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ABSTRACT New results on the pressure–temperature–time evolution, deduced from conventional geothermobar-
ometry and in situ U-Th-total Pb dating of monazite, are presented for the Bemarivo Belt in northern
Madagascar. The belt is subdivided into a northern part consisting of low-grade metamorphic
epicontinental series and a southern part made up of granulite facies metapelites. The prograde
metamorphic stage of the latter unit is preserved by kyanite inclusions in garnet, which is in agreement
with results of the garnet (core)-alumosilicate-quartz-plagioclase (inclusions in garnet; GASP)
equilibrium. The peak metamorphic stage is characterized by ultrahigh temperatures of �900–950 �C
and pressures of �9 kbar, deduced from GASP equilibria and feldspar thermometry. In proximity to
charnockite bodies, garnet-sillimanite-bearing metapelites contain aluminous orthopyroxene (max.
8.0 wt% Al2O3) pointing to even higher temperatures of �970 �C. Peak metamorphism is followed by
near-isothermal decompression to pressures of 5–7 kbar and subsequent near-isobaric cooling, which is
demonstrated by the extensive late-stage formation of cordierite around garnet. Internal textures and
differences in chemistry of metapelitic monazite point to a polyphasic growth history. Monazite with
magmatically zoned cores is rarely preserved, and gives an age of c. 737 ± 19 Ma, interpreted as
the maximum age of sedimentation. Two metamorphic stages are dated: M1 monazite cores range
from 563 ± 28 Ma to 532 ± 23 Ma, representing the collisional event, and M2 monazite rims
(521 ± 25 Ma to 513 ± 14 Ma), interpreted as grown during peak metamorphic temperatures. These
are among the youngest ages reported for high-grade metamorphism in Madagascar, and are supposed
to reflect the Pan-African attachment of the Bemarivo Belt to the Gondwana supercontinent during its
final amalgamation stage. In the course of this, the southern Bemarivo Belt was buried to a depth of
>25 km. Approximately 25–30 Myr later, the rocks underwent heating, interpreted to be due to
magmatic underplating, and uplift. Presumably, the northern part of the belt was also affected by this
tectonism, but buried to a lower depth, and therefore metamorphosed to lower grades.

Key words: East African Orogen; Gondwana assembly; Pan-African; U-Th-total Pb dating; ultrahigh-
temperature metamorphism.

INTRODUCTION

A fundamental method of reconstructing former geo-
dynamic processes is by the determination of pressure–
temperature–time paths of metamorphism. In poly-
metamorphic terranes, additional accurate in situ dat-
ing of metamorphic textures is particularly important
to understand the often complicated tectono-thermal
history. By integrating chronological and pressure–
temperature information, better constraints on the
timing of burial and exhumation during orogenic
processes can be obtained.

The Neoproterozoic East African Orogen is one of
the largest orogenic belts on Earth, extending from
Arabia to the whole Eastern Africa into Antarctica
(Fig. 1). It was formed during the Pan-African oro-
geny, which is considered to have caused the final

assembly of the supercontinent Gondwana (McWilli-
ams, 1981; Stern, 1994). In recent years, advances in
dating techniques have led to more precise geochro-
nologic results, which show that the formerly consid-
ered final collision between East and West Gondwana
cannot be attributed to a single tectonic event (Meert
et al., 1995; Meert, 2003). In fact, it has to be assumed
that the Pan-African orogeny consisted of a series of
discrete events, the exact timing and local distribution
of which are not always well known. Madagascar
holds a central position in the East African Orogen
(Fig. 1), because it preserves a section from an Ar-
chean craton, i.e. the Antongil Block (Fig. 2a), to the
western orogenic hinterland. A tectonic subdivision
has recently been proposed (Collins et al., 2000b;
Collins & Windley, 2002), but reliable data on the
P–T–t evolution of the different units, especially in

J. metamorphic Geol., 2006, 24, 329–347 doi:10.1111/j.1525-1314.2006.00641.x

� 2006 Blackwell Publishing Ltd 329



northern and central Madagascar, are mostly lacking.
The Antongil Block (Fig. 2a) is believed to represent a
part of the Indian Dharwar Craton. West of the
Antongil Block, there is the �2.5-Ga Antananarivo
Block. Both are separated from each other by a 30- to
60-km-wide region, consisting of metasedimentary
rocks with enclosed basic and ultrabasic rocks. This
zone is interpreted as an oceanic suture, named the
Betsimisaraka suture (Fig. 2a; Collins et al., 2000b;
Kröner et al., 2000).

Up to now, not much attention has been paid to the
role of the Bemarivo Belt in the formation of
Gondwana. It is situated in northern Madagascar, just
north of the cratonic Archean Antongil Block
(Fig. 2a). On the basis of geochronology, as well as
palaeogeographic continental reconstructions of
Gondwana, it is correlated with the Seychelles and the
Rajasthan region of India (Tucker et al., 1999a;
Torsvik et al., 2001). Large areas within the Bemarivo
Belt consist of metasedimentary rocks, which are
suitable for applying conventional geothermobarome-
try. Here, we present new data and observations on the

petrology of these rocks, in order to deduce the P–T
conditions during the Pan-African orogeny. In addi-
tion, chemical U-Th-total Pb dating was undertaken
on polyphase monazite to unravel the geodynamic
evolution of this central part of Gondwana.

GEOLOGICAL SETTING

The Bemarivo Belt is the northernmost basement unit
of Madagascar. It strikes WNW–ESE and truncates
structures in the Antananarivo Block, the Antongil
Block and the Betsimisaraka suture zone (Fig. 2a). It
can be subdivided into three distinct regions (Fig. 2b).
The southern region is 50–150 km wide, extends from
the area around Antalaha (in the east) to the Sambir-
ano river (in the west) and consists of high-grade
metapelitic rocks. It is bordered to the north by a
50- to 80-km-broad region, dominated by metagrani-
toids and granites. The northernmost part consists of
lower-grade metamorphic epicontinental series. Fol-
lowing the established nomenclature for lithologies in
southern Madagascar, Besairie (1970) attributed the
southern area to the �Système du Graphite�, whereas
the northern part belongs to the �Système du Vohibo-
ry�. According to the geological synthesis of Mada-
gascar after Hottin (1976), this southern area is termed
the �Séries de Sahantaha� and consists of kyanite- and
sillimanite-bearing quartzites, micaschists, granites,
conglomerates, paragneisses, marbles and minor
amphibolites. Within this series, Hottin (1976) noted
an increasing metamorphic grade from the Antongil
Block (Système d’Antongil) towards the north and the
west. The northern part is termed the �Série de Dara-
ina-Milanoa�. It consists of muscovite-bearing para-
gneisses, conglomerates, metavolcanics, quartzites,
marbles, amphibolites and micaschists containing
kyanite or garnet-staurolite. The grade of metamor-
phism is greenschist- to epidote-amphibolite facies.
The Bemarivo Belt is thought to represent a part of a

Neoproterozoic continental arc terrane (Tucker et al.,
1999a; Buchwaldt & Tucker, 2001). A rhyolite of the
Série de Daraina-Milanoa has been dated at c. 715 Ma
(Tucker et al., 1999a). A granitic intrusion in the
migmatites of the central part formed at
753.8 ± 1.7 Ma (Tucker et al., in Ashwal, 1997).
Collins et al. (2000a) postulated an overthrusting of
the Bemarivo Belt to the south after closure of the
Betsimisaraka suture. Syntectonic metamorphism in
the southern part of the Bemarivo Belt reached gran-
ulite facies grade at 520–510 Ma (Tucker et al., 1999a;
Buchwaldt et al., 2003). Afterwards, extensional col-
lapse is thought to have occurred (Collins et al.,

Fig. 1. Reconstruction of a part of the Gondwana superconti-
nent, at c. 544 Ma (modified after Kusky et al., 2003, and ref-
erences therein), showing the relationship between Madagascar
and the surrounding areas. Pan-African orogens are marked in
grey, cratons in black. AS, Arabian Shield; CAFB, Central
African Fold Belt; GP, Gariep; DM, Damara; LA, Lufilian Arc;
Mad, Madagascar; OM, Oman; PR, Pampean Ranges; PS, Pa-
terson; QM, Queen Maud Land; RJ, Rajasthan; São Fran., São
Francisco; SD, Saldania; S, Seychelles; YM, Yemen; NS, Nu-
bian Shield; ZB, Zambezi Belt.

