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ance documented byPaquetteet al. (2004) in monazite
grains from the ultra-high temperature (UHT) granulite of the Andriamena unit of Madagascar a
evaluated in the light of nanoscale crystal-chemical characterization utilising Atom Probe Tomo
(APT) and state-of-the-art Scanning Transmission Electron Microscopy (STEM). APT provides is
(208Pb/232Th) dating and information on the chemical segregation of trace elements (e.g., Pb) in monazite a
nanoscale. Latest generation of STEM allows complementary high-resolution chemical and st
characterization at nanoscale.In situ isotopic U–Pb dating with Secondary Ion Mass Spectrometry (SIM
on 25 monazite grains and Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-IC
on zircon have been employed to re� ne the age spectra. Monazite and zircon grains located in quart
garnet formed with the peak UHT metamorphic assemblage, which is partially overprinted by retr
coronitic textures. Zircon grains hosted in garnet and in quartz yield concordant U–Pb ages at 2758 ± 28 M
and 2609 ± 51 Ma, respectively whereas monazite grains hosted in quartz and garnet show a disco*

loss trend on the Concordia diagram recording disturbance at 1053 ± 246 Ma that is not seen by th
underlining the importance of combining the use of monazite and zircon to understand the his
polymetamorphic rocks. The Pb*-loss trend of monazite is related to petrographic position, with less Pb* lost
from monazite hosted in quartz and garnet than monazite hosted in the coronitic reaction texture d
STEM shows that the garnet- and quartz-hosted monazite grains contain more Pb-bearing nanoph
monazite grains located in the coronitic textures. An inverse correlation between the number of Pb-
nanophases and the percentage of Pb*-loss in monazite grains demonstrates that Pb* is retained in the grain
in the form of nanophases. The formation of Pb-bearing nanophases limits Pb*-loss at the grain scale an
therefore allows the preservation of early events.208Pb/232Th ratios obtained with APT in monazite locat
in quartz and garnet and excluding Pb*-bearing nanophases indicate a mean age of 1059 ± 129
corresponding to a disturbance eventhithertoundetected in the geochronological record of the Andriam
unit. Thus, geochronology with APT allows access to information and the de� nition of events that may b
blurred or obscured when examined at lower spatial resolution.
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1 Introduction

In geochronology, the signi� cance and geological inte
pretation of dates remain a major question despite the m
analytical developments of the past 20 yr. In monazite
zircon, which are extensively used in geochronology,
intracrystalline mobility of uranium, thorium and lead, fro
nanometer to micrometer distances, can impact geochr
logical results. The distribution of U, Th and Pb has be
investigated at a nanoscale with transmission elec
microscopy (TEM) in monazite (Seydoux-Guillaumeet al.,
2003; Hydeet al., 2024) and zircon (Utsunomiyaet al., 2004;
Kusiak et al., 2015; Seydoux-Guillaumeet al., 2015;
Whitehouseet al., 2017) from ancient and polymetamorph
settings. Over the past decade, atom probe tomography (A
has allowed nanoscale isotopic investigations in geoc
nometers (zircon:Valley et al., 2014; Petermanet al., 2016;
Piazolo et al., 2016, monazite: Fougerouseet al., 2018,
Fougerouseet al., 2021a, baddeleyite:White et al., 2017and
rutile: Verberneet al., 2020) and some studies have appli
both of these two highly complementary methods in g
chronometers (monazite:Seydoux-Guillaumeet al., 2019;
Fougerouseet al., 2021b; Turuaniet al., 2022, Turuaniet al.,
2023 Verberneet al., 2023). These studies have highlighted t
presence of nanoscale Pb-bearing features (i.e., clusters and
nanophases) and demonstrated the need for characteriz
at high spatial resolution coupled within situ U-Th-Pb
micrometer scale dating (for example with laser ablat
inductively coupled plasma mass spectrometry, LA-ICP-M
for dating geological events such as metamorphism (Seydoux-
Guillaumeet al., 2019; Turuaniet al., 2022) or bolide impacts
(Hydeet al., 2024). Such Pb-bearing nanofeatures are ma
found in monazite and zircon present in Archean crato
rocks, which record ancient geological histories (Gyrs). Th
prolonged evolutions result in the accumulation of consider
radiogenic Pb (Pb*), up to more than one weight percent in t
mineral geochronometer. Under the imposition of second
metamorphic episodes, Pb* accumulated in a geochronom
eter can be redistributed over the time when the sys
remains open. Some of the Pb* remains trapped within th
parent (host) grain in the form of Pb*-bearing nanophase
resulting in “ fossil” Pb-reservoirs and some of the P*

escapes into the metamorphic media (e.g., � uid phase) to be
subsequently redistributed among other minerals actin
Pb-sinks (e.g., feldspars). The presence of Pb*-bearing
nanofeatures, which has been mostly regarded as a draw
by geochronologists, may instead carry unique geochro
logical information that is unable to be accessed at
microscale. To evaluate the positive and negative impac
these Pb*-bearing nanofeatures for microscale geochron
gy it is essential to document their mineralogy a
composition and thereby evaluate the particular P-T-� uid
conditions under which they form.

In this contribution, we reinvestigate the U-Pb record
monazite in a Neoarchean granulite rock-sample (An
where unusual U–Pb discordance and Pb mobility in monaz
has been documented (Seydoux-Guillaumeet al., 2003;
Paquetteet al., 2004). New micro to nanoscale observatio
and isotopic analyses using advanced analytical instrume
tion (TEM and APT) are combined to document the scales
Page 2
or
d
e

o-
n
n

T)
o-

-

tion

n
),

y
c
e
le

ry

m

as

ack
o-
e
of
-

f
),

ta-
d

mechanisms of this Pb mobility and the resulting mineralog
features. The consequences on microscale geochron
carried out at various spatial resolutions using ID-TIMS, L
ICP-MS, SIMS and EPMA are evaluated. Finally, monazite
Pb data are compared with zircon U-Pb data from the s
sample to highlight the complementarity of both geochr
ometers in deciphering the polycyclic history of Archean hi
grade rocks.

