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meter is widely used in a variety of geological contexts but may be affected by
interaction with fluids. In the central part of the Rhodope Massif (Greece, Bulgaria), synfolial pegmatite veins
were emplaced within two major synmetamorphic shear zones. In the Chepelare shear zone (CZS), which
displays no evidence of post-metamorphic fluid flow, consistent monazite Th–Pb ages of ∼36 Ma are
interpreted as dating vein emplacement. Higher in the metamorphic pile, zircon and monazite give U–Th–Pb
ages of ∼42 Ma for vein emplacement. In the Nestos Shear Zone (NSZ) pegmatites show evidence of post-
emplacement interaction with fluids during greenschist facies ductile deformation. Evidence for this
includes the precipitation of calcite in microscale tension gashes within feldspar porphyroclasts, and the
oxygen isotope disequilibrium between quartz and feldspar. Aqueous carbonic fluids deriving from
carbonate lithologies in the footwall of the NSZ are identifiable in the pegmatites by the high δ18O value of
quartz (up to 21.8‰) and the presence of calcium in calcite veinlets. In these samples, some of the monazite
grains show large intragrain scattering of Th–Pb age spanning up to ∼12 Ma, with intergrain scattering
reaching ∼16 Ma (from ∼39 to ∼55 Ma). Within individual grains, age domains correlate with chemical
heterogeneities, and some show a characteristic Ca-excess. These chemical and isotopic alterations are
interpreted to be caused by interaction with fluids derived from carbonate lithologies. Complementary U–Pb
data on zircons from the NSZ pegmatites yield mostly Mesozoic ages related to an older metamorphic cycle,
and an age of ∼48 Ma for one grain with typical magmatic zoning. The Th–Pb ages of 49.3±1.6 to 54.9±
1.7 Ma probably relate to the emplacement of the pegmatites. The spread of younger Th–Pb ages (from 38.6±
1.1 to 46.2±1.6 Ma) probably reflects the period of fluid circulation during progressive cooling to greenschist
facies conditions, or variable perturbations of the monazite isotope system during fluid-assisted greenschist
facies deformation. This is consistent with 39Ar–40Ar mica ages of ∼32 to 34 Ma, interpreted as a tighter
constraint for the timing of the greenschist facies metamorphism. This study illustrates the capacity of
monazite to record distinct events in a single rock and highlights the need for identifying the potential
involvement of fluids in order to interpret monazite ages.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Monazite [(Ce, La, Nd, Th) PO4] occurs as an accessory mineral in
many metamorphic and magmatic rocks, and is thus extensively used
for dating crustal processes. The development of in situ methods to
analyze isotopes and chemistry has enabled us to examine the
V. Bosse),
tier@univ-rennes1.fr
al@opgc.univ-bpclermont.fr
nko@gea.uni-sofia.bg
aquette).

ll rights reserved.
behaviour of the monazite Th–Pb and U–Pb chronometers in various
environments (e.g. Poitrasson et al., 2000; Catlos et al., 2002;
Goncalves et al., 2005; Pyle et al., 2005; Jercinovic and Williams,
2005; Rasmussen et al., 2006; Hinchey et al., 2007; McFarlane and
McCulloch, 2007; Williams et al., 2007; Di Vincenzo et al., 2007).
Other studies have pointed out that the diffusion rate of many
elements, especially Pb, is very low in monazite (Smith and Giletti,
1997; Cherniak et al., 2004; Seydoux-Guillaume et al., 2002; Gardés
et al., 2006). Thus, in principle, monazite should be particularly
adapted to record various stages during a sequence of high-
temperature geological events.

Monazite often displays distinct compositional and age domains
together with complex chemical zoning patterns (Zhu and O'Nions,
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Fig. 1. Topographic map of the northern Aegean domain centered on the Rhodope
Massif, with the locations of the twomain shear zones (CSZ, Chepelare Shear Zone; NSZ,
Nestos Shear Zone). The footwall of the CSZ consists of orthogneisses while that of the
NSZ is dominated by carbonates. The arrows indicate the vergence of Alpine thrusting in
the Balkanides, to the north, and the Hellenides, to the southwest.
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1999a,b; Crowley and Ghent, 1999; Foster et al., 2000, 2002; Catlos
et al., 2002; Kohn et al., 2005; Rasmussen et al., 2006; McFarlane and
McCulloch, 2007; Hinchey et al., 2007). In some cases, these chemical
patterns are associated with geologically meaningless ages (e.g.,
Seydoux-Guillaume et al., 2003). Fluid-assisted recrystallization
constitutes an efficient way to reset the monazite chronometers
under experimental conditions (Seydoux-Guillaume et al., 2002). In
natural systems, Poitrasson et al. (1996, 2000) have described the
behaviour of monazite during fluid–rock interaction processes that are
classically observed within granitic rocks (chloritisation, greiseniza-
tion, sericitization). They showed that Th–Pb and U–Pb systematics
can be highly disturbed but may ultimately provide meaningful
magmatic or fluid-alteration ages.

This study concerns monazite grains from synfolial pegmatite
veins from the Rhodope Massif (northern Greece, Bulgaria). These
rocks were emplaced within two high-grade shear zones several
kilometers thick, classically described as Alpine synmetamorphic
thrusts. Available geochronological data show that at least some of the
rocks embedded in these shear zones experienced two major
metamorphic cycles during Alpine orogenesis, with an apparent
time gap of ∼100 Ma in between. Careful investigation is thus needed
to assess the exact meaning of new geochronological data. The two
shear zones exhibit many characteristics in common, but differ
strikingly in terms of footwall lithology; in one case it is carbonate-
dominated, and in the other gneiss-dominated. Another difference is
that deformation along the shear zone involving carbonates persisted
during cooling down to greenschist facies conditions. Thrusting is
commonly associated with dehydration–decarbonation of buried
material, giving rise to large amounts of fluids that preferentially
migrate into the hangingwall along high-permeability shear zones.
Therefore, contrasting chemical signatures of fluids are expected
between the two shear zones, probably with distinct chemical and
isotopic evolution of their respective monazite grains. Moreover,
because even low-temperature fluid circulation is capable of affecting
monazite (Teufel and Heinrich, 1997; Hawkins and Bowring, 1997;
Townsend et al., 2000), the influence of fluids on the monazite U–Th–
Pb chronometer is expected to be more pronounced in the case of a
shear zone that remained active during cooling to greenschist facies
conditions.

This study presents electron microprobe analyses (in-situ analysis
and element mapping) and back-scattered electron (BSE) imaging of
monazite crystals separated from four pegmatite samples, together
with in-situ Th–Pb dating by laser ablation-inductive coupled plasma
mass spectrometry (LA-ICPMS). Oxygen isotope analyses performed
on quartz and feldspar enable fluid–rock interactions within the
pegmatites to be identified. 39Ar–40Ar dating of micas and U–Pb dates
in zircon grains from the same samples provide additional and helpful
constraints on the geological significance of the measured Th–Pb ages
in monazite. In the light of these results, the alterations to the
chemical and isotope systems of monazite during fluid-assisted
greenschist facies deformation is discussed.

2. Geological setting

2.1. Tectono-metamorphic setting

The Rhodope Massif is a large crystalline complex lying in the
northern part of the Aegean domain, straddling the border between
Greece and Bulgaria (Fig.1). It occupies a central position in the Alpine
belt, between the southwest-verging Hellenides and the north-
verging Balkanides. The massif mostly consists of high-grade
metamorphic rocks and granitoids and represents the exhumed
metamorphic core of the Alpine orogen. The precise timing of Alpine
tectono-metamorphic events remains poorly known for much of the
massif, available geochronological data suggesting a complex meta-
morphic evolution spanning Jurassic to late Cenozoic times (e.g.,
Krohe andMposkos, 2002; Liati, 2005; Cherneva and Georgieva, 2005;
Bonev et al., 2006).

This study focuses on two major synmetamorphic shear zones
located in the central part of the Rhodope Massif (Fig. 1). The Nestos
Shear Zone (NSZ) is exposed in Greece and was first described in the
1980s (Papanikolaou and Panagopoulos, 1981; Ivanov, 1981; Zachos
and Dimadis, 1983). The Chepelare Shear Zone (CSZ) is exposed in
Bulgaria and was first reported by Burg et al. (1990). Both shear zones
dip northward and consist of a N1 km-thick pile of mylonites
displaying top-to-southwest shear sense criteria (e.g., Kilias and
Mountrakis, 1990; Dimov et al., 1996; Barr et al., 1999). According to
these authors as well as others (e.g., Dinter, 1998; Krohe andMposkos,
2002), the two shear zones represent synmetamorphic thrusts. For
Ricou et al. (1998), they represent main structures which accommo-
dated Alpine convergence in the innermost part of the Hellenides.

The hangingwall unit of both shear zones is composed mainly of
migmatites developed at the expense of orthogneisses and minor
paragneisses in the two localities. In contrast, the footwall unit differs
in each case. The footwall of the NSZ exposes a thick pile of marbles. In
the area of Xanthi, where the samples of this study come from,
marbles are at least 1.5 km thick and form the immediate footwall of
the main tectonic contact associated with the NSZ (Fig. 1). The footwall
of the CSZ exposes a pile of mesocratic to felsic orthogneisses at least
3 km thick. These orthogneisses are overlain by a b1 km-thick layered
package of mylonitic gneisses, marbles, micaschists and amphibolites,
known as the ‘Chepelare Formation’. According to Gerdjikov et al.
(2003), the Chepelare Formation constitutes the hangingwall imme-
diately above the main tectonic contact associated with the CSZ.

