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Understanding the mechanisms of parent-daughter isotopic mobility at the nanoscale is key to rigorous
interpretation of U-Th—Pb data and associated dating. Until now, all nanoscale geochronological studies
on geological samples have relied on either Transmission Electron Microscope (TEM) or Atom Probe
Microscopy (APM) characterizations alone, thus suffering from the respective weaknesses of each
technique. Here we focus on monazite crystals from a ~1 Ga, ultrahigh temperature granulite from
Rogaland (Norway). This sample has recorded concordant U—Pb dates (measured by LA-ICP-MS) that
range over 100 My, with the three domains yielding distinct isotopic U—Pb ages of 1034 4+ 6 Ma (D1; S-
rich core), 1005 + 7 Ma (D2), and 935 + 7 Ma (D3), respectively. Combined APM and TEM character-
ization of these monazite crystals reveal phase separation that led to the isolation of two different
radiogenic Pb (Pb*) reservoirs at the nanoscale. The S-rich core of these monazite crystals contains Ca—S-
rich clusters, 5—10 nm in size, homogenously distributed within the monazite matrix with a mean inter-
particle distance of 40—60 nm. The clusters acted as a sink for radiogenic Pb (Pb*) produced in the
monazite matrix, which was reset at the nanoscale via Pb diffusion while the grain remained closed at
the micro-scale. Compared to the concordant ages given by conventional micro-scale dating of the grain,
the apparent nano-scale age of the monazite matrix in between clusters is about 100 Myr younger, which
compares remarkably well to the duration of the metamorphic event. This study highlights the capa-
bilities of combined APM-TEM nano-structural and nano-isotopic characterizations in dating and timing
of geological events, allowing the detection of processes untraceable with conventional dating methods.
© 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

radioactive decay of parent U and Th isotopes to their daughter Pb
isotopes in accessory minerals such as zircon and monazite. This

The timing of geological processes is fundamental to our un-
derstanding of planetary evolution and the events that have shaped
the Earth. The most widely used dating technique is based on the
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approach is underpinned by the assumption that both parent and
daughter radionuclides are immobile, at the scale of measurement,
within the host-mineral lattice. This assumption is commonly
violated and disturbance of the isotopic systems has been known
for some time (e.g. Wetherill, 1956; Black et al., 1984; Geisler et al.,
2003). For example, in the U—Pb system, isotopic disturbance is
recognized by a discordance between 233U/?°6Pb and 23°U/?°7Pb
dates. A small amount of discordance, result in apparently
concordant dates, spreading along the concordia curve. Such
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distributions are very difficult to interpret because they may
represent protracted growth, episodic short-duration growth, or
U—Pb disturbance of the geochronometers (e.g. Hawkins and
Bowring, 1997; Ashwal et al, 1999; Seydoux-Guillaume et al.,
2012; Kirkland et al., 2016; Laurent et al., 2016).

The dating of minerals from rocks that have undergone multiple
geological events (polymetamorphism, deformation, alteration, im-
pacts) is often challenging (Corfu, 2013). However, disturbance of the
chronometers can be advantageous for investigating complex
geological histories. For instance, thermochronology uses the
temperature-activated diffusive loss of daughter isotopes from
chronometers for constraining the thermal evolution of rocks. The
thermochronological approach is however mostly restricted to low-
temperature (<300 °C; Reiner and Ehlers, 2005) up to mid-
temperature (<650 °C; Smye and Stockli, 2014) environment, pre-
cluding the examination of temperature fluctuation in the deep crust
(T > 700 °C). Indeed, resetting and closure temperatures of
U—Th—Pb in zircon and monazite of typical 100 um grain diameters
are about 1000 °C (Gardés and Montel, 2009), i.e. well above most
crustal metamorphic temperatures. The diffusivity of Pb may be
dramatically enhanced by defects in the mineral lattice such as ra-
diation damage due to the decay of U and Th (e.g. in zircon, Cherniak
and Watson, 2003). However, in contrast to zircon, monazite is not
affected by amorphization over time, in spite of alpha decay doses in
the range of 10°—10%° a/g, generated by extremely high concen-
trations of Th (up to 25 wt.% ThO;) and to a lower extent of U (up to
1 wt.% UO3). In monazite crystals, evidence of radiation damage is
limited to isolated nm-sized domains within the monazite crystal
(Black et al., 1984; Seydoux-Guillaume et al., 2002, 2004), due to
alpha-self-healing of radiation damage (Deschanels et al., 2014;
Seydoux-Guillaume et al., 2018b). It is therefore generally accepted
that radiation damage in monazite is negligible and Pb disturbance
at the grain scale (i.e. puscale) is insignificant until high temperature
conditions (>1000 °C) are reached.