2 Geological background

Located in the north centre of Madagascar, the Andriam
unit is mostly composed of ma� c gneisses and migmatit
metapelites (Fig. 1a). The unit is a part of the Tsaratana
complex, which is considered as an allochton on
Antananarivo unit (Fig. 1a). The area has been involved
successive continental amalgamation from Neoarchea
Cambrian. Rocks from Andriamena record Neoarchean d
of � 2.7 Ga obtained from discordant zircon and monaz
which may correspond to the protolith age or to an unreso
metamorphic event (Paquetteet al., 2004; Kabeteet al., 2006).
The oldest undisputed metamorphic event, dated at� 2.5 Ga,
reached ultra-high temperature (UHT) conditions
1050 ± 50°C and 11.5 ± 1.5 kbar (Goncalveset al., 2004;
Paquetteet al., 2004; Kabeteet al., 2006). The second majo
thermal event to affect these rocks (850–900°C and 7 kbar)
occurred at� 790 Ma (Goncalveset al., 2004; Paquetteet al.,
2004). That event was associated with intense coe
magmatism (Guerrotet al., 1993; Handkeet al., 1999; Tucker
et al., 1999; Kröner et al., 2000; Bybeeet al., 2010; Boger
et al., 2014, 2015; Archibald et al., 2016, 2017; Armistead
2019) including the emplacement of numerous ma� c to
ultrama� c massifs (Fig. 1a; Guerrotet al., 1993; Bybeeet al.,
2010). The last signi� cant metamorphic event occurred und
amphibolite facies conditions (650-700°C and 5-7 kbar;
Goncalveset al., 2003) during the Cambrian (530-500 Ma
This event was associated with granite intrusions an
considered to re� ect Gondwana amalgamation (Martelatet al.,
2000; Goncalveset al., 2003; Tuckeret al., 2014; Tanget al.,
2018). Although the late Archean (� 2.5 Ga), late Proterozoi
(� 790 Ma) and Cambrian (530-500 Ma) events are w
constrained by geochronometers and reported elsewhe
Madagascar (Goncalves 2002; Goncalveset al., 2003, 2004,
2005; Paquetteet al., 2004), the Neoarchean record (� 2.7 Ga)
is still obscure.

3 Previous studies

3.1 Petrographic description

An6e is a granulite collected in the Andriamena unit, n
Brieville (Fig. 1a). The sample contains garnet, orthopyroxe
sillimanite and abundant quartz corresponding to the U
peak metamorphic assemblage formed during the late Arc
at � 2.5 Ga (Nicollet 1988; Goncalveset al., 2004). A
secondary mineral assemblage composed of orthoamph
cordierite and biotite is developed at the expense of garne
quartz as coronitic textures (Fig. 1b). This retrogression is
interpreted as the result of near isobaric cooling from 7-8 k
and 900°C to � 5 kbar and 650°C at � 790 Ma (Goncalves
of15
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Fig. 1. a: simpli� ed geological map of the interest area and An6e sample location, compile fromGoncalveset al. (2003), Rasolomananaet al.
(2010), Nédelecet al.(2016)andArchibaldet al.(2016). Insert showing the location of Tsaratana complex in grey. b: photomicrograph of An6e
showing primary garnet and quartz and the secondary coronitic texture composed of ortho-amphibole, cordierite and biotite. (modi� ed from
Goncalves, 2002). Bt = biotite, crd = cordierite, grt = garnet, oamph = orthoamphibole, qtz = quartz.
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et al., 2004). The last event reported in Andriamena unit
530-500 Ma (Goncalveset al., 2003) has led to the formation
of recrystallized domains in monazite grains from An
(Paquetteet al., 2004; Goncalveset al., 2005). Garnet in the
same rocks show low-Y overgrowths that are inferred
re� ect a second stage of growth following partial resorpt
of the initial garnet. It is considered that garnet wh
crystallized at � 2.5 Ga was destabilized at� 790 Ma,
reacting to form cordierite and orthoamphibole (reacti
Gtþ Qþ V=Cordþ Oamph), and then marginally regrowin
through the reverse reaction to form a new Y-low generat

Monazite and zircon grains are located in quartz, garne
in the coronitic texture. Monazite grains present homogene
core (1), some grains present a second distinct chem
domain (2) independently of the petrographic position and
monazite grains present recrystallized domains and o
growths (3) which are more abundant in monazite locate
the coronitic texture and may occur as rims or discontinu
Page 3
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domains (Goncalves 2002; Goncalveset al., 2005; Paquette
et al., 2004). Monazite grains located in coronitic textures ha
very irregular morphologies due to their intergrowth w
orthoamphibole and biotite and abundant euhedral inclus
of quartz and biotite within them. These textural observati
led Paquetteet al. (2004) to suggest that monazite in the
domains was affected by partial dissolution and reprecipita
coeval with the crystallization of orthoamphibole and bio
that was associated with garnet retrogression at� 790 Ma.

Monazite chemical compositions vary according to th
petrographic position, shape, and size.Goncalves (2002
highlights 3 compositional groups: (1) the“UHT group” ,
exhibits a homogeneous composition dominated by hutto
cation substitution (Si4þ þ Th4þ = P5þ þ LREE3þ ) and corre-
sponds to monazite grains included in garnet, and
homogeneous cores, (2) the“ low grade group” displays
composition variation following the huttonite substitution a
corresponds to monazite located in quartz or coronitic text
of15
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Fig. 2. Previous studies on monazite from An6e. a: ID-TIMS results obtained on An6e monazite grains, where one analysis point corresponds to
one monazite grain, and showing complex discordance of monazite. Modi� ed fromPaquetteet al. (2004). b: EMP dating results on An6e
monazite grains showing a statistically well constrained date at 498 ± 4 Ma and a large dispersion between 2700 Ma and 700 Ma. Modi� ed from
Goncalves, (2002). c: Age map of monazite M6 in An6e with EMPin situdates (white dots). Purple domains corresponds to the young domains
while orange domains correspond to the oldest dates (white arrows). Modi� ed fromGoncalveset al. (2005). d: TEM-BF imaging on An6e
monazite grain showing the presence of Pb rich inclusions. Modi� ed fromSeydoux-Guillaumeet al. (2003).
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(3) the third group, the“Cambrian group” , is represented b
outermost recrystallized domains and overgrowths wit
composition dominated by the cheralite substitution (Ca2þ þ
Th4þ = 2LREE3þ ).

