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Madagascar, a major fragment of Gondwana, is mainly composed of Precambrian basement rocks formed
by Mesoarchean to Neoproterozoic tectono-thermal events and recording a Pan-African metamorphic
overprint. The Ranotsara Shear Zone in southern Madagascar has been correlated with shear zones in
southern India and eastern Africa in the reconstruction of the Gondwana supercontinent. Here we
present detailed petrology, mineral chemistry, metamorphic PeT constraints using phase equilibrium
modelling and zircon U-Pb geochronological data on high-grade metamorphic rocks from Ihosy within the
Ranotsara Shear Zone. Garnet-cordierite gneiss from Ihosy experienced two stages of metamorphism. The
peak mineral assemblage is interpreted as garnet þ sillimanite þ cordierite þ quartz þ plagioclase þ Kfeldspar þ magnetite þ spinel þ ilmenite, which is overprinted by a retrograde mineral assemblage of
biotite þ garnet þ cordierite þ quartz þ plagioclase þ K-feldspar þ magnetite þ spinel þ ilmenite. Phase
equilibria modelling in the system Na2OeCaOeK2OeFeOeMgOeAl2O3eSiO2eH2OeTiO2eFe2O3
(NCKFMASHTO) indicates peak metamorphic conditions of 850e960  C and 6.9e7.7 kbar, and retrograde P
eT conditions of <740  C and <4.8 kbar, that deﬁne a clockwise PeT path. Near-concordant ages of detrital
zircon grains in the garnet-cordierite gneiss dominantly exhibit ages between 2030 Ma and 1784 Ma,
indicating dominantly Paleoproterozoic sources. The lower intercept age of 514  33 Ma probably indicates
the timing of high-grade metamorphism, which coincides with the assembly of the Gondwana supercontinent. The comparable rock types, zircon ages and metamorphic PeT paths between the Ranotsara
Shear Zone and the Achankovil Suture Zone in southern India support an interpretation that the Ranotsara
Shear Zone is a continuation of the Achankovil Suture Zone.
Ó 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction
The ‘Pan-African’ orogeny (Kennedy, 1964) is the dominant
tectono-thermal event during the Neoproterozoic to Cambrian
(between 950 Ma and 450 Ma) based on previous petrological,
geochemical, and geochronological studies (e.g., Kröner, 1984). The
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orogeny is recorded in rocks in almost all Gondwana continental
fragments (e.g. Africa, South America, Antarctica, India, Australia,
Sri Lanka and Madagascar), mostly with intense deformation, highgrade metamorphism, and syn-to post-orogenic magmatic activities. Dominant collisional events of the orogeny took place at
600e500 Ma, which corresponds to the ﬁnal assembly of the
Gondwana supercontinent (Collins et al., 2007, 2014; Plavsa et al.,
2012, 2015; Johnson et al., 2015; Li et al., 2017; Santosh et al.,
2017; Tang et al., 2018). The latest Neoproterozoic to Cambrian
tectono-metamorphic imprint has been investigated in most of
these areas with the aim of reconstruction of the Gondwana
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history. Emphasis has been placed on the basement rocks in Africa
(e.g., Mosley, 1993; Jacobs et al., 1997; de Wit et al., 2001),
Antarctica (e.g., Shiraishi et al., 1994; Jacobs et al., 1998; Piazolo and
Markl, 1999; Tsunogae et al., 2014, 2015, 2016; Takahashi et al.,
2018; Takamura et al., 2018), India (e.g., Collins et al., 2007;
Santosh et al., 2009; 2015; 2016; 2017; Tang et al., 2018), Sri
Lanka (e.g., Schumacher et al., 1990; Hiroi et al., 1994; Kröner et al.,
2003; Santosh et al., 2014; Takamura et al., 2015; He et al., 2016a, b),
and Madagascar (e.g., Nicollet, 1985, 1990; Windley et al., 1994;
Kröner et al., 1996; Martelat et al., 1997; Nicollet et al., 1997;
Nédélec et al., 2000; de Wit et al., 2001).
Madagascar, located in the Indian Ocean offshore from
Mozambique, is mainly composed of Precambrian basement rocks
formed by Mesoarchean to Neoproterozoic tectono-thermal events
and recording a Pan-African metamorphic overprint (e.g., Windley
et al., 1994; Tucker et al., 1999, 2011; Boger et al., 2015; Fitzsimons,
2016; Endo et al., 2017; Rindraharisaona et al., 2017; Fig. 1). One of
the most striking tectonic features of the Malagasy basement is the
presence of large-scale shear zones, marked by intense deformation,
high degree of partial melting, and high ﬂuid ﬂow (Pili et al., 1997).
The NWeSE trending Ranotsara Shear Zone (Ackermand et al., 1989)
is regarded as an intra-crustal mega strike-slip shear zone with a
sinistral sense of shear that formed at the end of the Proterozoic (e.g.,
de Wit et al., 2001). It divides the Precambrian basement of
Madagascar into two geologically different segments (Fig. 2; Windley
et al., 1994), namely southern and central-northern Madagascar. In
the past decades, previous studies have indicated varying PeT evolutions in Southern Madagascar (e.g., Nicollet,1985,1990; Ackermand
et al., 1989, 1991; Kröner et al., 1996; Grégoire and Nédélec, 1997;

Figure 1. Map of the main tectonic units and main shear zones of Madagascar,
modiﬁed after Tucker et al. (2011) and Endo et al. (2017).

Martelat et al., 1997, 2012; Markl et al., 2000; Raith et al., 2008;
Rakotonandrasana et al., 2010; Jöns and Schenk, 2011; Tsunogae
et al., 2013; Endo et al., 2017), ranging from 620  C to 980  C. Early
researchers constrained PeT conditions using conventional geothermobarometry. However, phase equilibria modelling is the modern approach to constrain PeT conditions in natural rocks. Therefore,
this study presents new petrological data from cordierite-bearing
meta-pelitic rocks, combining conventional geothermobarometry
and pseudosection modelling. In combination with zircon U-Pb
geochronology, the results have important implications for understanding the evolution of high-grade metamorphic rocks in the
Ranotsara Shear Zone and provide insights into the broader-scale
tectono-thermal evolution of that segment of Gondwana.
2. Regional geology
Madagascar is underlain by various Precambrian metamorphic
and magmatic rocks which accounts for around two-thirds of the
island by area (Fig. 1). Madagascar is considered to have formed from
a microcontinent (named Azania), which was situated between the
Congo Craton of Africa and the Dharwar Craton of India during the
mid Neoproterozoic (Collins and Pisarevsky, 2005). The orogens of
the Paleo-Mozambique Ocean (between Azania and Dharwar
Craton) and the Neo-Mozambique Ocean (between Azania and the
Tanzania Craton) response to the collision of these continental blocks
after the closure of oceanic basins at either side of Azania which
make the Madagascar as a core area for the Gondwana reconstruction (Fitzsimons and Hulscher, 2005; Jöns and Schenk, 2011).