Fig. 2. Simplified geological map of northern Madagascar, modified after Besairie (1970) and Hottin (1976). (a) Overview over the
main tectonic units of northern Madagascar (modified after Collins & Windley, 2002). To the west, the Archean Antongil Block is
rimmed by the proposed Betsimisaraka suture zone. The Bemarivo Belt is crosscutting both units. (b) Map of the Bemarivo Belt,
showing our sample localities. (c) Cutout of panel (b), showing the geology and sample locations of the area between Andapa and
Sambava, as well as the position of the Massif de Marojezy.
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2000a). Conventional geothermobarometry has been
applied by Buchwaldt et al. (2003) to rocks of the
southern Bemarivo Belt. They determined metamor-
phic conditions of 750–930 �C and 6–10 kbar. How-
ever, their thermometric estimates are based only on
Fe-Mg exchange between minerals, which is problem-
atic for constraining conditions of high-T metamor-
phic rocks because of re-equilibration on cooling (e.g.
Fitzsimons & Harley, 1994).

In the southern part of the Bemarivo Belt, garnet-
free enderbitic and charnockitic gneisses, which fre-
quently show migmatization, are found (Fig. 3a).
Other rock types, such as calcsilicates, marbles,
quartzites and metabasites, occur just in small
amounts. In the area between Sambava and Andapa
(Fig. 2b,c), migmatitic metapelites (Fig. 3b) commonly
occur, which are mostly lacking in the Sambirano area.
In the northern part of the Bemarivo Belt, samples
were taken along the roadside from Ambilobe via
Daraina and Vohémar to Sambava (Fig. 2b). Samples
are generally epidote-bearing amphibolites, but
quartzites and muscovite-bearing micaschists also

occur in minor amounts. Between Vohémar and
Sambava, granitic and granodioritic gneisses are pre-
dominant.

ANALYTICAL PROCEDURE AND DATA
PROCESSING

Measurements were performed on a JEOL Superprobe
JXA-8900R electron microprobe at the University of
Kiel, equipped with five wavelength-dispersive spec-
trometers. The accelerating voltage was generally
15 kV for a probe current of 20 nA. Yttrium in garnet
was measured with 20 kV and 300 nA; for apatite
measurements (needed for Grt-Mnz thermometry)
10 kV and 10 nA were used. Synthetic and natural
minerals were used as the standards. Sample spot sizes
were 1–7 lm in diameter. The raw data were corrected
using the CITZAF method of Armstrong (1995).
For feldspar thermometry, the composition of

mesoperthitic grains was reintegrated from measure-
ments of plagioclase and alkali-feldspar. The propor-
tions of host and lamellae were determined from
backscattered electron images using an image analysis
software. The textural context of the grains was care-
fully checked to account for possible exsolution-free or
recrystallized rims.
For monazite measurements, the accelerating volt-

age was 20 kV with a probe current of 80 nA. The
following standard materials were used: synthetic or-
thophosphates (Jarosewich & Boatner, 1991) for P, Y
and REE; synthetic uranium-bearing glass for U;
natural wollastonite for Ca and Si; thorianite for Th;
crocoite for Pb; corundum for Al. X-ray lines, meas-
urement crystals and counting times are listed in
Table 1. Matrix correction for monazite analyses was
performed using the JEOL ZAF program. The inter-
ference of Th Mc on U Mb was corrected with an
experimentally derived correction factor.

(a)

(b)

2.0 cm

3.5 cm

Fig. 3. (a) Enderbitic gneiss showing intense migmatization
(Central Bemarivo Belt, Md65). (b) Metapelite containing leu-
cosomes as well as biotite- and sillimanite-rich bands (Southern
Bemarivo Belt, Md83).

Table 1. Measurement conditions for U-Th-total Pb dating of
monazite.

Element Crystal Line

Measurement time (s)

Peak Background

U PETH Mb 50 30

Th PETH Ma 20 10

Pb PETH Mb 220 100

P PETJ Ka 15 7

Ca PETH Ka 15 5

Si TAP Ka 40 20

Y PETJ La 30 10

Al TAP Ka 20 10

Sm LIF Lb 60 30

La LIF La 60 30

Eu LIF Lb 30 10

Ce LIF La 15 7

Dy LIF La 100 30

Nd LIF La 20 10

Gd LIF Lb 40 20

Pr LIF Lb 80 20

Er LIF La 80 20

Background measurement time is given for one background.
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All monazite was analysed in situ to have textural
control over the mineral inclusion relationships. For
control over internal zoning, backscattered electron
images as well as X-ray maps of Y, Th, U and Pb were
obtained. The samples were polished on Pb-free
polishing discs. As an internal laboratory standard
during measurements, the homogeneous monazite F6
from the Anosyan Massif (Manangotry Pass) in SE
Madagascar (kindly provided by M. Raith, Bonn) was
repetitively analysed. It was dated with the U-Pb
method of cogenetic zircon and by a Sm-Nd monazite-
biotite-garnet-zircon isochron at 545 ± 2 and 542 ±
11 Ma, respectively (Paquette et al., 1994). Analytical
errors for each analysis were calculated from the
counting statistics using the program �CombError� of
P. Appel (can be downloaded from http://www.
min.uni-kiel.de/epma/sw.html). The age was calculated
after the isochron method of Suzuki & Adachi (1991,
1994), using the software of Kato et al. (1999) with
decay constants from Steiger & Jäger (1977). A York-
regression isochron (York, 1966) was forced through
the origin (Cocherie et al., 1998) with an error of
150 ppm at the point of zero ThO�

2 and PbO.

PETROGRAPHY AND MINERAL CHEMISTRY

Northern (Série de Daraina-Milanoa) and central Bemarivo
Belt

The northern Bemarivo Belt is dominated by metabasic
rocks, which are interpreted as metamorphosed vol-
caniclastic sediments (Hottin, 1976). Coarse-grained
titanite-, epidote- and garnet-bearing amphibolites
are common, and locally they show a strong metaso-
matic overprint. Granodioritic and granitic gneisses,
as well as muscovite-bearing quartzites and mica-
schists also occur. Kyanite is reported from quartzites
(Lacroix, 1922), and Hottin (1976) described garnet-
staurolite parageneses from micaschists. The central
part of the belt is made up largely of granites and
gabbros, as well as enderbitic and charnockitic gneis-
ses. The gneisses show intensive migmatization
(Fig. 3a) and are generally garnet-free (only one sam-
ple contains late-stage garnet). This either points to
high temperatures or low pressures during metamor-
phism. Porphyritic hornblende-biotite gneisses are
subordinate.

Southern Bemarivo Belt (Série de Sahantaha)

Metapelites

Metapelitic rocks, which commonly show migmatitic
textures (Fig. 3b), occur in the Andapa-Sambava re-
gion of the southern Bemarivo Belt (Fig. 2c) and near
Bealanana (Besairie, 1970, Fig. 2b). The sample loca-
tions are shown in Fig. 2 and the equilibrium mineral
assemblages of the samples are given in Table 2.
According to their mineral content, three main types

can be distinguished. The most common metapelites
contain kyanite, sillimanite, garnet, K-feldspar, quartz,
biotite and late-stage cordierite (no. [1] in Table 2).
Other assemblages lack either garnet or plagioclase or
cordierite or alumosilicate (no. [2], [3] & [4] in Table 2).
A second group of rocks contain additional orthopy-
roxene and locally spinel (no. [5] & [6] in Table 2).
Some samples lack sillimanite (no. [4] & [6] in Table 2)
and are of semipelitic composition. Finally, in minor
amounts, silica-undersaturated high Mg-Al metapelites
were found close to the Massif de Marojezy (Fig. 2c),
closely associated with other metapelitic rocks. They
contain corundum and sapphirine, but are quartz-free
(no. [7] in Table 2).

The metapelites of the first type are porphyroblastic,
medium-grained, and show a well-developed schistos-
ity made up of bands of sillimanite and biotite.
Concordant as well as discordant leucosomes are fre-
quently present (Fig. 3b). Garnet locally contains
inclusions of kyanite near the core (Fig. 4a) and silli-
manite needles close to the rim. Sillimanite in the
matrix forms euhedral crystals (Fig. 4a), but large
aggregates that are fine fibrous and undulously extin-
guishing are also very common (Fig. 4b). As a result of
this texture, we interpret them as pseudomorphs
formed after kyanite. Apart from a narrow retrograde
re-equilibrated rim, even large garnet porphyroblasts
are just weakly zoned (Fig. 5a), whereas smaller ones
are unzoned. They have an XMg [¼Mg/(Mg + Fe2+)]
of 0.25–0.35, XPrp ¼ 0.15–0.35, XAlm ¼ 0.55–0.80,
XSps ¼ 0.00–0.01 and XGrs ¼ 0.02–0.03. Garnet cores
have slightly higher grossular contents (�0.05) and
lower XMg. Representative garnet analyses are given in
Table 3. Brownish biotite forms hypidiomorphic flakes
in the rock matrix (Fig. 4b,d). Coexisting with ilmenite
or ilmenite + rutile, it has variable XMg values of
0.35–0.60 and Ti contents of 0.4–0.7 p.f.u. (calculation
based on 22 oxygen; Fig. 6a; Table 4). Some grains of

Table 2. Mineral assemblages in metapelitic and semipelitic
rocks.