3.2 Geochronological data and open questions

Isotopic data obtained from isotope dilution therm
ionization mass spectrometry (ID-TIMS) and electron-mic
probe (EMP) dating on monazite have been published
Paquetteet al. (2004; Fig. 2a and 2b). This dataset is
outstanding because (1) each isotopic analysis point c
sponds to a single grain of monazite that was extracted
micro-drilling directly from the thin-section, thereby prese
ing the textural setting of the analysis; and (2) each grain
datedin situ by EMP chemical dating (Fig. 2b). Monazite ID-
TIMS dates show extensive dispersal and discordance, w
is unusual for monazite. Ten out of twelve analyses de� ne a
Discordia with an upper intercept at 2523 ± 10 Ma, an age
Page 4
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corresponds to the well constrained UHT event in the are
contrast, the lower intercepts obtained from ID-TIMS, 738 ± 2
and 576 ± 12 Ma do not match particularly well with the 790
and 530-500 Ma Cambrian regional events recorded in o
samples (Paquetteet al., 2004). These signi� cant mismatche
have been interpreted byPaquette et al. (2004)to result from the
mixing of different age domains in monazite grains, highligh
by EMP chemical age maps which show the internal variation
individual monazites (Fig. 1c; Goncalveset al., 2005). The
Cambrian event is however well de� ned by EMP dating o
monazite in the thirdchemicaldomain“Cambriangroup” yielding
an unimodal date of 498 ± 4 Ma (Fig. 2b; Goncalves 2002;
Paquetteetal.,2004).Theoldestagethatwas inferredfromtheI
TIMS monazite dataset in an upper intercept around 2.7
loosely de� ned by a Discordia passing through the monazite w
oldest 206Pb/238U apparent age and anchored at 576 ± 12
(lower intercept). A similar 2.71 Ga age has been measured b
Pb ID-TIMS on zircon retrieved from samples belonging to
same geological unit (2705 ± 1 Ma in sample C1 and 2709 ± 4
of15
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in sample C43;Paquetteet al., 2004) and has been interpreted
the protolith emplacement age.

The causes of this unusual and unresolved discordan
the monazite ID-TIMS dataset has been explored with TEM
Seydoux-Guillaumeet al. (2003). A monazite grain located i
quartz revealed the presence of Pb-bearing features less
100 nm in diameter (Fig. 2d). These features show high conte
in Pb, Ca andSi and were interpreted as probable� uid inclusions
or as a crystalline phase such as margarosanite (Ca2PbSi3O9) or
Pb-cheralite [PbTh(PO4)2] (Seydoux-Guillaumeet al., 2003).
While it was clear that those inclusions were likely
be central to developing and understanding of the unu
discordance pattern observed in the ID-TIMS geochronolo
gy, it was not possible at the time to assess their nature
their quantitative impact on U-Pb isotopic systematics.

4 Methods

Monazite crystals were observed using a� eld emission gun
scanning electron microscopy (SEM-FEG) Zeiss supra 5
equipped with energy dispersive spectroscopy (EDS) and
scattered electron (BSE) detectors. The instrument is host
the Ecole Normale Supérieurein Lyon (France).

Secondary Ions Mass Spectrometry (SIMS) was car
outin situon monazite grains in thin section, using the Cam
ims-1270 ion microprobe at the Edinburgh Ion Micropro
Facility (EIMF) in the School of GeoSciences, University
Edinburgh. Prior to analysis, the thin sections and inse
standards were imaged using transmitted and re� ected light
microscopes and a Phillips XL30 Scanning Elect
Microscope (SEM). Monazite U-Th-Pb SIMS analy
followed similar procedures to those described byHarley &
Nandakumar (2014). Common lead corrections were based
counts at mass 204 corrected for interferences and assu
modern lead. Correction of Pb/U ratios for instrument d
over the analysis period was made using the relation
between Ln(Pb/U) and Ln(UO2/UO). The effect of the
production of excess206Pb from the decay of230Th within
high-Th monazite was accounted for using a fractiona
factor f [(Th/U)monazite/(Th/U)melt] of 30, applied to th
monazite standard and unknowns. This results in a 0
correction to the207Pb/206Pb ratios, which is propagated in
the � nal 206Pb/238U ratios used in age calculations. Analys
were referenced againstin situ, within sample, analyses of th
Moacyr standard (provided by J.-M. Montel), for whi
9 analyses bracketing the 13 analyses of An6e unknowns
an average corrected206Pb/238U ratio of 0.0815 ± 0.0030
which corresponds to a206Pb/238U age of 505 ± 17 Ma (2s ;
MSWD = 0.7). The large uncertainty arises because
unavoidable irregularities in the polished sample surfac
An6e but the average result is consistent with the ID-TI
207Pb/235U age of 504.3 ± 0.2 Ma reported byGasquetet al.
(2010) for Moacyr. The monazite data were reduced on
using in-house data reduction spreadsheets and subseq
processed for age statistics and� ts using the online version o
IsoplotR (Ludwig, 2003; Vermeesch, 2018). Uncertainties on
ages quoted in the text and in tables forindividual analyses
ratios and ages are at the 1s and 2s level respectively. All
uncertainties in calculatedgroup ages are reported at 95
con� dence limits. Concordia diagrams were calculated w
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206Pb/238U and207Pb/235U ratios corrected for a generally ve
minor common Pb component as calculated from meas
204Pb.

LA-ICP-MS analyses were undertaken on zircon using
ICP-MS quadripole Agilent 7500cs hosted atLaboratoire
Magmas et Volcans(Clermont-Ferrand, France). The las
excimer system is a Resonetics M-50E. The laser ATL h
wavelength of 193 nm, a frequency of 3 Hz. The spot diam
of 20mm was used for analyses. Zircon standard GJ-1 (Jackson
et al., 2004) was used to correct elementary fractionation a
U, Th and Pb calibration. Glitter software was used
processing data.