Both the NSZ and the CSZ represent high-grade shear zones,
however deformation along the NSZ persisted at lower temperature
conditions. Our observations of the NSZ in the area north of Xanthi
indicate that top-to-SW shearing at lower levels of the hangingwall
unit occurred first at higher amphibolite facies conditions, with
concurrent anatexis, and persisted during cooling down to greenschist
facies conditions, at which stage deformation became more localized
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within discrete shear zones (see also Kilias and Mountrakis, 1990;
Krohe and Mposkos, 2002). In contrast, shearing along the CSZ first
developed during the anatexis of felsic gneisses in both the hanging-
wall and footwall units, but ceased before the rocks cooled to
greenschist facies conditions (Dimov et al., 1996; Gerdjikov et al.,
2003).

2.2. Previous geochronology

Geochronological data on rocks embedded in the NSZ have yielded
three broad age groups. The first group consists of Proterozoic to Early
Triassic U–Pb and Pb–Pb zircon ages, inherited fromvarious protoliths
(Liati, 2005; Turpaud, 2006). The second group, at ∼150–140 Ma, is
represented by U–Pb SHRIMP ages on metamorphic rims of zircon
(Liati, 2005) and U–Th–Pb LA-ICPMS ages on monazite (Bosse et al.,
2006) from garnet–kyanite metapelites near Xanthi. To date, this
lithology has yielded the most convincing evidence of a relict
ultrahigh-pressure metamorphic event in this part of the Rhodope
metamorphic pile (Mposkos and Kostopoulos, 2001; Perraki et al.,
2006). From the same lithology, Reischmann and Kostopoulos (2002)
reported microprobe monazite ages clustering around 185 and
165 Ma, and a Sm–Nd garnet — whole rock age of ∼140 Ma.
Orthogneiss higher up in the northwards-dipping metamorphic pile
have yielded U–Pb and Pb–Pb zircon ages in the range of ∼165 to
135 Ma; this is interpreted as dating the magmatic protoliths
(Turpaud, 2006). K–Ar and Rb–Sr chronometers essentially yield the
third group of ages, from ∼50 to 35 Ma. From metamorphic rocks
within the NSZ near Xanthi, Liati (1986) obtained K–Ar hornblende
ages of ∼47–37 Ma, and K–Ar muscovite and biotite ages of ∼36–
35 Ma. From the garnet–kyanite metapelites, Reischmann and
Kostopoulos (2002) obtained Rb–Sr mica — whole rock ages of
∼37 Ma for muscovite and ∼34 Ma for biotite. At higher levels of the
metamorphic pile, Liati and Gebauer (1999) obtained U–Pb SHRIMP
zircon ages of ∼45 Ma from a synfolial quartz vein and ∼36 Ma from a
pegmatite which was reportedly undeformed. About 60 km further
west along the strike of the NSZ, from lower in the hangingwall unit,
U–Pb ages of ∼51 Ma and ∼40 Ma were obtained on metamorphic
rims of zircons from an amphibolitized eclogite and a migmatitic
leucosome, respectively (Liati, 2005).

Geochronological data are scarce for the CSZ, but the same three
age groups exist. Arkadakskiy et al. (2000) reported monazite and
zircon U–Pb ages of about 37 Ma from diatexites near the roof of the
shear zone (see also Cherneva and Georgieva, 2005). In the same rocks
inherited zircons have yielded Carboniferous ages, which are
presumed to be remnants from a Hercynian protolith. Bosse et al.
(2006) reported monazite LA-ICPMS U–Th–Pb ages of about 140 Ma
from a garnet–kyanite metapelite within the Chepelare Formation.

This summary shows that rocks embedded in both the NSZ and the
CSZ bear witness to the imprint of at least two major Alpine
metamorphic cycles, one in the mid-Mesozoic, the other in the mid-
Cenozoic, with an apparent age gap of about 100 Ma (see also Liati,
2005; Bosse et al., 2006).

3. Field relations and sample description

The pegmatites in this studywere collectedwithin the NSZ (4.5 km
north–northwest of Xanthi, along the Xanthi River; samples P04-13,
P04-26 and P04-27) and the CSZ (1 km east of Chepelare; sample P04-
64). In addition, P04-56 comes from above the CSZ, higher in the
northwards-dipping metamorphic pile (32 km northwest of Chepe-
lare, along the Vacha valley).

The samples from the NSZ lie at lower levels of the hangingwall
unit, structurally about 1 km above the contact, with thick marbles in
the footwall unit. P04-26 and P04-27 were taken from two pegmatite
veins only 2 m apart. P04-13 is from another vein about 300 m further
east, at a roughly equivalent structural level. Pegmatite P04-13
crosscuts the layering of the host metapelites. Vein thickness is
irregular (0–40 cm) as a result of boudinage (Fig. 2a ). The boudins'
internal foliation, of variable intensity, is concordant with that of the
host rocks. Among the host metapelites there are several layers (up to
10 cm thick), which are more heterogeneous, containing quartz–
feldspath segregations, biotite-rich selvages and centimeter-sized
garnets, giving the rock a typical migmatitic appearance (Fig. 2a). A
progressive lateral transition was observed between one such layer
and a boudin of pegmatite P04-13, the margins of which also show
large garnets and a diffuse contact with the host metapelites (Fig. 2b).
We interpret these features as indicating that the pegmatite
originated from the anatexis of the host metapelites. P04-27 is also
a pegmatite vein of irregular thickness (up to 30 cm) with an internal
foliation paralleling that of the hosting biotite–garnet gneisses. It has
uneven boundaries, while the host gneisses contain randomly
distributed cm-thick synfolial quartz–feldspar segregations (Fig. 2c).
The contact between the vein and the segregations is transitional. The
garnet also becomes larger and more abundant closer to the vein.
These features suggest that this pegmatite, too, originated from
anatexis of its host gneisses. Close to P04-27, P04-26 samples a series
of ∼5 cm-thick felsic veins which crosscut the foliation and mm-scale
compositional layering of hosting amphibolites at a low angle
(Fig. 2d). The amphibolites lie concordantly on the above mentioned
biotite–garnet gneisses. The markedly diffuse contacts between felsic
veins and host amphibolites indicate that the veins were emplaced at
high-grade conditions. They also possibly originated from anatexis of
the amphibolites.

P04-13 and P04-27, the two samples of the NSZ from which
monazite was extracted, show similar structures under the micro-
scope. The most striking feature is the difference in grain size, and the
amount and style of deformation between quartz and feldspar. Quartz
commonly appears as polycrystalline aggregates of small (≤0.3 mm)
elongate grains with a pronounced preferred orientation (Fig. 2e).
Individual grains display undulose extinction and subgrain formation.
This shows an extensive dynamic recrystallization of the quartz. In
contrast, feldspars most commonly appear as large (up to several
centimeters) crystals that are not significantly strained. Nevertheless,
feldspar aggregates with a seriate subpolygonal texture also occur as
discontinuous mantles around porphyroclasts. The largest clasts also
show this texture within discrete ∼0.5–2 mm-wide deformation
bands. In addition, feldspars are frequently cut by a set of parallel
fractures that do not extend through adjacent quartz aggregates
(Fig. 2f), showing that the feldspars showed a brittle response, while
that of the quartz was plastic. Occasionally the quartz grain shape
fabric warps around the sharp edges of feldspar clasts, illustrating the
contrast in competency between the two minerals (Fig. 2e). Quartz
aggregates between felspar microboudins, or in strain shadows beside
feldspar clasts, are composed of larger grains with no, or only a weak,
preferred orientation, which also reflects the greater strength of
feldspar. The fractures inside feldspars host calcite, feldspar/quartz
(frequently as pallisadic euhedral grains) and fibrous muscovite, thus
providing evidence for the precipitation of new minerals from a fluid.
These fractures are oriented at right angles to the external quartz
fabric, suggesting that they represent microscale tension gashes. In
P04-27, primary biotite is partially replaced by finer-grained chlorite,
and the largest biotite flakes are frequently kinked. In P04-13, the
large muscovite flakes have been deformed into curves.

The above features indicate that at least part of the deformation
within the two pegmatites occurred at greenschist facies conditions
(e.g., Simpson, 1985). Additional microstructural observations suggest
that deformation started at higher-grade conditions. Further agree-
ment with this latter view is that the pegmatite veins are
heterogeneously, but pervasively, deformed and show no sharp strain
gradient. This is more typical for quartzofeldspathic rocks having been
strained at an early stage, at temperatures of above 500–550 °C
(Gapais, 1989).
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Fig. 2. (a) and (b) Field views of pegmatite P04-13. In (a) the vein is dismembered due to boudinaging. The left-dipping leucocratic layer next to themain boudin contains centimetric
garnets (‘Grt’) and represents a metapelitic horizonwhich has undergone partial melting. The opposite flank of the outcrop, in (b), shows a progressive lateral transition between one
such horizon and another boudin of the pegmatite. (c) Field view of pegmatite P04-27, hosted by garnet–biotite gneisses with unevenly distributed quartz–feldspar segregations.
Larger garnets (‘Grt’) occur on themargins of the pegmatite. (d) Field view of pegmatite P04-26. (e) and (f) Photomicrographs of sample P04-13. (g) Photomicrograph of sample P04-
64 (‘Myr’ denotes myrmekites). See the text for a description of microstructures.
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Sample P04-64, from the CSZ, was taken from a pegmatite vein
within the ‘Chepelare Formation’, in the lowest part of the hanging-
wall unit (cf. Gerdjikov et al., 2003). The vein is of almost constant
thickness (20 cm) for several meters and is concordant with the cm-
scale compositional layering and mylonitic foliation of host felsic
gneisses, amphibolites and calcsilicates. Its internal pervasive foliation
has the same orientation. When viewed under the microscope
(Fig. 2g), much of the rock shows a mixture of feldspars and quartz
which form a fine-grained subpolygonal texture which is vermicular
in places. This texture alternates with quartz ribbons containing large
grains with deeply indented boundaries, and with discontinuous
layers of synfolial biotite partially replaced by a mimetic overgrowth
of chlorite. K-feldspar porphyroclasts are relatively rare and show
myrmekitic replacement lobes along their margins paralleling the
foliation. These features document high amounts of strain accumu-
lated at amphibolite facies or higher-grade conditions (e.g., Simpson,
1985) and show no evidence of subsequent deformation during
greenschist facies metamorphism.
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Sample P04-56, from above the CSZ, was taken from a series of
∼10–50 cm-thick felsic veins crosscutting the foliation of hosting
amphibolites at low to moderate angles. The veins show a pervasive
high-strain foliation parallel to their margins, with ultramylonitic
bands occurring preferentially along the margins. The geometry of the
veins indicates that they were emplaced along mesoscale shear bands
associated with a top-to-WNW shearing event that is kinematically
distinct from the top-to-SW shearing event recorded throughout the
CSZ. For convenience, P04-56 and P04-64 will be treated together, in
the following discussion, as samples ‘from the CSZ’. However, as we
suggest in the discussion, the obtained ages should be interpreted
separately.

