2675 48 94
6  – 12 40 174 469 3.034 1.3 0.1400 0.50 2227 17 1837 40 82
7 – 10 35 136 413  3.274 1.1 0.1073 0.50 1755 18 1718 32 98
9  – 7 20 93 237 2.636 1.3 0.1301 0.50 2100 18 2073 46 99
10 – 8 28 110 335 3.216  1.1 0.1078 0.50 1763 18 1745 32 99
1rep  – 7 26 104 314 2.957 0.9 0.1104 0.50 1807 18 1878 28 104
5rep – 8 27 107 324 2.970 0.9  0.1148 0.50 1877 18 1871 28 100
11  – 6 23 90 271 2.993 0.9 0.1104 0.50 1806 18 1858 29 103
12 – 6 28 85 332 3.865 1.5 0.1073 0.50 1754 18 1483 40 85
13  – 25 94 354 1121 3.140 1.5 0.1091 0.50 1784 18 1782 46 100
14 – 9 36 120 423 3.458 1.7 0.1062 0.50 1734 18 1637 49 94
16  – 17 74 245 875 3.530 1.2 0.1061 0.50 1733 18 1608 33 93
17  – 4 14 52 167 3.096 3.2 0.1300 0.96 2098 34 1804 99 86
18  – 12 48 169 564 3.252 1.0 0.1075 0.50 1758 18 1729 29 98
19  – 8 32 116 381 3.222 0.8 0.1067 0.50 1745 18 1742 24 100
20  – 16 48 225 567 2.439 1.1 0.1471 0.50 2312 17 2215 42 96
21 –  9 35 131 421 3.125 0.9 0.1075 0.50 1758 18 1790 28 102
22  – 10 42 218 701 3.198 0.9 0.1161 0.50 1897 18 1754 28 92
23  – 8 31 184 519 2.779 0.8 0.1281 0.50 2071 18 1982 26 96
24  – 4 16 85 269 3.102 0.8 0.1109 0.50 1814 18 1801 25 99
25 – 7 29  153 486 3.128 0.8 0.1107 0.50 1810 18 1788 25 99
26  – 7 24 158 404 2.521 1.2 0.1543 0.50 2395 17 2154 43 90
27  – 35 141 755 2360 3.107 0.9 0.1112 0.50 1819 18 1799 27 99
28  – 14 57 298 945 3.112 0.8 0.1107 0.50 1811 18 1796 25 99
29 – 16  78 342 1309 3.763 0.8 0.1062 0.50 1735 18 1519 22 88
30  – 5 21 109 349 3.182 0.9 0.1102 0.50 1803 18 1762 27 98
31  – 3 15 76 251 3.261 1.0 0.1093 0.50 1788 18 1724 29 96
31  B – 5 19 100 323 3.157 0.8 0.1098 0.50 1796 18 1774 24 99
32 – 5 19  102 310 2.976 0.8 0.1111 0.50 1817 18 1867 26 103
33  – 9 25 186 410 2.147 0.9 0.1603 0.50 2459 17 2465 35 100
34  – 6 30 140 494 3.460 0.9 0.1071 0.50 1750 18 1637 27 94
35  – 5 12 117 199 1.651 1.1 0.2641 1.03 3272 32 3053 55 93
36 – 4 13 82  211 2.484 0.8 0.1484 0.50 2327 17 2181 30 94
37  – 4 11 84 182 2.150 0.8 0.1640 0.50 2497 17 2462 33 99
38  – 26 88 560 1467 2.586 0.9 0.1503 0.50 2349 17 2107 33 90
39  – 5 14 101 241 2.369 0.8 0.1406 0.50 2234 17 2270 32 102
40 – 21  73 457 1221 2.617 1.8 0.1436 0.91 2271 31 2086 64 92
41 –  6 25 125 416 3.297 0.9 0.1089 0.50 1780 18 1708 27 96
42  – 7 29 156 479 2.991 0.9 0.1105 0.50 1807 18 1859 30 103
43  – 3 10 58 168 2.855 0.8 0.1177 0.50 1921 18 1936 26 101
44 – 14  45 313 749 2.360 0.8 0.1553 0.50 2405 17 2277 29 95
45 –  3 10 62 174 2.733 0.8 0.1254 0.50 2034 18 2010 27 99
46  328 4 18 97 301 3.051 0.8 0.1105 0.50 1808 18 1827 25 101
47  – 5 23 112 382 3.336 0.9 0.1091 0.50 1784 18 1690 27 95
48 – 5  25 119 415 3.466 0.9 0.1080 0.50 1765 18 1634 26 93
49 –  5 20 101 339 3.336 0.8 0.1094 0.50 1790 18 1690 24 94
50  – 3 24 67 400 5.742 5.8 0.0887 4.08 1398 156 1035 110 74
51  – 8 34 185 569 3.021 0.8 0.1111 0.50 1817 18 1844 26 101
50  B – 5 24 100 404 4.043 2.3 0.1044 0.78 1703 29 1425 58 84
50  A – 2 28 44 465 10.556 3.7 0.0686 4.74 886 196 583 41 66
52  – 7 18 149 305 2.019 0.8 0.1766 0.50 2621 17 2594 35 99
53  – 4 12 78 193 2.438 0.8 0.1793 0.50 2646 17 2216 29 84
54  – 4 14 76 237 3.075 0.8 0.1133 0.50 1853 18 1815 25 98
55  – 9 46 196 766 3.876 0.9 0.1077 0.50 1762 18 1480 23 84
56  – 4 18 81 292 3.577 0.8 0.1090 0.50 1783 18 1589 24 89
57  – 6 22 132 367 2.739 1.0 0.1257 0.50 2038 18 2007 34 98
58 – 10  28 214 464 2.137 0.9 0.1616 0.50 2473 17 2475 36 100
59  – 10 39 207 659 3.150 0.9 0.1114 0.50 1822 18 1777 29 98
60  – 7 28 153 461 2.991 0.8 0.1203 0.50 1961 18 1859 26 95
61  – 5 18 102 306 2.987 0.9 0.1211 0.50 1972 18 1862 28 94
62  – 9 31 203 515 2.519 0.9 0.1426 0.50 2259 17 2155 34 95
63  – 7 29 150 477 3.144 0.9 0.1113 0.50 1821 18 1780 27 98
64  – 9 36 187 600 3.136 1.3 0.1107 0.50 1811 18 1784 41 99
65  – 3 11 60 185 3.055 0.8 0.1117 0.50 1827 18 1825 26 100
66  – 21 81 456 1349 2.900 0.8 0.1119 0.50 1831 18 1910 28 104
67  – 6 17 133 284 2.113 0.8 0.1641 0.50 2498 17 2498 34 100
68  – 6 26 132 437 3.316 1.1 0.1104 0.50 1806 18 1699 32 94
69  – 2 9 52 156 2.992 0.8 0.1120 0.50 1832 18 1859 25 101
70  – 1 5 28 81 2.924 0.8 0.1120 0.82 1831 30 1897 26 104
71 – 11  40 249 660 2.631 0.9 0.1363 0.50 2181 17 2077 32 95
72  – 19 61 413 1024 2.455 0.8 0.1486 0.50 2330 17 2203 30 95
73  – 15 59 329 986 2.964 0.8 0.1122 0.50 1836 18 1874 26 102
74  – 7 29 142 477 3.337 0.9 0.1106 0.50 1809 18 1689 25 93
75  – 4 19 97 313 3.200 0.9 0.1111 0.50 1817 18 1753 26 96
76  – 2 8 46 138 2.948 0.9 0.1131 0.52 1850 19 1883 28 102
77  – 5 21 109 346 3.195 0.8 0.1114 0.50 1823 18 1755 24 96
78 –  2 7 37 115 3.048 0.9 0.1134 0.61 1854 22 1829 29 99
79 –  3 11 57 182 3.200 0.8 0.1123 0.50 1838 18 1753 26 95
80  – 8 43 175 719 4.057 0.9 0.1057 0.50 1726 18 1420 22 82
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Table 5
Zircon U–Pb LA-MC-ICP-MS data for sample CP183b.

