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Abstract In terranes subject to complex metamorphic
evolution, zircon and monazite U-Pb system can record
successive growth and/or resetting episodes. Conven-
tional isotope dilution-thermal ionisation mass spec-
trometry (ID-TIMS) dating of fractions or single grains
from conventionally separated zircon and monazite
populations may produce inaccurate ages. A new tech-
nique combining textural analysis and ID-TIMS dating
on single monazite crystals is proposed. This method is
applied directly on thin sections with three successive
steps comprising (1) a characterisation of textural rela-
tionships using electron microprobe analyses and ima-
ges, (2) extraction by micro-drilling of selected
monazites and (3) U-Pb dating of each extracted grain
by ID-TIMS. The potential for this ‘‘in situ’’ dating
technique are tested on Ultra High Temperature (UHT)
granulites from North-Central Madagascar. Four dis-
tinct events on a single thin section were distinguished.
The UHT metamorphism was dated at 2.5 Ga, while
two retrogression events were dated at 790 and 500 Ma.
Finally, a single crystal shielded in quartz seems to
preserve a pre-metamorphic age around 2.7 Ga.

Introduction

The monazite [(Ce,La,Nd)PO4] is a common acces-
sory mineral occurring in numerous magmatic and

metamorphic rocks (e.g. Overstreet 1967). The high
concentrations of U and Th make monazite relatively
easy to date with the U-Th-Pb chronometer (Parrish
1990). However, monazite has also the potential to
preserve inherited cores, record successive growth phases
and/or partial resetting, yield discordant or reverse dis-
cordant age results, and incorporate common Pb or
unsupported 206Pb due to 230Th desequilibrium (Schärer
et al. 1986; Copeland and Parrish 1988; DeWolf et al.
1993; Harrison et al. 1995, 1999; Braun et al. 1998;
Cocherie et al. 1998). This represents a critical point for
the interpretation of U-Th-Pb dating results obtained by
the currently available techniques on this mineral. The
conventional isotopic dilution and thermal ionisation
mass spectrometry method (ID-TIMS) applied to frac-
tions or single grains of conventionally separated mon-
azite populations can result in partly scattered
discordant analytical points producing inaccurate
intercept ages (Foster et al. 2002). Based on the occur-
rence of non-zero lower intercepts and various discor-
dance levels, the Pb evaporation technique (Kober 1986
and 1987; Kouamelan et al. 1997) only indicates a wide
range of minimum 207Pb/206Pb apparent ages. Conse-
quently, it appears that monazite is very useful for
unravelling complex geological histories, but it requires
in-situ analyses with high-spatial resolution in order to
distinguish on the one hand the various age domains at
the crystal-scale and on the other hand the textural
relationships between the monazites and their host
minerals. This can be achieved by U-Th-Pb chemical
dating using electron microprobe (EMP) on thin section
(e.g. Montel et al. 1996). The advantages of this tech-
nique are well known: rapidity, lower cost and excellent
spatial resolution (spot size �3 lm), the major draw-
back being a relative low precision on the ages. How-
ever, in case of discordant monazite, the dates obtained
are only apparent ages. The most powerful tool for
precise in situ dating is the high-resolution ion micro-
probe (SIMS), although laser ablation multi-collector
inductively coupled plasma mass spectrometry (LA-
MC-ICPMS) could provide in the future an alternative
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technique (Foster et al. 2002). The ion microprobe is
mostly used on grain mounts of isolated handpicked
monazites (Stern and Sanborn 1998; Zhu et al. 1997a
and 1998; Stern and Berman 2001). Few laboratories are
also studying and dating monazites in thin section
(DeWolf et al. 1993; Zhu et al. 1997b; Foster et al. 2000;
Catlos et al. 2002a, 2002b). The low amount of Pb
provided by the ca. 10–30 lm spot size and some U-Pb
calibration difficulties (i.e. Stern 1997) favoured the
measurement of 207Pb/206Pb (Zhu et al. 1997b) and
especially 208Pb/232Th ratios, and corresponding appar-
ent ages. This last approach provided important age
constraints, particularly on monazites containing
inherited components (Harrison et al. 1995, 1999).
However, the single 208Pb/232Th ratio itself cannot be
plotted in a concordia diagram and consequently the
concordancy (or discordancy) of the analyses remains
difficult to estimate (Foster et al. 2000).