4. Analytical procedures

4.1. Mineral separation

Zircon is very abundant whereas monazite, though present in all
samples (except in P04-26), is scarce. Only 10 to 20 grains of monazite
were found in 5 to 10 kg of rock. Thus, LA-ICPMS and microprobe
Fig. 3. BSE images and X-ray maps of monazite from samples of the NSZ: grains P04-13-5 (a t
(u to x). BSE images show the location of ICPMS laser ablation pits (10 µm) and their co
microprobe analyses reported in Tables 1a, b, c, d.
analyses could not be carried out on thin sections. Monazite and
zircon were obtained by crushing then sieving through heavy liquids
and Frantz magnetic separators. From the five samples described in
Section 3,18 grains of monazite and 36 grains of zirconwere extracted,
mounted on epoxy resin and polished using 0.25 µm diamond paste.
The size of the monazite grains typically ranges from 100 to 300 μm
(Figs. 3 and 4). Most grains show irregular or rounded–subhedral
shapes; euhedral grains are rare, e.g. in sample P04-64. Many grains
also contain fractures. We see no intra-grain spatial correlation
between the distribution of elements and the occurrence of fractures,
therefore most of these fractures probably developed during the
polishing procedure.

Single grains of muscovite and biotite used for the 39Ar–40Ar
experiments were handpicked under a binocular microscope from
0.25–1.0 mm fractions of crushed rock samples.

4.2. EMP analyses

Quantitative analysis and X-ray mapping of monazite were carried
out using a Cameca PC-controlled-SX 100 type (LMV, Clermont-
o d), P04-13-6 (e to h) P04-13-7 (i to l), P04-13-8 (m to p), P04-13-9 (q to t) and P04-27
rresponding 232Th–208Pb ages (2σ level). Numbers shown on Y maps correspond to



Fig. 3 (continued).
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Ferrand). During analysis of major and trace elements, an accelerating
voltage of 15 kV, beam current of 100 nA and peak counting time 10 to
25 s. X-ray lineswere used, and background offsets and standardswere
derived from the earlier study of Montel et al. (1996). Compositional
images were performed at 15 kV and 200 nA, using a focused beam
either in beamor stage scanningmode, dependingonmapdimensions.
The dwell time per pixel was set to 100 ms and the pixel step to 1 µm.
The selected X-ray lines were CaKα, YLα, LaLα, ThMα and UMβ.
Selected quantitative electron microprobe analyses and La, Y, U and Th
elemental mapping are shown in Fig. 4 and Tables 1a, b, c, d.

4.3. LA-ICPMS U–Th–Pb analyses

U–Th–Pb analyses on monazite and zircon were carried out by
Laser Ablation-ICPMS at the CNR-Istituto di Geoscienze e Georisorse-
Unità di Pavia. Analytical procedures are reported in detail in Tiepolo
(2003) andPaquette and Tiepolo (2007). The LA-ICPMS instrument
couples an Argon Fluoride 193 nm excimer laser (type GeoLas 102
from MicroLas) with a sector field ICP-MS (type Element I from
ThermoFinnigan). The spot size was 10 µm in diameter for the
monazites, 35 µm for the NSZ zircons and 20 µm for the CSZ zircons,
with an energy density of 12 J cm−2 and a repetition rate of 3 Hz. Time
resolved signals were carefully inspected to verify the presence of
perturbations related to inclusions, fractures, mixing of different age
domains or common Pb. Laser induced elemental fractionation and
mass bias were corrected using a matrix matched external standard
(Moacirmonazite: Cruz et al.,1996, Seydoux-Guillaume et al., 2002a,b;
Zircon 91500: Wiedenbeck et al., 1995). To ensure the efficient
correction of fractionation effects, external standards and unknowns
were integrated over the same time intervals (external standards
analyses, Table 4 in the Appendix, are available as an electronic
supplement). Data reduction was carried out with GLITTER software
developed by van Achterbergh et al. (2001) and in order to estimate
better the uncertainty affecting the 206Pb/238U, 207Pb/235U and 208Pb/
232Th isotope ratios, the individual uncertainties given byGLITTER® for
the isotope ratios were propagated relative to the respective external
reproducibility of the standard (Moacir: 14 values and 91500: 40
values). After this error propagation each analysis remains accurate
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https://www.researchgate.net/publication/223510804_In_situ_Pb_Geochronology_of_Zircon_with_Laser_Ablation-inductively_Coupled_Plasma-sector_Field_Mass_Spectrometry?el=1_x_8&enrichId=rgreq-1627904d293f5f53650ecd32aface1d1-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYyMzM3MjtBUzoxMDE1MTU5ODk2MTg2OTNAMTQwMTIxNDcwNjMzNA==
https://www.researchgate.net/publication/223510804_In_situ_Pb_Geochronology_of_Zircon_with_Laser_Ablation-inductively_Coupled_Plasma-sector_Field_Mass_Spectrometry?el=1_x_8&enrichId=rgreq-1627904d293f5f53650ecd32aface1d1-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYyMzM3MjtBUzoxMDE1MTU5ODk2MTg2OTNAMTQwMTIxNDcwNjMzNA==
https://www.researchgate.net/publication/303213565_Data_reduction_software_for_LA-ICP-MS?el=1_x_8&enrichId=rgreq-1627904d293f5f53650ecd32aface1d1-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYyMzM3MjtBUzoxMDE1MTU5ODk2MTg2OTNAMTQwMTIxNDcwNjMzNA==


292 V. Bosse et al. / Chemical Geology 261 (2009) 286–302
within the quoted errors (Paquette and Tiepolo, 2007). All the ages are
presented at the 2σ level. Only 232Th–208Pb ages are used for monazite
because:

1) 232Th is highly abundant and enables small spots to be performed
by laser ablation.

2) U decay series could be in disequilibrium in young monazites
(Schärer, 1984;), resulting in overestimated 206Pb/238U ages.
Secular equilibrium among the intermediate decay products of
232Th occurs after about 30 years, so it seems reasonable to assume
that initial 208Pb is absent.

3) 232Th is so abundant that 208Pb originating from common Pb is
negligible compared to radiogenic 208Pb.
Fig. 4. BSE images and X-ray maps of monazite crystals from samples of the CSZ: grains P04
P04-64-4 (p to r) and P04-64-5 (s to u). Same annotation as in Fig. 3.
4.4. 39Ar–40Ar data

Selected grains of muscovite (samples P04-13 and P04-64) and
biotite (sample P04-27) were wrapped in Al foil to form small packets
(11×11 mm) that were stacked up to form a pile into which fluence
monitors were inserted every 10 samples. Irradiation was performed
at the McMaster reactor (Hamilton, Canada). Irradiation lasted 40 h
(total fluence of 2.4×1018 n cm−2), and the irradiation standard was
sanidine TCR-2 (28.34 Ma; Renne et al., 1998). The sample arrange-
ment within the irradiation allows us to monitor the flux gradient
with an estimated precision as low as ±0.2%. The laser step-heating
experiment on single grains was described by Ruffet et al. (1991,
1995). Blanks were performed routinely each first or third step, and
-56-1 (a to c), P04-56-2 (d to f), P04-56-4 (g to i), P04-64-1 (j to l), P04-64-3 (m to o),
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subtracted from subsequent sample gas fractions. All ages are
displayed at the 1σ level.

4.5. Oxygen isotope analysis

Quartz (Qtz)–Feldspar (Fd) pairs were analyzed in Geosciences
Rennes, Université de Rennes 1, France in the four pegmatite veins that
yielded monazite ages (Table 3 and Fig. 9). Minerals were separated by
handpickingandfinelycrushed in a boron carbidemortar. Powderswere
reacted with BrF5 in Ni tubes at 680 °C overnight, following the method
of Clayton and Mayeda (1963). The liberated O2 was then converted to
CO2by reactionwithhot graphite. Isotopic compositionsof this CO2were
measured using a VG SIRA 10 triple collector mass spectrometer. During
Table 1a
Electron microprobe analyses (%) of the NSZ monazite grains.

NSZ

Sample P04-13-5 P04-13-6

An. no. 1 3 4 7 9 10 12 14

SiO2 0.1 0.1 0.1 0.1 0.1 0.2 0.3
CaO 2.3 2.4 2.2 2.3 2.4 1.3 1.1
P2O5 30.6 30.7 30.9 30.9 30.4 30.5 30.8 3
La2O3 14.3 13.8 13.9 13.5 13.9 16.3 16.2 1
Ce2O3 27.5 27.3 26.7 25.9 27.2 31.2 30.1 2
Pr2O3 2.3 2.4 2.3 2.3 2.4 2.6 2.6
Nd2O3 9.2 9.2 9.2 9.1 9.4 10.0 9.9
Sm2O3 1.3 1.6 1.4 1.4 1.4 1.2 1.2
Gd2O3 1.2 1.2 1.3 1.2 1.1 0.9 1.0
Y2O3 1.7 1.7 3.1 3.2 1.8 1.8 1.7
ThO2 7.1 7.6 6.6 6.7 7.3 1.4 3.2
UO2 0.7 0.6 1.0 1.1 0.8 0.5 0.4
Total 98.4 98.6 98.7 97.7 98.4 97.8 98.6 9
Ca/Th+U 1.4 1.4 1.3 1.4 1.4 3.3 1.4

Location of the sample P04-13: N41° 11,148′; E 24° 51,895′.
the analytical session, measurements of a NBS 28 quartz standard gave
δ18O=9.34±0.09 (1σ, n=14). Analyses were normalized to NBS 28
(δ18O=9.60‰) by adding 0.26‰ to the measured value. The long-term
analytical uncertainty on measurements is about ±0.15 (1σ).