[1] Ky/Sil Grt Kfs Qtz ± Pl Bt – (Crd) (± Spl)

[2] Ky/Sil – Kfs Qtz Pl Bt – – –

[3] Ky/Sil – Kfs Qtz – Bt – (Crd) –

[4] – Grt Kfs Qtz Pl Bt – – –

[5] Ky/Sil Grt Kfs Qtz Pl Bt Opx (Crd) (Spl)

[6] – Grt Kfs Qtz Pl Bt Opx – –

[7] Ky/Sil – Kfs – Pl Bt – Crd/(Crd) (± Spr)

Common accessory minerals: Ap, Mnz, Ilm, Rt, Spl; in [7] also Crn

[1] 73-1-03, 73-3-03, 75-1-03, 76-1-03, 82-2-03, 83-1-03, 83-9-03, 83-10-03,

83-12-03, 83-14-03, 83-15-03, 84-1-03, 86-1-03, 87-1-03, 87-2-03, 88-1-03,

88-2-03, 88-3-03, 89-1-03, 90-1-03, 93-1-03, 93-2-03, 93-4-03

[2] 78-2-03

[3] 89-2-03

[4] 48-1-03, 80-1-03, 92-1-03

[5] 83-13-03

[6] 81-1-03, 81-2-03

[7] 83-2-03, 83-3-03, 83-4-03, 83-5-03, 83-6-03, 83-7-03, 83-8-03, M97-12-2

[1]–[4] are typical metapelitic rocks, [5] and [6] are rare Opx-bearing assemblages, and [7] are

silica-undersaturated metapelites.
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green late-stage biotite have much lower Ti contents
(�0.2–0.3 p.f.u.). Cordierite forms rims around garnet
(Fig. 4c) and separates biotite and sillimanite (Fig. 4d),
and XMg varies in the range of 0.6–0.8 (Table 4). All
cordierite seems to have formed during retrograde
metamorphism, and no inclusions of cordierite in
garnet have been found. The large regional variation in
the composition of garnet, biotite and cordierite is
correlated with a systematic shift to the more Mg-rich
side (Fig. 6b) from the SE to the NW of the Andapa
area. Besides quartz, the matrix of the rock is mainly
made up of alkalifeldspar (XOr ¼ 0.8–0.9). Plagioclase
is inversely zoned and has a composition of XAn ¼
0.2–0.3 in the core and XAn ¼ 0.3–0.4 at the rim
(Table 5). Some metapelites contain plagioclase with
XAn ¼ 0.55–0.60 and inclusions in garnet with even
higher XAn of 0.65–0.70. Reintegrated compositions of
mesoperthitic feldspar are shown in Fig. 7. Common
accessory minerals are monazite and zircon, which
occur in the rock matrix as well as inclusions in garnet.
Apatite has just been found to be included in garnet.
Cordierite- and sillimanite-free garnet-biotite gneisses
(no. [4] in Table 2) occur in the whole southern
Bemarivo Belt. Garnet and biotite form porphyro-
blasts in a rock matrix consisting of quartz and mes-
operthitic feldspar (Fig. 7). A sample from the
Sambirano area (48-1-03) contains garnet with XMg ¼
0.22–0.26, XPrp ¼ 0.21–0.24, XAlm ¼ 0.68–0.71,
XSps ¼ 0.05–0.06 and XGrs ¼ 0.02–0.04. Biotite is
characterized by XMg ¼ 0.45–0.48 and Ti contents of
0.60–0.67 p.f.u. (calculation based on 22 oxygen).

Garnet-orthopyroxene-sillimanite-bearing gneisses
(no. [5] in Table 2) are found close the the Massif de
Marojezy. Garnet porphyroblasts are strongly re-
sorbed, and in few cases inclusions of sillimanite are
present (Fig. 4e). Garnet is unzoned with XMg ¼ 0.25–
0.30, XPrp ¼ 0.25–0.35, XAlm ¼ 0.65–0.70, XSps <
0.05 and XGrs < 0.05. The coexisting orthopyroxene
(Fig. 4e,f) is up to 2 mm in diameter and has a con-
stant XMg of 0.60–0.65. The alumina content varies
from 8 wt% in the core to 4.5 wt% near the rim
(Fig. 5b; Table 5). Sillimanite is also preserved as
aggregates, which are surrounded by late-stage cordi-
erite (XMg ¼ 0.79–0.82; Fig. 4f). Furthermore, biotite
(XMg ¼ 0.65–0.67; Ti ¼ 0.38–0.46 p.f.u., based on 22
oxygen), quartz, mesoperthitic feldspar and late-stage
spinel occur. Spinel has an XMg of 0.29–0.34 (con-
taining some Fe3+) and is Zn-bearing (1.7–2.1 wt%
ZnO). In sillimanite-free rocks (no. [6] in Table 2)
garnet and orthopyroxene occur in leucosomes

(Fig. 4g). Here, the pyroxene is unzoned with XMg ¼
0.59–0.60 and Al2O3 ¼ 4.2–5.5 wt%. Garnet has a
composition of XMg ¼ 0.30–0.45, XPrp ¼ 0.30–0.37,
XAlm ¼ 0.48–0.64, XSps ¼ 0.03–0.04 and XGrs ¼ 0.00–
0.03. Other minerals are quartz, plagioclase, alkali-
feldspar and biotite (Fig. 6).

The matrix of the quartz-free high Mg-Al gneisses
(no. [7] in Table 2) is composed of biotite (XMg ¼ 0.85;
Ti ¼ 0.20–0.28 p.f.u.; Fig. 6a; Table 4), perthitic
K-feldspar and euhedral cordierite (XMg ¼ 0.90–
0.92; Table 4). Cordierite of the same composition
and mostly peraluminous sapphirine (Figs 4h & 5c;
Table 4; XMg ¼ 0.86–0.89 with �5–15% of the total
iron as Fe2O3) constitute symplectitic intergrowths,
which separate sillimanite from the rock matrix
(Fig. 4h). Fibrous fine-grained sillimanite forms large
aggregates (up to 5 cm), which locally recrystallized to
form a second generation of idiomorphic sillimanite.
Some small grains of plagioclase are obviously derived
from exsolution of perthites. Corundum is also present
(not shown in Fig. 4h), either as fine needles included
in sillimanite or as larger prismatic grains in cordierite
of the matrix. In domains containing no sapphirine,
the amount of corundum is higher.

Enderbitic and charnockitic gneisses

Charnockitic gneisses form large complexes in the
northern Sambirano as well as in the Andapa region.
Their gneissic texture indicates deformation and
metamorphism subsequent to emplacement. They are
generally garnet-free and contain orthopyroxene.
Locally, orthopyroxene is surrounded by late-stage
clinopyroxene and biotite, the formation of which is
attributed to cooling. Just in one charnockitic sample
from the central Bemarivo Belt, late-stage spongy
garnet has been found, most likely also grown dur-
ing cooling. Common accessory minerals are apatite,
monazite and zircon. Enderbitic gneisses consist of
hornblende, orthopyroxene, clinopyroxene, plagio-
clase and accessory apatite, but do not contain
garnet.

Other rock types

Marbles, calcsilicates, ultrabasites and quartzites are
subordinate in volume. Marbles consist of calcite,
dolomite and minor amounts of phlogopite. Some
small grains of forsterite are rimmed by diopside or
tremolite. Calcsilicates are rich in titanite. Additional

Fig. 4. Microphotographs showing reaction textures in metapelites (mineral abbreviations after Kretz, 1983). Pictures are taken under
plane-polarized light, except for panel e, which is a backscattered-electron image. (a) Garnet porphyroblast including kyanite, and
sillimanite growing in the rock matrix (Md90-1-03). (b) Aggregate of sillimanite, interpreted as a pseudomorph after kyanite (Md75-1-
03). (c) Garnet breakdown and late-stage formation of cordierite. Small relics of garnet are situated in the cordierite (Md83-14-03).
(d) Cordierite rim separating biotite and sillimanite (Md88-3-03). (e) Coexisting garnet and orthopyroxene in a metapelite. Garnet
contains inclusions of sillimanite (Md83-13-03). (f) Orthopyroxene porphyroblasts and sillimanite in a metapelitic rock. Sillimanite is
surrounded by late-stage cordierite and spinel (Md83-13-03). (g) Orthopyroxene and garnet in the leucosome of a metapelitic gneiss
(Md81-1-03). (h) Sillimanite mantled by a symplectite of cordierite and sapphirine (Md83-2-03).
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minerals are plagioclase, amphibole, diopside and
scapolite. Ultrabasites occur as small lenses embedded
in charnockites. They consist of amphibole, spinel,
orthopyroxene and some plagioclase. Quartzites are
nearly pure, except for some sillimanite and biotite.