To date, conventional in situ geochemical techniques (EPMA,
SIMS, and LA-ICP-MS) have insufficient spatial resolutions
(>~10 pm?) for investigating U-Th—Pb disturbances, and more
specifically the nanoscale mechanisms. Understanding the mech-
anisms of parent-daughter isotopic mobility at the nanoscale is
however key to rigorous interpretation of U-Th—Pb data and
associated dating (Bellucci et al., 2018). Some recent studies have
demonstrated that nanoscale characterization is needed to
uniquely constrain the mechanisms leading to disturbance of the
U—Th—Pb systems. For instance, in ultra-high temperature (UHT)
metamorphosed zircon in Archean (Kusiak et al., 2013, 2015) and
Proterozoic (Whitehouse et al., 2014, 2017) samples, high spatial
resolution (ca. 2 pm) scanning ion imaging has revealed geologi-
cally meaningless age variations that are artifacts of the re-
distributions of radiogenic Pb. Transmission Electron Microscope
(TEM) documented that Pb is segregated into Pb-nanospheres,
which adversely affected geochronological interpretations due to
decoupling of Pb from U (Kusiak et al., 2015, 2018). In addition to
TEM, Atom Probe Microscopy (APM) has been shown to be a
powerful tool for nanoscale investigations related to trace element,
including Pb mobility. Such studies documented evidence of
nanoscale Pb mobility in Hadean zircon (Valley et al., 2014), the
entrapment of radiogenic Pb in dislocation loops of zircons during
high temperature metamorphism (Peterman et al., 2016), Pb and
trace element mobility during crystal-plastic deformation of zircon
(Piazolo et al., 2016; Reddy et al., 2016) and formation of Ca—Si—Pb-
rich phase in monazite during metamorphism (Fougerouse et al.,
2018). White et al. (2017) were also able to give accurate U—Pb
isotopic analysis of nanoscale domains of baddeleyite by APM.
These promising results highlight the potential of TEM and APM
studies to characterize nanoscale U-Th—Pb systematics in other

minerals; for example, both experimental and natural studies show
that the improved geochronological interpretation of monazite
necessitates nanoscale observations (e.g. Seydoux-Guillaume et al.,
2003, 2018a; Grand’homme et al., 2016, 2018).

To date, all nanoscale geochronological studies on geological
samples have relied on either TEM characterization (e.g. Seydoux-
Guillaume et al., 2003; Kusiak et al., 2015; Seydoux-Guillaume
et al., 2015; Whitehouse et al., 2017) or APM characterizations
alone (e.g. Valley et al.,, 2014, 2015; Peterman et al., 2016; White
et al., 2017; Fougerouse et al., 2018). They thus suffer from the
respective weaknesses of each technique. APM is a unique tech-
nique that combines 3D information, near atomic resolution
(0.1 nm in depth) with a chemical sensitivity down to few ppm, and
the possibility to obtain isotopic information down to nanometer-
scale with typical analyzed volumes of 50 nm x 50 nm x 200 nm
(Lefebvre-Ulrickson, 2016). However, it does not provide nano-
structural information (e.g. crystallinity, defect, porosity). In
contrast, state-of-the-art TEM, enhanced by the recent develop-
ment of image and probe correctors, HAADF, EDS, mono-
chronomator, and EELS detectors can provide structural and
chemical information (e.g. elemental quantification, valence state,
local chemical environment ...) at the sub-angstrom scale (e.g.
Ramasse, 2017). However, TEM does not allow isotope (mass)
discrimination, and cannot quantify minor and trace elements at
less than wt.% concentrations.

The combination of APM and TEM, either on exactly the same
sample (i.e. correlative microscopy) or not, was only recently ach-
ieved in both material sciences (e.g. Grenier et al., 2014, 2015; Bonef
et al,, 2015; Lefebvre-Ulrickson, 2016) and geosciences (e.g. Weber
et al., 2016; Rout et al., 2017); however, to our knowledge, it is the
first time that it is applied for geochronology. Here we combine
APM and TEM to demonstrate that disturbance and even resetting
of Th—Pb system in UHT metamorphic monazites from Rogaland
(Norway) can occur by diffusion at nanoscale even though appar-
ently undisturbed at grain-scale. We show that dating and timing of
a metamorphic event is possible by combined TEM-APM in-
vestigations of sub-micrometric domains of chronometers, opening
the way for nano-geochronology and nano-thermochronology.

2. Geological and sample context

Rogaland (S-Norway) underwent a protracted metamorphic and
magmatic evolution in the course of Sveconorwegian orogeny
(1140—900 Ma; Bingen et al., 2008; Slagstad et al., 2013). Two
distinct metamorphic phases peaking at UHT are recognized, at ca.
1030—1005 Ma and ca. 930 Ma (Moller et al., 2002; Driippel et al.,
2013; Laurent et al., 2018a). The first metamorphic phase (M1)
followed a clockwise P—T path reaching UHT condition of
900—950 °C and 0.5—0.6 GPa, while the second phase of meta-
morphism (M2) occurred at slightly lower P of ca. 0.4 GPa and
similar temperatures of 900 °C (Blereau et al., 2017; Laurent et al.,
2018a). These two phases are spatially superimposed in the so-
called UHT zone, resulting in protracted melting and tempera-
tures above 800 °C over more than 100 My (1040—930 Ma) as
recorded by zircon U—Pb geochronology coupled to Ti-in-zircon
thermometry (Laurent et al., 2018b). Finally, M2 retrograde
isobaric cooling is documented by an average titanite U—Pb age of
918 + 2 Ma (Bingen and Van Breemen, 1998) and an average
amphibole “°Ar—3°Ar age of 916 + 14 Ma (Bingen et al., 1998).