We developed a new technique of ID-TIMS dating
on monazites micro-drilled from rock thin section
previously analysed for electron microprobe. Each
monazite dating technique has its own merits and
drawbacks: EMP chemical [Th-Pb] dating provides
high spatial resolution and low precision, whereas ID-
TIMS provides high precision and low spatial resolu-
tion. The combination of both methods may merge
the advantages of the ‘‘in-situ’’ analysis (at the scale
of the micro-drilling) and the precision of ID-TIMS
U-Pb geochronology, to better understand age results
from a complexly metamorphosed terrane. Further-
more, the determination of the two U-Pb isotopic
ratios (in addition to chemical [Th-Pb] age mapping)
allows one to distinguish discordant monazites in the
concordia diagram. This technique can be described
as: (1) characterisation (i.e. textural relationships,
chemical composition, and mapping of the EMP [Th-
Pb] chemical ages) of monazites in thin sections; (2)
extraction by micro-drilling of individual monazite

grains (minimum size 60 lm wide); (3) dating of each
individual extracted grain by ID-TIMS. An important
aspect of this work is that EMP and ID-TIMS data
were acquired from the same grains extracted by mi-
cro drilling directly from petrographic thin-sections.

Whatever the dating technique, the common selection
of zircons and monazites is based on magnetic suscep-
tibility, crystal morphology, colour and inclusions
characteristics. In this study, monazite selection for
isotopic analysis is based on the petrographical setting
(i.e. included in peak metamorphic phases, associated
with secondary assemblages, located in the matrix foli-
ation or in pressure shadow). Because of its non-
destructive nature and high spatial resolution, dating of
monazite by EMP highlights key grains for subsequent
isotopic dating and provides important structural and
textural information for the interpretation of conven-
tional dating results (Williams and Jercinovic 2002).

We applied this method to a polymetamorphic UHT
(Ultra-High Temperature) granulite from the Andri-
amena unit, North-Central Madagascar. To constrain
the magmatic and metamorphic evolution of the An-
driamena unit and to compare the results obtained by
the micro-drilling dating method, three samples have
first been dated by conventional ID-TIMS dating on
monazite and zircon separates. Attention has been paid
to the influence of the textural position and the role of
fluid composition on the variable degrees of discordance
reported in U-Pb analysed monazites. Finally, we dis-
cuss the geological implications of the dating results and
we estimate the timing of specific metamorphic assem-
blages and reactions.

Geological setting and petrography of sampled material

The Andriamena unit, located in the North-Central
Madagascar (Fig. 1), is a Precambrian allochthonous

Fig. 1 A Simplified geological
map of Madagascar, showing
the location of the studied area.
B Simplified geological map of
a part of the Andriamena unit
and the surrounding basement,
with the main structural trends
and sample location (C1, C6,
C43 and An6e). 1 Reworked
Archaean and Neoproterozoic
gneissic and granitic basement;
2 The Andriamena unit-
sequence of Archaean and
Neoproterozoic tonalitic and
granodioritic gneiss,
interlayered metapelitic
migmatites, quartzites, mafic
gneisses; 3 Intrusive middle
Neoproterozoic ultramafic and
mafic rocks; 4 Cambrian
mylonitic contact
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mafic-ultramafic sequence that has experienced a com-
plex tectono-metamorphic and igneous activity since late
Archaean to Cambrian times (Guérrot et al. 1993;
Nicollet et al. 1997). Recent petrological and geochro-
nological investigations in the Andriamena unit and
corresponding basement demonstrate the superposition
of three thermal events: 2.5 Ga, 790–730 Ma, and
530–500 Ma (Guérrot et al. 1993; Nicollet et al. 1997;
Tucker et al. 1999; Kröner et al. 2000). The Andriamena
unit consists of tonalitic and granodioritic gneisses em-
placed between 2.55 and 2.50 Ga in an older sequence,
which consist of interlayered metapelitic migmatites,
quartzites, mafic and quartzofeldspathic gneisses
(Tucker et al. 1999; Collins et al. 2001; Collins and
Windley 2002). This basement is characterised by small
lenses of magnesian granulites, which preserve evidences
of UHT metamorphism (Goncalves 2002). These lenses
of magnesian granulites preserve petrographical and
geochronological evidences along the complex thermal
imprint. This Archaean basement is reworked by a
middle Neoproterozoic (790–730 Ma) thermal event,
which involves emplacement of voluminous maficultra-
mafic bodies accompanied by high-grade metamorphism
under upper amphibolite to granulite conditions
(Goncalves et al. 2001). This latter event was interpreted
as the result of magmatic underplating in a continental
magmatic arc setting (Handke et al. 1999; Tucker et al.
1999). At 530–500 Ma, the Andriamena unit experi-
enced a limited overprint under amphibolitic conditions.
The nappe emplacement and its final geometry are
related to this Cambrian event (Goncalves 2002), which
results from crustal shortening during the final
amalgamation of Gondwana.

Four magnesian granulites from the Andriamena unit
(see location in Fig. 1) have been selected for U-Pb
dating. Petrology and metamorphic evolution of
the studied samples have been described elsewhere
(Goncalves 2002) and will only be summarised here.