Spot 204Pb (cps) 206Pb (mV) 238U (mV) Pb (ppm) U (ppm) 238U/206pb ls% 207pb/206pb ls% 207pb/206pb 2s abs 206Pb/238U 2s abs %C

2 310 6 23 99 289 2.991 1.2 0.1149 0.50 1878 18 1860 37 99
3  – 1 6 24 71 3.078 1.2 0.1143 0.73 1869 26 1814 37 97
4  – 21 90 349 1118 3.260 1.1 0.1145 0.50 1872 18 1725 34 92
5  – 6 24 101 299 3.008 1.2 0.1148 0.50 1876 18 1850 38 99
6  – 6 23 102 288 2.848 1.3 0.1300 0.50 2098 18 1940 42 92
7  332 9 36 155 448 2.904 1.1 0.1295 0.50 2091 18 1908 38 91
8  533 7 42 123 523 4.329 1.3 0.1434 0.50 2268 17 1340 31 59
9  386 4 22 75 271 3.625 1.2 0.1108 0.50 1813 18 1571 33 87
10 440 6  19 105 238 2.282 1.2 0.1627 0.50 2484 17 2343 47 94
11  486 4 17 70 210 3.015 1.2 0.1131 0.50 1850 18 1847 37 100
12 422 2 10  40 121 3.028 1.2 0.1126 0.50 1841 18 1840 38 100
13  526 22 71 374 885 2.379 1.2 0.1732 0.50 2589 17 2262 45 87
14 674 7 27 116  335 2.915 1.4 0.1512 0.50 2360 17 1901 44 81
16  – 8 39 142 484 3.426 1.1 0.1157 0.50 1890 18 1651 33 87
18 – 9 27 150 331  2.175 1.2 0.1623 0.50 2480 17 2438 49 98
19  – 6 24 96 297 3.082 1.1 0.1141 0.50 1866 18 1811 35 97
20  – 2 10 40 123 3.065 1.2 0.1134 0.50 1855 18 1821 38 98
21 –  3 14 47 177 3.702 1.1 0.1124 0.50 1839 18 1541 31 84
22  – 10 27 162 334 2.038 1.2 0.1781 0.50 2635 17 2574 52 98
23  – 9 40 146 495 3.397 1.3 0.1109 0.50 1814 18 1663 37 92
24  – 4 17 70 216 3.035 1.2 0.1224 1.41 1992 50 1836 38 92
25 – 12 47 196 593 3.055  1.2 0.1252 0.50 2032 18 1825 37 90
26B  – 2 5 29 67 2.311 1.2 0.1533 0.50 2383 17 2318 48 97
27  – 15 66 252 823 3.235 1.2 0.1163 0.50 1900 18 1736 37 91
28  – 13 40 226 501 2.195 1.3 0.1626 0.50 2483 17 2420 51 97
29 – 7 24 113 297  2.584 1.2 0.1430 0.50 2264 17 2109 43 93
30  – 14 61 242 758 3.081 1.2 0.1131 0.50 1850 18 1812 37 98
31  – 5 19 77 234 2.997 1.2 0.1152 0.50 1882 18 1856 37 99
32  – 5 13 80 167 2.053 1.2 0.1811 0.50 2663 17 2558 49 96
33  – 2 9 34 114 3.195 1.1 0.1205 0.90 1964 32 1756 34 89
34  – 2 9 41 107 2.507 1.1 0.1520 0.50 2369 17 2164 42 91
35  – 4 18 69 220 3.089 1.1 0.1142 0.50 1868 18 1808 36 97
36  – 4 20 73 254 3.381 1.3 0.1134 0.73 1855 26 1670 39 90
37  – 26 107 429 1337 2.996 1.1 0.1157 0.50 1891 18 1857 36 98
38 – 3  11 57 133 2.262 1.2 0.1635 0.50 2492 17 2360 47 95
39  – 3 9 52 118 2.198 1.2 0.1651 0.50 2509 17 2417 48 96
40  – 17 72 284 894 3.046 1.2 0.1137 0.50 1860 18 1830 38 98
41  – 6 29 106 367 3.365 1.2 0.1101 0.50 1801 18 1677 35 93
42 – 3  14 56 172 2.992 1.2 0.1127 0.50 1843 18 1859 37 101
43 –  2 8 32 105 3.156 1.1 0.1115 0.55 1824 20 1774 35 97
44  – 10 43 173 531 2.976 1.1 0.1591 0.50 2446 17 1868 36 76
45  – 3 14 55 173 3.059 1.2 0.1131 0.50 1850 18 1823 38 99
46 – 1  8 25 104 3.982 1.4 0.1047 0.81 1709 30 1444 36 85
47 –  15 66 248 827 3.196 1.2 0.1139 0.50 1862 18 1755 37 94
48  – 4 17 62 211 3.270 1.2 0.1103 0.50 1804 18 1720 35 95
49  – 4 13 67 157 2.274 1.2 0.1592 0.50 2447 17 2350 45 96
50 – 6  28 106 346 3.153 1.2 0.1131 0.50 1850 18 1776 38 96
51 –  13 62 226 776 3.288 1.2 0.1127 0.50 1843 18 1712 35 93
52  – 15 62 253 780 2.986 1.2 0.1243 0.50 2018 18 1862 38 92
53  – 3 8 45 97 2.075 1.3 0.1940 0.50 2776 16 2535 53 91
54 – 3  10 56 127 2.190 1.2 0.1636 0.50 2494 17 2424 48 97
55  – 1 5 21 67 3.061 1.2 0.1132 0.78 1852 28 1822 37 98
56  – 6 24 95 297 3.002 1.3 0.1136 0.50 1857 18 1853 42 100
57  587 3 18 58 225 3.738 1.4 0.1423 0.81 2256 28 1528 39 68
58  – 4 17 64 217 3.225 1.2 0.1150 0.50 1879 18 1741 37 93
59  – 10 40 165 504 2.944 1.2 0.1187 0.50 1936 18 1885 38 97
60  – 5 23 86 284 3.148 1.2 0.1118 0.50 1828 18 1778 37 97
61  – 5 16 88 206 2.239 1.1 0.1583 0.50 2438 17 2380 45 98
62 – 6  23 106 286 2.429 2.1 0.1461 1.11 2301 38 2222 80 97
63  – 5 14 83 171 1.969 1.1 0.1839 0.50 2689 17 2648 49 98
65  – 10 30 162 372 2.227 1.2 0.1752 0.50 2608 17 2391 50 92
666  – 5 20 83 253 2.935 1.2 0.1185 0.50 1934 18 1890 41 98
67  – 11 41 181 506 2.676 1.2 0.1357 0.50 2174 17 2047 41 94
68  – 8 24 140 305 2.077 1.2 0.1657 0.50 2515 17 2533 50 101
69  – 7 31 123 390 3.091 1.4 0.1137 0.50 1859 18 1807 43 97
70  – 7 26 117 328 2.664 1.3 0.1253 0.50 2033 18 2055 45 101
71  – 6 19 99 239 2.335 1.2 0.1587 0.55 2442 19 2298 47 94
73  – 4 18 71 219 2.922 1.1 0.1136 0.50 1857 18 1898 37 102
74  – 6 28 106 351 3.219 1.2 0.1114 0.50 1822 18 1744 38 96
75  – 3 15 58 184 3.043 1.2 0.1138 0.50 1861 18 1832 39 98
76  – 5 19 87 242 2.674 1.2 0.1280 0.50 2071 18 2048 43 99
77 – 18  76 306 951 2.994 1.2 0.1197 0.50 1951 18 1858 40 95
78  – 5 20 79 249 3.006 1.3 0.1145 0.50 1872 18 1851 41 99
79  – 3 10 51 123 2.318 1.2 0.1615 0.50 2471 17 2312 47 94
80  – 7 29 122 362 2.809 1.3 0.1190 0.50 1941 18 1963 44 101
82 327 12 61 209  760 3.485 1.2 0.1101 0.50 1801 18 1626 35 90
84  – 5 18 83 221 2.579 1.3 0.1513 0.50 2360 17 2112 48 89
85  – 1 4 17 53 3.004 1.2 0.1141 0.95 1866 34 1853 38 99
86 339  9 40 152 505 3.180 1.3 0.1174 0.50 1917 18 1763 41 92
87 –  24 76 404 948 2.245 1.2 0.1604 0.50 2460 17 2375 47 97
88  – 16 70 273 868 3.022 1.2 0.1130 0.50 1848 18 1843 38 100
89  – 8 33 130 413 3.024 1.2 0.1129 0.50 1846 18 1842 39 100
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Fig. 7. Cathodo-luminescence imagery of selected zircon grains from samples of the Maha Group; sample CP183b (a, b) and sample PP727 (c, d).