Figure 2. Simpliﬁed geological map of the southern part of Madagascar with the
sample location from Ihosy (after Markl et al., 2000).
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A large number of studies have used the Ranotsara Shear Zone to
argue for various Gondwana reconstructions (e.g., Martelat et al.,
1999; Rambeloson, 1999; Tucker et al., 1999; Chetty et al., 2003;
Schreurs et al., 2006; Rakotonandrasana et al., 2010; Jöns and
Schenk, 2011; Martelat et al., 2014). Previous studies have proposed that the Ranotsara Shear Zone may be correlated with
various ductile shear/suture zones in southern India, such as the
Achankovil Suture Zone (Drury et al., 1984; Paquette et al., 1994;
Windley et al., 1994; Kriegsman, 1995; Shackleton, 1996; Windley
and Razakamanana, 1996; Martelat et al., 1997; Rajesh et al.,
1998; Rajesh and Chetty, 2006), the Palghat-Cauvery Suture Zone
(Ackermand et al., 1991; de Wit et al., 1995; Janardhan et al., 1997;
Janardhan, 1999; Harris, 1999), the Karur-Kambam-Painavu-Trichur
Shear Zone (de Wit et al., 2001; Collins and Windley, 2002; Ghosh
et al., 2004) and the Bhavani Shear Zone (Katz and Premoli, 1979;
Agrawal et al., 1992). It also possibly correlates with the Aswa
Shear Zone in Uganda and Sudan (Ackermand et al., 1991; Almond
et al., 2013). Other models have argued that the Palghat-Cauvery
Suture Zone is a southern continuation of the Betsimisaraka Suture at the southern margin of Neoproterozoic India (Collins and
Windley, 2002; Collins et al., 2007; Strachan et al., 2007).
The Ranotsara Shear Zone divides the Precambrian Madagascar
into southern and central-northern Madagascar (Fig. 2; Windley
et al., 1994). Central-northern Madagascar has a prominent NeS
strike and consists predominantly of granulites, gneisses and
granites (Windley and Razakamanana, 1996), whereas southern
Madagascar is predominantly composed of meta-igneous rocks and
paragneisses that frequently contain layers and lenses of marble
and quartzite. Four NeS-trending shear zones, the Ejeda, Ampanihy, Beraketa, and Tranomaro shear zones, which are up to several
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hundred kilometers long and several tens of kilometers wide,
dissect the southern Madagascar (Fig. 2; Cox et al., 1998; Markl
et al., 2000). Cordierite- and sillimanite-bearing metasediments
are common in most belts of the zone south of Ranotsara. Nicollet
(1985) undertook a detailed petrologic study of Precambrian migmatitic gneisses near Ihosy, and suggested migmatization at
5e5.5 kbar and >700  C. A paragneiss in the Ranotsara Shear Zone
near Ihosy yielded ages of 481  41 Ma that was interpreted to
represent the timing of ductile deformation and uplift during the
late stages of collision tectonics (Kröner et al., 1996). Collins et al.
(2012) examined samples from Ihosy and obtained a metamorphic age of 531  7 Ma for zircons from the Androyen Series.
3. Sampling and petrography
3.1. Field occurrence
Representative high-grade metamorphic rock samples were
collected from a large quarry of charnockite named Colline de
Lalanandro located at about 2 km east of Ihosy. The quarry is
composed dominantly of interlayered cordierite-biotite-sillimanite
gneiss (Fig. 3a), and garnet-cordierite gneiss (Fig. 3b), which occur
as layers of about 2 cm to 20 cm in thickness and 50 cm to w2 m in
length parallel to the foliation of host charnockite. Such cordierite-,
sillimanite-, garnet- and biotite-rich layers are highly foliated, and
dominantly alternate with cordierite-bearing leucocratic (quartzofeldspathic) rocks (Fig. 3b and c). The leucocratic rock, which is
composed of quartz, cordierite and feldspar, is massive or slightly
foliated and medium to coarse grained in hand specimen. Minor
amphibolite also occurs as layers or lenses distributed parallel to

Figure 3. Field photographs of the samples discussed in this study. (a) Well-foliated and bluish Crd-Bt-Sil gneiss (CG; sample MGK2-5D) interlayered with quartzo-feldspathic rock (QF).
(b) Interlayered Crd-Bt-Sil gneiss and Grt-Crd gneiss (GG; sample MGK2-5I) with a discordant vein of Crd-bearing leucocratic rock (CL). (c) Coarse-grained and bluish cordierite in the
matrix of pinkish K-feldspar and quartz in Crd-bearing leucocratic rock (CL; sample MGK2-5D). (d) Coarse-grained calcic amphibole (Hbl) in amphibolite (HO) (sample MGK2-5J).
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Figure 4. Representative photomicrographs of thin sections of the samples discussed in this study. (a) Abundant cordierite, biotite and sillimanite in foliated Crd-Bt-Sil gneiss
(MGK2-5B). (b) Tabular sillimanite intergrowing with biotite, magnetite and ilmenite (MGK2-5B). (c) Quartzo-feldspathic layer of the Crd-Bt-Sil gneiss with abundant K-feldspar and
quartz (MGK2-5B). (d) Poikiloblastic cordierite with abundant inclusions of sillimanite in Crd-Bt-Sil gneiss (MGK2-5G). (e) Sillimanite þ biotite þ Fe-Ti oxide intergrowth in the
matrix of cordierite (MGK2-5G). (f) Subidioblastic biotite in the matrix of sillimanite and Fe-Ti oxide (MGK2-5G). (g) Large subidioblastic cordierite and K-feldspar in Crd-bearing
leucocratic rock (MGK2-5D). (h) Aggregates of biotite, sillimanite, monazite and Fe-Ti oxide distributed along the grain boundary of coarse-grained K-feldspar (MGK2-5D). (i)
Porphyroblastic garnet in the matrix of ﬁne-grained sillimanite, biotite, quartz, Fe-Ti oxide and cordierite in Grt-Crd gneiss (MGK2-5I). (j) Cordierite corona around garnet probably
formed by a retrograde reaction Grt þ Sil þ Qtz ¼> Crd (MGK2-5I). (k) Rutile needles in garnet suggesting exsolution during post-peak cooling (MGK2-5I). (l) Coarse-grained calcic
amphibole þ plagioclase association in amphibolite (MGK2-5J). Mineral name abbreviations are after Kretz (1983). Fe-Ti: Fe-Ti oxide (magnetite-ilmenite intergrowth). Mineral
abbreviations: Mag, Magnetite; Sil, sillimanite; Qtz, quartz; Bt, biotite; Crd, cordierite; Kfs, K-feldspar; Mnz, Monazite; Grt, garnet; Rt, Rutile; Pl, plagioclase; Hbl, hornblende.

the foliation (Fig. 3d). Such cordierite gneiss-charnockiteamphibolite associations are commonly observed in the Achankovil Suture Zone in southern India (e.g., Santosh, 1987; Ishii et al.,
2006; Shimizu and Tsunogae, 2010).