Sample C43 preserves a UHT assemblage,
which consists of garnet, Al-rich orthopyroxene
(Al2O3�9 wt%), sapphirine and sillimanite. Peak P-T
conditions are 1,050±50 �C and 11.5±0.5 kbar. Peak
metamorphism was followed by isothermal decompres-
sion of about 4 kbar at 900–950 �C under anhydrous
conditions, supported by the local development of cor-
onitic and symplectitic textures composed of cordierite,
sapphirine, spinel and orthopyroxene at the expense of
the primary phases. Based on EMP data, Goncalves
et al. (2001) suggest that such isothermal decompression
is an apparent petrographic path, which resulted from
the superposition of two distinct events. The primary
UHT assemblage was partially reequilibrated during
a second event at lower pressure (�7 kbar, 900 �C).
Isobaric cooling follows the reequilibration at low
pressure, as illustrated by the partial breakdown of the
sapphirine-cordierite assemblage into a thin symplectite
consisting of orthopyroxene and sillimanite.

Sample C1 also preserves evidences of UHT condi-
tions, which are supported by the occurrence of relictic

garnet, Al-rich orthopyroxene, sillimanite and quartz. In
contrast to sample C43, retrogression is more developed
and occurred under fully hydrated conditions, leading to
a secondary orthoamphibole and cordierite-bearing
assemblage.

Sample C6 is a strongly retrogressed and deformed
magnesian granulite, which mainly consists of ortho-
amphibole, cordierite, sillimanite and quartz. Primary
UHT phases like garnet and orthopyroxene are retro-
gressed and occur as relics. Metamorphic evolution and
thermobarometric estimates suggest that both ortho-
amphibole-bearing rocks (C1 and C6) cooled from
�7–8 kbar and 900 �C to �5 kbar and 650 �C.

Sample An6e was collected close to the Brieville vil-
lage, in the centre of the Andriamena unit (Fig. 1). This
rock is an orthoamphibole and cordierite-bearing gran-
ulite of highly magnesian bulk composition, similar to
samples C1 and C6 dated by conventional methods. The
peak metamorphic assemblage consists in relictic garnet
(grt1), orthopyroxene (opx1), abundant quartz and
minor sillimanite (sil1). This assemblage is typical of
UHT conditions, which have been constrained at
11.5±1.5 kbar and 1,050±50 �C by similar rocks
(Goncalves et al. 2000). The UHT assemblage is retro-
gressed by a secondary hydrated assemblage consisting
of large euhedral orthoamphibole (oamph2), cordierite
(crd2) and biotite (bt2). This assemblage is characteristic
of amphibolite facies conditions (�6 kbar; 650 �C).
Relics of primary garnet (grt1) are systematically sepa-
rated from quartz by coronitic textures composed of
orthoamphibole, cordierite±biotite, consistent with the
reaction:

grt1þqtzþH2O ¼ oamph2þcrd2:

Analytical techniques

The analytical procedure comprises three stages: (1) characterisa-
tion of monazite grains in thin section including the determination
of textural relationships and chemical U-Th-Pb ages using EMP,
(2) extraction of monazites from thin section by micro-drilling and
(3) ID-TIMS dating of the extracted monazites. The method is not
more time consuming than the conventional procedure including
crushing and mineral separation from large rock samples. This
technique is well suited for small and rare samples because only the
drilled parts of the thin sections are destroyed.

– (1) Preliminary EMP characterisation was performed using
150 lm thin-section and a Cameca SX 100 electron microprobe
with four-wavelength dispersion spectrometer detectors. Back-
scattered electron imaging was used to find the monazites
location and identify textural features and internal zoning.
Monazite dating was performed according to a modified version
of the analytical procedure detailed by Montel et al. (1996).
EMP allowed a quick investigation of the age populations and
heterogeneities within individual monazite grains. Individual
EMP chemical ages were calculated from the U, Th and Pb
concentrations assuming that unradiogenic lead in the monazite
is negligible and that no partial lead loss occurred since its initial
crystallisation or last complete resetting (closed system evolu-
tion). Thus, all the chemical ages should be considered as
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apparent ages. U-Th-Pb age population is represented as a
weighted histogram corresponding to the sum of all individual
ages and their uncertainties. The calculated mean age and its
associated 2r error is based on a least-squares modelling, which
allow to identify potential multiple age populations. The quality
of the modelling is assessed from the mean square weighted
deviation (MSWD).

– (2) Based on petrographic features and EMP results, monazites
were extracted from thin-sections using a Medenbach micro-drill
mounted on an optical microscope. Figure 2 illustrates succes-
sive stages of monazite micro-drilling. Monazites as small as
60 lm have been micro-drilled. During the drilling, surrounding
brittle minerals chipped out at the monazite boundary, leaving
clean crystals even when the drilling diameter was slightly larger
than the monazite. Extracted grains were individually trans-
ferred in Petri dishes under binocular microscope, washed with
Milli-Q ultrapure water and dried with distilled ethanol.