In this study, we reinvestigate monazite crystals from an osumilite
gneiss, sampled within the UHT zone (ALR 13-58; UTM coordinates x:
332482, y: 6503981), which have been previously characterized in
Laurent et al. (2016) and Seydoux-Guillaume et al. (2018a). Three
main textural domains have been identified in the monazite crystals,
based on their microchemistry and presence of solid and fluid
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inclusions: (1) a S-rich core D1 (0.4 at.% S) (2) secondary S-bearing
domains D2 (S > 0.05 at.%, partly clouded with solid inclusions), and
(3) late S-free, Th-rich domains (1.1—1.5 at.% Th). Sulphur has been
shown to be primarily incorporated in monazite lattice as an anhy-
drite component (Ca?* + S = REE3* + P°* substitution). TEM im-
aging revealed that domain D1 contains nanoclusters (5—10 nm)
enriched in Ca and S that were interpreted as the result of homoge-
nous exsolution of the anhydrite component in the host monazite.
This sample records apparently concordant U—Pb dates (measured
by LA-ICP-MS) that range over 100 My, with the three domains
yielding distinct isotopic U—Pb ages of 1034 +- 6 Ma (D1),1005 + 7 Ma
(D2), and 935 + 7 Ma (D3), respectively (Laurent et al., 2016, Table 1).
From the petrological context, it has been proposed that S-rich
monazite cores (D1) crystallized at 1034 & 6 Ma during M1 fluid-
absent partial melting. The occurrence of secondary S-bearing do-
mains (D2), clouded with solid inclusions, is interpreted to results
from a dissolution—precipitation event dated at 1005 & 7 Ma, which
marks the end of M1 UHT phase. The transition from oxidized to
reduced metamorphic conditions between M1 and M2 is also
recorded by the crystallization of molybdenite (MoS;) at 973 + 4 Ma
(Bingen and Stein, 2003). Finally, the S-free D3 monazite domains
crystalized at 935 + 6 Ma, corresponding to M2 UHT phase (more
details are given in Laurent et al., 2016).

3. Methods
3.1. Electron probe micro analysis (EPMA)

In situ micro-chemical analysis and dating (Fig. 1) were acquired
using a Cameca SX-FIVE electron probe microanalyser (EPMA)
hosted at the Raimond Castaing micro-characterization centre
(Toulouse, France). The EPMA was operated with a focused beam at
standard operating conditions of 15 kV and 20 nA for point analyses
and 200 nA for dating. Analytical details, including reproducibility,
are given in Laurent et al. (2016). The age and associated confidence
interval were calculated following Montel et al. (1996) with the R-
package NileDam (Seydoux-Guillaume et al., 2012; Villa-Vialaneix
et al,, 2013).

3.2. Focused ion beam (FIB)

Three focused ion beam (FIB) foils were prepared for TEM ana-
lyses by the in-situ lift-out technique, on a FEI dual-beam micro-
scope (Hélios600i) at the LAAS laboratory in Toulouse (Laurent
et al., 2016). Seven atom probe specimens were prepared from
the three specific domains of the monazite grain. The APM sample
preparation was performed using the Tescan Lyra3 dual Focused
Ion Beam Scanning Electron Microscope (FIB-SEM) at Curtin Uni-
versity using the lift-out method described in detail elsewhere
(Fougerouse et al., 2016; Peterman et al., 2016). The ion beam was
operated at 30 kV during the procedure with a final low voltage
(2 kV) stage being used to remove the effects of Ga implantation
created by the high-energy Ga beam.

3.3. Transmission electron microscopy (TEM)

Focused ion beam (FIB) foil, prepared by the in-situ lift-out
technique (details in Laurent et al., 2016), were examined with a
JEOL cold FEG ARM200F TEM operated at 200 kV, equipped with a
Cs corrector, EDS, STEM HAADF detector, and a GIF QUANTUM
(more details in Laurent et al., 2016). Chemical mapping (Ca, S, P
and Ce) were also performed in STEM mode with a Titan Themis
300 equipped with a Cs corrector and the SuperX EDS system at
60 kV, 100 pA and during 8 min (Fig. 2).

3.4. Atom probe microscopy (APM)

APM allows quantification in 3D of trace element and isotopic
abundances with sub-nanometre resolution (Thompson et al.,
2007; Gault et al.,, 2012; Kelly and Larson, 2012; Gault et al.,
2016). All species are identified by time-of-flight spectrometry,
and are ranged based on mass, charge state (1+ to 3+), and relative
isotopic abundances (Fig. 3). Spatial information is reconstructed
using the x-y impact location of the ionic species on the position
sensitive detector and the order of impact succession (Gault et al.,
2012; Kelly and Larson, 2012).

Atom probe Microscopy analyses were undertaken on the
Advanced Resource Characterisation Facility’s Geoscience Atom
Probe (Cameca LEAP4000X HR) housed in the John de Laeter
Centre, Curtin University, Perth, Australia. The instrument was
operated in laser mode with a UV laser (A = 355 nm), pulse energy
of 100 pJ, base specimen temperature of 50 K and evaporation rate
of 0.01 atom/pulse. The instrument variables and reconstruction
parameters are given in Supplement Table S1 following recom-
mendations of Blum et al. (2018). IVAS v3.6.14 processing software
was used to analyse and display the data. In order to minimise the
mixing of the chemistry of different domains, a 2.5 at% Ca iso-
concentration surface (Hellman et al., 2000) was used to calculate
the composition of the matrix, with a 5 at.% Ca isoconcentration
surface used to extract the composition of the clusters. Proximity
histograms representing the composition of the monazite from the
centre of the cluster to a maximum radius of 10 nm with a fixed
binning of 0.1 nm were used to investigate the composition tran-
sition between the cluster and the host (Hellman et al., 2000).