3.2. Petrography
Below we brieﬂy describe the salient petrological features of
representative rocks including cordierite-biotite-sillimanite gneiss
(MGK2-5B and MGK2-5G), cordierite-bearing leucocratic rock
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Table 1
Mineral assemblages of rock samples investigated in this study. Mineral name abbreviations are after Kretz (1983).
Sample

Rock type

Crd

Bt

Sil

Qtz

Kfs

Pl

Grt

Mt (Spl)

Ilm

Crn

Hbl

MGK2-5B
MGK2-5D
MGK2-5G
MGK2-5I
MGK2-5J

Crd-Bt-Sil gneiss
Crd-bearing leucocratic rock
Crd-Bt-Sil gneiss
Grt-Crd gneiss
Amphibolite

þþþ
þþþ
þþ
þþ
-

þþ
þ
þ
þþ
þ

þ
þ
þþ
þ
-

þ
þþ
þ
þþ

þ
þþ
þþ
þþ
-

þ
þþ
þþ
þ
þþþ

þþþ
-

þ
þ
þ
þ
þ

þ
þ
þ
þ
-

þ
-

þþþ

Mineral abbreviations: Grt, garnet; Crd, cordierite; Qtz, quartz; Pl, plagioclase; Bt, biotite; Mt, magnetite; Ilm, ilmenite; Spl, spinel; Kfs, K-feldspar; Sil, sillimanite; Crn,
corundum; Hbl, hornblende.
þþþ: abundant, þþ: moderate, þ: rare, -: absent.

(MGK2-5D), garnet-cordierite gneiss (MGK2-5I), and amphibolite
(MGK2-5J) from the quarry. The textural features are shown in
Fig. 4. Mineral assemblages and approximate modal abundances of
minerals are listed in Table 1.
3.2.1. Cordierite-biotite-sillimanite gneiss
Cordierite-biotite-sillimanite (Crd-Bt-Sil) gneiss is the dominant
rock type in the Ihosy quarry (samples MGK2-5B and MGK2-5G). In
hand specimen, the rocks show weak migmatization with patches
composed of feldspars, quartz and cordierite, and the foliation is
deﬁned by aligned biotite ﬂakes and sillimanite needles (Fig. 3a).
Sample MGK2-5B is composed mainly of cordierite (20%e30%),
biotite (10%e15%), sillimanite (15%e25%), K-feldspar (5%e10%),
plagioclase (5%e10%) and quartz (15%e25%) with minor spinel,
corundum and magnetite (Fig. 4a). Cordierite (0.2e1 mm) occurs as
porphyroblastic crystals in a quartzo-feldspathic matrix, and includes biotite, sillimanite, K-feldspar, plagioclase and quartz
(0.03e0.5 mm) (Fig. 4a). Sillimanite (0.02e0.3 mm) occurs as
tabular crystals within cordierite or forms intergrowths with biotite
and quartz (Fig. 4b), possibly suggesting the progress of the
following retrograde hydration reaction: Crd þ Kfs  Grt þ H2O ¼>
Bt þ Sil þ Qtz (Bucher and Frey, 1994). Sub-idioblastic biotite
(0.01e0.2 mm) has a distinctively reddish brown color and coexists
with feldspars (0.03e0.5 mm), quartz (0.02e0.5 mm) and sillimanite, and, in some cases, with cordierite. Biotite also occurs
around the margins of magnetite, corundum and sillimanite. The
quartzo-feldspathic layer of the sample (Fig. 3a) is composed of Kfeldspar (70%e80%), quartz (20%e50%), biotite (5%e10%), minor
plagioclase and Fe-Ti oxide (Fig. 4c).
Sample MGK2-5G comprises cordierite (20%e30%), sillimanite
(15%e20%), biotite (10%e15%), K-feldspar (10%e15%), plagioclase
(10%e15%) and quartz (5%e7%) as well as accessory magnetite and
ilmenite. Cordierite (0.05e5 mm) forms large poikiloblasts as well
as xenoblastic matrix grains (Fig. 4d). Sillimanite (0.1e3 mm) occurs as large ﬁbroblastic aggregates in the matrix and as intergrowths with Fe-Ti oxide (magnetite þ ilmenite þ green spinel)
(Fig. 4e). Magnetite and spinel show a close spatial association
(Fig. 4e), interpreted as a product of exsolution during cooling (e.g.,
Ishii et al., 2006). Biotite (0.01e0.8 mm) also occurs in the quartzofeldspathic matrix. In some places, biotite is present in the matrix
along with sillimanite and Fe-Ti oxide (magnetite-ilmenite intergrowth) (Fig. 4f).
3.2.2. Cordierite-bearing leucocratic rock
Sample MGK2-5D contains cordierite (25%e35%), K-feldspar
(35%e45%), plagioclase (5%e15%), biotite (5%e10%) and sillimanite
(5%e10%) with accessory spinel, monazite, sillimanite, magnetite
and ilmenite. The ﬁnely banded migmatitic texture within the CrdBt-Sil and Grt-Crd gneisses is consistent with in-situ partial
melting. In general, cordierite (0.1e5 mm) and K-feldspar
(0.1e5 mm) form large subidioblastic grains (Fig. 4g). Sillimanite
(0.01e0.09 mm) occurs as ﬁbrolite or prismatic crystals along the
margins of porphyroblastic minerals (Fig. 4h) or included within
cordierite porphyroblasts. Xenoblastic biotite (0.01e0.05 mm) is