5. Chemical and isotopic data in monazites

5.1. Monazite geochemistry and element mapping

Chemical compositions are reported inTables 1a, b, c, d and Y, Th and
Camappingofmonazite grains are shown in Figs. 3 (NSZ) and4 (CSZ). All
grains belong to the most common species Monazite-(Ce) with
compositions consistent with those published by Chang et al. (1998).
P04-13-7

15 16 17 19 20 21 22 23

0.4 0.4 0.1 0.3 0.3 0.2 0.2 0.3 0.3
1.4 1.4 1.3 2.2 2.0 1.9 1.7 1.8 1.8
0.7 30.4 30.7 31.0 31.3 30.9 31.2 30.8 31.3
5.6 15.6 16.7 13.0 13.5 12.2 13.0 12.9 12.5
9.4 29.6 31.2 26.5 26.9 26.5 26.6 26.0 25.5
2.5 2.5 2.5 2.4 2.5 2.4 2.3 2.4 2.4
9.3 9.6 9.6 9.0 9.0 9.3 9.2 9.3 9.4
1.2 1.2 1.1 1.5 1.3 1.8 1.4 1.7 1.7
0.9 0.9 0.8 1.3 1.2 1.6 1.4 1.5 1.5
1.3 1.1 1.6 2.1 2.5 2.0 3.0 3.1 3.3
5.7 5.6 1.5 9.9 7.7 8.3 7.5 8.1 8.7
0.3 0.4 0.4 0.4 0.7 1.1 0.3 0.3 0.4
8.6 98.8 97.4 99.6 98.8 98.1 97.9 98.3 98.7
1.1 1.1 3.1 1.0 1.1 0.9 1.0 1.0 1.0



Table 1b
Electron microprobe analyses (%) of the NSZ monazite grains.

NSZ

Sample P04-13-8 P04-13-9 P04-27

An. no. 25 27 29 30 31 34 36 37 39 40 42 44 46 47 49 50

SiO2 0.5 0.6 0.7 1.0 1.2 0.8 0.8 0.3 0.4 0.5 1.6 1.2 0.7 1.0 0.4 1.3
CaO 1.3 0.8 0.8 1.1 1.2 1.0 1.1 1.3 1.1 0.9 1.2 1.3 1.0 0.9 0.9 1.3
P2O5 31.2 30.8 30.6 30.7 30.1 30.6 29.8 30.7 31.1 30.7 29.0 29.5 30.4 30.4 30.8 29.4
La2O3 12.3 13.6 13.0 12.2 12.3 16.6 16.8 15.6 15.8 15.6 13.7 13.3 15.1 15.1 14.9 13.8
Ce2O3 27.3 28.9 29.2 26.9 26.0 30.5 30.2 29.3 29.9 30.6 28.2 27.9 31.1 29.9 30.7 27.8
Pr2O3 2.7 2.7 2.7 2.5 2.4 2.3 2.3 2.4 2.4 2.5 2.3 2.4 2.5 2.4 2.8 2.4
Nd2O3 10.0 10.4 10.8 9.8 9.6 9.1 8.7 8.7 8.8 10.0 9.1 8.5 9.9 8.6 10.3 8.7
Sm2O3 1.5 1.6 1.7 1.5 1.5 1.0 0.7 1.1 1.1 1.3 1.3 1.4 1.1 1.3 1.4 1.4
Gd2O3 1.4 1.2 1.2 1.4 1.4 0.4 0.5 1.0 0.9 0.7 0.7 1.2 0.6 0.8 0.8 1.0
Y2O3 2.8 2.6 1.9 3.3 3.0 0.4 0.4 1.6 1.1 0.5 0.6 1.5 0.4 1.0 0.7 0.8
ThO2 6.7 5.1 6.0 7.8 9.4 7.2 7.9 6.7 6.2 5.8 11.7 10.7 7.2 7.8 5.3 10.9
UO2 1.2 0.7 0.4 1.0 1.0 0.1 0.2 0.4 0.3 0.0 0.2 0.4 0.1 0.4 0.1 0.2
Total 98.9 98.9 99.0 99.2 99.1 99.9 99.3 99.1 99.0 99.1 99.5 99.3 100.3 99.7 99.2 98.8
Ca/Th+U 0.8 0.6 0.6 0.6 0.6 0.6 0.6 0.9 0.8 0.7 0.5 0.4 0.6 0.5 0.8 0.5

Location of the sample P04-27 (and P04-26): N 41°11,243; E 24° 51,582′.
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In the NSZ (Tables 1a and b), monazites cover a large domain of
compositions. REE, Y and U contents vary from one grain to another
(Ce2O3: 25.5 to 31.2 wt.%, La2O3: 12.2 to 16.8 wt.%, Y2O3:0.4 to 3.3 wt.%,
UO2: 0.04 to 1.2 wt.%; Tables 1a and b). A special feature of monazites
P04-13-5 and P04-13-7 (Fig. 3) is their high CaO content (2.4–2.6 wt.
%), which correlates with the highest ThO2 contents and with Ca/(Th+
U)≥1 (Table 1a). Monazite P04-13-6 displays a lower CaO content (1.1–
1.4wt.%) but since the Th content is very low(ThO2: 1.4–5.6wt.%), theCa/
(Th+U) ratio is as high as 3.3 (Table 1a). In contrast, P04-13-8, P04-13-
9 and P04-27 have a lower CaO content (0.7–1.3 wt.%; Tab 1b) for
similar, or higher, ThO2 content (Ca/(Th+U)≤0.9; Table 1b).

BSE images of the NSZ monazite show complex internal zoning
patterns (Fig. 3) which correspond to distinct chemical domains, as
shown by the Y, Th and Ca mapping. The domains are fairly large (at
least 20 µm) and have sharply defined boundaries. Th zoning is
generally patchy, but there is a clear tendency for Th to decrease toward
the rims of the grains (Fig. 3b, j, n, r, v). In contrast, P04-13-6 shows
concentric zoning (Fig. 3f) with a Th-poor core (1.4 wt.%) surrounded
by a Th-rich rim (5.6 wt.%). Y-zoning generally mimics Th zoning either
with direct (Fig. 3n and o) or, more frequently, inverse correlation (Fig.
3b and c, f and g, r and s), or evenwith both correlations in a single grain
(Fig. 3j and k). P04-27 displays essentially distinct Th and Ypatterns Fig.
3v and w). Ca zoning mimics Th zoning with direct (Fig. 3b and d, j and
l, n and p, v and x) or, more rarely, inverse correlation (Fig. 3r and t).
Again, P04-13-6 is different as no clear relation is found between Ca and
Th or Y (Fig. 3f and h).
Table 1c
Electron microprobe analyses (%) of the CSZ monazite grains.

CSZ

Sample P04-56-1 P04-56-2 P04-56-4

An. no. 51 52 53 54 57 58 60 61 8 9 10 11 12

SiO2 0.5 0.5 1.5 0.3 0.7 0.5 0.4 0.4 0.7 0.3 0.6 0.3 0.4
CaO 0.9 0.9 0.8 1.6 0.6 0.9 1.5 1.5 0.9 1.3 1.0 1.2 1.5
P2O5 30.6 30.7 28.9 31.0 30.3 30.4 30.5 30.7 30.1 30.3 30.1 30.4 30.7
La2O3 19.4 18.9 17.9 14.5 16.1 14.6 13.5 13.4 14.2 13.5 14.3 13.5 13.3
Ce2O3 31.6 31.5 30.4 28.8 30.6 30.0 28.3 27.7 29.0 28.3 29.3 28.2 27.5
Pr2O3 2.1 2.1 2.3 2.6 2.5 2.7 2.8 2.6 2.7 2.8 2.9 2.8 2.8
Nd2O3 7.4 7.2 7.6 9.4 9.9 10.1 10.3 9.9 10.7 10.9 10.3 10.5 10.4
Sm2O3 0.6 0.5 0.7 1.3 1.1 1.4 1.7 1.5 1.5 1.7 1.6 1.8 1.7
Gd2O3 0.4 0.4 0.4 1.0 0.7 1.0 1.1 1.1 0.8 1.2 1.0 1.2 1.1
Y2O3 0.4 0.4 0.4 0.6 0.7 1.1 1.0 1.0 0.8 1.1 1.2 1.1 0.8
ThO2 4.9 5.2 7.8 8.2 5.5 5.9 7.9 7.8 7.0 6.8 6.8 6.9 8.5
UO2 0.3 0.3 0.3 0.6 0.2 0.2 0.3 0.3 0.2 0.4 0.2 0.4 0.3
Total 99.0 98.6 98.9 99.9 98.8 98.9 99.2 97.9 98.5 98.5 99.2 98.4 99.0
Ca/Th+U 0.8 0.8 0.4 0.9 0.5 0.7 0.8 0.9 0.6 0.8 0.6 0.8 0.8

Location of the sample P04-56: N 41° 56,408′;E 24° 26,227′.
Most chemical variations observed in the NSZ monazite grains
could be explained by brabantite (2 REE3+=Th4++Ca2+) and, to a
lower extent, huttonite (REE3++P5+=Th4++Si4+) exchanges. How-
ever, some grains from P04-13 showCa contents which appear not to be
balanced by the brabantite exchange (Fig. 5). Most monazite composi-
tions follow a linear trend in the field of Ca−Th+Ub0 (Fig. 5), which
illustrates the correlation of Th+U with Si, typical for huttonite
exchange. Analyses with Ca−Th+UN0 in grains P04-13-5, P04-13-6
and P04-13-7 indicate that Ca is involved in the brabantite exchange
and other substitution schemes (REE, P; Chang et al., 1998; Williams
et al., 2006).