Samples for TEM were prepared using a Thermo Fis
Scienti� c FEI Helios Nanolab 600i focused-ion beam (FI
SEM) hosted by MANUTECH USD platform in Saint-Etienn
(France). Two FIB foils were prepared in monazite M6 loca
in the recrystallized coronitic texture (FIB-foils locatio
Fig. 3e) and two were prepared in monazite M15 located
garnet (FIB-foils locationFig. 3a). One FIB foil was extracted
from M13 monazite located in a quartz (FIB-foil locatio
Fig. 3c) and has been prepared and studied in a previous s
where details of preparation method are reported (Seydoux-
Guillaumeet al., 2003). Contrary to FIB foils prepared for th
present study (from M6 and M15) which are� xed on half
copper-grid, the FIB foil from M13 is deposited on carb
coated copper-grid.

ATescan Lyra3 Gaþ FIB-SEM housed at Curtin Universit
was used to prepare six needle-shaped APT specim
following established protocols (Rickard et al., 2020). Two
specimens (3263 and 3273) targeted the core of monazite
(location Fig. 3c), one (14126) from the core of monazi
M11-10 located in a garnet and one (14058) from the cor
monazite M11-13 hosted in a garnet (location of grains
specimensFig. S1).

FIB-foils for TEM were observed on a NeoARM200
Cold FEG-TEM owned by theConsortium Lyon Saint-Etienn
de Microscopie(FED 4092) and hosted within the Hube
Curien Laboratory in Saint-Etienne. The instrument
equipped with a cold-� eld emission gun and with the late
generation of spherical aberration corrector on the conde
lenses. It is also equipped with a wide-angle energy dispe
X-ray (EDX) spectrometer SDD CENTURIO-X from JEO
two scanning transmission electron microscopy (STE
detectors (JEOL and Gatan annular dark� eld � ADF and
JEOL annular bright� eld� ABF), and an electron energy-los
spectrometer EELS (Gatan GIF Quantum ER). Analyses
observations were operated at 200 kV.

APT analyses were conducted on a CAMECA Lo
Electrode Atom Probe (LEAP) 4000X HR hosted at
Geoscience Atom Probe Facility at Curtin University, Pe
(Australia). Analyses were conducted using a UV la
(l = 355 nm) pulsed at 125-200 kHz, a 250-300 pJ laser p
energy, a base specimen temperature of 60 K, and
automated detection rate of 0.01 atoms/pulse (detail
Tab. S1). Data processing was conducted with CAMECA’s
Ivas v3.8.4 and AP Suite 6 software. An evaporation� eld of
27.02 V/nm and an atomic average of 0.01245 nm3/atom were
used as reconstruction parameters following empiric
determined parameters (Fougerouseet al., 2022). 208Pb/232Th
isotopic ratio used for dates calculation have been measur
208Pb2þ and 232ThO2þ peaks at 104 Da and 124 D
of15
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Fig. 3. BSE images of monazite grains located in garnet M15 (a, b), in quartz M13 (c, d) or in coronitic texture M6 (e, f). a: M15 grain is rounded
and mostly homogeneous with localized dark contrast domains (white arrow). c: M13 is rounded, mostly homogeneous with dark contrast
domains (white arrow) localized on the rim and contains silicate inclusions (incl.). e: M6 grain is anhedral with a bright core and dark contrast
domains forming a rim (white arrow). Silicate inclusions are spatially associated with dark contrast domains. The three grains show the presence
of nanophases corresponding to dark (black arrows) and bright (thick white arrows) spots (b, d, f) present only in cores. Some dark and bright
nanophases are in equilibrium (thin white arrows).

M.J. Turuaniet al.: BSGF 2024, 195, 18
respectively on mass spectra, using a range of 0.1
Corrections procedure has been applied followingFougerouse
et al., (2020) recommendations. Firstly, background
measured at 100 Da for208Pb2þ and 130 Da for232ThO2þ

on a peak-free area and subtracted from the counts
correction of peak shape is then applied using the full-widt
Page 6
a.

A
t

one-tenth of the maximum peak height of O2
2þ peak (M/DM10

with M the position of the maximum peak intensity andDM10
the full-width at tenth-maximum). For that, the software Top
is used to apply a split Pearson VII� tting with a constan
background on the O2

2þ peak (at 31.99 Da). The O2 M/DM10
is calculated at 95% con� dence (2s) and used to estimate
of15



Fig. 4. STEM-ADF images of monazite hosted in garnet (a, M15–FIB3b), quartz (b, M13–FIB1a) and coronitic texture (c, M6–FIB1c). All
monazite grains contain features with size< 50 nm in diameter. Features with size> 50 nm are scarce (b). Contrasting dark and bright regions
indicate that features comprise two-spatially-related distinct nanophases. Imaging of M15 and M13 monazite show high number of bright
nanophases (arrows) compare to monazite M6 for the same surface area.

M.J. Turuaniet al.: BSGF 2024, 195, 18
fractioning coef� cient for the peak shape. The208Pb/232Th
ratio is corrected using this coef� cient.
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5 Results

5.1 Textures of monazite

Our study con� rms previous observations made
Goncalves (2002)that the shape of the grains depends
their petrographic position, with rounded grains mostly loca
in garnet and quartz (Fig. 3aand3e). Electron backscattere
images highlight density variations that arise from chem
variations within monazite grains (Fig. 3a, 3c and 3e,
Fig. S2). The three grains shown inFigure 3 present light
grey homogeneous cores. All monazite grains show d
contrast areas corresponding to recrystallized domains (w
arrowFig. 3a, 3candFig 3e), either sparsely distributed withi
the grain (e.g., in monazite hosted in garnet,Fig. 3a) or
irregular and discontinuous at grain edges (e.g., in monazite
hosted in quartz,Fig. 3c). In monazite grains located within th
orthoamphibole and biotite coronas the dark contrast a
appear either as a large continuous rims or as euhedral dom
adjacent to inclusions of quartz and biotite within the mona
grain (Fig. 3e).