present at the margins of feldspar, spinel, magnetite and ilmenite
(Fig. 4h).
3.2.3. Garnet-cordierite gneiss
The garnet-cordierite (Grt-Crd) gneiss is a coarse-grained
granulite-facies rock with a probable pelitic protolith. The mineralogy of representative sample MGK2-5I is composed of garnet
(10%e20%), cordierite (15%e20%), K-feldspar (15%e20%), biotite
(10%e15%), plagioclase (15%e20%), quartz (10%e20%) and sillimanite (5e10%) with accessory spinel, magnetite and ilmenite.
Garnet is coarse grained (w8 mm), poikiloblastic, and contains
numerous ﬁne-grained inclusions of biotite, sillimanite and quartz
(0.02e0.2 mm) (Fig. 4i). Cordierite (0.2e5 mm) is also poikiloblastic
and contains sillimanite, biotite and Fe-Ti oxide, whereas it also
occurs as coronae around porphyroblastic garnet in melanocratic
layers (Fig. 4j) or as rare inclusions in garnet. Rutile needles are
present in the porphyroblastic garnet (Fig. 4k). Sillimanite
(0.01e0.2 mm) occurs in the matrix and is aligned along the foliation deﬁned by biotite ﬂakes. Biotite (0.01e0.4 mm) occurs as
medium-grained (1e2 mm) laths dominantly with garnet and
cordierite, and is rare in the matrix. In the leucocratic layers,
xenoblastic K-feldspar is medium to coarse grained (0.4e1.2 mm)
and is interstitial to plagioclase and quartz.
The corona texture of cordierite suggests the progress of the
following retrograde reaction: Grt þ Sil þ Qtz ¼> Crd, which has
been regarded as a common decompression reaction in many
pelitic granulites worldwide (e.g., Harley, 1989). The retrograde
metamorphism is also deﬁned by the exsolution of rutile needles
during
post-peak
cooling
and
the
occurrence
of
spinel þ ilmenite þ magnetite association which is interpreted as a
retrograde feature (e.g., Ishii et al., 2006).
3.2.4. Amphibolite
The amphibolite (sample MGK2-5J; Fig. 3d) comprises calcic
amphibole (30%e40%), plagioclase (30%e40%), quartz (10%e20%)
and biotite (<5%), with minor calcite, magnetite and ilmenite
(Fig. 4l). Plagioclase is subidioblastic to xenoblastic, coarse grained
(0.3e3 mm), and often shows a granoblastic texture. Calcic
amphibole is greenish-brown in color, coarse grained (0.5e4 mm),
xenoblastic, and partly surrounded by brownish biotite
(0.1e0.4 mm). Rare quartz (0.02e0.1 mm) occurs at the margins of
plagioclase and calcic amphibole.
4. Analytical techniques
4.1. Mineral chemistry
Mineral chemical analyses were carried out using an electron
microprobe analyzer (JEOL JXA8530F) at the Chemical Analysis
Division of the Research Facility Center for Science and Technology,
the University of Tsukuba. The analyses were performed using a
15 kV accelerating voltage and 10 nA sample current, and the data
were regressed using an oxide-ZAF correction program supplied by
JEOL. The detection limits are 0.01 wt.%.
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4.2. Whole-rock geochemistry
Whole rock major elements were analyzed at the Activation
Laboratories, Ontario, Canada. Fresh rock chips were initially
reduced to avoid surface weathering. Contents of major elemental
oxides were measured by ‘lithium metaborate/tetraborate fusion
ICP whole rock (Code 4B)’, and the fused samples were diluted and
analyzed by Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP/MS.
The detection limits of major elements are 0.01 wt.%. The detailed
analytical conditions and detection limits are summarized at http://
www.actlabs.com/.
4.3. Zircon geochronology
A fresh Grt-Crd gneiss sample (MGK2-5I) was crushed and
milled, followed by gravimetric and magnetic separation and hand
picking of zircon grains under a binocular microscope. Representative zircon grains, zircon standard FC1 (206Pb/238U ¼ 0.1859;
Paces and Miller, 1993) and NIST SRM 610 standard glass were
mounted on a transparent epoxy resin disk and then polished to
expose the crystals. Backscattered electron and cathodoluminescence (CL) images, and UeThePb isotopic analyses
were performed at National Museum of Nature and Science, Japan.
Zircon UePb analyses were conducted using an Agilent 7700x
inductively coupled plasma mass spectrometer (ICP-MS) equipped
with ESI NWR213 laser ablation system. Detailed analytical procedures and work conditions are described in Tsutsumi et al.
(2012). A Nd-YAG laser (213 nm wavelength and 5 ns pulse),
with a 25 mm spot size and 4e5 J/cm2 energy were used in this
study. All measurements were carried out using time resolved
analysis. U and Th concentrations were calibrated by using 29Si as
an internal calibrant. The zircon OT4 (191 Ma, Horie et al., 2013)
and NIST SRM 610 standard glass were used as the reference material. Common Pb corrections for the concordia diagrams and
each age were made using 208Pb on the basis of the model for
common Pb compositions proposed by Stacey and Kramers (1975).
Age data and plots were processed by using the Isoplot/Ex software (Ludwig, 2003).
5. Mineral chemistry
5.1. Garnet
Porphyroblastic garnet in the Grt-Crd gneiss is dominantly a
solid solution between almandine and pyrope (XMg ¼
Mg/(Fe þ Mg) ¼ 0.25e0.28) with low contents of the grossular
(<3 mol.%) and spessartine (<2 mol.%) components, in which
compositions change slightly from core to rim (Supplementary
Table 1). In sample MGK2-5I, the garnet core shows slightly lower
almandine and higher pyrope (Alm69e70Pyr26e27Grs2Sps2e3) than
the rim (Alm71e72Pyr23e24Grs2Sps2e3), suggesting local Fe-Mg exchange between the garnet rim and matrix ferromagnesian minerals during retrograde metamorphism.
5.2. Biotite
Biotite is generally Mg-rich and characterized by high TiO2
contents (up to 5.4 wt.%). Biotite inclusions (Bt-1) within garnet
are relatively Mg-rich (XMg ¼ 0.61) compared to matrix biotite
(Bt-2) (XMg ¼ 0.43e0.55), although their TiO2 contents are
almost consistent (4.2e5.4 wt.%, e.g. sample MGK2-5I; Grt-Crd
gneiss). The lower XMg (0.43) is recorded in xenoblastic biotite
associated with cordierite, quartz and feldspar in sample MGK25G (Crd-Bt-Sil gneiss), which contains intermediate TiO2 contents of 4.8e4.9 wt.%. In contrast, biotite (Bt-3) around Fe-Ti