– (3) Sample dissolution, chemical separation and mass spec-
trometry follows the technique described in Paquette and Pin
(2001). Total Pb blank were 5.5±3.5 pg for Pb and less than
1 pg for U during the analytical period. The U-Pb isotopic re-
sults were performed on a FISONS VG Sector 54–30 mass
spectrometer in a multicollector static mode, 204Pb was simul-
taneously measured with a Daly detector ion-counting system.
Individual fraction ellipse errors (2r) and regression calculations
were determined using the PbDat 1.24 and Isoplot/Ex 2.49
programs, respectively (Ludwig 1993, 2001). Age uncertainties
are quoted at the 2r level. The decay constants used for the
U-Pb system are those determined by Jaffrey et al. (1971) and
recommended by the IUGS (Steiger and Jäger 1977).

Conventional ID-TIMS dating results

Before using the micro-drilling sampling technique,
conventionally separated zircons and monazites from
three samples were first analysed.

Sample C43

In this sample, the zircon grains are light pink with a
rounded shape. This morphology was already observed
in zircon recrystallised under granulite-facies conditions
(Vavra et al. 1996; Schaltegger et al. 1999). Monazite
grains are large (>100 lm), anhedral with a honey
yellow colour.

Four of the five analysed zircon fractions (Table 1)
are discordant and define a discordia line (MSWD=2.0)
with a 2,709±4 Ma upper intercept and a poorly de-
fined 829±41 Ma lower intercept (Fig. 3a). Two mon-
azite grains are discordant. They plot on quite opposite
location in the Concordia diagram (Table 1 and Fig. 3a)
and define an upper intercept at 2,507±2 Ma and a
lower intercept at 790±7 Ma. The fifth zircon fraction
roughly plots along the chord defined by the monazite
analyses. This latter fraction was not characterized by
any peculiar observation on the U and Pb concentration
or grains colour and shape.

Sample C1

The zircon grains display the same morphology as C43,
but are colourless to pale yellow and translucent to
brown and turbid crystals. Two types of monazite were
observed: mostly ovoid yellow grains and few anhedral
yellow-greenish crystals.

Three of the six analysed zircon fractions (Table 1
and Fig. 3b), corresponding to the colourless grains,
are concordant to slightly discordant (4 to 8%) and

Fig. 2 Photomicrographs
illustrating the successive stages
of monazite extraction from a
thin-section using a Medenbach
micro-drill mounted on a
conventional optical
microscope
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define a discordia line with an upper intercept at
2,705±1 Ma and a lower intercept at 817±54 Ma
(MSWD=1.4). The three last fractions (Z9, 10, 11)
corresponding to the coloured zircons do not fall on a
chord and consequently do not provide any mean-
ingful age constraint. The rounded and yellow mona-
zite are concordant at 2,541±1 Ma (Table 1 and
Fig. 3b) whereas the three anhedral greenish grains are
strongly discordant (46% to 69%). When plotted on
the same diagram, the five monazite crystals plot on a
poorly-defined alignment (MSWD=41) with an upper
intercept at 2,544±10 Ma and a lower intercept at
775±29 Ma.

Sample C6

The zircon grains are comparable to those of samples C1
and C43. Monazites are translucent, yellow, mostly
anhedral and rarely ovoid.

Three analysed monazite crystals are concordant and
record a precise age of 788±2 Ma (Fig. 3c and Table 1).
The four analysed zircon fractions are discordant along
a chord with an upper intercept at 2,588±15 Ma and a
lower intercept at 776±100 Ma (Fig. 3d and Table 1).
The high MSWD value (MSWD=21) indicates that the
resulting ages are statistically meaningless. If the lower
intercept is forced by 788±2 Ma, as defined by the
monazite dating, the upper intercept becomes
2,590±4 Ma.

In summary of this first part of the study, conventional
U-Pb dating of (mostly single) zircons and monazites
recorded three ages, respectively 2.7 Ga, 2.5–2.6 Ga and
790 Ma. Note that only one zircon fraction is con-
cordant (Z6 in sample C1). Half of the analysed
monazite grains are also discordant. Two crystals are
concordant at 2.54 Ga in sample C1 and the three
analysed monazites from sample C6 are all concordant
at 790 Ma. At this stage of the study, the interpreta-
tion of dating results is speculative. Based on the
deformation associated to hydrous retromorphic evo-
lution experienced by sample C6, the 790 Ma-age
recorded by concordant monazites can be interpreted
as a metamorphic event that has fully reset their U-Pb