The total major and trace elements composition of the
monazite was calculated using the full width of the peaks,
whereas the isotopic quantification of Pb and Th was measured
using a narrow range of fixed width (0.1 Da) to eliminate peak
interferences on the thermal tail of the ThO™" peak as recom-
mended previously (Fougerouse et al., 2018). 2°6Pb** and 298pb*+
were identified at 103 Da and 104 Da respectively (Fig. 3). Th is
present, primarily as ThO"™" (~120 Da), but also as ThPO3 ™+
(~103.7 Da), ThPO4** (~163.5 Da) and as ThP,0¢ "+ (~234 Da).
A 0.1 Da fixed width was used for ranging each isotopic species
and background counts were subtracted from each peak. Back-
ground counts were estimated for each analysis by measuring the
noise level in proximity of each quantified species. Uncertainties

Table 1
Representative composition and age of the investigated monazite domains measured by EPMA and LA-ICP-MS from Laurent et al. (2016) and this study.
Domain Concentration (at.%) from EPMA (this study) Isotopic ratios  (LA-ICP-MS)*  LA-ICP-MS EPMA U-Th-Pb  U-Th-Pb
_ a a B
Ca S T U b 203ppy206pp, 1o U-Pb age® (+20)  date® (£20) date (this study)
D1 (M15-16)  1.043 0.439 0.707 0.022 0.041 10.23 0.2 1034 + 6 1028 + 8 1037 £ 19
D2 (M18-19) 0.793 0.097 1.200 0.017 0.063 26.67 04 1005 + 7 998 + 6 995 + 14
D3 (M22) 0.259 <0.03 1.489 0.013 0.073 26.35 0.3 935+ 7 952 + 6 941 + 11

Rq: Isotopic ratios are derived from single LA-ICP-MS analysis located the closest to the FIB foils used in this study whereas quoted LA-ICP-MS and EPMA ages are pooled ages

reported in Laurent et al. (2016).
2 data from Laurent et al. (2016).
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Figure 1. Microscale characterization of the studied monazite crystal, including (A) BSE imaging, (B) EPMA micro-chemistry and (C) EPMA total-Pb dating. (A) High-contrast BSE
image of the studied monazite crystal with the location of LA-ICP-MS analyses reported in Table 1 and location of TEM and APM FIB foils. The dark inclusions in monazite are solid
and fluid inclusions; Compositional traverse across the grain for selected elements in at.% (B) and EPMA total-Pb ages in Ma (C). The vertical errors bars on (C) are drawn at 95%

confidence level.

for each background-corrected species were calculated by adding
the counting statistics uncertainty for each isotope peak and the
counting statistics uncertainty for its correction in quadrature.
The uncertainties in isotopic ratios were subsequently propagated
from the uncertainty of each species and reported at 1¢ (Table 2).

In order to increase the precision of the quantification and the
number of atoms for each domain, all the clusters within each
specimen were combined. Despite this approach, the count of
certain atomic species, in particular 2°°Pb** remains very low
(11—14 atoms/specimen).
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4. Results
4.1. Micro-chemical characterization with EPMA

Micro-characterization by EPMA of one selected monazite
crystal (Fig. 1A and B, Supplement Table S2) confirms that three
chemical domains may be distinguished as (1) a S-rich core D1
(0.4 at.% S), (2) secondary S-bearing domains D2 (S > 0.05 at.%,
partly clouded with solid inclusions), and (3) late S-free, Th-rich
domains (1.1-1.5 at.% Th). In order to benefit from a smaller sam-
pling volume (ca. 3 pm?) and accurate Th, U and Pb concentrations,
EPMA total-Pb dating (essentially Th—Pb) was performed along a
traverse in the grain with a 10 pm step (Fig. 1C). Overall, EPMA
total-Pb dates of 1037 + 19 Ma for D1, 995 + 14 Ma for D2 and
941 4+ 11 Ma for D3 are in perfect agreement with published U—Pb
isotopic and total-Pb ages from Laurent et al. (2016) (Table 1).

4.2. Nano-structural and chemical characterization with TEM

Nano-structural and chemical characterization with TEM in the
S-rich core (D1 domain; Fig. 1), confirm the presence of Ca—S-rich
nanoclusters. Such clusters are absent from the other domains (D2
and D3) of the monazite crystal. They are easily detected with
STEM-HAADF detector (Fig. 2A and B). They form 5—10 nm sized
black dots, representing a negative density contrast, and are
homogenously distributed all over the foil, with a mean inter-
particle distance of 40—60 nm. High magnification images, with a
[101] zone axis orientation, record a number of features that aid
interpretation of cluster formation. High resolution dark field (DF)
imaging (Fig. 2C) reveals the arrangement of atomic columns
composed of heavy elements, mostly light rare earth element
(LREE) chains (Ni et al., 1995), in the sample volume. High resolu-
tion bright field (BF) imaging (Fig. 2D) shows the atomic arrange-
ment of lighter elements (e.g. P and O atoms), with little lattice
misorientation associated with the presence of the Ca—S-rich
nanocluster. Energy-dispersive spectroscopy (EDS) mapping ac-
quired across some nanoclusters (two are distinctly identified)
reveal that they are enriched in Ca and S and depleted in Ce and P
(Fig. 2E) compared with the host monazite. However, such mapping
or TEM-EDS analyses cannot detect chemical elements in concen-
trations lower than ~1 wt.%, including U or Pb, and do not allow
the analysis of such small domains without analysing the matrix of
the TEM-foil.