oxides or at the margins of feldspar and sillimanite in sample
MGK2-5B (Crd-Bt-Sil gneiss) shows the highest XMg (0.63e0.64)
and the lowest TiO2 contents (1.6e1.7 wt.%) consistent with a
retrograde origin.
5.3. Feldspars
Plagioclase is principally albite-rich with minor orthoclase
content (<2 mol.%). Plagioclase (Pl-1) in samples MGK2-5B (Crd-BtSil gneiss) and MGK2-5D (Crd-bearing leucocratic rock) has a
similar compositional range of An33e35Ab65e67Or0e1, although
mineral assemblages of the samples are slightly different. Slightly
higher albite contents of An9e10Ab87e89Or1e4 (Pl-2) characterise
matrix plagioclase in sample MGK2-5G (Crd-Bt-Sil gneiss). Plagioclase coexisting with calcic amphibole in the amphibolite (sample
MGK2-5J) (Pl-3) shows the highest anorthite content of
An84e86Ab13e14Or0e2 (Supplementary Table 1).
All K-feldspar grains in the Crd-Bt-Sil gneiss (samples MGK2-5B
and MGK2-5G), the Grt-Crd gneiss (sample MGK2-5I) and the Crdbearing leucocratic rock (sample MGK2-5D) show consistent
orthoclase-rich compositions of An0e1Ab17e20Or79e82.
5.4. Cordierite
Cordierite shows a uniform composition in all samples with XMg
in the range of 0.71e0.77 (Supplementary Table 1). Cordierite
(Crd-2) in the Crd-Bt-Sil gneiss (samples MGK2-5B and MGK2-5G)
has consistent XMg values of 0.73e0.74. A similar XMg range
(0.71e0.72) was also obtained from cordierite (Crd-2) in sample
MGK2-5D (Crd-bearing leucocratic rock). Cordierite coronae (Crd3) around porphyroblastic garnet in sample MGK2-5I (Grt-Crd
gneiss) have similar XMg of 0.71, while cordierite inclusions (Crd-1)
in garnet in the same sample show the highest XMg of 0.77.
5.5. Sillimanite
Fibrolitic or prismatic sillimanite (Sil-1) within porphyroblastic
garnet (sample MGK2-5I; Grt-Crd gneiss) and cordierite (sample
MGK2-5D; Crd-bearing leucocratic rock) contains minor Fe2O3
contents of 0.93e1.29 wt.%. Large prismatic sillimanite in samples
MGK2-5G (Crd-Bt-Sil gneiss) and MGK2-5I (Grt-Crd gneiss) (Sil-1)
shows similar Fe2O3 contents of 1.02e1.23 wt.%. In contrast, that in
sample MGK2-5B (Crd-Bt-Sil gneiss) associated with magnetite
(Sil-3) displays the highest Fe2O3 content of 3.34 wt.%.
5.6. Other minerals
Spinel in the studied rocks, which occurs as a retrograde mineral
coexisting with cordierite, feldspar, magnetite and ilmenite, is
principally a solid solution of Mg-spinel and hercynite
(Fe2þ ¼ 0.75e0.92 p.f.u., XMg ¼ 0.14e0.20). It contains a small
amount of Cr2O3 (0.28e0.39 wt.%) and ZnO (0.43e2.80 wt.%). Matrix spinel (Spl-1) coexisting with Fe-Ti oxide in sample MGK2-5B
(Crd-Bt-Sil gneiss) has the highest ZnO of 2.4e2.8 wt.%. In
contrast, spinel (Spl-2) within cordierite in sample MGK2-5D (Crdbearing leucocratic rock) shows lower ZnO contents of
0.43e0.56 wt.% and a lower XMg of 0.14 (Supplementary Table 1).
The composition of ilmenite is close to its ideal formulae as
FeTiO3. Magnetite is also close to Fe3O4, with low TiO2 (<0.06 wt.%
for MGK2-5B and <0.04 wt.% for MGK2-5B). Greenish-brown
xenoblastic calcic amphibole in the amphibolite (sample MGK2-5J)
has XMg ¼ 0.51e0.52 and TiO2 ¼ 1.60e1.77 wt.%, and is classiﬁed as
pargasite (Si ¼ 6.26e6.29 p.f.u., Al ¼ 2.09e2.17 p.f.u.,
Na þ K ¼ 0.78e0.81 p.f.u.) according to the classiﬁcation of Leake
et al. (1997). Compositional zoning is absent in amphibole.
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Figure 5. PeT pseudosection for garnet-cordierite gneiss sample MGK2-5I calculated in the system NCKFMASHTO. Mineral abbreviations: crd: cordierite, g: garnet, bi: biotite, q:
quartz, ksp: K-feldspar, pl: plagioclase, sill: sillimanite, ilm: ilmenite, mt: magnetite, opx: orthopyroxene, sa: sapphirine, liq: liquid. PK: peak stage, RG: retrograde stage.

6. Phase equilibria modelling
A PeT pseudosection of the Grt-Crd gneiss from Ihosy, southern
Madagascar, was constructed in the Na2OeCaOeK2OeFeOeMgOe
Al2O3eSiO2eH2OeTiO2eFe2O3 (NCKFMASHTO) system (Fig. 5). For
the pseudosection calculation, the effective bulk-rock composition
normalized into mole proportion in the model system for sample
MGK2-5I, were calculated on the basis of the bulk-rock geochemical results. MnO and Cr2O3 were neglected because of their low
concentrations.
The PeT pseudosection calculations were performed using
THERMOCALC 3.33 (Holland and Powell, 1998; updated October
2009) and the internally consistent thermodynamic dataset of
tcds55s (Holland and Powell, 1998). The phases considered in the
modelling and the corresponding activity-composition (aex) models
include garnet, biotite and melt (White et al., 2007), orthopyroxene
and magnetite (White et al., 2002), plagioclase and K-feldspar
(Holland and Powell, 2003), ilmenite (White et al., 2000) and cordierite (Holland and Powell, 1998). The aluminosilicates and quartz
were considered as pure end-member phase. The PeT pseudosection
was constructed in the range of 2e11 kbar and 550e1050  C.
The PeT pseudosection of sample MGK2-5I (Grt-Crd gneiss) is
shown in Fig. 5. In the PeT diagram, plagioclase is ubiquitous. Melt is
predicted to be stable at high temperature (>850  C) at which no
biotite is predicted. Orthopyroxene is stable in the low pressure ﬁeld
and sapphirine is stable in the high PeT ﬁeld (Fig. 5). The inferred peak
mineral assemblage of garnet þ cordierite (Crd-1) þ

sillimanite þ quartz þ plagioclase þ K-feldspar þ magnetite þ
ilmenite occupies a ﬁeld in the range of 850e960  C and 6.9e7.7 kbar.
The peak ﬁeld is conﬁned by the cordierite-out line for the upperpressure limit, sillimanite-out line for the lower-pressure limit,
biotite-in line for the lower-temperature limit and sapphirine-in line
for the upper-temperature limit. The retrograde mineral assemblage
of biotite þ garnet þ cordierite (Crd-3) þ quartz þ plagioclase þ Kfeldspar þ magnetite/spinel þ ilmenite deﬁnes the PeT condition of
<740  C and <4.8 kbar. The retrograde ﬁeld is well constrained by the
sillimanite-in line that provides an upper-pressure limit, the
orthopyroxene-in line as a lower-pressure limit and the biotite-out
line as an upper-temperature limit. The results are consistent with a
clockwise PeT path with a post-peak cooling and decompression
process.
7. Zircon U-Pb geochronology
The results of zircon UePb analyses of sample MGK2-5I (Grt-Crd
gneiss) is given in Supplementary Table 2. A total of sixty-one spots
were analyzed from sixty zircon grains with twenty-eight grains
showing <15% discordance. CL images of representative zircons are
shown in Fig. 6 together with the location of analytical spots and
ages. The age data are plotted in a Concordia diagram (Fig. 7a) and a
histogram with probability density plot (Fig. 7b). The zircon grains
have rounded to subhedral morphologies, with aspect ratios of 2:1
to 1:1, and grain sizes range from 30 mm to 150 mm. They have
poorly luminescent cores surrounded by distinct bright
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8. Discussion
8.1. Metamorphic condition and evolution