uncertainty of the data point 207Pb/206Pb ages of 19 Ma  (2�) and
a histogram bin width efficiency of 82.7% (at 40 Ma  bin width). The
probability density distribution indicates age maxima at: 2690,
2660, 2640, 2510, 2480, 2450, 2380, 2300, 2070, 2030, 1940 and
1860 Ma  (Fig. 6d) rounded to the nearest 10 Ma (Fig. 8b). Maxima
within uncertainty define age ranges of 2690–2640, 2510–2450
and 2070–2030 Ma.  The largest mode is that at 1860 Ma  which
comprises 22 of the 47 concordant data points. The 207Pb/206Pb
age of the youngest detrital zircon is 1804 ± 18 Ma  (2�), which
provides a maximum age of deposition for the sediment. Rim anal-
ysis 77 is characterised by high U (951 ppm) and provides an age
of 1951 ± 18 Ma  (2�) and possibly records a metamorphic event
affecting the source rock prior to incorporation into the quartzite.
We note, however, that this analysis may  have incorporated core
material and therefore represent a mixed age.

Sample PP727 was taken from outcrops of garnet-bearing
quartzite, interbanded on a cm-  to dm-scale with kyanite-garnet-
biotite gneiss located within the MDZ  – see sample location
on Fig. 3. 91 analyses were conducted on a variety of grains
(Fig. 7c and d), of which 39 are within 100 ± 5% concordant
(Fig. 8c). Several severely discordant data points indicate some
Mesoarchaean components, but based on the most concordant
207Pb/206Pb data only, a mean uncertainty of the data point ages
of 15 Ma  (2�) and a histogram bin width efficiency of 81.8% (at
30 Ma  bin width), the probability density distribution indicates
age maxima at: 2770, 2720, 2630, 2590, 2520, 2490, 2160, 1940,

1920, 1870, 1860, 1850 and 1840 Ma  (Fig. 8d) rounded to the
nearest 10 Ma.  Maxima within uncertainty define age ranges of
2520–2490, 1940–1920 and 1870–1840 Ma.  The largest mode is
that at 1870–1840 Ma  which comprises 19 of the 39 concordant
data points. The youngest concordant detrital zircon grain yielded
a 207Pb/206Pb age of 1797 ± 18 Ma,  which records the maximum
age of deposition of the quartzite agreeing well with that from
sample CP183b. A metamorphic rim on one zircon grain was large
enough to allow a determination (analysis 76), and yielded a near-
concordant 206Pb/238U age of 531 ± 8 Ma  (106% concordant), which
is taken to be a good approximation for the timing of its crystallisa-
tion (Table 6). This rim analysis is characterised by a high U content
of 1433 ppm, which together with its CL-unzoned nature (Fig. 7c),
suggests that it grew during a late Neoproterozoic metamorphic
event, probably associated with the emplacement of late tectonic
granites at this time.

4.4. Itremo Group

The two  samples of Itremo Group rocks that were analysed were
collected from within the Ikalamavony Sub-domain of the Itremo-
Ikalamavony Belt (Fig. 3). Quartzite sample PF06035 was collected
from a narrow unit infolded with marbles and amphibolites in
the Itremo-Ikalamavony Domain in the southwestern parts of the
Bekodoka Inlier (Figs. 2 and 3). The quartzite sample contained
abundant zircon with a wide variety of shapes from transparent
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Table 6
Zircon U–Pb LA-MC-ICP-MS data for sample PP727.

Spot 204Pb (cps) 206Pb (mV) 238U (mV) Pb (ppm) U (ppm) 238U/206pb ls% 207pb/206pb ls% 207pb/206pb 2s abs 206Pb/238U 2s abs %C