Monazite grains from the CSZ (Fig. 4) display much more
homogeneous compositions when compared to the NSZ monazite
grains (Table 1c). The grains of sample P04-56 form two groups with
distinct compositions (Table 1c). The first group is represented by
P04-56-1, which shows an increase in Th (Fig. 4b) and Si, and a
decrease in LREE, Ca and P from core to rim (Table 1c). The
compositions of the second group, represented by P04-56-2, P04-
56-3 (not shown in Table 1c) and P04-56-4 are much more
homogeneous and differ strikingly from P04-56-1 (Table 1c). Despite
this relative homogeneity, Y and Th display clear zoning patterns,
concentric in P04-56-2 (Fig. 4e and f) or patchy in P04-56-4 (Fig. 4h
and i). The grains from sample P04-64 have homogeneous chemical
compositions (Table 1d). Th and Y mapping reveal concentric (Fig. 4n,
q) to patchy (Fig. 4o, r, t, and u) zoning patterns or no zonation at all
(Fig. 4k and l). Zonations, when present, correspond to the minimal
compositional variations between grains (Table 1c).
Table 1d
Electron microprobe analyses (%) of the CSZ monazite grains.

CSZ

Sample P04-64-1 P04-64-3 P04-64-4 P04-64-5

An. no. 62 63 64 65 13 14 15 16 18 19 20 21

SiO2 0.5 0.5 0.5 0.5 0.3 0.5 0.3 0.4 0.3 0.4 0.5 0.6
CaO 1.3 1.3 1.4 1.3 1.4 1.7 1.5 1.5 1.1 1.5 1.2 1.3
P2O5 30.8 30.3 30.8 31.0 30.8 30.9 31.0 30.5 30.5 30.9 30.3 30.4
La2O3 11.6 11.8 12.0 11.8 12.9 11.6 12.8 12.4 11.7 12.9 11.0 10.6
Ce2O3 26.1 26.2 25.7 26.4 26.9 24.6 25.6 25.6 26.1 24.8 25.2 24.7
Pr2O3 2.6 2.6 2.5 2.4 2.8 2.5 2.4 2.7 2.7 2.3 2.9 2.7
Nd2O3 10.3 10.3 10.0 10.2 9.5 9.5 9.2 9.3 10.2 8.3 10.8 10.6
Sm2O3 2.3 2.1 2.3 2.3 2.2 2.4 2.1 2.3 2.4 2.2 2.4 2.3
Gd2O3 1.9 2.0 1.8 2.0 1.8 2.2 1.7 1.7 1.8 1.7 1.9 1.9
Y2O3 3.1 3.2 2.9 3.1 2.7 3.1 2.6 2.7 2.6 2.7 3.3 3.5
ThO2 6.9 6.5 7.4 6.3 5.9 8.2 6.6 7.6 4.8 7.2 6.5 7.0
UO2 1.0 1.0 1.1 1.1 1.2 1.6 1.3 1.3 1.4 1.3 1.4 1.3
Total 98.5 97.8 98.4 98.3 98.3 98.8 97.1 98.0 95.7 96.1 97.3 97.0
Ca/Th+U 0.8 0.8 0.8 0.9 0.9 0.8 0.9 0.8 0.8 0.8 0.7 0.7

Location of the sample P04-64: N 41° 43,947′; E 24° 41,717′.

https://www.researchgate.net/publication/222404672_Format_and_philosophy_for_collecting_compiling_and_reporting_microprobe_monazite_ages?el=1_x_8&enrichId=rgreq-1627904d293f5f53650ecd32aface1d1-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYyMzM3MjtBUzoxMDE1MTU5ODk2MTg2OTNAMTQwMTIxNDcwNjMzNA==
https://www.researchgate.net/publication/222404672_Format_and_philosophy_for_collecting_compiling_and_reporting_microprobe_monazite_ages?el=1_x_8&enrichId=rgreq-1627904d293f5f53650ecd32aface1d1-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYyMzM3MjtBUzoxMDE1MTU5ODk2MTg2OTNAMTQwMTIxNDcwNjMzNA==


Fig. 5. Ca−(Th+U) versus Si diagram (per formula for 4 oxygens) in the investigated monazite grains. Ca−(Th+U)N0 indicate that Ca is involved in the brabantite exchange and
other substitution schemes (REE, P; Chang et al., 1998; Williams et al., 2006).
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In summary, element mapping (Figs. 3 and 4) shows that, in
comparison to monazites from the CSZ, those from the NSZ display
strong and complex chemical zonations. These are traditionally
interpreted as a consequence of episodic growth or dissolution/
recrystallization of monazite in response to changing environments
(Zhu and O'Nions, 1999a, Bea and Montero, 1999, Foster et al., 2000;
Spear and Pyle, 2002).

5.2. Th–Pb data

In the NSZ, five monazite grains from sample P04-13 and one
monazite grain from sample P04-27 have been investigated for 232Th–
208Pb analyses based on BSE images (Table 2a and Fig. 3). In P04-13
the ages range from 38.6±1.1 Ma to 54.9±1.7 Ma. This age scattering
corresponds to differences between individual grains (up to 16 Ma:
see Fig. 3e and 3 m) as well as heterogeneities within a single grain
(up to 12 Ma, Fig. 3i). In P04-13-5, P04-13-6 and P04-13-7, the oldest
ages are within the cores whereas younger ages are recorded close to
the rims (Fig. 3a, e and i). In contrast, P04-13-8 and P04-13-9 show no
significant age scattering (Fig. 3m and q). Ages for P04-27 range from
40.3±1.2 to 44.6±1.2Mawith the youngest ages lying within the rim
(Fig. 3u).

In the CSZ, eight monazite grains from sample P04-64 and four
monazite grains from sample P04-56 have been investigated for
232Th–208Pb analyses (Table 2a and Fig. 4). For P04-64, the ages range
between 34.6±1.4 and 37.7±1.1 Ma (Fig. 4j, m, p and s). Within
sample P04-56, one monazite yields an age of 42.1±1.2 Ma whereas
the other grains yield distinctly older ages of between 266.4±8.2 and
297.3±11.4 Ma (Fig. 4a, d and g; Table 2a).

Focusing on Cenozoic ages, Fig. 6 illustrates the contrast between
the NSZ and the CSZ in terms of age scattering. The scattering for the
NSZ is well above analytical uncertainty (±1.7 Ma or less), and occurs
within both samples and grains. In the case of the CSZ, ages differ only
between samples P04-64 and P04-56, which are two samples lying
at distinctly different structural levels of the metamorphic pile
(see Section 3).
5.3. Chemical versus isotopic domains

Scattering of the 232Th–208Pb ages is a striking feature of the NSZ
monazite grains, which also display large chemical heterogeneities. All
grains showchemical zoning, regardless of the existence of intra-grain
age domains. Where ages vary within a grain, these variations appear
to coincide with chemical domains (Fig. 3). However, a simple
chemical characterization of old versus young domains appears
difficult. For example, grains P04-13-7 and P04-27 tend to display
older ages in Th-rich and Y-poor domains (Fig. 3i, j, k, u, v and w) with
distinct ThO2 and Y2O3 contents (Tab 1a and b), yet the opposite
relationship is observed for P04-13-6 (Fig. 3e, f and g).

In contrast, monazite crystals from sample P04-64 yield consistent
232Th–208Pb ages (Fig. 6), and are chemically nearly homogeneous
(Table 1c). In sample P04-56, large chemical differences occur only
between monazite crystals, which clearly belong to distinct genera-
tions (Permian versus Cenozoic).

6. Complementary geochronological constraints

6.1. U–Pb zircon data

Zircon grains have been investigated for U–Pb analyses based on
cathodoluminescence images. Two samples from the NSZ have been
studied (P04-13 and P04-26), revealing two distinct groups of age (Fig. 7):

1) One zircon from sample P04-26 yields similar 206Pb–238U and 207Pb–
235U ages of 48.7±2.3 Ma and 49.5±4.5 in the core, and 48.2±2.2
and 49.6±3.9 Ma in the rim, respectively (Table 2b). Such ages
corroborate those obtained onmonazite in samples P04-13 and P04-
27. This zircon shows a fine oscillatory zoning typical of magmatic
zircon and lacks any rim overgrowth (zircon P04-26-2, Fig. 7).

2) All other analyzed zircon grains (40 analyses) yield 206Pb–238U
ages between 121±5 and 159±7 Ma (Table 2c). Even if core and
rim often display indistinguishable ages, some grains yield a
significantly older core with respect to the rim, with a difference of
up to 20 Ma. Zircon from this second group displays various zoning
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Table 2a
Th–Pb results on the monazites.