Figure 6. Cathodoluminescence (CL) images of representative zircons in garnetcordierite gneiss sample MGK2-5I, showing analytical positions and zircon U-Pb
ages (in Ma).

luminescent and thin rims. Most zircons are characterized by
oscillatory-zoned or fractured heterogeneous cores with or without
homogeneous mantles which separate the cores and rims. Fiftynine ages obtained from zircon cores show 207Pb/206Pb ages
ranging from 2030  20 Ma to 1484  34 Ma. The dominant age
populations are clustered between 1953 Ma and 1769 Ma, with the
second age population between 2030 Ma and 1982 Ma (Fig. 7b),
whereas near-concordant data range from 2030  20 Ma to
1784  23 Ma. The majority of the analyzed spots are distributed
along a discordia line and yields an lower intercept age of
514  33 Ma, probably representing the timing of high-grade
metamorphism.

Based on our petrographic and mineral compositional
studies as well as the application of quantitative PeT pseudosection modelling using a NCKFMASHTO system, we obtained
C
peak
metamorphic
conditions
of
850e960
and
6.9e7.7 kbar which were constrained by the peak mineral
assemblage of garnet þ sillimanite þ cordierite þ Kfeldspar þ quartz þ plagioclase þ magnetite þ ilmenite in
sample MGK2-5I (Grt-Crd gneiss) from the studies area (Fig. 5).
The stability ﬁeld of the assemblage shown in Fig. 5 is located
slightly above the inferred solidus of the sample, which is
consistent with the limited quantity of inferred melt phases in
the sample, and also common features of high-grade metamorphic rocks (Korhonen et al., 2013; Tang et al., 2017). The
retrograde metamorphic PeT conditions are constrained by the
biotite þ garnet þ cordierite þ quartz þ plagioclase þ Kfeldspar þ magnetite/spinel þ ilmenite assemblage in the same
sample as <740  C and <4.8 kbar in the pseudosection (Fig. 5).
A decompressional cooling path from the peak (850e960  C
and 6.9e7.7 kbar) to a retrograde stage (<740  C and
<4.8 kbar) has been constructed in this study. The occurrence
of cordierite coronae around garnet in sample MGK2-5I
(Fig. 4j), which has been reported from many granulite terranes as an evidence of near-isothermal decompression, suggests that the cooling path is probably a part of clockwise PeT
loop.
High-grade metasedimentary rocks are exposed along several
localities in Ihosy from southern Madagascar and have been the
focus of several studies (Nicollet, 1985, 1990; Ackermand et al.,
1989; Kröner et al., 1996; Grégoire and Nédélec, 1997; Markl
et al., 2000; Rakotonandrasana et al., 2010; Jöns and Schenk,
2011; Boger et al., 2012). Based on various geothermobarometric
studies using various techniques, the peak pressure condition in
Ihosy has been inferred to be 8-11 kbar (Markl et al., 2000), whereas
temperature estimates range from 620  C to 980  C (e.g. Ackermand
et al., 1989; Grégoire and Nédélec, 1997).
Nicollet (1985) applied garnet-cordierite and garnet-biotite
geothermobarometers and obtained temperatures of more than
700  C and pressures of 5.0e5.5 kbar. Nicollet (1990) proposed lowpressure granulite-facies condition of 650e800  C and 4e6 kbar
from Ihosy. Kröner et al. (1996) reported higher-temperature condition of 880e1060 C and 4.4e6.5 kbar. Markl et al. (2000) suggested that the region experienced an earlier high-pressure and

Figure 7. (a) Tera-Wasserburg concordia diagram and (b) relative probability diagram of garnet-cordierite gneiss sample MGK2-5I from Ihosy.
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Figure 8. The comparison of PeT paths based on geothermobarometers and PeT
pseudosection modelling evaluated to constrain the PeT evolution of the representative cordierite gneisses from the Ranotsara Shear Zone and the Achankovil Suture
Zone. 1: Santosh, 1987; 2: Nandakumar and Harley, 2000; 3: Cenki et al., 2002; 4: Ishii
et al., 2006; 5: Shimizu et al., 2009; 6: Johnson et al., 2015; 7: this study.

high-temperature event of w8 kbar and w880  C, which was
overprinted by lower-pressure metamorphism (w4 kbar).
Rakotonandrasana et al. (2010) obtained the peak metamorphic
conditions of the spinel-garnet-cordierite-sillimanite-bearing
meta-pelites from the Betroka belt as 880e1060  C and
4.5e6.6 kbar with a clockwise PeT trajectory by using WinTWQ
program. Jöns and Schenk (2011) examined the petrology of metapelitic rock samples from the south of the Ranotsara Shear Zone
near Ihosy, with ultrahigh-temperature (UHT) metamorphic PeT
conditions in the range of 950e1000  C and 8e11 kbar. Recently,
Boger et al. (2012) interpreted the PeT conditions of high-grade
aluminous meta-pelites from Ihosy area in the range of
w880e920 C and 6e6.5 kbar. Tsunogae et al. (2013) examined
charnockite from Ihosy area and obtained high-temperature
metamorphic assemblages with peak metamorphic PT conditions in the range of 8e10.5 kbar and 820e880 C. Endo et al. (2017)
evaluated the petrogenesis of incipient charnockite from Ambodin
Ifandana area, about 48 km north of Ihosy, and estimated the
condition of charnockite formation at 8.5e10.5 kbar and
880e900  C. The results of this study on the garnet-cordierite
gneiss sample of the Ihosy area in southern Madagascar conﬁrms
the high-grade metamorphism (850e960  C and 6.9e7.7 kbar) in
Ihosy area (Fig. 8).
8.2. Provenance, age constraints of deposition and metamorphism
The near-concordant (discordance <15%) detrital zircon grains
in sample MGK2-5I (Grt-Crd gneiss) dominantly exhibit a wide age
variation from 2030 Ma to 1784 Ma, indicating the protolith sediments were mainly sourced from Paleoproterozoic rocks (Fig. 9a).
The age range is nearly consistent with that reported in previous
studies (Kröner et al., 1996; Collins et al., 2012) (Fig. 9b). The style
and exact timing of the Pan-African metamorphic event of Ihosy
have been reported by several studies (Kröner et al., 1996, 1999; de
Wit et al., 2001; Collins et al., 2012). Firstly, Kröner et al. (1996)
focused on detrital zircons in metapelitic rock and sillimanitecordierite-garnet gneiss samples from the Ihosy area that yielded
ages between w720 Ma and w1855 Ma, suggesting a
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Figure 9. Summary of geochronological data for this study with discordance lower
than 15% (a), the Ranotsara Shear Zone near Ihosy (b: Kröner et al., 1996; Collins et al.,
2012) and the Achankovil Suture Zone (c: Santosh et al., 2005; Collins et al.,2007; Sato
et al., 2010; Kröner et al., 2012; Taylor et al., 2015).