Fig. 3
206Pb/238U vs. 207Pb/235U concordia diagrams of con-

ventional multi-grain analysis of zircons and monazites from
Andriamena granulites
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isotopic system. Note that this 790 Ma age is more or
less precisely dated as lower intercept by zircons and/
or monazites in all samples, which favours this
hypothesis. Zircon fractions of samples C43 and C1
define upper intercepts at 2,705–2,710 Ma. This age is
not recorded by monazites we analysed, thus we sug-
gest this last date represents the igneous emplacement
of the granulite protoliths. Finally, a 2.5–2.6 Ga event
has been recorded by monazites from C43 and C1. The
main problem concerns the interpretation of this last
age based on monazites only that may represent a
magmatic and/or metamorphic event. The timing of
the UHT metamorphic event represents a major con-
strain for the geological evolution of the Andriamena
Complex. The conventional U-Pb dating indicates two
possible ages, 790 Ma or 2.5 Ga, but we cannot favour
one or the other. Finally, it is difficult to interpret the
discordance of the analysed monazites with the results
presented here.

In situ ID-TIMS dating results on monazites

To try to solve both questions: age of UHT meta-
morphism and behaviour of the U-Pb system of the
monazites, it is necessary to add spatial resolution to
ID-TIMS dating in order to establish a close con-
nection between age and textural location of monaz-
ites. In this chapter, we present a new sampling
approach for conventional ID-TIMS U-Pb dating of
minerals.

Monazite petrography and EMP Th-Pb chemical dating

Monazite is abundant in sample An6e (more than 10
grains >50 lm per thin section). Three populations of
monazite have been distinguished and micro-drilled
according to their textural position and crystallographic
features.

The first population consists of monazites included in
primary garnet (grt1) that are euhedral micro-inclusions
and rounded grains (M12’) (Fig. 4a–b). These latter are
either fully armoured by garnet or connected with the
matrix via numerous cracks within garnet. The euhedral
shape of some of these monazites favours a crystallisa-
tion coeval with garnet growth under UHT metamor-
phism.

The second population of monazites (M18’, M4’,
M17, M2’) is located into the matrix which consists of
aggregated and recrystallised quartz grains (Fig. 4c).
They occur as included or interstitial grains. Most of
these monazites display an ovoid morphology with
homogeneous or core-rim internal structure. Monazite
M2’ displays a zoning with two different chemical do-
mains bounded by internal euhedral crystallographic
faces.

The third population represents the main occurrence
of monazites in sample An6e. It was found in the hy-
drated coronitic textures formed at the expense of garnet
(Fig. 4d). These large grains (>100 lm) display a very
irregular shape, potentially resulting from the combined
growth of both monazite and hydrated mineral assem-
blage. Monazites from hydrated zones display either no

Fig. 4 Photomicrographs
showing the distinct
populations of monazites and
their textural features from
sample An6e. A Fully armoured
euhedral micro-inclusions
included in a primary UHT
garnet. B Rounded grain of
monazite, associated with three
zircons, included in a primary
UHT garnet. The monazite is
connected with the matrix via
numerous garnet cracks. C
Monazite located in the matrix
composed of an aggregate of
recrystallized equant polygonal
grains of quartz. D Monazite
located into the secondary
hydrated aggregates of
orthoamphibole, cordierite and
biotite. They are characterized
by an irregular shape that may
have resulted from intergrowth
with the host-hydrated
minerals. The core of the grain
is totally inclusion free in
contrast to the rim
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internal zoning or a core-rim structure. The rims contain
numerous euhedral inclusions of quartz, orthoamphi-
bole, cordierite and biotite, which confirms that the
growth of monazite rims is coeval with garnet break-
down during the retrograde evolution.

One common feature to all monazite populations (in
quartz, in hydrated aggregates and in garnet connected
to the matrix by cracks) is the frequent occurrence of
small overgrowths or internal dark domains located
close to inclusions.

The ages obtained by EMP U-Th-Pb dating of mo-
nazites from sample An6e are scattered, considering the
different crystal populations (Fig. 5) or within single
grains (Goncalves 2002) (Fig. 6). In the three monazite
occurrences, garnet, quartz and hydrated coronitic

reactions, the measured ages are more often generally
continuously distributed between 2.5 and 0.75 Ga
(Fig. 5). The oldest apparent ages were recorded in
monazites located in primary garnet porphyroblasts and
in a lesser extend in the quartz matrix (Fig. 5a–b). In
contrast, monazites located in the secondary coronitic
textures yield younger ages with a minimum value
around 0.75 Ga (Fig. 5c). This scatter may result from
the combination of lead loss and monazite growth epi-
sodes as suggested by the occurrence of inherited cores
surrounded by recrystallised rims. Most of these mo-
nazites are also characterized by the occurrence of small
overgrowth and internal domains dated around 500 Ma
(Figs. 5 and 6d). The homogeneity of the youngest
population and the fact that no intermediate ages be-
tween 750 and 500 Ma have been reported, suggests that
the Cambrian event is meaningful. Two important geo-
chronological information can be derived from this part.
At first, the Th-Pb isotopic system of the studied mo-
nazites is discordant at the scale of the EMP spot size
(�3 lm). Consequently, the U-Pb dating results ob-
tained by ID-TIMS at the grain scale will also be dis-
cordant. Furthermore, the studied monazites are
composite and do not display concentric structures.
They comprise old cores, recrystallized domains, late
overgrowths and patches located in the inner parts of the
grains.