Sample Isotopic ratios Ages (Ma)
208Pb/232Th 2σ (%) 208Pb/232Th 2σ

NSZ
P04-13-5 0.0026 3.2 49.3 1.6
P04-13-5 0.0024 3.1 51.7 1.6
P04-13-6 0.0019 2.9 38.6 1.1
P04-13-6 0.0022 3.4 45.0 1.5
P04-13-7 0.0021 2.8 43.0 1.2
P04-13-7 0.0027 3.0 54.6 1.7
P04-13-7 0.0026 3.1 51.7 1.6
P04-13-7 0.0023 3.4 46.2 1.6
P04-13-8 0.0027 3.0 54.1 1.6
P04-13-8 0.0027 3.0 53.9 1.6
P04-13-8 0.0027 3.0 54.9 1.7
P04-13-9 0.0026 3.1 51.8 1.6
P04-13-9 0.0025 3.2 50.8 1.6
P04-27 0.0022 2.7 44.6 1.2
P04-27 0.0020 2.9 40.3 1.2
P04-27 0.0021 2.8 42.9 1.2

CSZ
P04-56-1 0.0021 2.8 42.1 1.2
P04-56-2 0.0144 3.0 288.8 8.8
P04-56-2 0.0133 3.1 266.4 8.2
P04-56-3 0.0146 3.8 292.4 11.1
P04-56-3 0.0148 3.8 297.3 11.4
P04-56-4 0.0144 3.8 289.2 11.0
P04-56-4 0.0146 3.9 293.5 11.3
P04-56-4 0.0141 3.8 283.9 10.8
P04-64-1 0.0018 3.0 37.1 1.1
P04-64-1 0.0018 3.0 36.4 1.1
P04-64-2 0.0019 3.0 37.7 1.1
P04-64-2 0.0018 3.0 36.9 1.1
P04-64-3 0.0017 3.5 35.3 1.2
P04-64-3 0.0018 4.0 36.6 1.5
P04-64-4 0.0018 4.0 36.6 1.5
P04-64-4 0.0018 4.0 36.2 1.5
P04-64-4 0.0018 4.0 36.4 1.5
P04-64-5 0.0018 4.0 36.2 1.5
P04-64-5 0.0018 4.0 36.2 1.5
P04-64-6 0.0018 4.1 35.9 1.5
P04-64-6 0.0018 4.0 36.2 1.5
P04-64-7 0.0017 4.1 34.6 1.4
P04-64-7 0.0018 4.1 35.5 1.4
P04-64-8 0.0018 4.0 37.0 1.5

Fig. 6. Histogram of Cenozoic monazite 232Th–208Pb ages. The bar width corresponds
approximately to the age error bar (2σ level).
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patternsbut usually preserves coreswith a coarse growth zoning and
irregular overgrowth domains with uniformly high U contents (see
zircons P04-13-9 and P04-13-11 in Fig. 7). Such features are
characteristic of medium-to-high grade metamorphic zircon (Corfu
et al., 2003).

These results support the view thatMesozoic zircongrains represent
inherited xenocrysts. They further show that Cenozoic migmatization
has barely been recorded by zircons across theNSZ, as also illustratedby
the results of Liati (2005) in equivalent rocks further west.

In the case of the CSZ, seven zircon grains from sample P04-56 and
four from sample P04-64 have been investigated. All grains from P04-
56 yield 206Pb–238U ages of between 38.9±1.3 and 44.6±1.8 Ma
(207Pb–235U ages: 39.0±2.2 and 46.9±2.6 Ma) (Table 2d and Fig. 7).
The maximum intra-grain age difference is 4.3 Ma. These ages
corroborate the age of 42.1±1.2 Ma obtained for one monazite grain
in P04-56. Zircon shows oscillatory zoning resembling that seen in
magmatic zircon (Fig. 7, Corfu et al., 2003). The four zircon grains from
sample P04-64 yield 206Pb–238U ages of between 77.3±2.4 and 235.2±
7.7 Ma (207Pb–235U ages: 79.5±4.3 and 237.6±12.9 Ma, Table 2d).
These grains show inherited cores surrounded by markedly irregular
and complex overgrowth domains (Fig. 7). The core versus rim age
difference reaches 146 Ma in grain P04-64-2 (Table 2c). Even the
youngest age, at ∼77 Ma, is significantly older than the age of ca.
36 Ma consistently obtained for the monazites of the same sample
(Figs. 6 and 7).
6.2. 39Ar–40Ar data

Muscovite from sample P04-64 (CSZ) displays a very flat age
spectrum(Fig. 8)with a plateau age of 34.9±0.1Ma (1σ level; 98.8% of
39ArK released). Biotite from sample P04-27 (NSZ) yields a plateau age
of 34.3±0.2 Ma (1σ level; 80% of 39ArK released; Fig. 8). Muscovite
from sample P04-13 (NSZ) yields a “plateau” age of 33.2±0.3 Ma (1σ
level; 96% of 39ArK released), slightly younger than the age of biotite
P04-27. On closer inspection, this experiment shows a subtle, but
characteristic, saddle-shaped age spectrum (Fig. 8). Such age spectra
for single grains of muscovite have been interpreted as reflecting the
mixing of two isotopic domains: an inherited or initial domain, and a
recrystallized or neocrystallized sub-domain (e.g., Cheilletz et al.,1999,
Alexandrov et al., 2002). According to this view, the initial crystal-
lization for muscovite P04-13 would have occurred at, or slightly
before,∼34Mawhereas the disruption event, which could be linked to
deformation-induced and/or fluid-induced recrystallization, would
have occurred at ∼32Ma, or slightly later. In this scenario, the younger
re- or neo-crystallized domain may either characterize a disruption
event, unconnected to the initial crystallization of themuscovite, or the
last isotopic record during a protracted (re)crystallization history.

7. Oxygen isotopes

Qtz and Fd have variable δ18O values, in the range of 10.1–21.7‰
and 7.6–12.7‰, respectively (Table 3). Samples from the CSZ (P04-56
and P04-64) have Qtz–Fd oxygen isotope fractionation (Δ18OQtz–Fd) of
2.5 and 2.8‰ (Fig. 9), consistent with equilibration at metamorphic
temperatures. For instance, if the feldspar is taken to consist of equal
proportions of K-feldspar+Albite+Anorthite, the temperature of
equilibration would be ∼350–400 °C using the fractionation factors of
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Fig. 7. Histograms of the complete geochronological dataset obtained in this study. Cathodoluminescence images of representative zircon grains show measured 206Pb–238U ages
(2σ level). See the text for explanation.
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Zheng (1993). Minerals of sample P04-56 have the lowest δ18O values
(Fig. 9). This vein is hosted by amphibolites, which is themetamorphic
equivalent of a relatively low δ18O basic rock (e.g., Matthews et al.,
1996). In contrast, P04-64 is hosted by gneisses, and its minerals have
the usual values for pegmatites (e.g., Matthews et al., 2003). Hence, it
seems that the nature of the immediate host rock has played a role in
Table 2b
U–Pb results on the P04-26 magmatic zircon (C: core and R: rim).

Sample Isotopic ratios Rho Ages (Ma)
206Pb/238U 2σ % 207Pb/235U 2σ % 206Pb/238U 2σ 207Pb/235U 2σ

P04-26-2 C 0.008 4.8 0.050 9.1 0.52 48.7 2.3 49.5 4.5
P04-26-2 R 0.008 4.6 0.050 7.9 0.58 48.2 2.2 49.6 3.9
buffering the δ18O value of the veins. Qualitatively, this indicates
relatively low fluid–rock ratios during the interaction.

In samples from the NSZ (P04-13 and 27), quartz has a much higher
δ18O value than the coexisting feldspar, with Δ18OQtz–Fd reaching 4 to
9% (Table 3). While feldspars display common values for pegmatites,
quartz exhibits unusually high values (δ18O up to 21.7‰). The origin of
this unusual signature is discussed further below.

8. Discussion

8.1. Monazite zoning and age scattering

Permian and Mesozoic ages have been obtained for monazite and
zircon grains from the CSZ, while mid-Mesozoic ages have been
obtained formost of the zircon grains from the NSZ (Fig. 7). These ages
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Table 2c
U–Pb results on the P04-13 and P04-26 metamorphic zircons (C: core and R: rim).

Sample Isotopic ratios Rho Ages (Ma)
206Pb/238U 2σ % 207Pb/235U 2σ % 206Pb/238U 2σ 207Pb/235U 2σ

P04-26-1 C 0.022 4.6 0.153 6.7 0.7 138.9 6.4 144.8 9.6
P04-26-1 R 0.023 4.5 0.149 6.6 0.7 145.1 6.6 140.8 9.3
P04-26-3 C 0.022 4.6 0.149 7.0 0.7 139.0 6.4 141.1 9.9
P04-26-3 R 0.020 4.6 0.149 7.0 0.7 125.5 5.8 132.8 9.1
P04-26-4 C 0.024 4.6 0.165 6.7 0.7 153.5 7.1 154.7 10.3
P04-26-4 R 0.021 4.5 0.137 6.5 0.7 132.7 6.0 130.3 8.5
P04-26-9 C 0.023 4.5 0.159 6.6 0.7 148.3 6.7 150.0 9.8
P04-26-9 R 0.020 4.6 0.134 6.8 0.7 127.7 5.8 127.7 8.7
P04-26-5 C 0.021 4.7 0.153 7.5 0.6 136.1 6.4 144.2 10.8
P04-26-6 C 0.019 4.7 0.119 8.2 0.6 121.1 5.7 114.1 9.4
P04-26-7 C 0.020 4.7 0.133 8.0 0.6 127.8 6.0 127.0 10.2
P04-26-8 C 0.021 4.6 0.141 7.0 0.7 133.2 6.1 133.8 9.4
P04-26-10 C 0.021 5.3 0.145 7.4 0.7 136.1 7.2 137.5 10.2
P04-26-10 R 0.021 5.2 0.144 8.2 0.6 134.9 7.0 136.9 11.2
P04-13-1 C 0.023 4.5 0.159 6.5 0.7 148.3 6.7 150.0 9.8
P04-13-1 R 0.021 4.6 0.142 6.6 0.7 134.2 6.1 134.9 8.8
P04-13-2 C 0.022 4.6 0.150 6.6 0.7 142.1 6.5 141.5 9.3
P04-13-2 R 0.019 4.6 0.129 6.6 0.7 120.6 5.5 122.8 8.1
P04-13-3 C 0.022 4.7 0.146 7.1 0.7 137.4 6.4 138.5 9.8
P04-13-4 C 0.022 4.6 0.157 6.7 0.7 137.6 6.3 148.1 9.9
P04-13-4 R 0.021 4.6 0.165 6.7 0.7 136.3 6.2 154.8 10.4
P04-13-5 C 0.021 4.5 0.141 6.6 0.7 132.6 6.0 133.6 8.8
P04-13-5 R 0.021 4.5 0.140 6.5 0.7 132.6 6.0 133.3 8.6
P04-13-6 C 0.023 4.6 0.153 6.6 0.7 145.7 6.7 144.2 9.5
P04-13-6 R1 0.024 4.5 0.162 6.5 0.7 152.3 6.9 152.3 9.9
P04-13-6 R2 0.021 4.6 0.142 6.5 0.7 135.7 6.2 135.0 8.8
P04-13-7 C 0.021 4.6 0.144 6.7 0.7 136.9 6.3 136.6 9.2
P04-13-8 C 0.023 4.6 0.155 6.6 0.7 145.3 6.7 146.7 9.6
P04-13-8 R 0.025 4.5 0.162 6.5 0.7 158.8 7.2 152.8 9.9
P04-13-9 C 0.022 4.6 0.150 6.9 0.7 142.2 6.6 142.2 9.8
P04-13-9 R 0.021 4.7 0.143 7.9 0.6 134.5 6.3 135.5 10.7
P04-13-10 C 0.023 4.6 0.152 6.6 0.7 144.2 6.7 143.8 9.5
P04-13-10 R 0.024 4.6 0.167 6.8 0.7 154.1 7.2 157.2 10.6
P04-13-11 C 0.022 4.7 0.156 6.8 0.7 139.9 6.5 147.0 10.0
P04-13-11 R 0.021 4.6 0.141 6.9 0.7 133.6 6.2 134.2 9.2
P04-13-12 R 0.022 4.6 0.144 6.9 0.7 137.1 6.3 136.4 9.4
P04-13-2a C 0.023 5.0 0.153 7.3 0.7 146.2 7.3 144.2 10.6
P04-13-3a C 0.024 5.0 0.164 7.5 0.7 152.2 7.5 154.3 11.5
P04-13-4a C 0.022 5.0 0.151 7.4 0.7 140.5 7.0 142.7 10.5
P04-13-4a R 0.023 5.0 0.153 6.7 0.7 149.3 7.4 144.5 9.7 Fig. 8. Single-grain 39Ar–40Ar age spectra. Age error bars for each temperature step are