MINERAL REACTION HISTORY

Information about the P–T conditions during the
prograde history of metapelites of the Bemarivo Belt is
well documented by kyanite inclusions in garnet
(Fig. 4a). Aggregates of near-coaxial sillimanite prisms
in the rock matrix, which are clearly distinct from late
euhedral crystals, are interpreted to be a pseudomor-
phic replacement after kyanite (Fig. 4b). As a result of
the large amount of these fine-grained pseudomorphs
in the matrix of the rocks, we conclude that at one
stage of the evolution the rocks were well equilibrated
in the kyanite stability field. Another common texture
is the dehydration of biotite and formation of omni-
present leucosomes, which can be explained by the
dehydration reaction

Btþ Silþ PlþQtzÐGrtþKfsþ L: ð1Þ
In orthopyroxene-bearing rocks (no. [5] & [6] in

Table 2), the dehydration was due to the reaction

BtþQtzÐOpxþGrtþKfsþ L. ð2Þ
explaining the garnet- and orthopyroxene-bearing
leucosomes (Fig. 4g). As a result of a decompressional
stage, broad and well-equilibrated cordierite rims have
formed around garnet (Fig. 4c; no. [1] in Table 2),
locally leading to complete consumption of the garnet
via the reactions

Grtþ SilþQtzÐCrd ð3Þ

Grtþ Silþ L:ÐCrdþKfs ð4Þ
The formation of cordierite is much more pro-

nounced than in other areas that also show decom-
pressional textures, such as Calabria or Sri Lanka
(Schenk, 1984; Raase & Schenk, 1994). This indicates
a decompressional stage either at higher temperatures
or of longer duration than in other areas. In
orthopyroxene + sillimanite-bearing rocks (no. [5] in
Table 2) as well as orthopyroxene-free metapelites (no.
[1] in Table 2), the formation of late-stage spinel and
cordierite (Fig. 4f) reflects the reactions

Grtþ SilÐ Splþ Crd ð5Þ

Btþ SilÐCrdþ SplþKfsþ L: ð6Þ
In the rocks containing sapphirine (no. [7] in

Table 2), the formation of cordierite most likely
resulted from the breakdown of sillimanite + biotite:

Btþ SilÐCrdþ SprþKfs� L: ð7Þ
Sapphirine–cordierite intergrowths are a typical

texture in silica-undersaturated rocks and are inter-
preted to form during decompression (Kelsey et al.,
2005, and references therein). Finally, subsequent
rehydration and cooling are texturally evidenced by
the late-stage formation of greenish biotite and bio-
tite–quartz intergrowths replacing cordierite. The
fluid for this rehydration may be either of external

(a)

(b)

(c)

Fig. 5. (a) Chemical profile of a metapelitic garnet from a Grt-
Sil-Bt-Crd gneiss, showing a weak zonation. The shaded areas
are inclusion-rich (Bt, Kfs). (b) Profile through a metamorphic
orthopyroxene (coexisting with Grt and Sil). A zonation in the
alumina content is preserved, whereas the Mg-Fe is completely
reequilibrated. (c) Sapphirine analyses in the diagram
(Mg,Fe)O–(Al,Fe3+ )2O3–SiO2. For comparison, 7:9:3 and 2:2:1
compositions are shown (cf. Higgins et al., 1979).
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origin or may be derived from crystallizing anatectic
melts.

In olivine-bearing marbles, forsterite is rimmed by
diopside or tremolite, interpreted as due to the reac-
tions

Foþ Calþ CO2 ÐDiþDol ð8Þ

Foþ Calþ CO2 þH2OÐTrþDol ð9Þ

The occurrence of both reactions reflects lowering of
the XCO2

during cooling to < 700 �C (Käse & Metz,
1980).

CONVENTIONAL GEOTHERMOBAROMETRY

The petrographic textures and mineral chemical data
described above represent a robust frame for the
clockwise character of the P–T evolution and the
ultrahigh temperatures of metamorphism: kyanite
inclusions in the core of garnet are the oldest relics of
the metamorphic evolution in the metapelites. Thus,
garnet growth started within the stability field of
kyanite and proceeded in the sillimanite stability field.
The omnipresence of pseudomorphic aggregates of
sillimanite replacing former kyanite is evidence for an
early metamorphic stage that led to the formation of
the rocks, which were well equilibrated in the kyanite
stability field. The ubiquitous occurrence of meso-
perthitic feldspar in the southern Bemarivo Belt and
the local occurrence of aluminous orthopyroxene
coexisting with garnet and sillimanite point to the peak

metamorphic temperatures exceeding 900 �C. The
Ti-rich composition of biotite from all rock types
confirms the suggestion of high-grade metamorphic
conditions in the southern Bemarivo Belt. The exten-
sive development of late-stage cordierite rims around
garnet supports the interpretation of decompression
under high temperatures.

In the following, results of conventional thermo-
barometry are presented to better constrain the P–T
conditions during the different metamorphic stages.
Geothermobarometric calculations were performed on
metapelites of the southern Bemarivo Belt, especially
on rocks from the area around Andapa. Mineral
analyses used for P–T calculations are given in
Tables 2–4; results are shown in Tables 6, 7 and Fig. 8.
Garnet–monazite thermometry (Pyle et al., 2001) using
Y-rich garnet cores (200–300 ppm) and inclusions of
monazite (XYPO4

¼ 0.010–0.035), Ca-rich plagioclase
(XAn ¼ 0.3–0.5) and fluorine-rich apatite (XF ¼ 0.70–
0.85; XOH ¼ 0.10–0.25; (XCl � 0.05) gives prograde
temperature estimates in the range 560–585 �C (at
6.0 kbar, assumed fH2O¼ 1600 bar). Garnet also
contains inclusions of kyanite, therefore the garnet-
alumosilicate-quartz-plagioclase (GASP) geobarome-
ter has been applied for pressure estimates. Using the
calibration of Koziol (1989), analyses of garnet cores
and Ca-rich plagioclase inclusions in garnet (XAn ¼
0.40) give prograde pressure results in the stability field
of kyanite (�6 kbar at 550 �C). If the Ca content in
garnet cores is not the one that formed during garnet
growth but is lower because of partial re-equilibration

Table 3. Representative electron microprobe analyses of metapelitic garnet.

Sample

No.

90-1

40*

90-1

12*

90-1

334*

90-1

336*

90-1

411†

90-1

412†

83-13

39†

83-13

40†

83-13

89*

83-13

96*

82-2

29†

84-1

774�
84-1

776�

SiO2 38.88 38.97 38.81 38.77 38.73 39.08 38.34 38.79 38.52 38.78 37.94 38.27 38.02

TiO2 0.04 0.03 0.01 0.04 0.03 0.01 0.02 0.00 0.00 0.02 0.00 0.04 0.00

Al2O3 21.87 21.81 21.87 21.94 21.78 21.93 21.91 21.87 21.92 22.08 21.54 21.20 21.11

Cr2O3 0.03 0.04 0.03 0.03 0.02 0.04 0.03 0.02 0.02 0.04 0.11 0.01 0.03

FeO 28.36 28.88 27.76 27.97 29.10 28.60 31.72 30.88 30.81 29.99 34.48 32.63 32.50

MgO 9.06 9.06 8.09 8.18 9.08 9.00 6.81 7.70 7.73 7.79 5.67 6.31 6.11

MnO 0.35 0.32 0.30 0.29 0.36 0.31 1.29 1.29 1.15 1.18 0.26 0.68 0.77

CaO 1.26 1.16 3.05 2.81 0.89 0.82 0.56 0.58 0.57 0.55 0.60 1.09 1.20

Na2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.02 0.05

Y2O3 0.02 0.03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.02 0.05

Total 99.87 100.30 99.92 100.03 99.99 99.79 100.68 101.13 100.72 100.43 100.60 100.25 99.79

Si 3.00 3.00 3.00 3.00 3.00 3.02 2.99 3.00 2.99 3.00 2.99 3.01 3.01

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 1.99 1.98 1.99 2.00 1.99 2.00 2.01 1.99 2.00 2.02 2.00 1.97 1.97

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

Fe 1.83 1.86 1.80 1.81 1.88 1.85 2.07 2.00 2.00 1.94 2.27 2.15 2.15

Mg 1.04 1.04 0.93 0.94 1.05 1.04 0.79 0.89 0.89 0.90 0.67 0.74 0.72

Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.09 0.08 0.08 0.08 0.02 0.05 0.05