ID-TIMS U-Pb dating of micro-drilled single monazites

Twelve monazite grains were selected and micro-drilled
for individual dating. The results are reported on a
Concordia diagram (Fig. 7 and Table 2), where indi-
vidually analyzed monazites all plot on discordant tra-
jectories, from 13 to 95%. Considering that all these
monazites are extracted from thin sections of a single
sample, their relative location on the Concordia diagram
tend to be connected to their textural position within the
mineralogical assemblage. Consequently, the different
results and corresponding ages are discussed relatively to
the textural location of the monazites.

– (1) The two monazites included in garnet (M8, M12)
produce comparable and moderately discordant (29–
32%) analytical points which indicate 207Pb/206Pb
apparent ages of 2.4 Ga.

– (2) Three grains were located within the coronitic
domains (M10, M16, M’5). The analytical points are
strongly discordant, from 70 to 95%. A fourth one
(M9’), characterised by a comparable level of discor-
dance, plots on a distinct trajectory and suggests an
older lower intercept than the other monazites. The
near lack of Cambrian domains within this grain was
emphasized by the EMP study (Fig. 6c).

– (3) Three grains were located into the matrix at the
contact between recrystallised quartz and hydrated
coronitic assemblages (M3, M4, M17). These points
are strongly discordant, from 75 to 83%, and plot

Fig. 5 Weighted-histogram representations of the U-Th-Pb chem-
ical age data of monazite included in garnet, quartz and hydrated
aggregates from sample An6e (Goncalves 2002). The ordinate
consists of unit-free values representing the sum of the Gaussian
curves
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near the monazites located within the coronitic
domains only.

– (4) The three last grains, included into quartz, display
contrasted U-Pb systematics. Monazite M18’ is much
less discordant than the other crystals (13%) and
preserved a pre-metamorphic history of the protolith
at 2.7 Ga. Grain M4’ is moderately discordant (30%)
and plots closely to the garnet-included monazites.
Note that M4’ and M5’ grains (Fig. 6b, c) were sep-
arated by 1.5 mm only on the thin section. Grain M2’

is highly discordant (94%) and plots near monazite
M5’ located within the coronitic domains, both grains
being characterised by large Cambrian overgrowths
(see Fig. 6d for M5’).

Ten of the twelve analysed monazite plot on an
imperfect alignment, corresponding to garnet-hosted
monazites on the one side and to monazites located
within garnet breakdown products on the other side.
Calculation using a model 2-fit (Ludwig 2001) indicates
two intercepts with the Concordia curve at
2,523±10 Ma and 576±12 Ma, respectively (Fig. 7).
Additionally, a line joining M8 (monazite included in
garnet) and M9’ (Cambrian overgrowth-free monazite
sample) allows to calculate an upper intercept at 2.56 Ga
and a lower intercept at 740 Ma, which confirms the
near lack of Cambrian overprint in the M9’ grain.
Finally, a regression line starting from the 576 Ma lower
intercept and including the oldest M18’ monazite indi-
cates a probable 2.7 Ga upper intercept age.

Interpretation of dating results and discussion

Most of the monazites from the matrix are constituted
of one or several old cores and recrystallised domains
dated between 2.5 and 0.75 Ga with the frequent
occurrence of 500 Ma overgrowths and/or inner patches
(Fig. 5). Consequently, ID-TIMS dating of such com-
plex crystals cannot result in perfectly defined discordia
line because the proportion of each component vary
from grain to grain. Accordingly, the lower intercepts
calculated at 740 and 576 Ma only represent minimum

Fig. 6 Back-scattered electron
images and corresponding
mapping of U-Th-Pb chemical
ages of monazites located in
different textural positions: in
garnet (A), in quartz (B), in
hydrated coronitic textures
(C and D). Typical individual
errors are 30–50 Ma for
0.5–1.0 Ga ages, 50–70 Ma for
1.0–2.0 Ga ages and 70–90 Ma
for 2.0–2.7 Ga ages