geochronologically heterogeneous source region and a depositional
age of less than w720 Ma. Moreover, Neoproterozoic zircons have
also been retrieved from metasedimentary gneisses (Kröner et al.,
1999; de Wit et al., 2001), demonstrating that at least some of
the sedimentary protoliths were deposited in Neoproterozoic or
younger times. The deposition of the Graphite and Androyen
groups protoliths is poorly constrained between the late Paleoproterozoic and Cambrian (w1830e530 Ma). The protoliths of the
Androyen and Graphite groups were sourced from Paleoproterozoic
rocks ranging in age between 2300 Ma and 1800 Ma (Collins et al.,
2012). The results of this study on the sample of the Ihosy area from
the Androyen group show considerable detritus sourced from
Paleoproterozoic protolith, and the depositional age is suggested as
between 1784 Ma and 514 Ma based on the youngest concordant
age of detrital zircons and the metamorphic age.
The timing of peak metamorphism of Ihosy has been inferred
in various works by different researchers in the range of ca.
600e500 Ma (Andriamarofahatra et al., 1990; Paquette et al.,
1994; Kröner et al., 1996; Nicollet et al., 1997; Markl et al.,
2000; Jöns and Schenk, 2011; Collins et al., 2012). The timing of
high-grade metamorphism and anatexis on rocks from Ihosy was
documented by zircon ages between 526  34 Ma and
557  2 Ma with a mean age of about 550 Ma (Andriamarofahatra
et al., 1990; Kröner et al., 1996). These ages were very similar to
those obtained in Ihosy by Paquette et al. (1994) that interpreted
the zircon ages between 580 Ma and 560 Ma to reﬂect the peak of
high-grade metamorphism. Applying the electron microprobe
monazite dating method for the TheUePb system, Nicollet et al.
(1997) inferred that the high-temperature metamorphism in
Ihosy from southern Madagascar occurred at 560e550 Ma. Markl
et al. (2000) suggested that the region experienced an earlier
high-pressure and high-temperature event between 550 Ma and
530 Ma, and the metamorphic event was overprinted by lowerpressure metamorphism. Jöns and Schenk (2011) examined the
petrology of meta-pelitic rock samples from the south area of the
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Ranotsara shear zone near Ihosy and performed UePb SHRIMP
dating on zircon and U-Th-Pb dating on monazite. In the whole
Androyen group, Jöns and Schenk (2011) dated monazite at
560e530 Ma, and inferred UHT metamorphic event between
650 Ma and 600 Ma. Collins et al. (2012) dated foliated
quartz þ feldspar þ biotite þ sillimanite þ cordierite gneiss from
the Androyen Series at Ihosy and obtained metamorphic age of
531  7 Ma from 10 analyses of zircons. In this study, sample
MGK2-5I from Ihosy provided the timing of peak metamorphism
as 514  33 Ma by using the lower intercept age.

8.3. Comparison with PeT conditions and metamorphic ages in
southern India
The result of the present study shows remarkable similarities to
those from other continental fragments of Gondwana today
dispersed around the Indian Ocean. The southern Madagascar is
located at the central domain of the Gondwana supercontinent,
with the southern part of India and further on with Sri Lanka and
East Antarctica (Collins et al., 2014). This correlation was mainly
based on structural arguments and the most important correlation
marks are the shear zones found in southern Madagascar and
southern India, here especially the Achankovil Suture Zone, which
was interpreted to represent the continuation of the Ranotsara
Shear Zone in Madagascar (Drury et al., 1984; Paquette et al., 1994;
Windley et al., 1994; Kriegsman, 1995; Shackleton, 1996; Windley
and Razakamanana, 1996; Rajesh et al., 1998; Martelat et al.,
1999; Markl et al., 2000; Rajesh and Chetty, 2006).
Cordierite-bearing high-grade metasedimentary rocks are
exposed along several localities in the Achankovil Suture Zone and
have been the focus of several studies (Santosh, 1986; Nandakumar
and Harley, 2000; Cenki et al., 2002; Ishii et al., 2006; Santosh et al.,
2009; Shimizu et al., 2009; Johnson et al., 2015). Santosh (1986)
ﬁrst reported peak PeT conditions of 5.4e7.0 kbar and
710e790  C for cordierite-bearing gneisses based on FeeMg exchange geothermobarometers of garnet-biotite, garnet-orthopyroxene and garnet-cordierite pairs. Nandakumar and Harley (2000)
obtained PeT estimates of 6.5e7.5 kbar and 860e920  C for
cordierite
gneisses
from
garnet-orthopyroxene
geothermobarometer. Cenki et al. (2002) presented PeT calculations of
6e7 kbar and 900e950  C for cordierite gneisses based on semiquantitative pseudosection under KFMASH system and geothermobarometer of garnet-orthopyroxene and Al in orthopyroxene. Ishii et al. (2006) estimated peak metamorphic conditions at
8.5e9.5 kbar and 940e1040  C for cordierite gneisses based on
orthopyroxene bearing geothermobarometers and ternary feldspar
geothermometer, suggesting UHT metamorphism. Shimizu et al.
(2009) reported the results of geothermobarometric calculation
of garnet-orthopyroxene assemblages in garnet-orthopyroxenecordierite granulites that provides robust evidence for peak UHT
metamorphism at 920e980  C and 8e10 kbar, which was further
conﬁrmed by Al-in-Opx and magnetiteeilmenite geothermometers
(900e950  C and 1000  C, respectively). Johnson et al. (2015)
suggested a clockwise pressureetemperature path with peak
metamorphic temperatures of up to 950  C at pressures of around
0.7 GPa followed by high-temperature decompression for garnetorthopyroxene gneiss. Tang et al. (2018) studied cordierite granulites from Kottayam and Munar in the Madurai Block at the north of
the Achankovil Suture Zone, and obtained UHT conditions of
7.1e9.1 kbar/955e985  C and clockwise PeT paths. Fig. 8 compares
the similar clockwise PeT paths for cordierite gneisses from
southern India (e.g. Ishii et al., 2006; Shimizu et al., 2009) and
southern Madagascar. The detrital zircon ages from the study area
(Fig. 9a and b; Kröner et al., 1996; Collins et al., 2012; this study) are