4.3. Nano-chemical and isotopic characterization with APM

Atom probe results are summarized in Table 2 and reported in
detail in Supplement Tables S2 and S3 and Fig. S1. Five atom probe
needles were analysed from three different domains (D1—D3) of
the monazite crystal (Fig. 1); each tip yielded 16—34 million atoms
(Table 2). The mass spectrum for monazite is very complex due to
the presence of single ion species and complex molecular species of
LREE and P with different charge states (Fig. 3). The quantification
of monazite composition by APM is thus not straightforward, in line
with the first APM results on monazite published by Fougerouse
et al. (2018). The composition of monazite derived by APM data
(at.% in Table 2 and Supplement Table S2) show depletion in O
(~8%) and P (16%) and excess in LREE (e.g. up to 60% for Ce but less
than 6% for Nd) compared to expected stoichiometry and analyses
obtained at the micron-scale using EPMA (Table 1 and Supplement
Table S2).

The Pbyoa; and Th concentration measured by APM, using the
full width of the peaks, and EPMA are in good agreement (Tables 1
and 2). As an example, the domain D3 (cluster free) yielded con-
centrations of 1.489 at.% Th and 0.073 at.% Pb with EPMA (Table 1)

Figure 2. Scanning Transmission Electron Microscope (STEM) images in Dark Field
(A—C) or Bright Field mode (D) and EDS-chemical maps (E). (A, B) STEM-DF images
(with High Angle Annular Dark Field detector-HAADF) at low magnification. The black
dots homogeneously distributed in the volume and corresponding to negative density
contrasts, are Ca—S-clusters. (C, D) Zoom in one cluster within monazite matrix in
[101] zone axis. In DF mode (C) only atomic columns with heavy elements (e.g. Ce
chains) are visible and appears bright (C); in BF mode only light elements (e.g. P, O)
appears bright (D). A simplified representation of CePO4 monazite structure is shown
in inset (Red balls: Ce, Yellow: P and purple: O). (E) Ce, Ca, S, P-EDS maps across few
Ca—S-rich nanoclusters (the biggest one in the figure is ~10 nm in size) showing
depletion in Ce and P and enrichment in Ca and S. Bright spots in (A) and (B) corre-
spond to Ga implantation during sample preparation. Note that these 10 nm-clusters
are distributed in a ~100 nm thick sample, i.e. there is always a contribution of the
matrix during TEM analyses (image or mapping).

and 1.439 at.% Th and 0.085 at.% Pb with APM (Table 2), which
correspond to differences of 3.4% and 17% respectively (Supplement
Table S2). 298pb/232Th isotopic ratios measured by APM are sys-
tematically higher (~30%) than measured with LA-ICP-MS (but
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Figure 3. Atom probe mass spectrum. Peaks are color-coded by atomic or molecular species. Details of the mass spectrum showing the position of the SOF, CeO*", Gd**, NdO**,

206pp++ 208ph++ apnd ThPO; *++ peaks.

also when compared to Pb/Th ratios measured by EPMA). As a
consequence, raw APM 2%8Pb/232Th ratios yield systematically and
significantly overestimated ages of 1373 + 14 Ma, 1347 4+ 10 Ma, and
1332 £ 14 Ma for D1, D2 and D3 respectively (Tables 1 and 2).

Spatially reconstructed atom probe data from two tips (~20
million atoms), representative of all analysed tips, are presented in
Fig. 4: one from domain D1 (tip M15; Fig. 4A and Supplement Fig. S1)
and one from domain D3 (tip M22; Fig. 4B and Supplement Fig. S1).
All specimens from domains D2 and D3 show homogeneous distri-
butions of all elements, especially Ca, S and Pb (Fig. 4B and Supple-
ment Fig. S1). In contrast, APM data from S-rich domains D1 i.e. tips
M15 and M16 (Table 2), confirm the presence of nanoclusters
(5—10 nm) enriched in Ca, S, U and Pb and depleted in P, Ce and Th
compared to the monazite matrix (Figs. 4 and 5, Table 2), in agree-
ment with TEM results. The Ca, S, Pb and U concentration increase
from ~ 1.4, ~0.8, ~0.05 and 0.017 at.% in the matrix to 9.2, 5.7, 0.11
and 0.022 at.% inside the clusters, respectively (Table 2); in contrast
Th, P, REE (i.e. Ce) decreases from ~0.7,13.6, and 9.8 at.% within the
matrix to ~0.5, 9.3, and 6.3 at.% respectively (Supplement Table S2).

The measured 2°8Pb/?32Th ratios are much higher in the clusters
compared to the matrix (~0.23 vs. ~0.07; Fig. 6A, Table 2) leading
to unrealistic 2°8Pb/?32Th dates (~4 Ga vs. ~1.3 Ga).

5. Discussion
5.1. Dating monazite with atom probe
It is obvious that the ~1.3 Ga ages calculated from 2°Pb/?32Th

ratios measured by APM are overestimated when compared to ages
obtained by LA-ICP-MS and EPMA (see Tables 1 and 2). A similar