3 – 13 25 101 343 3.011 0.8 0.1139 0.50 1862 18 1849 26 99
5 504 8  15 58 215 3.155 0.9 0.1111 0.50 1817 18 1775 27 98
1 –  3 6 68 231 3.373 0.9 0.1114 0.50 1822 18 1674 26 92
2  – 3 8 61 294 4.714 2.5 0.1078 1.09 1763 40 1240 56 70
3  – 4 7 86 260 3.122 1.0 0.1152 0.50 1884 18 1791 30 95
4  – 3 6 72 220 3.175 0.9 0.1146 0.50 1873 18 1765 28 94
5  – 3 6 61 225 3.613 1.1 0.1099 0.54 1798 19 1575 31 88
6 – 11 13 254 492 1.918 1.1 0.3143 0.50 3542 15 2705 47 76
7 – 7  15 150 559 3.490 0.9 0.1099 0.50 1797 18 1624 26 90
8 417  5 8 117 281 2.301 1.0 0.1619 0.50 2476 17 2326 39 94
11  – 16 26 365 958 2.557 1.1 0.1561 0.50 2414 17 2128 39 88
12  – 7 14 162 499 3.005 1.1 0.1205 0.58 1964 21 1852 35 94
14  – 2 5 55 185 3.233 1.5 0.1471 0.60 2312 21 1738 45 75
16 – 7 15 168 547 3.078 0.8 0.1127 0.50 1843 18 1814 25 98
17  – 5 10 113 367 3.067 0.9 0.1183 0.50 1930 18 1819 27 94
18 –  10 21 229 788 3.225 0.9 0.1132 0.50 1852 18 1741 28 94
19  – 15 20 338 720 1.969 0.8 0.1933 0.50 2770 16 2648 34 96
20 – 7 10 161 368 2.116 0.8 0.1735 0.50 2592 17 2494 33 96
21  – 7 9 156 319 1.928 0.8 0.1870 0.50 2716 16 2694 34 99
22 –  8 17 189 628 3.164 0.8 0.1123 0.50 1836 18 1770 25 96
23  – 4 6 95 221 2.255 0.8 0.1679 0.50 2536 17 2366 32 93
24  – 3 5 60 171 2.626 1.5 0.1673 0.94 2531 31 2080 53 82
25  – 4 7 95 250 2.444 1.2 0.1617 0.50 2473 17 2211 45 89
26  – 11 19 258 699 2.495 1.1 0.1526 0.50 2375 17 2172 39 91
33 – 6 8 136  305 2.069 0.8 0.1669 0.50 2527 17 2541 33 101
34  – 6 10 134 369 2.509 0.8 0.1349 0.50 2163 17 2163 29 100
35 –  3 5 70 192 2.544 1.2 0.1558 0.61 2410 21 2137 45 89
36  – 11 25 246 937 3.395 1.6 0.1268 1.27 2055 45 1664 47 81
37  – 4 6 92 225 2.260 0.8 0.1618 0.50 2475 17 2362 32 95
39 – 3 5 75 170 2.123 0.8 0.1654 0.50 2511 17 2488 33 99
40  – 4 7 92 268 2.592 0.9 0.1351 0.50 2166 17 2103 31 97
41 – 16  28 373 1031 2.474 0.8 0.1556 0.50 2409 17 2188 31 91
42  – 5 9 115 336 2.615 1.1 0.1460 0.65 2299 22 2088 40 91
45 –  6 9 144 328 2.097 0.8 0.1684 0.50 2542 17 2514 33 99
46  – 3 5 69 183 2.431 0.9 0.1581 0.50 2436 17 2221 32 91
47  – 7 16 169 583 3.056 1.2 0.1575 0.56 2429 19 1825 39 75
48 – 8  21 186 766 3.703 0.8 0.1108 0.50 1813 18 1541 23 85
49  – 8 17 193 627 3.023 0.8 0.1188 0.50 1938 18 1842 26 95
50 –  4 8 86 284 3.037 0.8 0.1125 0.50 1840 18 1835 25 100
51  – 4 9 102 334 3.034 0.8 0.1141 0.50 1866 18 1837 25 98
52  – 2 5 50 185 3.325 0.8 0.1099 0.50 1798 18 1695 24 94
53  – 13 41 317 1211 3.728 0.9 0.1070 0.50 1750 18 1532 24 88
54  – 3 8 64 228 3.489 0.9 0.1066 0.52 1742 19 1624 26 93
55 – 16 43 382  1274 3.238 0.8 0.1115 0.50 1824 18 1735 25 95
56  – 6 19 142 572 3.628 1.8 0.1117 0.69 1826 25 1569 51 86
58 –  22 70 542 2080 3.645 0.9 0.1290 0.50 2084 18 1563 24 75
59  – 14 32 333 945 2.738 0.9 0.1511 0.50 2358 17 2007 29 85
60  – 4 9 87 270 3.031 0.9 0.1125 0.50 1841 18 1838 29 100
61  – 21 59 516 1738 3.240 1.2 0.1129 0.50 1846 18 1734 37 94
62  – 5 9 122 267 1.913 2.4 0.2695 0.93 3303 29 2711 106 82
63  314 6 15 136 450 3.140 1.1 0.1125 0.50 1840 18 1782 33 97
64  – 10 21 232 618 2.481 1.0 0.1570 0.50 2423 17 2183 36 90
65  318 2 4 52 119 2.084 0.9 0.1633 0.50 2490 17 2527 36 101
66  – 9 25 210 747 3.283 0.8 0.1099 0.50 1797 18 1714 23 95
68  – 8 16 192 459 2.239 0.8 0.1620 0.50 2477 17 2380 31 96
69  – 15 42 354 1254 3.266 0.8 0.1253 0.50 2033 18 1722 24 85
70  – 10 30 238 887 3.419 1.0 0.1258 0.50 2040 18 1654 30 81
71  – 6 17 156 514 3.042 0.8 0.1140 0.50 1864 18 1832 25 98
72  – 4 8 103 242 2.190 0.8 0.1636 0.50 2493 17 2425 31 97
73  – 17 34 406 1019 2.294 0.8 0.1614 0.50 2470 17 2332 31 94
74  – 6 18 157 530 3.088 0.8 0.1128 0.50 1844 18 1808 24 98
75  – 2 5 37 135 3.365 0.8 0.1093 0.71 1787 26 1677 24 94
76  – 5 48 110 1433 11.658 0.8 0.0573 0.50 501 22 531 8 106
A  – 5 13 89 15 3.135 0.9 0.1131 0.50 1850 9 1785 28 96
B  – 2 5 28 5 3.714 1.2 0.1072 0.73 1753 27 1537 33 88
C –  2 3 26 3 2.370 0.9 0.1612 0.50 2469 17 2269 34 92
E  – 7 20 120 23 3.557 1.5 0.1081 0.50 1768 9 1597 42 90
G  – 5 11 77 13 3.167 0.9 0.1117 0.50 1827 10 1769 27 97
H  – 3 8 53 9 3.177 0.9 0.1134 0.50 1854 14 1764 27 95
J  – 6 10 99 11 2.118 0.8 0.1666 0.50 2524 6 2493 33 99
K – 2 6  36 6 3.238 0.8 0.1120 0.50 1833 18 1735 24 95
L –  1 4 23 4 3.351 0.9 0.1107 0.76 1811 28 1684 27 93
N  – 7 16 112 18 3.042 0.9 0.1176 0.50 1920 7 1832 30 95
O –  3 8 45 9 3.815 1.1 0.1028 0.52 1675 19 1501 29 90
P  – 19 43 303 48 2.910 1.5 0.1122 0.50 1836 4 1904 48 104
Q –  7 15 111 17 2.905 1.2 0.1146 0.50 1874 7 1907 41 102
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Table 6 (Continued )

Spot 204Pb (cps) 206Pb (mV) 238U (mV) Pb (ppm) U (ppm) 238U/206pb ls% 207pb/206pb ls% 207pb/206pb 2s abs 206Pb/238U 2s abs %C

T – 3 8 49 9 3.351 0.8 0.1178 0.50 1923 14 1683 25 88
U  – 3 6 49 7 2.501 1.9 0.1568 0.50 2422 11 2169 69 90
V  – 1 2 14 2 2.477 1.3 0.1594 0.88 2449 30 2186 46 89
w – 10  22 162 25 2.872 1.3 0.1327 0.50 2134 4 1926 42 90
X  – 5 9 75 10 2.512 0.9 0.1581 0.50 2436 7 2160 33 89
Y –  6 17 104 19 3.411 1.2 0.1105 0.50 1808 8 1657 36 92
z  – 3 9 53 11 3.677 0.9 0.1075 0.50 1757 14 1551 24 88
AA  – 19 45 302 50 3.045 1.2 0.1140 0.50 1865 5 1831 37 98
AB  – 4 6 61 7 2.061 0.9 0.1773 0.50 2628 7 2550 38 97
AC – 2 6 40 7 3.033 0.8 0.1139 0.50 1863 16 1837 25 99
AD – 2  6 38 6 3.135 0.9 0.1125 0.52 1841 19 1785 29 97
AF –  3 9 52 10 3.561 1.0 0.1125 0.50 1840 13 1595 28 87
AH  – 10 14 155 15 1.852 0.9 0.2383 0.50 3109 7 2783 38 90
Al  – 4 10 63 11 3.158 0.8 0.1121 0.50 1834 13 1774 25 97
AJ  – 3 5 52 6 2.130 0.8 0.1638 0.50 2495 10 2481 34 99

euhedral to subhedral tabular grains with well preserved crys-
tal terminations, to brown strongly altered, mechanically rounded
fractured grains and angular grain fragments (Fig. 9a, Table 2). In
CL, the clear zircon are high U, zoned grains similar to those found
in the leucosomes of the Neoarchaean-Early Palaeoproterozoic
migmatitic orthogneisses of the Betsiboka Suite of the Antana-
narivo Craton (CGS, 2009b).  Most of the remainder of the zircon

have moderate U contents with concentric zoning. Several of the
grains have thin low U metamorphic growth rims.

Sixty-two spots were analysed on 60 grains (Table 7) by SHRIMP.
Of these, 22 were more than 5% discordant (Fig. 10a). Assessment
of “concordant’ data indicates a mean uncertainty of the data point
common-Pb corrected 207Pb/206Pb ages of 49 Ma  (2�) and a his-
togram bin width efficiency of 75.9% (at 80 Ma  bin width). The prob-
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Fig. 9. Cathodo-luminescence imagery of selected zircon grains from samples of the Itremo Group; sample PF06035 (a) and sample PR06088 (b).

ability density distribution indicates age maxima at: 3040, 3000,
2770, 2700, 2610, 2500, 2420, 2170, 2070, 2000, 1920, 1860, 1780,
1470 and 800 Ma  rounded to the nearest 10 Ma  (Fig. 10b). Maxima
within uncertainty define age ranges of 3040–3000, 2770–2700,

2500–2420 and 2070–1780 Ma.  The largest mode is that at 2500 Ma
with 10 of the 40 concordant data points. Material at 1800–1900 Ma
is present but appears more subordinate, but due to the lack of
data points for this sample quantitative proportion assessments
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Table 7
Zircon U–Pb SHRIMP data for sample PF06035.