Fig. 7
206Pb/238U vs. 207Pb/235U concordia diagram of micro-

drilled monazites from the Andriamena granulite An6e. Each
monazite grain is characterized by its textural position
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and maximum estimates, respectively. All the data plot
into a triangle with an upper pole at 2.52–2.54 Ga and
lower poles at 790 Ma (ID-TIMS on C6 monazites) and
520 Ma (EMP on An6e). ID-TIMS dating has shown
that all the monazites from sample An6e were discor-
dant at least at the single grain scale. Most of the ages
determined by EMP are ranging from 2.5 to 0.75 Ga,
which implies that the Th-Pb chronometer also provides
discordant ages, possibly resulting from old and young
micro-domains, in spite of the reduced EMP spot size.
The well-defined 500-Ma peaks suggest that the U-Th-
Pb Cambrian ages measured by EMP on overgrowths
are probably meaningful. Finally, a single monazite
grain armoured in quartz was almost fully preserved
from three metamorphic overprints and confirms the
occurrence of a 2.7 Ga igneous protolith age, previously
determined by ID-TIMS dating of zircons from samples
C1 and C43. Consequently, a total of four ages appear
to be recorded by U-Pb systematic on monazite grains
from a single thin-section.

The conventional U-Pb dating was unable to
constrain the age of the UHT metamorphism: 790 Ma
or 2.5 Ga? This question was answered through
dating micro-drilled monazites in textural equilibrium
with UHT garnet (sample An6e). Consequently, the
late Archaean event (�2.5 Ga) is identified as the
age of the UHT metamorphism (1,050±50 �C and
11.5±1.5 kbar). UHT granulites occurred as small len-
ses that were strongly reworked during Neoproterozoic
times. The lack of structural markers makes the geo-
dynamic context at the origin of this high-grade event
unconstrained. The UHT granulites were affected by a
second metamorphic event under lower granulite facies
conditions (900 �C and �7 kbar) at 790 Ma (ID-TIMS
on C6 monazites). This event is characterized by the
breakdown of the UHT garnet into a hydrated ortho-
amphibole and cordierite-bearing assemblage. The age
of the retrogression is consistent with one drilled mon-
azite (M’9 in Fig. 6) located in the hydrated coronitic
textures. This second episode of monazite growth was
produced by dissolution-precipitation as illustrated by
the occurrence of UHT cores surrounded by rims con-
taining mineral products from the breakdown of the
UHT assemblage. This granulite event is coeval with the
emplacement of voluminous mafic rocks and granitoids
in Central and North-Central Madagascar interpreted
as arc magmatism related to the closure of the
Mozambique ocean (Guérrot et al. 1993; Handke et al.
1999; Tucker et al. 1999, Kröner et al. 2000). The large
diachrony between the UHT peak metamorphism and
the subsequent hydrated retrogression (2.5 Ga–790 Ma)
is noticeable. These new geochronological constraints
demonstrate that the metamorphic evolution of the
investigated rocks cannot be interpreted as the result of
a single thermal event.

The fourth thermal event, dated around 500 Ma, is
characterized by the formation of small overgrowths
and of recrystallized domains pervasively distributed
throughout the grains (Fig. 6d). This last episode ofT
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monazite growths was mostly recorded using the high
spatial resolution of the EMP since the overgrowths are
more often lower than 10 lm in size (Figs. 5 and 6d). In
addition, Cambrian ages are also recorded from re-
crystallized monazite domains located at the contact
with silicate inclusions (quartz, cordierite, biotite, or-
thoamphibole) or in garnet cracks (Fig. 6a). Conse-
quently, we suggest that this Cambrian recrystallization
episode may be related to fluid circulation. This latter
event is coeval with the emplacement and deformation of
the Andriamena unit at 530–500 Ma (Goncalves et al.
2003), under upper amphibolite facies conditions
(5–7 kbar, 650–700 �C). The deformation is probably
connected to the continental convergence of the Austra-
lia-Antarctica block and Madagascar-Sri Lanka-South
India-East Africa block during the final amalgamation of
Gondwana. The absence or weak imprint of this Cam-
brian event in theMg-granulitesmay be partly due to their
refractory behaviour, to the localized nature of fluid
circulations and to lowest metamorphic conditions.

The EMP characterization and ‘‘in situ’’ ID-TIMS
dating on thin sections from sample An6e demonstrate
that most monazites from the matrix display various age
domains interpreted as resulting from distinct episodes
of monazite growth or recrystallization during meta-
morphic events (2.5 Ga, 790 and 500 Ma). Conse-
quently, the observed discordance of ID-TIMS data
points mainly reflects a mixture of different domains that
crystallized at different times. Nevertheless, EMP also
revealed that the studied monazites were discordant
(Fig. 6) at the scale of the spot-size (�3 lm), which
implies that mixing of old and young components also
appear at the micrometer scale. The second episode of
monazite growth occurred at 790 Ma and was produced
by dissolution-precipitation as illustrated by the occur-
rence of UHT cores surrounded by rims containing
minerals from the breakdown of the UHT assemblage
(Fig. 6d). The discordance level of the analysed mo-
nazites reported in the Concordia diagram is correlated
to their textural position. Monazite included into garnet
is less discordant due to the shielding effect of garnet
(Montel et al. 2000). Monazites located in quartz display
discordance degrees from 13 to 94%, depending on their
position in the middle or at the border of the grain,
where the sensitivity to fluid interactions increases. The
preservation of a weakly-discordant age of 2.7 Ga in a
single monazite grain, despite the superposition of sev-
eral metamorphic events, one of which occurring under
high-grade thermal conditions (�1,050 �C), demon-
strates the robustness of the U-Pb system of monazites
in the absence of fluid circulation. This also confirms
suggests that quartz, in favourable cases, may have the
same shielding effect than garnet (e.g. Hawkins and
Bowring 1997; Poitrasson et al. 2002). In contrast, mo-
nazites located in the hydrated coronitic textures (or-
thoamphibole, biotite and cordierite) and in the matrix
at the contact with cordierite are the most discordant.
We suggest that this fluid-rich environment proba-
bly favours dissolution-precipitation and consequently