relationship was previously observed in the first APM in-
vestigations on monazite (Fougerouse et al., 2018). The high
208pp232Th ages can be the result of an overestimation of the 2°8Pb
content or an underestimation of the Th composition. On the mass
spectrum (Fig. 3), a ThPO3 ™ peak at 103.66 Da is clearly distin-
guishable from the 298Pb** peak (103.99 Da) and therefore cannot
account for an increased 2°®Pb quantification. In zircon, a Si;O%
peak at 103.939 Da directly overlaps with 2°8Pb*+ independently of
running conditions (Saxey et al., 2018). However, the low Si content
in the studied monazite (0.3—1.2 at.%; Supplement Table S1) in-
dicates that this overlap should be negligible compared to zircon.
Th is in majority present as ThO™™" in the mass spectrum (Fig. 3), but
also as ThPO3 ™", ThPO4™ and as ThP,O¢'". To overcome the
overlap between the thermal tail of ThO*" and PsOsREE™*" mol-
ecules, Fougerouse et al. (2018) suggested to use a fixed, narrow
(0.1 Da) range width in order to compare the peak height of the
species used for the calculation of the 2>2Th and 2°®Pb composition.
However, this approach is valid only if the shape of each peak used
for the isotopic composition is comparable and more work is
necessary to define whether this assumption can be validated.
Finally, A Th-bearing molecule may have been misidentified in the
mass spectrum resulting in missed counts. Reliable compositions
and 298pb/232Th age calculations by atom probe require then a
complete elemental calibration, which will be the objective of a
future study. We however propose a correction of APM ages by
calibrating them with LA-ICP-MS and EPMA ages. We tentatively
applied a linear least squares regression of LA-ICP-MS and EPMA
ages of D1, D2 and D3 domains as a function of corresponding bulk
APT ages (Supplement Table S4). The calibration provides corrected
ages deviating from LA-ICP-MS and EPMA ages by 14 Ma on average
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(root mean square error), i.e. less than 2% (see Tables 1 and 2). Since
Y ®oan our calibration is made on dates spanning over 100 Myr around
1 Ga only, and for a narrow range of Th and Pb concentrations, the
extrapolation outside these ranges may not be valid. Corrected ages
were not calculated for clusters for that reason. However, this
8 52883 simple linear regression provides calibrated APM Th—Pb ages in
monazite in good agreement with LA-ICP-MS and EPMA ages (see
- a ~NNow Tab_les 1 and 2). This indicate_s that APM age _(and composition)
calibration should be attainable, introducing Th-Pb nano-
geochronology with APM as a new dating technique for monazite at
the nanoscale.
NIBILSES
R R e 5.2. Cluster formation and role as Pb sink
558888
888888 When compared to the D1 monazite matrix, the clusters have
ceeceeee higher Pb concentrations but lower total radioactive isotopes (e.g.
Th; Fig. 6B). This indicates that Pb is chemically more favourable in
NN oy = the clusters and there is an excess of Pb that does not originate from
ER3888 the decay of Th and U contained in the clusters (Fig. GA). Given the
SSscSosSo Th, U and Pb concentrations of the clusters (Table 2) and the age of
~ D1 monazite (~1.03 Ga), approximately 25% of Pb content in the
IRJIFSC clusters is radiogenic and ~75% is in excess. If the clusters were
primary features related to nucleation (e.g. Helmy et al., 2013), the
incorporated Pb would carry an inherited signature (i.e. common
o oo Pb) and be incorporated as a cheralite-like (Ca,Pb,Th) (PO4)2)
SILEIIy component (Montel et al., 2002; Clavier et al., 2011). However, a
mixture of 25% radiogenic Pb (2°8Pb/2%°Pb = 6.5 after 1 Ga) with
S¥8gs8 75% common Pb (terrestrial 2%8Pb/2%Pb = 2.16 at ~1 Ga; Stacey
SSccoso and Kramers, 1975) yields a 2%8Pb/2%Pb,. of 3.3, which is well
Ngugua below the 2°8Pb/2%Pb jcasured Value of 9.0 + 3.8 detected in the
Swmagss clusters by APM. It is therefore unlikely that Pb content in the
clusters stems from a primary enrichment in common Pb. This is in
§_ E § § S § line with previous LA-ICP-MS analyses by Laurent et al. (2016)
cececececseo which did not reveal measurable common Pb in D1 monazite.
QR C RO Note that even if the error on 2°8Pb/2%®Pbeasured is rather large, it is
2FCCZ3 unlikely that this measurement is biased since it is the ratio of two
isotopes of the same element, contrary to 2°®Pb/?*2Th ratios.
858388 Indeed, the 2%8Pb/2%6Pb of bulk D1 monazite measured by APM is in
22S22S remarkable agreement with LA-ICP-MS measurement (10.2 + 0.8
oo © 0w vs. 10.23 + 0.20; Tables 1 and 2).
S=55585% Radiogenic Pb signature in bulk D1 monazite 100 Myr after
SSScSes crystallization is calculated to be such that 2°2Pb/2%®Pby, is about
NRNNS T 11.5, when considering Th and U concentration measured by APM.
388888 Recalling that 25% of Pb content in the clusters is radiogenic Pb
eeceee produced in clusters and assuming the remaining 75% come from
NN BBl Pb produced in the host monazite (bulk D1), yields a 2°®Pb/2%®Pbyc
233323 value of 10.2 in the clusters, in good agreement with measured
N A - values (9.0 + 3.8). Thus, excess Pb in the clusters is consistent with
8358888 derivation from the radiogenic Pb produced in the host monazite.
eeeeee Therefore, our preferred model is that an initially Ca—S-rich
508852 monazite, containing ~1.04 at% Ca and ~044 at% S (EPMA
SIIINE composition of monazite D1; Table 1; Laurent et al., 2016; Seydoux-
Guillaume et al., 2018a), underwent exsolution to form the Ca—S
Pt 2 enriched clusters at given temperature. The absence of experi-
;%; % O mental data on the miscibility gap between monazite and anhy-
SSEAEKA drite means that the pressure-temperature (P—T) conditions at
which the anhydrite component exsolved from the monazite
cannot be specified. However, the absence of Ca—S-rich clusters in
% § % D2 monazite, which also contains a Ca—S-component (0.097 at.% S;
Table 1) but formed at lower temperature than D1, indicate that
cluster formation in D1 probably took place during cooling after the
©o§qQ first temperature peak. The preservation of the exsolution products,
=222 despite heating of the sample during M2 (Laurent et al., 2016), may
N b reflect the temperature remaining below the solvus during M2,
modification of the solvus position due to the lower pressure
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conditions of M2 (Laurent et al., 2016, 2018b; Blereau et al., 2017),
change in the REDOX state (more reduced conditions after M1) or
kinetic issues.
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Figure 5. Proximity histogram (proxigram for short) concentration profile (smoothing
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2.5 at.% Ca isoconcentration surface (distance O represents the edge of the isosurface).
The histogram shows the increase in Ca, S and Pb and decrease in P, Ce and Th over
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represent matrix monazite. In APM measurements, this gradual chemical variation
typically arises from ion trajectory aberrations (local magnification effect) during
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chemistry and shape of the inclusion (Vurpillot et al., 2000; Fougerouse et al., 2016).