Submicrometric features (Ø< 500 nm) are observe
except in dark contrast domains. They appear as bright
dark contrast spots visible in high magni� cation BSE images
(Fig. 3b, 3d and 3f). They have rounded shapes, a
correspond to distinct phases within the monazite. D
submicrometric phases contain low density material (bl
arrowsFig. 3b, 3dand3f) while bright submicrometric phase
contain high density material (thick white arrowsFig. 3b, Fig
3d andFig 3f). Some bright and dark phases appear to b
textural equilibrium (thin white arrowsFig. 3b, 3d
and3f).
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5.2 Nanoscale domains

STEM-ADF images from grains M15 (located in garne
M13 (located in quartz) and M6 (located in coronitic textur
taken at the same magni� cation, all display bright and dar
contrast spots (10–100 nm) corresponding to high- and low
density materials respectively (arrowsFig. 4). The features are
circular in shape and composed by two parts highligh
respectively by dark and bright contrast spots. Most of th
are 10–50 nm in diameter but scarce larger ones have–
100 nm diameters (Fig. 4b). All features have a sharp interfac
with the monazite matrix (highlighted by grey contras
indicating that they do not represent monazite intracrysta
nanodomains but instead comprise distinct nanophases
features are sometimes composed by two nanoph
(showing bright and dark contrast respectively) which are
textural equilibrium. Monazite grains M15 and M13 hosted
garnet and quartz respectively show high concentration
bright nanophases (� 1 per 0.1mm2) less than 50 nm in
diameter (Fig. 4aand4b), whereas monazite M6, located in t
coronitic texture, shows a very low number of brig
nanophases (� 1 per 0.55mm2, Fig. 4c). M13 and M6 monazite
grains contain nanophases made of dark contrast materia
size of 100–200 nm in diameters (Fig. S3).

ChemicalEDSmapsonaØ> 50 nmfeaturecomposedof tw
nanophases located in M13 (monazite located in quartz,Figs. 4b
and5) show a marked increase in Pb concentrations in the b
part on the STEM-ADF image whereas the dark regions h
higher Si concentrations (Fig. 5). Dark nanophases are genera
composed of Si, Fe ± Al (Fig. S4) that are spatially decoupled

5.3 SIMS U-Pb and APT nanogeochronology of
monazite

SIMS analyses (n= 13) have been conducted on 10 gra
(N) of monazite located in garnet (n= 4,N= 3), in quartz (n= 3,
of15
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Fig. 5. Chemical EDS map obtained with TEM on a feature composed of two nanophases observed in monazite hosted in quartz (M13).
Analyzed area is shown on STEM-ADF image (left) and chemical map show the spatial distributions of Pb (blue) and Si (red). Pb is strictly
localized in the bright area while the darker area contains Si. The mixing area is an effect of the superposition in depth of the two nanophases
(FIB foil is 50 to 100 nm thick).
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N= 2) or in the coronitic texture (n= 6, N= 5). 206Pb/238U and
207Pb/235U isotopic data have been corrected for common
(Pbc) contamination (0.02 to 13.7 ppb204Pb), which does no
correlate with U-Pb discordance but is likely to be related
surface contamination during sample polishing (Tab. S2).
data are discordant and aligned along an overdispe
discordia (Fig. 6). This discordia intersects concordia at
upper intercept of 2555 ± 71 Ma (2s) and lower intercept o
701 ± 61 Ma. The discordia obtained by selecting data o
from monazite grains hosted in the UHT minerals (garnet
quartz) yields a MSWD of 1.1, an upper intercept
2674 ± 112 Ma and an imprecise lower intercept
1053 ± 246 Ma. Discordia obtained using data only fr
monazite located in the coronitic texture yields a MSWD of
when one point (Mnz1: light red onFig. 6) is excluded, with an
upper intercept at 2371 ± 160 Ma and a lower intercep
611 ± 78 Ma. The MSWD is 4.5 if Mnz1 is included in th
calculations, the resultant upper intercept being 2424 ± 496
and lower intercept 653 ± 209 Ma.

Atom probe reconstruction of the specimen 3263 extra
from the monazite M13 hosted in quartz shows
heterogeneous distributions of Pb and Si atoms within
monazite (Fig. 7a). Zones of 50–100 nm in size and showin
intense colour represent high atomic density areas compar
the monazite matrix, and correspond to nanophases. T
nanophases may contain mostly Si (Fig. 7a, top), or both Pb
and Si (Fig. 7a, bottom). Other smaller areas less than 10 nm
size and only highlighted by high Pb atom density corresp
to Pb-rich clusters within monazite.

208Pb/232Th dates have been calculated from APT spe
mens (3263, 3273, 14058 and 14126) lift-out in cores
monazite hosted in quartz (M13: 3263 and 3273) and ga
(M11-10: 14126 and M11-13: 14058), following the reco
mendations ofFougerouseet al.(2020)(Tab. S3). 208Pb2þ and
ThO2þ peaks are used for calculations. Analytical volumes
homogeneous monazite matrix (0.0005mm3) have been
selected excluding, on the basis of Ivas software, all chem
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heterogeneities as clusters and nanophases. Calculated is
ratio range between 0.050 ± 0.012 and 0.0592 ± 0.0
corresponding to dates ranging between 987 ± 230 Ma
1163 ± 163 Ma with a weighted mean date of 1059 ± 129
(MSWD = 0.19;Fig. 7b).

5.4 LA-ICP-MS on zircon grains

LA-ICP-MS analyses on zircon (n= 20) have been carrie
out on 10 grains (N) located in garnet (n= 3, N= 2), quartz
(n= 3, N= 2) or in coronitic texture (n= 14, N= 6). The
206Pb/238U and207Pb/235U isotopic ratios show concordant
slightly discordant (17 data with discordance< 10 %)
radiogenic Pb*-loss trend (Fig. 8, Tab. S4). The 206Pb/238U
concordant dates (discordance< 5 %) vary between
2432 ± 130 Ma and 2760 ± 145 Ma. The data have been s
based on textural position. Data obtained in zircon gra
hosted in garnet and quartz are concordant (discordance� 5 %).
A Concordia age of 2758 ± 28 Ma has been calculated f
zircon hosted in garnet while those hosted in quartz yie
Concordia age of 2609 ± 51 Ma (Fig. 8). The dispersion of the
datasetobtained inzircongrains located in thecoronitic textu
constrained by two discordia (Fig. 8). Upper intercepts of thes
discordia are in good agreement with a Concordia age
2758 ± 28 Ma obtained in zircon hosted in garnet, and with
concordant206Pb/238U date of 2474 ± 131 Ma obtained from
zircon grain located in the coronitic texture (Fig. 8, Tab. S4).