isotope resetting. Likewise, the Cambrian episode of
monazite (re)crystallization could also result from dis-
solution-precipitation process related to fluid interac-
tions. According to Seydoux-Guillaume et al. (2002),
dissolution-precipitation processes are particularly
efficient under Ca-rich fluid conditions favouring the
brabantite substitution (Ca,Th(PO4)2). Interestingly,
the Cambrian overgrowths are significantly enriched in
Ca suggesting the activity of a possible Ca-enriched
fluid.

Numerous recent studies illustrate that monazite
geochronology is sometimes more complex then gener-
ally assumed. This is related to the widespread recrys-
tallization of discrete domains pervasively distributed
throughout the grains (e.g. Townsend et al. 2000). This
type of mechanism often caused isotopic discordance of
analysed monazites (e.g. Crowley and Ghent 1999).
When the initially closed U-Pb system of monazites is
disturbed by a single event, then a combined study using
ID-TIMS and EMP on mineral separates can provide
precise constraints on the age and origins of the dis-
cordance (Crowley and Ghent 1999). Another powerful
approach is the combination of SIMS U-Th-Pb dating
associated to EMP chemical study of monazites, both on
thin sections (Foster et al. 2000). In the studied An6e
sample, the monazites were affected by at least two
distinct metamorphic events and single grains were all
discordant in the Concordia diagram. In such a case, a
careful evaluation of the analytical strategy is required.
(i) First, U-Pb or U-Th-Pb dating allows to plot the
results in the two-dimensions Concordia diagram, where
discordance level, alignment and intercept ages are eas-
ier to decipher than using frequency histograms. (ii)
Second, the possibility to produce ‘‘in situ’’ dating (in
thin sections) rather using monazite concentrates allows
to associate petrographic textures to geochronological
results. In this study, the link between monazite U-Pb
age and host minerals and paragenesis provides helpful
constraints. The careful examination and Th-Pb chemi-
cal dating of monazites in thin sections using EMP
produces the mapping of compositions and apparent
ages for each grain. This provides key information for
monazite selection before micro-drilling and ID-TIMS
dating. (iii) Finally, considering the extreme heteroge-
neity at the micrometer scale of An6e monazite grains
where the SIMS potentialities cannot be fully exploited,
then ID-TIMS on micro-drilled monazites is a valuable
approach as illustrated in this study. Based on the whole
set of data, mixing micro-drilled monazites from thin
sections and mineral separates, we significantly im-
proved our understanding of the timing of UHT gran-
ulites from Madagascar.

Conclusions

Four ages were obtained by combined EMP and ID-
TIMS U-Pb dating of micro-drilled monazites on
a single UHT granulite from Central Madagascar.
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Combined with conventional U-Pb results on zircon and
monazite separates from three adjacent samples, this ‘‘in
situ’’ dating allows us to propose the following evolu-
tion. The oldest and most probably primary igneous
event is recorded at 2.7 Ga by zircons and one quartz-
shielded monazite grain. The Ultra High Temperature
metamorphism is defined at 2.5 Ga by both garnet-in-
cluded monazites and mineral separates. Two later
events are recorded, the first at 790 Ma in (1) micro-
drilled monazites included into hydrated retrograde
assemblages and (2) in monazites from strongly de-
formed C6 sample. The second event is dated at 500 Ma,
mostly by EMP on thin overgrowths and/or pervasively
recrystallized domains.

This article is an attempt to demonstrate the
potentialities of the ‘‘in-situ’’ U-Pb dating technique
of micro-drilled monazite crystals to unravel complex
poly-metamorphic evolutions and to put absolute time
constraints on P-T paths. This technique represents,
when its application is possible, an interesting oppor-
tunity combining precise ID-TIMS U-Pb dating and
EMP petrographic characterisation. The major interest
is the possibility to put time constraints on geological
processes at the thin section scale, the main drawback
being the difficulty to obtain concordant intercept ages
at the single grain scale when the monazites have
recorded numerous events.
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