Spot name f206 (%) U (ppm) Th (ppm) 232Th/238U (ppm) 238U/206pb (1�  abs err) 207pb/206pb (1�  abs err) 206pb/238U age
(2�  abs err (Ma))

207Pb/206Pb age
(2�  abs err (Ma))

C%

35-1.1 0.06 570 128 0.23 8.0917 ± 0.0904 0.06397 ± 0.00075 752 ± 15 766 ± 28 98
35-1.2 0.11 45 28 0.64 2.6131 ± 0.0445 0.13494 ± 0.00259 2097 ± 56 2212 ± 33 95
35-10.1 0.08 100 65 0.67 3.0125 ± 0.0418 0.11040 ± 0.00193 1852 ± 41 1842 ± 26 101
35-11.1 0.01 120 83 0.72 1.7368 ± 0.0227 0.22068 ± 0.00165 2935 ± 57 2995 ± 13 98
35-12.1 – 233 159 0.71 2.0294 ± 0.0256 0.16625 ± 0.00158 2583 ± 50 2522 ± 15 102
35-13.1 0.08 1347 309 0.24 8.3286 ± 0.0901 0.06799 ± 0.00066 731 ± 14 873 ± 23 84
35-14.1 – 750 177 0.24 7.3638 ± 0.0821 0.06618 ± 0.00073 820 ± 17 785 ± 27 104
35-14.2 – 313 162 0.54 2.8884 ± 0.0353 0.11351 ± 0.00130 1916 ± 38 1852 ± 22 103
35-15.1 0.15 1043 201 0.20 8.9853 ± 0.0983 0.06501 ± 0.00070 682 ± 14 841 ± 29 81
35-16.1 0.00 416 167 0.41 2.3902 ± 0.0275 0.15776 ± 0.00285 2256 ± 42 2444 ± 58 92
35-17.1 – 166 107 0.67 2.1419 ± 0.0284 0.16339 ± 0.00168 2472 ± 50 2499 ± 18 99
35-18.1 0.03 426 64 0.16 3.9845 ± 0.0450 0.10092 ± 0.00076 1445 ± 29 1659 ± 20 87
35-19.1 – 215 116 0.56 2.5301 ± 0.0320 0.13655 ± 0.00142 2145 ± 43 2170 ± 19 99
35-2.1  0.26 466 230 0.51 3.2976 ± 0.0453 0.14360 ± 0.00698 1656 ± 34 1858 ± 126 89
35-20.1 0.04 493 95 0.20 3.0968 ± 0.0343 0.12833 ± 0.00088 1789 ± 34 1957 ± 21 91
35-21.1 – 506 40 0.08 2.9607 ± 0.0325 0.11419 ± 0.00084 1876 ± 35 1866 ± 26 101
35-23.1 0.02 666 158 0.25 7.4752 ± 0.0843 0.06605 ± 0.00083 810 ± 17 828 ± 29 98
35-24.1 – 284 29 0.11 2.7642 ± 0.0321 0.11426 ± 0.00094 1991 ± 39 1873 ± 28 106
35-25.1 0.02 196 116 0.61 2.1388 ± 0.0275 0.15962 ± 0.00153 2475 ± 49 2460 ± 17 101
35-26.1 286 130 0.47 2.9726 ± 0.0376 0.12819 ± 0.00289 1886 ± 38 2193 ± 18 86
35-26.2 – 120 55 0.47 1.8504 ± 0.0253 0.19316 ± 0.00484 2785 ± 59 2768 ± 80 101
35-27.1 – 206 278 1.39 2.0452 ± 0.0287 0.16679 ± 0.00304 2565 ± 50 2520 ± 20 102
35-28.1 0.07 1087 105 0.10 7.1415 ± 0.0772 0.06751 ± 0.00065 849 ± 17 984 ± 29 86
35-29.1 – 128 72 0.59 2.0582 ± 0.0282 0.16246 ± 0.00183 2555 ± 54 2490 ± 20 103
35-3.1  0.17 206 89 0.45 3.1387 ± 0.0381 0.12778 ± 0.00123 1776 ± 36 2012 ± 24 88
35-30.1 0.29 501 199 0.41 2.8477 ± 0.0334 0.17170 ± 0.00141 1952 ± 37 2636 ± 15 74
35-31.1 – 585 146 0.26 7.4631 ± 0.0849 0.06639 ± 0.00083 811 ± 17 824 ± 39 98
35-32.1 – 645 152 0.24 7.4224 ± 0.0861 0.06571 ± 0.00079 815 ± 17 810 ± 29 101
35-33.1 – 427 275 0.67 2.0849 ± 0.0246 0.16354 ± 0.00135 2525 ± 46 2489 ± 13 101
35-34.1 – 489 58 0.12 7.3839 ± 0.0869 0.06564 ± 0.00068 820 ± 18 827 ± 48 99
35-35.1 – 195 154 0.81 2.1919 ± 0.0289 0.15618 ± 0.00189 2424 ± 48 2419 ± 17 100
35-36.1 – 227 142 0.65 2.0888 ± 0.0260 0.16623 ± 0.00149 2521 ± 48 2518 ± 15 100
35-37.1 – 68 29 0.43 2.2596 ± 0.0374 0.15791 ± ± 0.00193 2369 ± 62 2467 ± 27 96
35-38.1 – 191 123 0.66 1.9500 ± 0.0252 0.17531 ± 0.00163 2669 ± 52 2609 ± 16 102
35-39.1 – 663 154 0.24 7.5963 ± 0.0856 0.06617 ± 0.00078 798 ± 16 838 ± 31 95
35-4.1 0.02 304 94 0.32 2.9996 ± 0.0345 0.11402 ± 0.00086 1857 ± 36 1882 ± 15 99
35-4.2  0.04 159 94 0.61 3.2170 ± 0.0484 0.11280 ± 0.00197 1744 ± 42 1839 ± 26 95
35-40.1 – 439 89 0.21 4.4178 ± 0.0524 0.12293 ± 0.00159 1327 ± 27 2123 ± 33 63
35-41.1 0.00 308 112 0.38 2.9721 ± 0.0355 0.11338 ± 0.00104 1869 ± 37 1847 ± 19 101
35-42.1 – 377 50 0.14 2.7865 ± 0.0316 0.12263 ± 0.00066 1977 ± 38 1994 ± 17 99
35-43.1 – 102 18 0.19 2.5979 ± 0.0363 0.12391 ± 0.00172 2101 ± 49 2029 ± 49 104
35-44.1 – 512 62 0.13 4.5628 ± 0.0508 0.10029 ± 0.00166 1280 ± 25 1658 ± 56 77
35-45.1 0.07 1117 129 0.12 7.7537 ± 0.0846 0.07255 ± 0.00180 788 ± 16 1185 ± 57 67
35-46.1 0.01 691 73 0.11 4.2870 ± 0.0464 0.10057 ± 0.00080 1354 ± 26 1660 ± 22 82
35-47.1 – 85 34 0.41 1.6381 ± 0.0236 0.22676 ± 0.00166 3076 ± 68 3039 ± 20 101
35-48.1 0.22 1389 56 0.04 7.1757 ± 0.0756 0.07089 ± 0.00056 841 ± 16 957 ± 26 88
35-49.1 – 281 200 0.73 2.1250 ± 0.0265 0.16006 ± 0.00234 2485 ± 47 2452 ± 39 101
35-5.1  0.00 67 93 1.42 2.2112 ± 0.0371 0.15975 ± 0.00397 2416 ± 56 2501 ± 22 97
35-50.1 – 675 18 0.03 2.9682 ± 0.0317 0.11838 ± 0.00058 1871 ± 35 1925 ± 17 97
35-53.1 – 242 133 0.57 2.5566 ± 0.0322 0.12716 ± 0.00142 2128 ± 43 2059 ± 20 103
35-54.1 – 274 118 0.45 2.2135 ± 0.0301 0.15672 ± 0.00130 2403 ± 52 2419 ± 15 99
35-55.1 0.06 691 86 0.13 5.1859 ± 0.0581 0.09532 ± 0.00070 1142 ± 23 1624 ± 18 70
35-56.1 – 105 58 0.56 2.0202 ± 0.0289 0.16105 ± 0.00174 2591 ± 57 2463 ± 22 105
35-57.1 0.04 152 90 0.61 2.5337 ± 0.0344 0.12922 ± 0.00175 2146 ± 46 2097 ± 23 102
35-58.1 – 484 49 0.10 1.9853 ± 0.0233 0.18507 ± 0.00067 2629 ± 50 2695 ± 11 98
35-59.1 – 341 57 0.17 7.5265 ± 0.0902 0.06488 ± 0.00094 806 ± 18 819 ± 45 98
35-6.1  0.02 203 183 0.93 2.1033 ± 0.0267 0.16352 ± 0.00197 2509 ± 47 2498 ± 12 100
35-60.1 – 712 259 0.38 3.2405 ± 0.0362 0.10893 ± 0.00091 1734 ± 32 1783 ± 13 97
35-7.1  0.05 162 152 0.97 2.7142 ± 0.0364 0.15380 ± 0.00230 2027 ± 41 2415 ± 17 84
35-8.1  0.06 399 58 0.15 3.3433 ± 0.0369 0.11309 ± 0.00065 1686 ± 32 1843 ± 19 92
35-9.1  0.00 762 186 0.25 8.0321 ± 0.0896 0.06485 ± 0.00070 757 ± 15 783 ± 23 97
35-9.2  0.03 209 127 0.63 4.0878 ± 0.0512 0.08986 ± 0.00162 1414 ± 29 1470 ± 24 96