at the 1σ level and do not include errors in the J-values. The errors in the J-values are
included in the plateau age calculations.
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are reminiscent of the first and second age groups described in Section
2.2. The actual timing of the emplacement of the veins is blurred by
inheritance from distinct protoliths. Cenozoic U–Th–Pb ages have
been obtained in one zircon from sample P04-26, and in all monazite
Table 2d
U–Pb results on the P04-56 and the P04-64 zircons (C: core and R: rim).

Sample Isotopic ratios Rho Ages (Ma)
206Pb/238U 2σ % 207Pb/235U 2σ % 206Pb/238U 2σ 207Pb/235U 2σ

P04-56-1 C 0.007 4.4 0.042 14.4 0.3 42.6 1.9 42.0 6.1
P04-56-1 R 0.007 4.0 0.046 11.5 0.3 44.6 1.8 45.7 5.3
P04-56-2 C 0.007 3.2 0.043 5.8 0.6 42.6 1.4 43.2 2.5
P04-56-2 R 0.007 3.6 0.045 9.8 0.4 43.7 1.6 44.7 4.4
P04-56-3 C 0.007 3.4 0.042 6.9 0.5 42.4 1.5 42.1 2.9
P04-56-3 R 0.006 3.6 0.044 7.2 0.5 39.5 1.4 43.9 3.1
P04-56-5 R 0.007 3.4 0.043 6.2 0.6 42.5 1.5 43.2 2.7
P04-56-6 R 0.007 3.4 0.047 5.6 0.6 44.3 1.5 46.9 2.6
P04-56-7 C 0.007 3.4 0.045 5.7 0.6 43.0 1.5 44.8 2.5
P04-56-8 R 0.006 3.4 0.039 5.6 0.6 38.9 1.3 39.0 2.2
P04-56-8 C 0.007 3.6 0.045 6.4 0.6 43.2 1.6 44.2 2.8
P04-64-1 R 0.012 3.2 0.081 5.4 0.6 77.3 2.4 79.5 4.3
P04-64-1 C 0.023 3.3 0.155 5.2 0.6 148.9 4.8 145.9 7.5
P04-64-2 C 0.037 3.3 0.264 5.4 0.6 235.2 7.7 237.6 12.9
P04-64-2 R 0.014 3.6 0.095 6.4 0.6 89.2 3.2 91.9 5.9
P04-64-3 C 0.034 3.3 0.240 5.1 0.6 213.5 6.9 218.4 11.1
P04-64-3 R 0.015 3.4 0.103 5.3 0.6 97.4 3.3 99.3 5.3
P04-64-4 C 0.035 3.4 0.246 5.6 0.6 220.0 7.6 223.3 12.5
P04-64-4 R 0.024 3.4 0.151 5.2 0.6 152.3 5.2 142.8 7.5
grains, except those inherited from a Permian protolith in sample P04-
56. Muscovite and biotite 39Ar–40Ar ages closely follow the Cenozoic
U–Th–Pb ages (Fig. 7). These Cenozoic ages correlate well with the
third group of ages previously obtained in both shear zones.

Beyond this broad agreement, Cenozoic monazite from the NSZ
displays a significant scattering of ages (Fig. 6), and shows distinct
compositions and strong chemical zonations that are spatially related
to distinct age domains (Fig. 3 see Section 4.3). Nevertheless, this
spatial relationship can hardly be described in terms of a consistent
chemical evolution of monazite through time. This is in agreement
with numerous studies describing complex zoning and patchworks of
age domains related to discontinuous growth or successive dissolu-
tion/recrystallization events in monazite (Parrish, 1990; Hawkins and
Bowring, 1997; Zhu and O'Nions, 1999a,b; Crowley and Ghent, 1999;
Foster et al., 2002; Pyle and Spear, 2003; Kohn et al., 2005; McFarlane
et al., 2006; Hinchey et al., 2007; Rasmussen and Muhling, 2007). In
NSZmonazite crystals, the patchy, yet nearly concentric distribution of
age domains and of Th, Y and Ca (Fig. 3) argue in favour of episodic
Table 3
Oxygen isotope composition of quartz and felspars from the pegmatitic veins.

Samples δ18O (Qtz) δ18O (Fd) Δ18O(Qtz–Fd)

P 04-13 21.7 12.7 9.0
P 04-27 14.5 10.5 4.0
P 04-56 10.1 7.6 2.5
P 04-64 13.2 10.4 2.8
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Fig. 9. Oxygen isotope composition of quartz–feldspar pairs from the four samples
selected for Th–Pb monazite dating. The graph highlights isotopic equilibrium in
samples from the CSZ (P04-56 and P04-64) versus disequilibrium in samples from the
NSZ (P04-13 and P04-27).
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growth of the monazite or the partial replacement of primary grains.
In contrast, Cenozoic monazite from the CSZ yields consistent ages
(Fig. 6) together with very limited chemical variations (Table 1c); this
indicates that only the NSZ samples display disturbances of the U–Th–
Pb systematics.

Pb diffusion is known to be slow in monazite (Smith and Giletti,
1997; Cherniak et al., 2004, Gardés et al., 2006). In contrast,
experimental studies and the analysis of some natural examples
have shown that dissolution/recrystallization under hydrothermal
conditions is an efficient mechanism for (1) disrupting the monazite
U–Th–Pb isotope systems even at low temperature conditions, and
(2) producing strong chemical variations on the grain scale (Poi-
trasson et al., 1996; Teufel and Heinrich, 1997; Hawkins and Bowring,
1997; Poitrasson et al., 2000; Seydoux-Guillaume et al., 2002). On
account of these studies and because the NSZ samples yield clear
evidence of fluid–rock interactions, we suggest that fluids have played
a major role in disrupting the monazite chronometer. In the following
sections, we will first specify the role of fluids in the evolution of the
studied pegmatites, and then discuss its impact on the chemical and
isotopic signature of monazite.

8.2. Fluid–rock interactions

The studied pegmatites from the NSZ show evidence of interaction
with externally derived fluids after primary crystallization. The most
striking evidence is the strong quartz–feldspar isotopic disequilibrium
in samples P04-13 and 27 (Fig. 9; see Section 7). In common granitic
bodies and associated rocks like pegmatites, quartz is enriched in 18O
relative to feldspars by about 1 to 3‰, depending on feldspar
composition and actual equilibrium temperature (Taylor et al., 1979).
The CSZ samples display this relationship. In contrast, the NSZ samples
show disequilibrium, which can only be achieved through differential
exchange of minerals with an external reservoir, fluid being here the
most likely candidate. The very high value reached by quartz in
sample P04-13 (δ18O=21.7‰) is also a clear indication that this crustal
metamorphic rock has undergone isotopic re-equilibration with an
external reservoir. In contrast, feldspars from the NSZ samples show
typical values for pegmatites. Hence, it seems that the large Qtz–Fd
difference is due to a major increase in the quartz δ18O value (up to
21.7‰, compared with usual values of about 11 to 15‰ for this type of
rock, e.g., Matthews et al., 2003) rather than to a retrograde alteration of
feldspar. Usually, because of the lower diffusivity of 18O in the
quartz structure, quartz is much more resistant than feldspar to
isotopic exchange with fluids. Therefore, a process capable of
selectively increasing the δ18O value of quartz has to be found for
the present case. As described in Section 3, pegmatites P04-13 and P04-
27 are characterized by a strong contrast in grain size and micro-
structures between quartz and feldspar. Quartz has undergone
extensive dynamic recrystallization, resulting in a pronounced reduc-
tion in grain size, whereas feldspars have remained essentially intact
(Fig. 2e). Associated microstructures document a deformation event
that occurred at greenschist facies conditions (see Section 3). If fluids
circulated through the pegmatites during this event, then the contrast
in behaviour between quartz and feldsparmakes it likely that quartz re-
equilibrated with fluids more readily. Syn-deformation fluid circulation
is documented by the precipitation of newly formed minerals in
microscale tension gashes within feldspar clasts (Fig. 2f).