6 Discussion

6.1 Signi � cance of geochronological records in
Andriamena unit

In the seminal case study of monazite grains fr
Andriamena, ID-TIMS on single monazite grains revea
four geological events at� 2700 Ma, 2523 ± 10 Ma, 738 ± 2 M
and 576 ± 12 Ma (Fig. 2a, Paquetteet al., 2004). In the
of15
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Fig. 6. Isotopic results obtained with SIMS on monazite grains. The dataset has been color coded following textural position. Uncertainties are
given at 2s . The whole dataset is discordant. Three discordia have been calculated with Isoplot software selecting the all dataset (dotted line), the
data obtained in monazite located in garnet and quartz (green and blue data), the data obtained in monazite located in coronitic texture (red data)
except one that follows a different trend.
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following section, we will compare and discuss the n
results.

The older age at� 2700 Ma ofPaquetteet al. (2004)was
indicated by the upper intercept of a discordia constrained
single large brownish monazite grain included in quartz. T
age was regarded as surprising because it was unexpecte
monazite affected by a protracted thermal and tectonic his
including ultra-high temperature conditions above 1000°C,
could escape a total reset of the U-Th-Pb system. This� 2700
Ma event was also supported by ID-TIMS dating of zircon
granulites from the same Andriamena unit (sample C43 an
in Paquetteet al., 2004). The few other records for this age a
a Rb/Sr whole-rock isochron indicating� 2700 Ma (Windley,
1996), one concordant zircon grain at 2725 ± 12 Ma interpre
as recycled xenocrystic zircon, and discordant zircon grain
2676 ± 6 Ma with the disturbance interpreted to arise fro
magmatic event recorded some 100 km north of the samp
area of this study (Kabeteet al., 2006). The new isotopic dat
on zircon grains (LA-ICP-MS) from the investigated sam
An6e strengthen the evidence for a� 2700 Ma Neoarchea
event, with a concordant age calculated from zircon gr
hosted in garnet of 2758 ± 28 Ma. The discordia obtaine
this study on monazite grains hosted in quartz and ga
indicate an upper intercept at 2674 ± 112 Ma (SIMS) t
overlaps this Neoarchean event.

More varied dates have been obtained in zircon gr
hosted in quartz, with a concordant analysis yielding a dat
2609 ± 51 Ma. The protolith of An6e could be a sediment
rock resulting from the alteration of komatiite (Goncalves,
2002). Thus, the large variety of dates obtained could re� ect
the range of detrital sources. An alternative interpreta
would be the continuous crystallisation of zircon under a U
event lasting more than 100 My (Laurentet al., 2018). Further
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studies are required to determine the isotopic and geolo
signi� cance of this complex dataset.

The late Archean (� 2500 Ma) event is also con� rmed by
our new results. The 2555 ± 71 Ma intercept (SIMS,Fig. 6) of
the discordia calculated with the full isotopic dataset obtai
on monazite is in very good agreement with interc
calculated from the 2523 ± 10 Ma ID-TIMS date ofPaquette
et al. (2004) obtained from monazite grains from the sa
sample. This intercept is also in agreement with ot
concordant dates in monazite and upper intercepts
discordant monazite measured in samples collected from
same area (ID-TIMS, sample C43 and C1 inPaquetteet al.,
2004). In the case of zircon, which mostly records t
Neoarchean event (� 2700 Ma) in this area (Paquetteet al.,
2004), the youngest concordant date obtained with LA-IC
MS on a grain located in the coronitic texture is 2474 ± 131 M
overlapping the late Archean event.

The 611 ± 78 Ma lower intercept of the discordia de� ned
by SIMS analyses obtained on monazite located in
coronitic texture overlaps with both lower intercepts of
ID-TIMS data at 738 ± 2 Ma and 576 ± 12 Ma. These low
intercepts do not match the ages reported in the literatu
� 790 Ma and 530-500 Ma, which had been interpreted
mixing analyses re� ecting minimum and maximum ag
estimations (Paquetteet al., 2004). Unfortunately, it appear
that even in the present study, which employed hi
resolutionin situ isotope analysis instruments, the doma
could not be analysed separately. The lower intercep
611 ± 78 Ma obtained by SIMS is interpreted as also be
the result of mixing analyses between a� 790 Ma and a 530
500 Ma component. This last age has been documente
the sample through EMP chemical dating in recrystalli
domains (Paquetteet al., 2004). However, the� 790 Ma
of15
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Fig. 7. Atom probe results. a: Reconstruction of atom probe specimen 3263 lifted out from the monazite M13 hosted in quartz. Pb atoms
(greenish) and Si atoms (purple) distributions through the specimen are represented. One dot corresponds to one atom. Domains with intense
color correspond to Pb and/or Si enrichments and highlight the presence of Pb-bearing nanophases and Si-bearing nanophases respectively.
b: Atom probe208Pb/232Th dates (uncertainties are given at 2s) obtained in monazite located in quartz (blue) and garnet (green) avoiding
nanophases. One date has been calculated for each specimen considering a volume of� 0.0005mm3 following Fougerouseet al. (2020)
recommendations. The average date is 1059 ±129 Ma (2s).
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event has not been clearly documented in An6e sam
as yet.

6.2 Impact of Pb-bearing nanophases in monazite on
geochronological data

Nanofeatures have been recognized in monazite in bill
year-old geological contexts. These features appear in diffe
forms, with the� rst recognized nanofeature, referred to a
“cluster” , representing intra-crystalline domains within t
monazite lattice, less than 10 nm in size, where radiogeni
accumulates (Seydoux-Guillaumeet al., 2019; Turuaniet al.,
2023; Verberneet al., 2023; Hydeet al., 2024). Clusters are no
recognized as having an impact on the geochronological re
at the micrometer-scale. Nanophases rich in Pb, ranging in
from 10-20 nm to 1mm (Turuaniet al., 2022, Turuaniet al.,
2023 Verberneet al., 2023 Hydeet al., 2024), have also been
observed observed in monazites from ancient geolog
contexts. These nanophases are always associated
nanoporosity and are therefore considered to have for
via dissolution-precipitation mechanism throughin situ � uid
interaction, with the prior presence of clusters being
prerequisite for their formation. A diversity of Pb-beari
nanophases has been identi� ed, including galena (PbS) an
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Pb-oxides (Turuaniet al., 2023) and also cerussite (Hydeet al.,
2024). This demonstrates that the nature of the nanophase
precipitate strongly depends on the elements available w
the monazite as well as any brought by the� uid. These Pb-
bearing nanophases have proven to be important in prese
the record of early events within polymetamorphic samp
despite the extreme conditions sometimes imposed by the
overprinting, secondary events (Turuani et al., 2022; Hyde
et al., 2024).