Analyses were conducted during one session, with standard analyses yielding a 2� error of the mean of 0.28%. f206 = the proportion of common 206Pb in the total 206Pb;
Th/U  = 232Th/238U; C% = concordance; all ratios and ages are corrected for common Pb using measured 204Pb and composition appropriate to the age of the zircon (Stacey and
Kramers, 1975).

are limited. The oldest concordant grain is 3039 ± 40 Ma  (2�). One
analysis on a core of a complex zircon yielded a 207Pb/206Pb age of
1470 ± 48 Ma  (2�, 96% concordance) with a second spot on a high
uranium rim (metamorphic) overgrowth giving a 206Pb/238U age of
757 ± 30 Ma  (2�, 97% concordance). We  interpret this core analysis
to either reflect mixing between an older core and the younger
rim, or to perhaps date the maximum age of deposition. Apart from

this single analysis, the youngest concordant core 207Pb/206Pb
age was  recorded at 1783 ± 26 Ma  (2�, 97% concordance), con-
straining the maximum age of deposition for the sample. The
clear high U zoned zircons yielded ages between 2450 and
2500 Ma  and confirm that the Betsiboka Suite orthogneisses
(Antananarivo Domain) represent their most probable
source.
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Table 8
Zircon U–Pb SHRIMP data for sample PR06088.

Spot name f206 (%) U (ppm) Th (ppm) 232Tn/238U (ppm) 238U/206Pb 207Pb/206Pb 206Pb/238U age 207Pb/206Pb age C%

1� abs err 1� abs err

PR06088-1.1 0.05 174 59 0.35 2.6354 ± 0.0321 0.17384 ± 0.00124 2081 ± 41 2631 ± 16 79
PR06088-2.1 – 545 181 0.34 2.5697 ± 0.0282 0.15380 ± 0.00083 2119 ± 38 2387 ± 12 89
PR06088-3.1 0.02 355 235 0.68 2.2919 ± 0.0275 0.16209 ± 0.00143 2336 ± 43 2485 ± 12 94
PR06088-4.1 – 143 70 0.51 2.6439 ± 0.0353 0.13214 ± 0.00159 2073 ± 44 2160 ± 23 96
PR06088-5.1 – 139 31 0.23 2.1253 ± 0.0269 0.18068 ± 0.00135 2489 ± 51 2672 ± 22 93
PR06088-6.1 0.51 491 75 0.16 4.1989 ± 0.0469 0.10255 ± 0.00080 1381 ± 27 1719 ± 28 80
PR06088-7.1 0.55 865 361 0.43 5.4103 ± 0.0622 0.11884 ± 0.00209 1103 ± 22 2067 ± 42 53
PR06088-8.1 0.14 158 89 0.58 3.3967 ± 0.0455 0.11436 ± 0.00202 1677 ± 36 1996 ± 27 84
PR06088-9.1 0.25 1501 233 0.16 7.9340 ± 0.0836 0.08915 ± 0.00064 765 ± 15 1409 ± 25 54
PR06088-10.1 0.03 177 84 0.49 2.7082 ± 0.0345 0.13446 ± 0.00147 2033 ± 42 2202 ± 19 92
PR06088-11.1 0.01 608 274 0.47 3.1997 ± 0.0361 0.15016 ± 0.00100 1751 ± 33 2335 ± 11 75
PR06088-12.1 0.07 83 55 0.69 2.1366 ± 0.0321 0.16349 ± 0.00221 2479 ± 57 2511 ± 23 99
PR06088-13.1 0.14 1234 247 0.21 8.6179 ± 0.0924 0.08405 ± 0.00101 708 ± 14 1307 ± 40 54
PR06088-13.2 0.04 136 82 0.62 2.0338 ± 0.0277 0.18098 ± 0.00178 2581 ± 54 2675 ± 17 97
PR06088-14.1 0.00 226 78 0.36 3.0664 ± 0.0374 0.11785 ± 0.00113 1820 ± 37 1929 ± 19 94
PR06088-15.1 0.02 504 359 0.74 2.4932 ± 0.0293 0.15675 ± 0.00145 2176 ± 40 2433 ± 10 89
PR06088-16.1 0.03 578 156 0.28 2.6711 ± 0.0294 0.15655 ± 0.00071 2049 ± 38 2415 ± 10 85
PR06088-17.1 0.84 598 182 0.31 4.7167 ± 0.0547 0.11403 ± 0.00171 1262 ± 25 2119 ± 25 60
PR08066-18.1 – 210 114 0.56 2.0500 ± 0.0256 0.18273 ± 0.00135 2563 ± 50 2683 ± 13 96
PR08066-19.1 0.52 510 167 0.34 4.3284 ± 0.0496 0.10206 ± 0.00115 1347 ± 26 1752 ± 28 77
PR08066-20.1 0.80 635 175 0.28 5.1088 ± 0.0572 0.10872 ± 0.00122 1155 ± 23 1820 ± 32 63
PR08066-21.1 0.00 155 71 0.47 2.5892 ± 0.0356 0.14675 ± 0.00166 2109 ± 47 2328 ± 25 91
PR08066-22.1 0.46 480 54 0.12 3.9913 ± 0.0439 0.11837 ± 0.00092 1440 ± 28 1916 ± 30 75
PR08066-23.1 0.76 1192 85 0.07 8.9623 ± 0.0953 0.07248 ± 0.00082 683 ± 14 1027 ± 47 66
PR08066-24.1 1.24 915 368 0.41 7.1192 ± 0.0858 0.08700 ± 0.00350 875 ± 17 1924 ± 70 45
PR08066-25.1 0.39 324 31 0.10 3.4371 ± 0.0389 0.13520 ± 0.00094 1643 ± 32 2144 ± 26 77
PR08066-26.1 0.02 232 128 0.57 2.2227 ± 0.0273 0.16818 ± 0.00134 2395 ± 46 2541 ± 13 94
PR08066-27.1 0.36 753 169 0.23 4.7616 ± 0.0524 0.11591 ± 0.00109 1237 ± 24 1993 ± 22 62
PR08066-28.1 5.83 1615 206 0.13 12.5480 ± 0.1526 0.06628 ± 0.00365 501 ± 11 1147 ± 111 44
PR08066-29.1 0.19 286 21 0.08 8.4916 ± 0.1041 0.07074 ± 0.00138 728 ± 16 1282 ± 51 57
PR08066-30.1 0.55 695 478 0.71 5.7984 ± 0.0720 0.08893 ± 0.00299 1059 ± 21 1955 ± 23 54
PR08066-31.1 0.06 173 90 0.54 2.9843 ± 0.0401 0.12608 ± 0.00172 1866 ± 40 2066 ± 24 90
PR08066-32.1 0.35 628 75 0.12 3.9906 ± 0.0451 0.14704 ± 0.00111 1446 ± 29 2344 ± 19 62
PR08066-32.2 0.77 783 286 0.38 3.8708 ± 0.0436 0.16799 ± 0.00131 1494 ± 28 2622 ± 15 57
PR08066-33.1 0.02 571 73 0.13 3.7514 ± 0.0412 0.11827 ± 0.00065 1526 ± 29 1957 ± 15 78
PR08066-34.1 0.06 122 48 0.41 2.3960 ± 0.0329 0.16820 ± 0.00162 2259 ± 50 2587 ± 20 87
PR08066-35.1 0.74 802 324 0.42 5.8810 ± 0.0671 0.11832 ± 0.00166 1017 ± 20 1990 ± 30 51
PR08066-36.1 0.00 192 142 0.76 2.2391 ± 0.0297 0.16234 ± 0.00190 2384 ± 48 2496 ± 17 96
PR08066-37.1 0.02 204 99 0.50 1.7910 ± 0.0222 0.19269 ± 0.00129 2866 ± 54 2786 ± 13 103
PR08066-38.1 0.03 209 272 1.35 2.6834 ± 0.0402 0.13211 ± 0.00338 2048 ± 44 2165 ± 19 95
PR08066-39.1 1.07 194 45 0.24 5.1128 ± 0.0696 0.10770 ± 0.00274 1176 ± 27 2078 ± 62 57
PR08066-40.1 0.26 553 166 0.31 3.7227 ± 0.0432 0.13158 ± 0.00129 1552 ± 30 2266 ± 18 68
PR08066-41.1 0.23 216 96 0.46 2.4081 ± 0.0297 0.15599 ± 0.00143 2242 ± 44 2428 ± 18 92
PR08066-42.1 0.50 551 200 0.38 3.9056 ± 0.0439 0.12748 ± 0.00097 1466 ± 28 2029 ± 20 72
PR08066-43.1 2.51 400 226 0.58 5.4981 ± 0.0727 0.09238 ± 0.00410 1097 ± 23 1803 ± 61 61
PR08066-44.1 0.07 279 126 0.47 3.2067 ± 0.0442 0.16837 ± 0.00625 1745 ± 35 2513 ± 15 69
PR08066-45.1 0.02 160 132 0.85 2.2132 ± 0.0303 0.16114 ± 0.00226 2413 ± 50 2513 ± 20 96
PR08066-46.1 0.02 349 232 0.69 2.5225 ± 0.0304 0.15445 ± 0.00157 2157 ± 41 2420 ± 16 89
PR08066-47.1 0.16 287 182 0.65 2.5443 ± 0.0314 0.15496 ± 0.00170 2144 ± 41 2439 ± 15 88
PR08066-48.1 0.79 574 287 0.52 4.8997 ± 0.0596 0.09477 ± 0.00192 1213 ± 25 1759 ± 52 69
PR08066-49.1 13.77 36 5 0.13 48.4727 ± 1.9169 0.04201 ± 0.02231 137 ± 16 1083 ± 2449 13
PR08066-50.1 0.74 110 3 0.02 11.1629 ± 0.1590 0.06154 ± 0.00155 552 ± 15 577 ± 197 96
PR08066-51.1 20.72 140 7 0.05 22.7231 ± 0.5779 0.05090 ± 0.01547 279 ± 17 425 ± 1556 66