5.3. Nanoscale resetting of Th/Pb system in grain-scale closed system

D1 monazite formed near the first peak of UHT metamorphism
(M1) while D3 monazite formed at the second peak (M2) some
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and versus Pb concentrations (in at.%) in (B) from both APM tips prepared in D1-
domain (Table 2). Clusters (in red) are enriched in Pb and depleted in Th compared
to the bulk (purple) and the matrix (blue).
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~100 Myr later (Table 1) with minimum temperature of
~750—800 °C in-between, indicated by Ti-in-zircon thermometry
(Laurent et al., 2018b). Since (1) the clusters act as sinks for Pb, and
(2) the age of the matrix of D1 monazite is similar to that of D3
monazite, it appears that the clusters induced the continuous,
nano-scale, resetting of the matrix of D1 monazite over the high-T
metamorphic evolution (M1—M2), while the bulk grain remained
closed. It is important to notice that this is independent from age
correction since the raw 2°8Pb/?32Th ratio of matrix of D1 is iden-
tical to that of D3 (Table 2). Continuous resetting is in good
agreement with experimentally derived diffusion coefficient of Pb
in monazite (Cherniak et al., 2004; Gardés et al., 2006, 2007).

Temperatures of 950—800 °C are (however) insufficient for reset-
ting a monazite grain of several hundreds of um in size. For
instance, the durations required for Pb to diffuse over 100 um at
900 and 800 °C are ~6 Gyr and ~600 Gyr respectively (Gardés
et al., 2006, 2007). On the other hand, Pb diffusion at the cluster
scale (~20 nm) is virtually instantaneous at these temperatures.
The durations required for Pb to diffuse over 25 nm, i.e. about the
mean half distance between the clusters, are ~0.0004 Myr and
~0.04 Myr at 900 and 800 °C, respectively. Thus, the nanoscale
matrix system can be continuously reset and the clusters gain un-
supported Pb while the microscale bulk grain system remains
closed. Nanoscale resetting should have then stopped at about
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‘ S-bearing Mnz S-free Mnz
sulfide crystallization
10004 M1 [pitee cormitzaton| - 10¢
- 5) ~0.1 at.%Pb
Pb* in cluster
Present
5)~0.05 at.%Pb
1102
. —
° 3
o 700+t =
=
= temperature o .8
5 [temperature | Pb* in bulk 2
g (grain-scale 1102 =
£ closed system) ]
o) [$)
= 2 S
o
L
a
(nano-scale 110
opened system)
1 L 1 1 l//I 1
1050 1000 950 900 100 present
Time (Ma)
bulk (unchanged)
: N :,'-‘(’A }x‘;‘i . “ . cluster (Pb* enriched)
° = t( '8 —) %’ — Q- *.‘ >
. o K hatt 4 SRR RL]
¢ . ix (Pb* depleted)
. I o« o matrix ( p
~4Z A | @,
Crystallization & Cluster formation Continuous matrix Matrix closure & Pb* accumulation Present Pb*
Pb*accumulation (exsolution) resetting (below ~700°C) distribution
and Pb* diffusion via Pb* diffusion
in clusters in clusters
(over ~100 Myr)

Figure 7. Schematic and interpretative history of the studied monazite crystal integrating data from Laurent et al. (2016) and the present study. Monazite grain crystallized during a
first UHT phase (M1; >900 °C) at 1037 + 19 Ma; no Pb is incorporated in its structure during crystallization, but Ca and S are incorporated as anhydrite component (Laurent et al.,
2016). After crystallization, radiogenic Pb (Pb*) is produced from U and Th decays and starts to accumulate within the grain (purple curve, step 1). A slight cooling occurred after the
first temperature peak, at around 1000 Ma (D2 monazite generation). The D1 monazite then intersects the solvus (REEPO4-CaSO,), resulting in homogenous exsolution of Ca—S-rich
clusters (step 2) and the formation of two distinct reservoirs with different Pb composition and isotopic ratios at the nanoscale: the Pb* free matrix (blue curve) and the clusters (red
curve). As T > 800 °C, all the Pb* produced since monazite crystallization is mobile and is instantaneously trapped within the clusters (step 2). Nanoscale diffusion of the produced
Pb* (step 3) continued so that the monazite matrix was continuously reset until the final cooling following D3 where the system closed at around 700 °C (step 4). At this point, Pb* is
immobile, even at the nanometre scale, and accumulates in the matrix (blue curve). Presently (step 5) D1 monazite display a concordant age of 1034 + 6 Ma at the grain scale
(purple), but with Pb*-enriched clusters (~0.1 at.% Pb) with aberrant old ages (>4 Ga) and Pb*-depleted matrix with ~100 Myr younger ages. Green curve: indicative
temperature—time evolution deduced from temperature specific U-Pb geochronology (Y-in-monazite thermometry, Laurent et al., 2018a; Ti-in zircon thermometry, Laurent et al.,

2018b) and “°Ar—3°Ar geochronology on amphibole (Bingen et al., 1998).
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700 °C during final cooling shortly after M2, since the durations
required for Pb to diffuse over 25 nm are ~12 Myr and ~ 13 Gyr at
700 and 600 °C, respectively.