also comparable with those from the cordierite gneiss from the
Achankovil Suture Zone (Fig. 9c).
Analyses on homogeneous bright zircon rims generally suggest
the age of high-grade metamorphism. Many previous studies
interpreted the 550e500 Ma ages obtained from southern
Madagascar and other Gondwana fragments to represent the peak
metamorphic ages during the assembly of Gondwana supercontinent (e.g. Santosh et al., 2006; Collins et al., 2007; Sato et al., 2011;
Johnson et al., 2015; Tang et al., 2018). In the Ranotsara shear zone,
Collins et al. (2012) obtained metamorphic age of 531  7 Ma from
an Androyen Series sample near Ihosy. Kröner et al. (1996) documented zircon U-Pb ages between 526  34 Ma and 557  2 Ma to
represent the timing of high-grade metamorphism and anatexis at
Ihosy. In southern India, Collins et al. (2007) identiﬁed ca.
513  6 Ma age that is interpreted as the timing of high-grade
metamorphism throughout much of the Southern Granulite
Terrane. Santosh et al. (2009) proposed that the 550e500 Ma age
peaks commonly deﬁned in previous studies might represent the
post-peak thermal events, and the UHT metamorphism probably
occurred at ca. 600e580 Ma. Clark et al. (2015) suggested that the
UHT metamorphic conditions recorded in two metasedimentary
gneisses from the Madurai Block were achieved at ca. 560 Ma.
Furthermore, the zircon records share same distribution from
Paleoproterozoic to Early Neoproterozoic detrital provenance and
550e500 Ma metamorphic ages (Fig. 9). Similar zircon ages and
PeT paths have been obtained for cordierite gneisses from the
Achankovil Suture Zone in southern India, which further conﬁrm
the Ranotsara Shear Zone is a continuation of the Achankovil Suture
Zone (Fig. 10).
In addition to the similar rock types, detrital records, metamorphic condition and ages between the Ranotsara Shear Zone
and the Achankovil Suture Zone, the lithological units at the both
sides of the two zones also share comparable features. The Antananarivo Block at the north of the Ranotsara Shear Zone consists of
2550e2500 Ma felsic orthogneisses that are tectonically interlayered with voluminous 824e719 Ma granites, syenites and gabbros
(Tucker et al., 1999; Kröner et al., 2000). The lithologies of the
Antananarivo Block are comparable with the voluminous Neoarchean charnockite massifs (e.g., Collins et al., 2014) and Early to
Middle Neoproterozoic gabbroeanorthosite complex (e.g. Kadavur
region; Teale et al., 2011) in the northern part of the Madurai Block
at the north of the Achankovil Suture Zone. Recently Neoproterozoic (938e632 Ma) arc magmatic rocks, which were subsequently metamorphosed at 567e510 Ma, have been reported
from the southern part of the Madurai Block immediately north of
the Achankovil Suture Zone (Santosh et al., 2017). Such Neoproterozoic ages from India are comparable with 1035e803 Ma
magmatic ages for orthogneisses collected from east and northeast
from our study area near Ihosy (Tucker et al., 2011). At the south of
the Ranotsara Shear Zone, several north-south trending tectonic
belts are composed of granulite- and high amphibolite-facies
paragneiss, granulite and granite (e.g., Windley et al., 1994). As
part of the Neoproterozoic metasedimentary belts, the Androyen
Domain and Vohibory Domain is characterized by pelitic gneiss,
marble, amphibolite and granitoid (Collins, 2006). Accordingly, the
south of the Achankovil Suture Zone is represented by the Trivandrum Block which is dominated by metasedimentary gneisses
that
include
garnet-bearing
felsic
gneisses
and
garnet þ cordierite þ sillimanite gneisses (khondalites) (Santosh
et al., 2006; Collins et al., 2014). Thus, the Ranotsara Shear Zone
in Madagascar connects the Achankovil Suture Zone in southern
India, forming a major suture for the reconstruction of the
Gondwanan supercontinent (Jöns and Schenk, 2011; Collins et al.,
2014; Martelat et al., 2014).
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Figure 10. Simpliﬁed geological map of the southern India and Madagascar, showing the correlations, major basement rocks and suture/shear zones. PeT paths and peak
metamorphic ages are sourced from 1: Santosh, 1987; 2: Nandakumar and Harley, 2000; 3: Cenki et al., 2002; 4: Ishii et al., 2006; 5: Shimizu et al., 2009; 6: Johnson et al., 2015; 7:
this study; 8: Kröner et al., 1996; 9: Collins et al., 2012; 10: Collins et al., 2007; 11: Sato et al., 2010; 12: Collins et al., 2007; Tayler et al., 2015.

9. Conclusion
(1) Garnet-cordierite gneiss from Ihosy experienced two metamorphic stages of evolution. The mineral assemblages of
garnet þ sillimanite þ cordierite (Crd-1) þ quartz þ plagioclase þ
K-feldspar þ magnetite þ spinel þ ilmenite are stable during the
peak metamorphism. The event was followed by a retrograde
metamorphic stage represented by the mineral assemblage of
biotite þ garnet þ cordierite (Crd-3) þ quartz þ plagioclase þ Kfeldspar þ magnetite þ spinel þ ilmenite.
(2) Peak metamorphic PeT conditions of the garnet-cordierite
gneiss are 850e960  C and 6.9e7.7 kbar. The results deﬁne a
clockwise PeT path, which involves peak UHT metamorphism
and decompressional cooling during the retrograde stage with
metamorphic PeT conditions of <740  C and <4.8 kbar.
(3) Cores of detrital zircons in the garnet-cordierite gneiss indicate
a wide age variation from the Middle to Late Paleoproterozoic
(2030 Ma to 1784 Ma). The lower intercept age of 514  33 Ma
might imply the timing of high-grade metamorphism. The
depositional age of the sediments, which were sourced from
Paleoproterozoic rocks, is thus constrained at 1784e514 Ma.
(4) The petrological and geochronological data discussed in this
study conﬁrm that the Ranotsara Shear Zone in southern
Madagascar could be a continuation of the Achankovil Suture
Zone in southern India. They probably formed the same suture
zone during the assembly of the Gondwana supercontinent.
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