Analyses were conducted during one session, with standard analyses yielding a 2� error of the mean of 0.17%. f206 = the proportion of common 206Pb in the total 206Pb;
Th/U  = 232Th/238U; C% = concordance; all ratios and ages are corrected for common Pb using measured 204Pb and composition appropriate to the age of the zircon (Stacey and
Kramers,  1975).

Six data points from analyses of zircon rims cluster around Con-
cordia and give a concordia age of 812 ± 16 Ma  (Fig. 10a) with two
younger (ca. 750 Ma)  near concordant rim ages possibly defining
Pb-loss during late-Neoproterozoic reworking.

Quartzite sample PR06088 was collected from a thick quartzite
package at the centre of an F2 dome structure near the western
border of the Itremo-Ikalamavony Belt. The strongly recrystallised
quartzites are slightly feldspathic with some ferruginous layers.
The sample yielded two main groups of small (ca. 100–180 �m)
detrital zircons (Table 2, Fig. 9b). Roughly 25% of the zircons are
rounded, subhedral to anhedral, caramel-brown crystals with pit-
ted surfaces. The remaining 75% are small rounded to subrounded,
colourless transparent ovoid crystals, free of inclusions. The CL

images indicate the rock contains a heterogenous array of detri-
tal zircons, but three main morphological groups may  be identified
(Fig. 9b). The first group represents mechanically rounded frag-
ments of moderate U, concentrically zoned, magmatic zircons.
The second group represents moderate U, concentrically zoned
magmatic zircons that are not fractured and the third group is char-
acterised by low U unzoned grains. Most grains have thin, unzoned,
light-CL (low U) rims, but only one was wide enough to allow anal-
ysis.

The 51 zircon grains analysed by SHRIMP yielded a range of
strongly discordant data (Fig. 10c, Table 8). Assessment of “con-
cordant’ (>95%) data (only 7 data points, excluding 1 younger rim
age) indicates a mean uncertainty of the data point common-Pb



Author's personal copy

B. De Waele et al. / Precambrian Research 189 (2011) 18– 42 39

Table 9
An overview of age constraints for the Palaeoproterozoic metasedimentary successions of Madagascar. References as follows: (*) this study; (1) Cox et al., 2004a;  (2) Buchwaldt
et  al., 2003; (3) Jöns et al., 2006; (4) BGS-USGS-GLW, 2008; (5) Handke et al., 1999; (6) Fernandez and Schreurs, 2003; (7) Tucker et al., 2007; (8) CGS, 2009a; (9) Thomas
et  al., 2009.

Itremo group Sahantaha group Maha group

Metamorphic zircon Ambalavao Suite 550 Ma  (1, *) Maevarano Suite 520 Ma (2, 3) Ambalavao Suite 530 Ma (4, *)
Oldest  intrusive Imorona-ltsindro Suite ∼800 Ma  (5, 6, 7)

Dabolava Suite ∼1000 Ma  (7, 8)
Antsirable Nord Suite 760 Ma  (4, 9) Imorona-ltsindro Suite ∼820 Ma  (4)

Youngest detrital zircon 1720 Ma  (1) 1800 Ma  (4,*) 1800 Ma (4,*)
Basement rocks Antananarivo Craton 2500 Ma  (7, 8) Antananarivo and Antongil cratons

2500 Ma  and possibly 3200 Ma  (4)
Masora Craton 2500 and 3200 Ma

corrected 207Pb/206Pb ages of 36 Ma  (2�)  and a histogram bin
width efficiency of 81.4% (at 60 Ma  bin width). The probability den-
sity distribution indicates age maxima at: 2790, 2680, 2500 and
2160 Ma  rounded to the nearest 10 Ma  (Fig. 10d). One analysis
on a high uranium unzoned rim yielded a concordant 206Pb/238U
age of 552 ± 30 Ma  (2�), recording a metamorphic overprint at
that time. Due to the strongly discordant nature of these zircon
analyses and the few concordant points, no proportional inter-
pretation or constraints on depositional age can be made from
these data. However, the concordant ages do still resolve source
material of ca. 2790, 2680, 2500 and 2160 Ma  contributing to this
sample, although other potential ages of source material are not
resolvable.