In the present sample (An6e) monazite grain co
containing variable abundances of Pb-bearing nanoph
yield EMP chemical dates spread between� 700 and� 2700
Ma (Goncalves 2002; Paquetteet al., 2004). From the ID-
TIMS results ofPaquetteet al. (2004)and thein situ SIMS
dating of the present study it appears that monazite gr
located in quartz and garnet show a lower percentage of*-
loss along the discordia than monazite grains located in
coronitic textures (Fig. 6). Our nanoscale investigations reve
that the quartz- and garnet-hosted monazite grains cont
higher proportion of Pb-bearing nanophases than those
hosted in the coronitic texture (Fig. 4 and 5). This inverse
correlation between the number of Pb-bearing nanophase
the percentage of Pb*-loss has already been described
discordant monazite grains from another ancient UHT to
of15
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Fig. 8. Isotopic results obtained with LA-ICP-MS on zircon grains. The dataset has been color coded following textural position. Uncertainties
are given at 2s. The whole dataset is slightly discordant. Concordant dates of 2758 ± 28 Ma and 2609 ± 51 Ma have been calculated with Isoplot
software from analysis obtained in zircon grains hosted in garnet (green) and quartz (blue) respectively. Due to the large dispersion of the whole
dataset, two discordia have been calculated (inferior and superior limits) to bring a time constrain of the dispersion.
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geological environment (Turuaniet al., 2022). We concur with
other recent studies (Turuaniet al., 2023; Hyde et al., 2024)
which propose that the formation of Pb-bearing nanoph
limits Pb*-loss at the grain scale and therefore allows
preservation of early events.

At thenanoscale,homogeneousvolumes(� 50� 50� 50nm3)
of monazite that are free of Pb-bearing nanophases
located in quartz and garnet record a208Pb/232Th age at
1059 ± 129 Ma. This age corresponds to the lower interce
the discordia (1053 ± 246 Ma) obtained through SIM
analyses on monazite from the same textural position.
discordia also yielded an upper intercept at 2674 ± 112
Following Turuani et al. (2023), we suggest that thes
monazites crystallized at 2674 ± 112 Ma and then*

accumulation in the lattice induced subsequent clus
formation. This pre-conditioned the monazite to be reactiv
� uid access, which occurred at 1059 ± 129 Ma. At that ti
monazite grains were affected by a coupled proc
consisting of (1) nanoscale resetting of the U-Th-Pb isoto
chronometers developed in the Archean monazite, and (2
coeval precipitation of Pb*-bearing nanophases within th
monazite, favoured by the presence of clusters. This cou
process led, overall, to Pb* retention at the scale of individua
monazite grains and at typical microscale analytical volum
(Turuaniet al., 2023). In this scenario� uid access is limited
for those monazite grains hosted in garnet and quartz. A s
amount of� uid reaches monazite, enough to induce mona
dissolution and precipitation and thus reset the chronome
but not enough to induce Pb* leaching from the grain. Indeed, th
small amount of in� ltrating � uid is rapidly saturated in Pb*

inducing the precipitation of nanophases. During this proc
other phases may form associated with the Pb*-bearing
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nanophases (Si-glass, FeS phase;Turuaniet al., 2023). At the
grain scale, this results in limited Pb* loss thanks to the
precipitation of Pb*-bearing nanophases, so that the m
abundant the nanophases, the less discordant the isotopic r
(Turuaniet al., 2022). In comparison, monazite grains hosted
the coronitic texture are exposed to a larger, though still limi
� uid � ux, which induces greater Pb* loss at the grain scal
(Montel et al., 2000; Turuani et al., 2022, 2023). The main
implication of this is that conventionalin situ dating methods
operatingat themicron-scale (e.g., LA-ICPMS,SIMSandEMP)
cannot avoid Pb*-bearing nanophases, where present, b
incorporated into the analytical volume.Mixingbetween� 1Gyr
monazite matrix volumes and Pb*-bearing nanophases will the
lead to discordant dates, in this example varying betw
1059 ± 129 Ma and 2674 ± 112 Ma depending on the propo
of Pb*-bearing nanophases present in the analytical vol
accessed within the monazite.
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6.3 New evidence for a record at Stenian-Tonian limit
(Mesoproterozoic): Geodynamic setting of the 1.05 Ga
event in Andriamena?

The most striking result is the calculated lower intercep
1053 ± 246 Ma obtained based on the monazite U-Pb isot
ratios measured with SIMS. Although the uncertainty is lar
the MSWD of 1.1 indicates that the discordia is statistica
well-de� ned. This lower intercept is consistent with the A
nanogeochronology, which yields a unimodal208Pb/232Th
average age of 1059 ± 129 Ma from monazite hosted in qu
and garnet. The low MSWD (0.19) in this case is mostly du
high uncertainties (� 20%) on individual data points. Interes
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ingly, dates obtained with EMP on monazite belonging to
“UHT group” of Goncalves (2002), hosted in garnet an
quartz, range continuously from Archean dates of� 2700 or
� 2500 Ma down to a minimum date of� 1000 Ma (Goncalves
2002; Paquetteet al., 2004). Based on these three independ
datasets we suggest that this late Mesoproterozoic age
represent the timing of an important but somewhat fugi
isotopic resetting event. The potential record of a Stenian e
was also found in another Mg-granulite from Andriamena u
(sample C21 inGoncalves 2002), but it was neither interprete
nor considered in the geological evolution of the area.
discovery of nanodomains of Stenian age also con� rms that
useful geochronological information that is lacking or obsc
at the microscale may be preserved in monazite at
nanoscale, adding detail to the geological evolution
potential correlations with other units and terranes (Turuani
et al., 2022).