The isotopic record of NSZ pegmatites shows that the circulating
fluid was able to impose an unusually high δ18O signature on these
rocks. The thick marbles in the footwall of the NSZ (see Section 2.1)
constitute the most likely candidate for the initial reservoir. This view
is consistent with the report of marbles with δ18O values up to 28‰ in
the Central Rhodope, interpreted as preserving isotopic compositions
inherited from marine precursors (Matthews et al., 1996). Fluids
liberated from such rocks through dehydration–decarbonation reac-
tions would have carried the necessary δ18O signature. The same
isotopic signature would be obtained if fluids emanating from another
source had undergone exchange with the marbles, for example as a
result of infiltration along discontinuities. Such fluids should also
contain calcium and consequently be capable of introducing this
element into the rocks they are infiltrating. Evidence for this occurs in
the pegmatites in the formof calcite precipitatedwithin themicroscale
tension gashes. CO2 itself must have been added to the pegmatites, as a
constituent of a H2O–CO2 fluid. Since the microscale tension gashes
within feldspar clasts are a component of the greenschist facies fabric,
we conclude that the studied NSZ pegmatites were infiltrated by H2O–
CO2 fluids during greenschist facies deformation.

At first sight, this conclusion is at odds with the results of
Matthews et al. (1996) who showed that rocks from broadly the same
area preserved their pre-metamorphic isotopic signatures and,
therefore, escaped significant fluid infiltration. However, with respect
to our sampling sites, the study of Matthews et al. (1996) focused on
outcrops located at higher levels of the metamorphic pile, away from
the part of the NSZ displaying localized greenschist facies deforma-
tion. Thus, we find no contradiction between this earlier study and
ours. In fact comparison between the two supports the hypothesis
that the thick marbles in the footwall of the NSZ constitute the source
of the fluids that are documented here.

8.3. Chemical and isotopic disturbance of monazite

Most chemical variations observed in the NSZ monazites could be
explained by the brabantite and huttonite exchanges (Fig. 5), which
have been attributed to hydrothermal alteration processes (Poitrasson
et al., 1996, 2000). Intra-grain variations of the Th content in distinct
age and chemical domains (Fig. 3) are a good indication of interaction
with fluids. As Th solubility and mobility are low during interaction
between hydrothermal fluids and rocks (Rogers and Adams, 1969;
Poitrasson et al., 1996), Th released during monazite dissolution
processes is likely to be incorporated into newly formed overgrowths,
giving rise to Th-rich and Pb-free (young) zones (Poitrasson et al.,
1996, 2000; Seydoux-Guillaume et al., 2002). Since Y and HREE are
more soluble than Th, their behaviour is expected to be inversely
correlated with respect to Th. Th-rich overgrowths are found to be a
common feature in natural monazites that have experienced fluid
interactions (Hawkins and Bowring, 1997; Townsend et al., 2000).
However, in some natural hydrothermal monazites from sericitized
samples, Poitrasson et al. (2000) have observed strong removal of Th
leading to the overgrowth of Th poor domains. These authors
concluded that, under specific fluid–rock conditions, the mobility of
Th might be enhanced, so that Th could be transported and
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reprecipitated as a Th-rich phase or as Th-rich overgrowths on
adjacent monazite grains. This variable behaviour of Th during fluid–
rock interactionsmay explain its heterogeneous distribution as well as
its variable relations with Y in the NSZ monazites (see Section 5.1). In
most grains, Th increase inversely correlates with Y decrease from
core to rim alongside the occurrence of younger ages (Fig. 3, see
Section 5.3); in contrast, P04-13-6 shows the opposite chemical versus
age relation (Fig. 3e, f and g).

Some monazite grains in P04-13 have a high Ca content, which
does not seem compatible with the brabantite exchange (Fig. 5). This
sample shows clear evidence of interaction with H2O–CO2 fluids
derived from carbonates (see Section 8.2). We therefore suggest that
the elevated Ca/Th+U ratio observed in monazite crystals P04-13-5,
P04-13-6 and P04-13-7 also results from this fluid–rock interaction.
Experiments have shown that Ca-rich fluids can enhance monazite
dissolution and result in the recrystallization of grains with strong
chemical modifications (Seydoux-Guillaume et al., 2002). These
experiments also indicate that CaCl2 fluids are more efficient in
resetting the U–Th–Pb isotope system of monazite than other fluid
compositions (e.g. SrCl2 fluids). Hence, in the case of the NSZ, it is not
surprising that fluid interactions were able to induce a significant
scattering of the monazite Th–Pb ages.

8.4. Significance of the U–Th–Pb ages and concluding remarks about the
monazite chronometer

In the case of the CSZ (sample P04-64), the obtained Th–Pb ages
show no scattering and monazite appears to be chemically undis-
turbed. Oxygen isotopes show no evidence for a pervasive late-stage
fluid infiltration, which is consistent with microstructures indicating
that deformation has ceased at high-grade conditions. Therefore we
interpret the monazite Th–Pb weighted mean age of 36.3±0.4 Ma
(based on 16 ages) as the age of the emplacement of this pegmatite
vein. In contrast, zircon U–Pb ages from the same sample reflect
inheritance from one or several Mesozoic metamorphic cycle(s) but
do not display any record of the Cenozoic event. Sample P04-56, at a
higher level in the metamorphic pile (above the CSZ), has yielded one
monazite Th–Pb age of 42.1±1.2 Ma and a zircon 206Pb–238U weighted
mean age of 42.1±1.3 Ma (11 spots), both ages are interpreted as
dating the emplacement of this vein. In this sample, Paleozoic ages are
preserved in several monazites, but not in zircon. This contrasting
behaviour of the two chronometers (Th–Pb in monazite versus U–Pb
in zircon) between samples P04-56 and P04-64 could be explained by
distinct protoliths fromwhich the pegmatites derive. As pointed out in
Section 3, P04-56 is hosted by amphibolites whereas the dominant
host rocks of P04-64 are felsic gneisses. In the case of P04-56, field
relations do not demonstrably document that the vein emanates from
the host amphibolites, but a strong influence from the wall rocks is
nevertheless recorded by the low δ18O signature of the sample (see
Section 7). In amphibolites, zirconium is mainly stored in amphibole
(or garnet and biotite) and can be released to produce zircon if
breakdown of these phases occurs, for instance during partial melting
of the amphibolites (Hoskin and Schaltegger, 2003). Monazite is
generally rare in rocks with mafic–calcic compositions such as
amphibolites and pegmatites (Spear and Pyle, 2002). In the absence
of fluids, the few existing grains can preserve old ages even at high
temperature because the diffusion rate of Pb is very low (Smith and
Giletti, 1997; Cherniak et al., 2004; Seydoux-Guillaume et al., 2002;
Gardés et al., 2006). In contrast, felsic gneisses usually contain
abundant pre-existing zircon and their recrystallization can produce
overgrowth domains that surround inherited cores (Hoskin and
Schaltegger, 2003). In the case of polycyclic metamorphic evolution,
this may result in complex textures in the zircon grains that are not
easy to decipher, such as in sample P04-64 (Fig. 7). Pre-existing
monazite was not found in sample P04-64. This suggests that if
monazite was previously present, it was entirely dissolved into the
melt during Cenozoic partial melting. Newly-formed monazite may
either precipitate as a result of partial melting or of melt crystallization
(Williams et al., 2006). In both cases, the monazite Th–Pb chronometer
records the formation age of the P04-64 pegmatite.

In the case of the NSZ, where pronounced fluid interactions
occurred during greenschist facies deformation, scattered monazite
ages are more difficult to interpret. Nevertheless, the oldest monazite
Th–Pb ages span the 206Pb–238U age of 48–49±2 Ma obtained on a
magmatic zircon from sample P04-26. Field relations show that all the
veins studied were formed and emplaced at high-grade conditions,
which strongly suggests that they are subcontemporaneous. Notice-
ably, no veins at this level of the metamorphic pile display relations
suggesting a late emplacement in a cooled environment. Hence, the
Th–Pb ages of ∼49 to 55 Ma, and especially those obtained in
seemingly undisturbed monazite grains (P04-13-8 and P04-13-9, at
50.8±1.8 to 54.9±1.7 Ma) probably relate to the emplacement of the
studied pegmatites. The spread of younger Th–Pb ages (from 38.6±
1.1 to 46.2±1.6 Ma) may reflect the timing of fluid circulations during
progressive cooling to greenschist facies conditions or it may reflect
variable perturbations of the monazite isotope system during the
fluid-assisted greenschist facies deformation stage, the age of which,
therefore, would be ≤39 Ma. This is consistent with 39Ar–40Ar mica
ages of ∼32 to 34Ma, which can be taken as a tighter constraint for the
timing of the greenschist facies stage.

The above results illustrate the capacity of monazite to record
distinct events in a single rock. They also indicate that this record may
vary significantly from one grain to another. The contrasting
behaviours of the Th–Pb monazite and U–Pb zircon chronometers
between different samples also support the view that temperature is
not the main parameter controlling the resetting of isotope systems.
In addition, the nature of the protoliths, as well as the presence
(or absence) of fluids enhancing dissolution/recrystallization pro-
cesses, appears to play a major role. Due to its wide occurrence in
geological systems, monazite is a powerful chronometer. However, as
illustrated by this study, a careful inspection of the possible
involvement of fluids is needed in order for a meaningful interpreta-
tion of the ages to be proposed. For this reason, and for a better
understanding of the U–Th–Pb data in general, information provided
by complementary methods such as element mapping, oxygen
isotopes, petro-microstructural observations, and the record of other
chronometers appears essential.
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