Ca 0.10 0.10 0.25 0.23 0.07 0.07 0.05 0.05 0.05 0.05 0.05 0.09 0.10

Na n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 0.01

Y 0.00 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 0.01

Total 7.98 8.00 7.99 8.00 8.01 8.00 8.00 8.01 8.01 7.99 8.01 8.01 8.02

XMg 0.36 0.36 0.34 0.34 0.36 0.36 0.28 0.31 0.31 0.32 0.23 0.26 0.25

XPrp 0.35 0.34 0.31 0.31 0.35 0.35 0.26 0.29 0.30 0.30 0.22 0.24 0.24

XAlm 0.61 0.62 0.60 0.60 0.62 0.62 0.69 0.66 0.66 0.66 0.76 0.71 0.71

XSps 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.03 0.03 0.03 0.01 0.02 0.02

XGrs 0.03 0.03 0.08 0.08 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.03 0.03

Cations calculated on the basis of 12 oxygen; *core analysis; †outer zone analysis; �rim analysis.
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by intracrystalline diffusion during peak temperatures,
the obtained prograde GASP pressure estimates may
represent only minimum pressure values for the early
metamorphic stage. Outer zone analyses of garnet and
matrix plagioclase (XAn ¼ 0.31) give estimates for
peak metamorphic pressure values of �8.5 kbar (at
950 �C), in agreement with the omnipresence of matrix
sillimanite. Peak temperatures are calculated from
orthopyroxene-bearing metapelites using the Al-in-
Opx thermometer of Harley & Green (1982). Results

for orthopyroxene cores (up to 8 wt% Al2O3) and
garnet are in the range of 950–1000 �C (at 8.5 kbar),
which is in agreement with Al-isopleths of Harley &
Motoyoshi (2000, Fig. 8). The combination of GASP
(outer garnet zone/matrix plagioclase) with feldspar
thermometry of metapelitic rocks yields estimates for
the peak of metamorphism of �950 �C at 9 kbar,
which is at slightly lower temperatures than the results
from orthopyroxene-bearing samples. However, just
one alumosilicate-bearing metapelitic sample contains
orthopyroxene, and this sample occurs close to the
Massif de Marojezy. Therefore, temperature estimates
on this sample may reflect just local conditions. But
widespread high temperatures are supported by feld-
spar thermometry. Mesoperthites in an orthopyrox-
ene-bearing metapelite (Md83-13-03) yield minimum
temperatures of approximately 940 �C, which is in fair
agreement with results of Al-in-Opx thermometry
applied to the same sample. To avoid determining a
magmatic rather than a metamorphic temperature,
ternary feldspars of metapelitic rocks were examined.
Reintegrated compositions of these mesoperthites
point to minimum metamorphic temperatures of
�900–950 �C (Fig. 7a, Table 7). Feldspar in a meta-
igneous sample (Md94-2-03) taken close to the Maro-
jezy massif yields slightly higher temperatures of
�980 �C. A decompression to �6 kbar (at 850 �C)
following a near-isothermal path is deduced from
Al-in-Opx using garnet and orthopyroxene rims
(coexisting with sillimanite) and from garnet-cordier-
ite-sillimanite-quartz equilibria (Berman & Aranovich,
1996; with Berman, 1991). Using the outermost
re-equilibrated rims of garnet and the neighbouring
cordierite, Grt-Crd Fe-Mg exchange thermometry
(Berman & Aranovich, 1996; with Berman, 1991) leads
to �650 �C (Table 6; Fig. 8). This temperature has to
be interpreted as the closing temperature of the Fe-Mg
exchange between both minerals. Further evidence for
the cooling stage is given by the formation of late-stage
garnet in one charnockitic gneiss sample. However,
this sample is from the central part of the Bemarivo
Belt, and a correlation with the metamorphic condi-
tions of the metapelites in the southern part of the belt
is not unequivocal.

GEOCHRONOLOGY

For the geodynamic interpretation of the evolution of
metamorphic rocks, it is of particular importance to
correlate metamorphic reaction textures with the ages
of the corresponding metamorphic events. Monazite is
the best mineral for dating metamorphism in pelitic
lithologies, because it occurs frequently and nearly all
included pb is radiogenic (Parrish, 1990; Montel et al.,
1994). In addition, internal zoning can record signifi-
cant details of the metamorphic history, e.g. several
distinct growth events. Here, the method of chemical
dating of monazite using electron microprobe analyses
(U-Th-total Pb dating) was used. Although the preci-

(a)

(b)

Fig. 6. (a) Compositions of metapelitic biotite from rocks of the
southern Bemarivo Belt in the XFe v. Ti p.f.u. diagram (formula
units calculated on the basis of 22 oxygen; coexisting with
ilmenite or ilmenite + rutile). Most biotite (triangular symbols)
is from Grt-Sil-Bt-Crd gneisses and shows a systematic change in
chemical composition from south-east to north-west. Biotite
analyses from other metapelitic mineral assemblages are also
shown (numbers refer to Table 2). Shaded fields: compositional
ranges of biotite from metamorphic zones in New England
(Robinson et al., 1982). (b) AFM diagram (projection from Kfs,
Qtz and H2O) showing mineral compositions of Grt-Sil-Bt-Crd
gneisses from the Andapa area. The gradual increase of Mg
contents towards the north-west points to increasing metamor-
phic conditions.
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Table 5. Representative electron microprobe analyses of metapelitic orthopyroxene, plagioclase, and alkalifeldspar.

Sample

No.

83-13 83-13 83-13 83-13 81-1 90-1 90-1 90-1 90-1 90-1 90-1 90-1

Opx (268)* Opx (270)* Opx (45)� Opx (31)� Opx (536) Pl (442)– Pl (444)– Pl§ Pl§ Pl (456)– Kfs (468) Kfs (495)

SiO2 48.81 48.21 49.45 49.11 50.01 57.42 58.04 60.17 60.38 56.25 64.06 64.44

TiO2 0.00 0.00 0.11 0.10 0.11 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Al2O3 7.32 8.03 6.25 6.61 4.89 26.08 25.70 24.41 24.47 27.67 18.43 18.67

Cr2O3 0.00 0.00 0.06 0.07 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

FeO 22.80 22.72 23.48 23.52 25.05 n.c. n.c. n.c. n.c. n.c. n.c. n.c.

Fe2O3 n.c. n.c. n.c. n.c. n.c. 0.32 0.60 0.26 0.27 0.42 0.05 0.00

MgO 20.06 19.90 20.19 20.10 19.18 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

MnO 0.36 0.31 0.27 0.27 0.59 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

CaO 0.05 0.03 0.02 0.06 0.04 8.36 8.14 6.41 6.42 9.84 0.04 0.14

Na2O 0.00 0.00 0.04 0.04 0.00 6.46 6.57 7.70 7.80 5.58 1.30 1.87

K2O 0.00 0.00 0.01 0.01 0.00 0.60 0.41 0.23 0.21 0.28 15.36 14.15

BaO n.d. n.d. n.d. n.d. n.d. 0.00 0.01 0.05 0.00 0.00 0.48 0.53

Total 99.40 99.20 99.88 99.89 99.88 99.24 99.47 99.23 99.55 100.04 99.72 99.80

Si 1.83 1.81 1.85 1.84 1.89 2.60 2.62 2.70 2.70 2.53 2.98 2.98

Ti 0.00 0.00 0.00 0.00 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Al 0.32 0.36 0.28 0.29 0.22 1.39 1.37 1.29 1.29 1.47 1.01 1.02

Cr 0.00 0.00 0.00 0.00 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Fe2+ 0.72 0.71 0.74 0.74 0.79 n.c. n.c. n.c. n.c. n.c n.c n.c.

Fe3+ n.c. n.c. n.c. n.c. n.c. 0.01 0.02 0.01 0.01 0.01 0.00 0.00

Mg 1.12 1.12 1.13 1.12 1.08 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Mn 0.01 0.01 0.01 0.01 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Ca 0.00 0.00 0.00 0.00 0.00 0.41 0.39 0.31 0.31 0.47 0.00 0.01

Na 0.00 0.00 0.00 0.00 0.00 0.57 0.57 0.67 0.68 0.49 0.12 0.17

K 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.01 0.01 0.02 0.91 0.84

Ba n.d. n.d. n.d. n.d. n.d. 0.00 0.00 0.00 0.00 0.00 0.01 0.01

Total 4.00 4.01 4.01 4.00 4.00 5.02 4.99 4.99 5.00 4.99 5.03 5.03

Oxygen 6 6 6 6 6 8 8 8 8 8 8 8

XMg 0.61 0.61 0.60 0.60 0.58 – – – – – – –

XAb – – – – – 0.56 0.58 0.68 0.68 0.50 0.11 0.16

XAn – – – – – 0.40 0.40 0.31 0.31 0.48 0.00 0.01

XOr – – – – – 0.04 0.02 0.01 0.01 0.02 0.89 0.83

In feldspar all iron as Fe3+. n.c., not calculated; n.d., not determined. *Core analysis; �rim analysis; –inclusion in Grt; §matrix.