The integration of nanoscale structural, chemical and isotopic
results from the present study with microscale constrains from
previous studies (Laurent et al., 2016, 2018a) allows us to propose a
complex geological story (Fig. 7) for the nanocluster bearing D1
monazite. The D1 domain crystallized at 1037 + 19 Ma (step 1,
Fig. 7) near UHT (>900 °C) conditions from a silicate melt, incor-
porating a CaSO4 component (about 1.043 at.% Ca and 0.44 at.% S).
After crystallization, radiogenic Pb (Pb*) is produced from U and Th
decays and starts to accumulate within the bulk monazite (step 1,
Fig. 7). A slight cooling occurred after the first temperature peak, at
around 1000 Ma. The D1 monazite then intersects the solvus
(REEPO4-CaS0y), resulting in homogenous exsolution of Ca—S-rich
clusters (step 2, Fig. 7). Because temperature always remained
above ~750—800 °C, all the Pb* produced since monazite crystal-
lization was mobile and virtually instantaneously trapped in the
clusters (step 2; Fig. 7). This process continued for the Pb* produced
subsequently to cluster formation (step 3; Fig. 7), so that the
monazite matrix was continuously reset until the final cooling
following D3 where it closed at around 700 °C (step 4; Fig. 7). This
produced D1 monazite with concordant age of 1034 + 6 Ma at
grain-scale (uscale), that are composed of Pb* enriched clusters
with aberrant old ages and Pb* depleted matrix with ~100 Myr
younger age.

It is worth noticing that only a sub-micrometric APM sampling
of a single grain of D1 monazite would have already told us that the
grain experienced a protracted metamorphic evolution starting at
~1.03 Ga, over a ~100 Ma duration and at temperatures above
~700 °C. This validates the powerfulness of APM and its ability in
opening new opportunities in dating and timing geological
processes.

5.4. The advantage of TEM—APM combination: toward correlative
microscopy

Our results illustrate the consistency and complementarity
between TEM and APM. There is a complete agreement between
the TEM chemical data (Ce, P, Ca and S-line scan published in
Laurent et al., 2016, and nano-chemical mapping Fig. 2) and APM
data (proxigram in Fig. 5). Both techniques detect an enrichment
in Ca, S and a depletion in P, Ce and Th in the nanoclusters
compared to the matrix. Additionally, TEM show that the cluster
interface with the host monazite is almost coherent, with only
slight misorientation of the lattice (Fig. 2D). This structural in-
formation cannot be obtained with APM. On the other hand, APM
can detect Pb at concentrations well below the TEM detection
limit and demonstrates that clusters are enriched in Pb compared
to the matrix. Moreover, the APM proxigram show that P and Ce
are still present in the core of the nanoclusters, indicating that
clusters are not a pure anhydrite phase but most probably a
(Ca,REE,Th,U,Pb) (S,P)04 solid solution between the monazite
(LREEPO4) and anhydrite (CaSO4) endmembers (Fig. 5). This
cannot be deduced from TEM alone, which does not allow the
selective analysis of ~10 nm clusters in a ~100 nm thick sample
(transmission mode). In the present study, and to our knowledge,
for the first time in geochronology, we overcome the weakness of
each technique combining both on the same sample. The next
step to go further would be to achieve TEM/APM correlative
microscopy in geochronology, previously championed in material
science (e.g. Grenier et al., 2015; Lefebvre-Ulrickson, 2016),
biology (e.g. Langelier et al., 2017) and cosmochemistry (e.g. Rout
et al.,, 2017).

6. Conclusions

Our study highlights that within a single microscale S-rich
monazite core, phase separation led to the isolation of two different
reservoirs at the nanoscale: a matrix (depleted in Pb*) and Ca—S-
rich-nanoclusters (enriched in Pb*). Combining APM to TEM capa-
bilities allows to (1) detect the presence of exsolved nanoclusters
(5—10 nm in size) within S-rich monazite crystals; (2) reveal that
nanoclusters are enriched in Pb of radiogenic origin; (3) specify the
role of nanoclusters, which acts as a sink for the Pb* produced in the
monazite over the ~100 Myrs of the high-T metamorphic evolu-
tion; (4) demonstrated closed U-Th—Pb geochronological systems
at grain-scale (uscale) but opened systems at nano-scale where Pb
diffusion cannot be neglected, and (5) provide the dating and
timing of the thermal history of host rock. Geological in-
terpretations in this case study are possible only because the Th—Pb
geochronological system remained closed at the micrometre-scale
as evidenced by the homogenous distribution of the clusters and
their radiogenic-dominated Pb signature.

This study demonstrates that combining Atom Probe and
Transmission Electron Microscopy is a new and powerful method
for detailing the dating and timing of geological processes opening
the way for nano-geochronology and nano-thermochronology.
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