5. Discussion

5.1. Three groups of apparent common provenance

This study shows that lithologically similar metasedimentary
rocks of the Itremo, Sahantaha and Maha groups in west-central,
northern and east-central Madagascar yield common spec-
tra of detrital zircon ages, and coeval youngest detrital grains
(Table 9). Based on the youngest detrital zircon, all three groups
were deposited sometime after ca. 1.8 Ga, probably during the
Palaeoproterozoic. The Itremo and Sahantaha groups are mainly
composed of interlayered quartzites, calc-silicates and metapelites,
with a volcanic component (amphibolites) which could not be
dated directly. In contrast, the Maha Group is dominated by
pelitic rocks associated with quartzites, and with more common
amphibolitic rocks. The sedimentary facies in each group varies
from proximal shelf (quartzites with or without carbonates) to
distal basinal (metapelites, possible metaturbidites). In general,
the proximal facies lie adjacent to the present domain margins,
suggesting that the units represent dissected remnants of former
continental margin successions that were deposited no earlier
than ca. 1.8 billion years ago.

5.2. Potential source terranes

Previous workers have suggested that the Itremo Group was
originally derived from Palaeoproterozoic provenance areas in East
Africa (Cox et al., 2004a; Fitzsimons and Hulscher, 2005), includ-
ing the 2.0–1.8 Ga Ubendian and Usagaran belts and the ca. 1.8 Ga
Muva Supergroup. The abundant presence of 1.8 Ga zircon in the
Sahantaha and Maha groups also matches an East African prove-
nance model, but cannot be considered a viable option if we accept
the model of a Neoproterozoic suture (the Betsimisaraka Suture),
which would have separated the Sahantaha and Maha groups from
East Africa during the Palaeoproterozoic

An alternative source of 1.8 Ga zircons is provided by recent
work in southern Madagascar that has identified Palaeoprotero-
zoic rocks in the Anoysen-Androyen Domain (2.2–1.8 Ga; Tucker
et al., 2010a),  which is separated from the Antananarivo Craton by
a major shear zone. The occurrence of Dabolava Suite intrusions in

both the Antananarivo and Anoysen-Androyen Domains does indi-
cate that the two domains were linked before 1.0 Ga so that the
Palaeoproterozoic rocks of the Anoysen-Androyen Domain could
have been a proximal source for the 1.8 Ga detrital zircons in the
Itremo sediments. If this linkage occurred prior to deposition of the
Itremo, Sahantaha and Maha groups, and if there is no Neoprotero-
zoic suture in East Madagascar, then the 2.2–1.8 Ga rocks within the
Anoysen-Androyen Domain could have formed a potential source
for all three groups.

Another potential source area for the 1.8 Ga detrital zircons
is the Greater Dharwar Craton (Tucker et al., 2010b). This com-
prised present-day South India and parts of Sri Lanka and possibly
either the Antananarivo, Antongil and Masora cratons, or just the
Antongil and Masora cratons if the Betsimisaraka Suture exists.
The 1.8 Ga rocks identified along the northwestern margin of the
Greater Dharwar Craton within the Aravalli Mobile Belt (Roy, 1988;
Wiedenbeck and Goswami, 1994; Gupta et al., 1997; Singh et al.,
2010; AMB  on Fig. 1) could have been the missing proximal source
for the Sahantaha and Maha sediments. Limited geochronological
data in the Aravalli Mobile Belt indicate granitoid magmatism and
felsic volcanism between 2026 and 1723 Ma  (Naha and Halyburton,
1974a,b; Choudhary et al., 1984; Naha and Mohanty, 1988; Roy,
1988; Sharma, 1988; Sarkar et al., 1989; Wiedenbeck and Goswami,
1994; Fareeduddin and Kröner, 1998; Kaur et al., 2009; Singh et
al., 2010). Palaeoproterozoic mineralisation is indicated by model
Pb ages of 1.8 and 1.7 Ga for the Rajpura-Dariba deposits in the
Bhilwara Belt and the conformable sediment-hosted sulphide ores
at Sawar in the Aravalli Belt respectively (Deb et al., 1989, 2001).
In addition to those possible primary source rocks, two  sedimen-
tary successions are recognised which contain carbonate (including
stromatolites) and pelite, and have been metamorphosed at ca.
1.8 Ga (Deb et al., 1989; Sarkar et al., 1989; Sugden et al., 1990;
Verma and Greiling, 1995).

5.3. Were any of the groups tectonically emplaced?

The Sahantaha Group is in tectonic contact with the Anaboriana-
Manampotsy Belt and the Antananarivo Craton along the
Sandrakota Shear Zone (SSZ, Fig. 2), and is thrust over the Antongil
Craton along the Andraparaty Thrust. Nowhere in the modern lit-
erature has an unconformable contact been described between
Sahantaha Group and Archaean basement, and we therefore sup-
port an allochthonous or at least parautochthonous setting for this
group. The presence of major recumbent folds (nappes) defined by
quartzites in the Sahantaha Group illustrates horizontal tectonic
transport (BGS-USGS-GLW, 2008).

The Maha Group is mostly preserved as klippen and synformal
infolds that are for the most part tectonically bounded and locally
constitute thrust slices within the Masora Craton.

The base of the Itremo Group has been described both as tec-
tonic (e.g. Collins et al., 2000a; Nédélec et al., 2003; Collins, 2006;
CGS, 2009a,b) or as unconformable (Cox et al., 2004a). Despite
this, there is general agreement that the group underwent exten-
sive east-west shortening which, together with a top-to-the-east
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shear sense, led Collins et al. (2000a) to interpret the group as an
east-vergent stack of thrust sheets. However, the identification of
overturned Itremo Group units below Archaean rocks identical to
those of the Antananarivo Craton, as well as the unconformable
contacts recognised locally, show that the Itremo Group may  have
been originally deposited on Antananarivo Craton basement. Based
on present knowledge, the Itremo Group is therefore best seen as
an autochthonous, locally parautochthonous sequence.

5.4. Minimum age of deposition

The Itremo and Maha groups, along with the surrounding crust,
are intruded by the Imorona-Itsindro Suite (840–720 Ma)  and the
Ambalavao Suite (ca. 550 Ma). The oldest intrusive in the Itremo
Group is ca. 800 Ma  (Handke et al., 1999) and the oldest intrusive
into the Maha Group is ca. 820 Ma  (BGS-USGS-GLW, 2008), plac-
ing minimum ages on both groups (Table 9). In addition, six zircon
rims on detrital zircon of one of our Itremo samples indicate the
quartzite was affected by metamorphism at ca. 810 Ma,  in keeping
with deposition prior to that.

The Sahantaha Group was possibly intruded at ca. 750 Ma,
but certainly at ca. 530 Ma  by the arc-related Antsirabe-Nord and
the post-collisional Maevarano suites respectively (Thomas et al.,
2009). Based on this, a minimum age of deposition of 750, or 530 Ma
can be proposed.

6. Conclusions

Three regionally separated Palaeoproterozoic metasedimentary
successions in Madagascar give similar detrital age patterns and
maximum ages of deposition (ca. 1.8 Ga). All these sequences have
been strongly affected by late Neoproterozoic-Cambrian tecton-
ism, forming the structural contacts of the successions with the
Archaean crustal units of Madagascar, locally as thrust sheets. There
is no known local source for the ca. 1.8 Ga detrital zircons that dom-
inate the detrital zircon populations in the four samples from the
Sahantaha and Maha groups. However, possible sources are recog-
nised from the Greater Dharwar Craton, and this could support the
hypothesis that the Antongil and Masora cratons were joined to
the Greater Dharwar Craton prior to late Neoproterozoic-Cambrian
orogenesis.

For the Itremo Groups samples there is a proximal source pre-
served in southern Madagascar (Tucker et al., 2010a).  If all of
Madagascar’s Archaean domains were orginally part of the Greater
Dharwar Craton, then the 1.8 Ga detrital zircons in the Itremo Group
(as well as in the Sahantaha and Maha groups) could have been
sourced from the Anoysen-Androyen Domain of southern Mada-
gascar, as well as from other sources in what are now India and Sri
Lanka. The alternative suggestion that Ubendian-Usagaran rocks,
in what is now east Africa, sourced the Itremo sediments remains
a possibility (Cox et al., 1998, 2004a;  and Fitzsimons and Hulscher,
2005).
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