Table 4. Representative electron microprobe analyses of metapelitic biotite, sapphirine, and cordierite.

Sample

No.

81-1 90-1 48-1 93-2 M97/12 M97/12 M97/12 82-2 84-1 84-1 84-1 M97/12

Bt (602) Bt (40) Bt (5) Bt (14) Bt (645) Spr (449) Spr (454) Crd (20)* Crd (826)* Crd (819)� Crd (823)� Crd (304)

SiO2 35.84 35.58 36.19 36.30 39.61 11.96 12.31 49.39 48.59 49.04 49.16 50.72

TiO2 5.04 5.62 5.19 5.82 2.52 0.01 0.08 0.00 0.00 0.02 0.00 0.02

Al2O3 16.53 15.72 14.73 15.44 17.76 65.67 65.36 32.48 32.36 32.31 32.27 32.59

Cr2O3 0.06 0.00 0.00 0.00 0.05 0.03 0.03 0.00 0.02 0.00 0.04 0.00

FeO 15.12 16.85 19.35 15.04 5.80 3.97 4.39 6.08 5.92 5.48 5.73 2.01

Fe2O3 n.c. n.c. n.c. n.c. n.c. 0.91 0.46 n.c. n.c. n.c. n.c. n.c.

MgO 12.73 11.26 10.03 12.62 20.24 17.06 17.16 9.64 9.88 10.09 9.94 12.50

MnO 0.06 0.00 0.10 0.00 0.00 0.11 0.11 0.03 0.05 0.09 0.03 0.08

CaO 0.00 0.00 0.11 0.00 0.00 0.02 0.01 0.00 0.00 0.02 0.00 0.00

Na2O 0.06 0.09 0.16 0.17 0.14 0.02 0.02 0.08 0.11 0.08 0.07 0.13

K2O 10.20 10.09 10.03 10.11 9.81 0.01 0.00 0.00 0.00 0.00 0.01 0.01

BaO n.d. n.d. 0.11 n.d. n.d. 0.00 0.00 n.d. n.d. n.d. n.d. n.d.

P2O5 n.d. n.d. n.d. n.d. n.d. 0.01 0.05 n.d. n.d. n.d. n.d. n.d.

Total 95.64 95.21 96.00 95.50 95.93 99.78 99.98 97.70 96.93 97.13 97.25 98.06

Si 5.37 5.41 5.52 5.45 5.59 1.41 1.45 5.06 5.02 5.04 5.05 5.08

Ti 0.57 0.64 0.60 0.66 0.27 0.00 0.01 0.00 0.00 0.00 0.00 0.00

Al 2.92 2.82 2.65 2.73 2.96 9.11 9.05 3.92 3.94 3.92 3.91 3.85

Cr 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 1.90 2.14 2.47 1.89 0.69 0.39 0.43 0.52 0.51 0.47 0.49 0.17

Fe3+ n.c. n.c. n.c. n.c. n.c. 0.08 0.04 n.c. n.c. n.c. n.c. n.c.

Mg 2.84 2.55 2.28 2.82 4.26 2.99 3.00 1.47 1.52 1.55 1.52 1.87

Mn 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01

Ca 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.02 0.03 0.05 0.05 0.04 0.01 0.01 0.02 0.02 0.02 0.02 0.03

K 1.95 1.96 1.95 1.94 1.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ba n.d. n.d. 0.01 n.d. n.d. 0.00 0.00 n.d. n.d. n.d. n.d. n.d.

P n.d. n.d. n.d. n.d. n.d. 0.00 0.00 n.d. n.d. n.d. n.d. n.d.

Total 15.59 15.55 15.56 15.54 15.59 14.00 14.00 10.99 11.01 11.01 10.99 11.01

Oxygen 22 22 22 22 22 20 20 18 18 18 18 18

XMg 0.6 0.54 0.48 0.6 0.86 0.88 0.87 0.74 0.75 0.77 0.76 0.92

Fe3+ calculated assuming stoichiometry. n.c., not calculated; n.d., not determined. *Core analysis; �Rim analysis.
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sion is lower compared with conventional isotopic
dating techniques, the advantages of the method are a
high spatial resolution (the diameter of measurement
points is <5 lm) and the possibility to perform tex-
turally controlled in situ analyses. Compared with
conventional analyses, this approach, in combination
with careful studies of backscattered electron images
and X-ray maps of the analysed monazite, can avoid
the danger of determining geologically meaningless
mixed ages between different metamorphic events.

Monazite textures and chemistry

Monazite occurs evenly distributed in metapelitic
rocks. It is typically between 10 and 250 lm in size,
and in backscattered electron images, it generally
shows a homogeneous core (M1) and a narrow rim
(M2; Fig. 9a,b). In rare cases, a distinct part of the core
shows an additional magmatic zonation pattern (M0;
Fig. 9c). Monazite included in garnet often has more
irregular shapes than matrix monazite and shows no
distinguishable rim (Fig. 9d). Patchy zonation patterns
are just rarely observed. Monazite shows the charac-
teristic LREE enrichment over HREE (Fig. 10; rep-
resentative analyses in Table 8), as it is typical in
garnet-bearing rocks (Zhu & O’Nions, 1999). As re-
gards end-members, they are chemically characterized
as XLREE ¼ 0.67–0.95, XHREE ¼ 0.00–0.06, XHut ¼
0.00–0.07, XBrb ¼ 0.00–0.17 and X ¼ 0.00–0.35 (cal-
culation described in Pyle et al., 2001). Maximum
Y2O3 content is 5.5 wt%, and ThO2 is in the range
from 3 to 18 wt%. The rims are antithetically com-
posed, i.e. higher amounts of Th are correlated with
lower amounts of Y. The Y-poor rims point to previ-
ous extensive garnet crystallization, which has a strong
influence over Y and HREE contents of monazite.
Differences in Th content may be related to coexisting
zircon (Pyle et al., 2001), which has been found to
occur as well. Rims also show a high variation in the

(a)

(b)

Fig. 7. (a) Results of the feldspar thermometry. Most reinte-
grated compositions of mesoperthites give temperatures in the
range of 900–1000 �C. Isopleths after Fuhrmann & Lindsley
(1988). Numbers in brackets correspond to mineral assemblages
in Table 2. (b) Typical rock texture showing large mesoperthitic
feldspar (backscattered electron image).

Table 6. Summary of representative P–T
calculations.

Sample Combination

Temp.

(�C)
Press.

(kbar)

progr. Md90-1-03 Grt334*/Pl442 GASP (550) 6.1

Grt336*/Pl444 GASP (550) 6

Md90-1-03 Grt40*/Pl456–/Mnz265/Ap23 Grt-Mnz 582 (6.0)

Grt12*/Pl456–/Mnz265/Ap23 Grt-Mnz 563 (6.0)

peak Md90-1-03 Grt411†/Pl462S GASP (950) 9.3

Grt412†/Pl461S GASP (950) 8.9

Md83-13-03 Grt89*/Opx268* Al-in-Opx 989 (9.0)

Grt96*/Opx270* Al-in-Opx 1009 (9.0)

retro. 1 Md82-2-03 Grt29†/Crd20S Grt-Crd-Sil-Qtz (850) 5.8

Grt774†/Crd826S Grt-Crd-Sil-Qtz (850) 6.4

Md83-13-03 Grt39†/Opx45† Al-in-Opx 823 (6.0)

Grt49†/Opx31� Al-in-Opx 883 (6.0)

retro. 2 Md84-1-03 Grt776�/Crd819� Grt-Crd (Fe-Mg) 643 (6.0)

Grt774�/Crd823� Grt-Crd (Fe-Mg) 663 (6.0)

All samples are metapelites from the area around Andapa. Pressure and temperature values in parentheses are assumed

values for calculation.

GASP: Koziol (1989); Grt-Mnz: Pyle et al. (2001); Al-in-Opx: Harley & Green (1982); Grt-Crd-Sil-Qtz & Grt-Crd (Fe-

Mg): Berman (1991) with Berman & Aranovich (1996).

*Core analysis; †outer zone analysis; �rim analysis; –inclusion in Grt; §matrix.
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amount of lead (0.1–0.4 wt% PbO). The chondrite-
normalized REE + Y distribution patterns are mostly
similar, and a negative Eu anomaly is always present
(Fig. 10). Comparing all monazite analyses, magmati-
cally zoned cores (M0) have chondrite-normalized
elemental ratios (La/Nd)N of 4.0–4.6, whereas other
analyses give lower values (M1: 2.1–3.75; M2: 1.5–2.7).
Moreover, (La/Sm)N differs significantly from mag-
matic cores (11.2–17.7) to M1 (5.8–9.8) and M2 (3.5–
7.8). The Eu/Eu* (EuN=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SmN � GdN
p

) shows just a
slight variation from 0.02 to 0.18 in magmatic and M1

monazite, but M2 rims mostly have Eu contents below
the detection limit (Fig. 10a–c). Aside from these
general observations, the chemical characteristics of
monazite are to some degree also influenced by local
mineral equilibria.