The Stenian age of ca.1 Ga identi� ed herein is well known in
the Ikalamavory unit, composed of metasedimentary
metavolcanic rocks, southwest of the Andriamena unit.
Ikalanavoryunit is intrudedby the acid to ma� c plutonic rocksof
the Dabolava Suite, dated at ca. 1 Ga (Tuckeret al., 2007, 2014).
These intrusions have been interpreted to re� ect arc magmatism
(Armistead, 2019). The ca. 1 Ga dates obtained in the pres
study and in another granulite of the Andriamena unit (C
Goncalves2002) suggest that the thermal event related to this
magmatism may be more extensive than previously thou
This new geochronological information provides an incen
for further exploration in order to better understand
geodynamic evolution of the polymetamophic tectonic ba
ment of Madagascar.

7 Tribute to Jean-Louis Paquette �
Perspectives from past to present

This contribution is a tribute to Jean-Louis Paquet’s
career. Jean-Louis Paquette was a worldwide known geoc
nologist that has largely contributed to the development
application of zircon and monazite isotopic geochronolo
Since his PhD,“Comportement des systèmes isotopiques U
et Sm-Nd dans le métamorphisme éclogitique. Ch
Hercynienne et chaîne Alpine” defended in 1987 at th
University of Rennes, Jean-Louis Paquette has published
than 200 articles, for a total of citations exceeding 100
These papers cover a wide range of geological contexts
some of them are related to analytical developments (Paquette
et al., 1994, 2003, 2004, 2014; Paquette and Tiepolo, 200
Paquette and Pin, 2001). Jean-Louis Paquette has also larg
supported the development of EMP chemical dating metho
the mid-90’s (Montel et al., 1996). Although Jean-Louis
Paquette was an isotopic geochronologist, he always re
nized the bene� t of this in situ technique to resolve
geochronological problems at the micrometric scale.
experience, comments and advices, greatly helped impro
the method and interpreting the results. Jean-Louis Paq
was a pioneer French researcher in the development of the
ICP-MS dating (Paquetteet al., 2007). He has also largel
contributed to the characterization of monazite standards,
the famous Moacyr Brazilian monazite that has b
distributed in many labs worldwide. Jean-Louis Paqu
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has also largely contributed to the understanding of
behavior of the U-Th-Pb isotopic system in monazite a
zircon either by (1) studying unusual geochronological data
like the monazite grains from An6e sample, used in
contribution and coming from the PhD thesis of P.Goncalves
(2002), (2) ID-TIMS dating of single grains experimental
reset (Seydoux-Guillaumeet al., 2002) or (3) by combining
bulk, single grain andin situdating techniques (Paquetteet al.,
2004). In all these studies, Jean-Louis Paquette has play
major role through the acquisition of the isotopic data. All t
tremendous work has led to cutting-edge research on n
investigation of U, Th, Pb distribution in monazi
(Seydoux-Guillaumeet al., 2003) and to the recent develop
ment of APT nano-geochronology (Seydoux-Guillaumeet al.,
2019; Fougerouseet al., 2020; Turuani et al., 2022). Jean-
Louis Paquette was also keen to improve our geolog
knowledge even if he had to disprove his own papers.
instance, inPaquette and Nédélec (1998), stratoid granites
from North-Central Madagascar were dated with h
precision at 630 Ma by isotopic dilution on multi-gra
fractions of zircon. This age has embarrassed, to s
extent, many geologists working in Madagascar but
quality of the data was such that these ages were see
robust data. Almost 20 yr later,Nédélecet al. (2016)have
performed new dating of the same samples within situ LA-
ICP-MS and obtained two concordant ages at 790 and
Ma. They concluded that the 630 Ma ID-TIMS age was
accurate but rather resulted from mixing between two zir
populations.

Finally, Jean-Louis Paquette has also mentored three o
authors of this contribution during their PhD (Marion Turua
Anne-Magali Seydoux-Guillaume and Philippe Goncalve
He was also a collaborator of Jean-Marc Montel and Chris
Nicollet when they worked all together at the laborato
Magmas et Volcans in Clermont-Ferrand, France. With
contribution, we would like to pay a modest tribute to t
tremendous and enthusiastic researcher who was Jean-
Paquette.
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Supplementary material

Figure S1. A: BSE imaging of the location of M11-13 an
M11-10 monazite grains located in garnet. B: BSE imaging
M11-13 monazite grain with location of the specimen for atom pro
C: BSE imaging of M11-10 monazite grain with location of t
specimen for atom probe.

Figure S2. BSE imaging of monazite grains located in qua
(a, b) and in coronitic texture (c, d). Monazite grain located in quar
subeuhedral and shows internal contrast variations forming a cor
texture and contains bright and dark spots. Darker dom
corresponding to recrystallized domains are present at the b
of the grain. Monazite grain located in coronitic texture is anhe
and shows heterogeneous internal contrast variations with recr
lized domains at the border or near to silicate inclusion.

Figure S3. STEM-ADF images of FIB3 in M6 monazite grai
located in coronitic texture (A) and FIB1a in M13 monazite gr
located in quartz (B) showing nanophase� lled with low-density
element (dark rounded). Rounded micrometer-scale features on� gure
B is the holey carbon grid where FIB foil was deposited.
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Figure S4.STEM-ADF image and EDS chemical map obtain
with TEM on nanophase observed in FIB1a in M13 monazite g
located in quartz. Scale bars = 100 nm.

Table S1. Details on instrumentation, software, acquisiti
conditions, acquisition results and reconstruction parameters for
analyses.

Table S2. Detailed results of SIMS analyses on monazite. T
italic line corresponds to the excluded analysis.

Table S3.Atom probe 208Pb/232Th dates obtained in mona
hosted in quartz and garnet. Dates have been calculated for
specimen in a homogeneous volume of� 0.0005 µm3.

Table S4.206Pb/238U and 207Pb/235U ages calculated in zir
from LA-ICP-MS analyses.

The Supplementary Material is available athttps://www.bsgf.fr/
10.1051/bsgf/2024013/olm.
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