The observations that the rims have a slightly dif-
ferent chemistry and that monazite inclusions in
garnet do not show this rim, let us conclude that
metamorphic growth took place during two phases.
The first phase was before and during garnet growth,
and the second may be related to the peak-meta-
morphic stage and the retrograde path. Unfortu-
nately, no textures that help to assign the different
zones to specific monazite-forming reactions have
been found. However, in the sample used for garnet-
monazite thermometry (Md90-1-03), apatite is just
found as inclusions in garnet, but it is absent in the
matrix of the rock, pointing to the growth of mon-

azite at the expense of apatite. Narrow monazite rims
have also been observed elsewhere (Braun et al., 1998;
de Wit et al., 2001; Santosh et al., 2005), where they
are interpreted as either due to diffusive Pb loss or
late-stage hydrothermal interaction or recrystalliza-
tion during a later metamorphic event. It has been
demonstrated by Cherniak et al. (2004) that diffusive
Pb loss plays no significant role, but an origin of the
rims from recrystallization or hydrothermal interac-
tion cannot be excluded. However, such a recrystal-
lization would be expected to take place during the
peak or the retrograde stage of metamorphism,
leaving our interpretation uninfluenced.

Geochronological results

Six samples from six localities were analysed, covering
the whole southern part of the Bemarivo Belt: sample
Md48-1-03 from the Sambirano river; samples
Md82-2-03, Md83-12-03, Md83-13-03, Md84-1-03 and
Md90-1-03 from the Andapa region. The results are
given in Table 9 and Fig. 11. Magmatic (M0) ages are
rarely preserved by a few apparent ages in the range
from 640 to 850 Ma. The best estimate for M0 can be
made from the sample Md83-13-03, where four ana-
lyses vary in their ThO�

2 from �3 to 15 wt%, giving
737 ± 19 Ma (Fig. 11d). Because of our observation
that metamorphic monazite mostly shows two-stage
growth textures (M1 & M2), measurements from

Table 7. Examples of reintegrated feldspar
compositions as well as compositions and
proportions of hosts and exsolution lamellae
from three metapelitic and one meta-igneous
sample.

Sample Rock type* Vol.% Pl composition Vol.% Kfs composition Integrated composition

Md48-1-03 Metapelite [4] 48.3 Ab0.92An0.07Or0.01 51.7 Ab0.07An0.00Or0.93 Ab0.49An0.04Or0.47
Md83-13-03 Metapelite [5] 39.3 Ab0.83An0.16Or0.01 60.7 Ab0.22An0.01Or0.77 Ab0.46An0.07Or0.47
Md90-1-03 Metapelite [1] 18.1 Ab0.68An0.31Or0.01 81.9 Ab0.11An0.00Or0.89 Ab0.58An0.25Or0.17
Md93-2-03 Metapelite [1] 21.4 Ab0.76An0.23Or0.01 78.6 Ab0.10An0.00Or0.90 Ab0.24An0.05Or0.71
Md94-2-03 Metadiorite 61.1 Ab0.82An0.17Or0.01 38.9 Ab0.10An0.00Or0.90 Ab0.54An0.11Or0.35

*Number in parentheses correspond to assemblage number in Table 2.

Fig. 8. Pressure–temperature diagram
depicting the metamorphic evolution of the
southern Bemarivo Belt, as deduced from
conventional geothermobarometry of me-
tapelitic rocks. The inset shows the isopleths
of Al2O3 in orthopyroxene (wt%, encircled
numbers) in the assemblages Grt-Opx-Sil-
Qtz and Grt-Crd-Sil-Qtz (after Harley &
Motoyoshi, 2000). Orthopyroxene with 8
wt% Al2O3 corresponds to temperatures of
c. 970 �C.
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both the cores and the rims were evaluated separately.
Isochron ages for the M1 stage of metamorphism are in
the range from 563 ± 28 Ma to 532 ± 23 Ma,
whereas the M2 stage gives slightly lower results
from 521 ± 25 Ma to 513 ± 14 Ma (Table 8). These
results are overlapping within their 2r errors,
nonetheless because of textural and chemical differ-
ences, it is considered to be likely that both represent
true metamorphic ages. Although precision is poor,
they indicate a timeframe of c. 18–44 Myr from pro-
grade garnet formation to peak metamorphism and
cooling.

DISCUSSION AND CONCLUSIONS

P–T path and geodynamic interpretation

Magmatic ages of c. 715 Ma (Tucker et al., 1999a) in
the Série de Daraina-Milanoa and 753.8 ± 1.7 Ma

(Tucker et al. in Ashwal, 1997) from the granites of the
central Bemarivo Belt are known, but have never been
reported from the Série de Sahantaha. U-Pb dating of
zircon from the Antananarivo Block (Tucker et al.,
1999b; Kröner et al., 2000) also revealed a period of
granitoid magmatism in the middle Neoproterozoic
(825–640 Ma). Although we have not dated zircon,
which is a common detrital mineral, the magmatic
zonation patterns found in monazite of a metapelite let
us conclude that within the cores of some grains relics
of detrital monazite were preserved, and therefore point
to 737 ± 19 Ma as a maximum age for sedimentation.
Their host rock may originate from the Neoproterozoic
continental arc, the relics of which are assumed to be
found in the northern Bemarivo Belt and in the Sey-
chelles (Tucker et al., 1999a; Buchwaldt & Tucker,
2001). An origin in the Antananarivo Block is less
likely, but cannot be excluded. After erosion and
transport, the Série de Sahantaha was deposited. Dur-

Fig. 9. Monazite from metapelites of the southern Bemarivo Belt, and the correlation of growth zones with magmatic (M0) as well as
two metamorphic stages (M1 & M2). (a) Monazite with a homogeneous core (M1) and an overgrown M2 rim (backscattered electron
image; Md83-12-03). (b) X-ray maps for Th and Y. M2 rims are Th-rich but poor in Y (lighter colours correspond to higher
concentrations; Md90-1-03). (c) Monazite with a magmatic core (M0), a metamorphic core (M1), and an overgrown M2 rim (back-
scattered electron image; Md83-13-03). (d) Irregularly shaped monazite inclusion (M1) in garnet, showing no younger rim (back-
scattered electron image; Md82-2-03).
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ing the amalgamation of Gondwana, the continental
arc may have collided with the already consolidated
continental fragments of Gondwana, i.e. the Antongil
Block, the Indian Dharwar craton, and the Antana-
narivo Block. The collision and overthrusting led to
burial of the Série de Sahantaha to a depth of >25 km
and its syntectonic metamorphism. It is possible that
the Série de Daraina-Milanoa in the northern Bemarivo
Belt was also affected by this tectonism, but buried to
lower depth and therefore overprinted to lower-meta-
morphic grades of just 500–600 �C. The burial of the
Série de Sahantaha was followed by heating to tem-
peratures of �900–950 �C, locally even reaching higher
temperatures of nearly 1000 �C. Such ultrahigh tem-
peratures are likely to be caused by magma intrusions
into the thickened lower crust. The large charnockite
complexes in the southern Bemarivo Belt may represent
such intrusive bodies delivering the heat for high-T
metamorphism. Decompression took also place under

high-T conditions, as deduced from the extensive late-
stage formation of broad cordierite rims around garnet.
There are two main tectonothermal models for iso-
thermal decompression following crustal thickening:
extensional tectonics leading to tectonic denudation
(e.g. Ridley, 1989) or prolonged transpression causing
extrusion of the lower crust (e.g. Thompson et al.,
1997; Schulmann et al., 2002). Up to now, structural
data are lacking for the studied area. Therefore none of
these models can be excluded. Although cordierite-
bearing assemblages in the Sambirano area of the Série
de Sahantaha have not been found, the occurrence of
charnockites, mesoperthitic feldspar in metasediments,
and the chemistry of biotite is consistent with the
metamorphic conditions deduced from the metapelites
of the Andapa region more to the east. However, peak-
pressure estimates in the Sambirano area are lacking
because of missing suitable assemblages. It has to be
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Fig. 10. Chondrite-normalized REE + Y distribution patterns
of monazite analyses from a metapelitic sample (Md83-13-03; 6
monazite grains). There are no clear differences in chemistry
between magmatically zoned cores (a) and metamorphic cores
(b). Metamorphically overgrown rims (c) have Eu values below
the limit of detection (arbitrarily fixed in the diagram). Nor-
malization values taken from McDonough & Sun (1995).

Table 8. Representative electron microprobe analyses of
monazite of all three generations: magmatic (no. 195),
M1 (no. 78 and 265), and M2 (no. 72).

Sample

No.

83-13 83-12 90-1 83-12

195 78 265 72

P2O5 30.75 29.85 29.45 29.92

SiO2 0.21 0.27 0.53 0.61

CaO 0.53 0.85 1.58 1.35

Y2O3 1.73 1.61 1.65 0.40

La2O3 18.79 14.39 13.14 13.26

Ce2O3 32.12 28.64 26.30 27.26

Pr2O3 2.74 3.16 2.85 3.02

Nd2O3 8.45 11.97 11.23 11.87

Sm2O3 0.77 2.10 1.83 2.55

Eu2O3 0.02 0.11 0.00 b.d.l.

Gd2O3 0.58 1.75 1.53 2.12

Dy2O3 0.18 0.46 0.46 0.15

Er2O3 0.11 0.05 0.09 b.d.l.

PbO 0.12 0.13 0.22 0.25

ThO2 2.77 4.02 8.66 6.54

UO2 0.20 0.40 0.25 1.42

Al2O3 b.d.l. 0.01 0.01 0.02

Total 100.07 99.77 99.78 99.74

P 1.004 0.991 0.979 0.973

Si 0.008 0.010 0.021 0.024

Ca 0.022 0.036 0.067 0.057

Y 0.036 0.034 0.035 0.008

La 0.267 0.208 0.190 0.194

Ce 0.454 0.411 0.378 0.397

Pr 0.038 0.045 0.041 0.044

Nd 0.116 0.168 0.158 0.168

Sm 0.010 0.028 0.025 0.035

Eu 0.000 0.002 0.000 b.d.l.

Gd 0.007 0.023 0.020 0.028

Dy 0.002 0.006 0.006 0.002

Er 0.001 0.001 0.001 b.d.l.

Pb 0.001 0.001 0.002 0.003

Th 0.024 0.036 0.077 0.059

U 0.002 0.004 0.002 0.013

Al b.d.l. 0.000 0.001 0.001

Total 1.992 2.004 2.002 2.005

XLREE 0.902 0.859 0.790 0.831

XHREE 0.011 0.029 0.027 0.030

XHut 0.006 0.006 0.016 0.017

XBrb 0.045 0.072 0.133 0.114

XYPO4 0.036 0.034 0.034 0.008

App. age 817 ± 29 563 ± 19 545 ± 12 514 ± 10

Cations calculated on the basis of 4 oxygen.

The apparent age is given in Ma with 2r error.
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mentioned that the variation in mineral chemistry seen
in samples of the Andapa area must not stringently be
due to a general increase in metamorphic conditions in
the whole southern Bemarivo Belt from east to west (as
proposed by Hottin, 1976). Possibly, the observed re-
gional systematic change in mineral chemistry reflects
the local influence of theMassif deMarojezy, delivering
heat and causing higher metamorphic temperatures.

Interpretation of the geochronological results

Monazite ages, as well as peak-temperature condi-
tions, are similar in the whole southern Bemarivo Belt,
but M0 ages have not been found in the Sambirano
area. An age of 737 ± 19 Ma is consistent with
known magmatic ages from the northern Bemarivo
Belt and therefore considered as the age of the
detritus-delivering source rocks. Interpreting the geo-
chronological results of M1 cores and M2 rims of
monazite, which differ 18–44 Myr in age, the results of
Buchwaldt et al. (2003) have to be considered. These
authors performed conventional U/Pb geochronology,
and dated the metamorphism with single pelitic mon-
azite grains at 519.2 ± 0.7 Ma and 520 ± 1 Ma.
Titanite from metapelitic granulites gave 511 ± 5 Ma
and zircon from the Massif de Marojezy is 520.9
± 4.2 Ma in age, interpreted as the timing of char-
nockite emplacement. These geochronological results
can be correlated with our M2 results, whereas the M1

ages have not been determined by Buchwaldt et al.
(2003). The most likely scenario is that the emplace-
ment of the Marojezy charnockite took place at c.
521 Ma, causing the high-T metamorphism and
growth of M2 monazite. The M1 ages (563–532 Ma)
date the prograde metamorphic stage, representing the
time of crustal thickening.

The Bemarivo Belt and its relation to the formation of
Gondwana

The ages obtained in the Bemarivo Belt are among the
youngest for high-grade metamorphism in Madagas-
car. The metamorphism in southern Madagascar,

especially shear zone activity, is of similar age or even
younger (Kröner et al., 1996; Montel et al., 1996;
Martelat et al., 1999, 2000). Rocks of the famous
ultrahigh temperature-metamorphic Andriamena unit
(Tsaratanana sheet, north-central Madagascar) show
late Neoproterozoic or even Cambrian growth of
monazite, interpreted as either due to fluid-assisted
resetting or cooling (Goncalves et al., 2003, 2004; Pa-
quette et al., 2004). Similar monazite ages from the
Itremo region of central Madagascar are also ascribed
to late-stage fluid circulation (Fernandez et al., 2003).
Granulite-facies metamorphism in the central Anta-
nanarivo Block is believed to date to c. 550 Ma,
deduced from U-Pb analyses of metamorphically
overgrown zircon rims (Kröner et al., 2000) or to 580–
520 Ma from lower discordia intercepts (Tucker et al.,
1999b). However, estimates for metamorphic condi-
tions in rocks of the Antananarivo Block are not well
constrained because of the scarcity of metapelitic
rocks. Stratoid granites, which occur frequently and
widely distributed in the Antananarivo Block, are
interpreted to have formed in a post-collisional ex-
tensional setting (Nédélec et al., 1995), and were used
to constrain the time of collision with East Africa to c.
650 Ma (Paquette & Nédélec, 1998), which would be
much older than the collisional event in the Bemarivo
Belt. In contrast, the high-grade metamorphism in
Tanzania is of similar age (650–620 Ma), but is inter-
preted to result from magmatic underplating (Appel
et al., 1998; Möller et al., 2000) preceding the colli-
sional event, which occurred at c. 540 Ma (A. Möller
pers. comm.; see discussion in Jöns & Schenk, 2004).
Other interpretations consider the collisional event
at c. 650 Ma, followed by c. 550 Ma post-collisional
extension and shearing (Stern, 1994; Meert et al., 1995;
Meert, 2003). However, these interpretations are not
based on correlations of metamorphic P–T paths with
radiometric ages. In this context, the timing of the
collision in Madagascar also remains debateable. A
partial overthrusting of the Bemarivo Belt onto the
already consolidated Antananarivo Block and Anton-
gil Block has been assumed by Collins et al. (2000a),
and therefore collision and syntectonic metamorphism

Table 9. Results of monazite dating for six metapelitic samples.

Sample: Md48-1-03 Md82-2-03 Md83-12-03 Md83-13-03 Md84-1-03 Md90-1-03

No. of monazite: 5 5 7 6 8 5

n (M0) – – – 4 – 4

Age (M0) – – – 737 ± 19 Ma – 770 ± 219 Ma

MSWD (M0) – – – 0.9479 – 1.9753

n (M1) 21 47 21 33 73 17

Age (M1) 547 ± 40 Ma 532 ± 23 Ma 543 ± 21 Ma 550 ± 38 Ma 563 ± 28 Ma 538 ± 17 Ma

MSWD (M1) 0.7311 0.7705 0.6296 0.7602 1.0093 0.4498

n (M2) 12 15 18 17 9 23

age (M2) 521 ± 25 Ma 513 ± 14 Ma 518 ± 25 Ma 512 ± 18 Ma 519 ± 29 Ma 520 ± 13 Ma

MSWD (M2) 0.8231 0.5588 0.4996 0.381 0.1481 0.4989

Given are the number of measurement points used for age calculation (n), the age (errors are 2r), and the MSWD of the isochron line. Ages for magmatic (M0), as well as two metamorphic

stages (M1 and M2) have been calculated separately.
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is a conclusive scenario. This collision represents a
stage of the final assembly of the Gondwana super-
continent, when the proposed Betsimisaraka suture
zone (Kröner et al., 2000) of eastern Madagascar may
already have been closed. The collision in western
Madagascar may also fall into this time period, but
detailed study of the metamorphic history of the
Antananarivo Block is needed to get a more conclusive
picture for both Madagascar and East Africa.
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géologiques et minière, 2, 117–153.

Jarosewich, E. & Boatner, L. A., 1991. Rare-earth element re-
ference samples for electron microprobe analysis. Geos-
tandards Newsletter, 15, 397–399.
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Lacroix, A., 1922. Minéralogie de Madagascar, Vols 1–3. Société
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