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Keypoints:

1- Geochronological interpretations benefits from nanoscale characterization of zircon and

monazite.

2- TEM provides evidences of the mechanisms behind disturbance of the U-Th-Pb

geochronological systems resulting is discordant ages.

3- Nano-petrochronology improves the geochronological data interpretation on concordant

dates spreading along the concordia curve.

Abstract

The present paper highlights the benefits of nanoscale characterization of the most commonly

used minerals — zircon and monazite — in U-Th-Pb geochronology to sharpen
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geochronological interpretations and convert isotopic ratios - a “date” - into a geologically
meaningful age. Transmission Electron Microscopy (TEM) is a powerful analytical tool, and
sometimes the only one, that can provide evidence of the mechanisms behind disturbance of
the geochronological systems leading to discordance. These mechanisms include (1) distinct
episodes of growth/replacement, (2) U, Th or Pb mobility (enhanced by the presence of nano-
structural defects), (3) nano-inclusions or nano-chemical heterogeneity. Furthermore, TEM
also helps to interpret concordant dates spreading along the Concordia curve. Such spread
could represent protracted continuous growth, episodic short-duration growth, or U-Th—Pb
disturbance of the geochronometers. In this paper, we show TEM images of nano-inclusions
interfering with U-Th—Pb systematics and discuss how to address the impact of nano-
inclusions on isotopic dates. Second, we show how experimental studies can be used to
understand the mechanism of U-Th—Pb resetting in monazite. Finally, the third part focuses
on nano-petrochronology of monazite, i.e. how the identification of nano-chemical tracer

revealed by TEM improves the geochronological data interpretation.

Keywords: nanoscale characterization; linking TEM and U-Th—Pb geochronology; resetting

mechanism; zircon and monazite; nano-petrochronology

1. Introduction

The orthosilicate zircon (ZrSiO4) and orthophosphate monazite (Light Rare Earth
Element phosphate: LREEPQO,) are the most widely used minerals in U-Pb and U-Th—-Pb
(only for monazite) geochronology in a variety of geological contexts [Parrish 1990; Harrison
et al., 2002; Harley and Kelly, 2007; Corfu, 2013]. Ideally, the two decay chains, *®U/?*Pb,

255Y/27p, (and also the third one **Th/*®Pb in the case of monazite), yield concordant dates,
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that are straightforwardly interpreted as the age of the zircon or monazite crystallization.
However, discordant dates are frequent and indicate disturbance of the isotopic systems after
initial crystallization. Yet, even in cases where the U-Pb data are entirely concordant, age
disturbance cannot be ruled out (e.g. Ashwal et al., 1999). In a specific example from a
monazite megacrystal from Arendal, Norway, high-resolution mineral characterization, in
particular TEM, revealed partial replacement of primary monazite by secondary monazite due
to late-stage alteration [Seydoux-Guillaume et al., 2007 and 2012]. In the secondary altered
domains, in-situ U-Pb dating leads to concordant dates but meaningless ages, generally older
than the primary material, due to contrasting U, Th and Pb redistribution during alteration.
Sometimes, redistribution of the parent elements (U, Th), and radiogenic or non-radiogenic Pb
takes place during the history of the mineral, leading to uncertain interpretation [Harrison et
al., 2002; Villa and Williams, 2013]. Two critical processes are responsible for U-Th—Pb
mobility and thus resetting in minerals: chemical reactions and diffusion [Cole and
Chakraborty, 2001]. The relative efficiency and interplay of each of these processes depends
mainly on temperature, time, grain-size or surface area, structural state of the lattice (defects
induced by deformation and/or radiation damage) and presence of fluid or melt. The response

of zircon and monazite to these parameters is briefly examined below.

Zircon is generally reactive (new domains with a size > 10’s micrometer) in
amphibolite-facies metamorphic conditions and beyond [Yakymchuk and Brown, 2014,
DesOrmeau et al., 2015; Marsh and Stockli, 2015]. While solid state diffusion can be
excluded in well crystallized zircon [Lee et al., 1997; Cherniak and Watson, 2003], zircon
Achilles’ heel is clearly the accumulation of radiation damage over time, critically affecting
zircon physical and chemical properties. Typically, zircon contains U in the hundreds of ppm
range, and consequently has received alpha-decay doses on the order of 10*%-10" /g and is

easily amorphized [Ewing et al., 2000; Ewing et al., 2003]. Self-irradiation enhances diffusion
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[e.g. Cherniak and Watson, 2003], facilitates mineral-fluid interaction [e.g. Geisler et al.,
2003 and 2007; Nasdala et al., 2010], may lead to possible reduction of Pb*"to Pb®* [Kramers
et al. 2009; Tanaka et al., 2010; Kogawa et al., 2012], and more generally can result in open
system behavior even at low temperature (<200°C) and discordance [e.g. Geisler et al., 2007;

Xuetal., 2012].

In contrast to zircon, the lattice of 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
concentrations of Th (up to 25 wt% ThO;) and to a lower extent of U (up to 1 wt% UO,)
[Seydoux-Guillaume et al., 2004]. Clear evidence of radiation damage is limited to isolated
nm-sized domains within monazite crystal. Mottled diffraction contrast in TEM is a very
characteristic feature of monazite, resulting from a mosaic structure of the crystal, i.e., a
lattice comprising many smaller domains with slightly different orientations. [Black et al.,
1984; Meldrum et al., 1998; Seydoux-Guillaume et al., 2002b; 2003; 2004]. Solid-state
diffusion of U, Th and Pb is insignificant up to high temperature conditions [Cherniak et al.,
2004; Gardés et al., 2006; Gardés et al., 2007] and monazite can therefore yield precise ages
without any isotopic disturbances after crystallization, at least under most crustal conditions.
However, monazite is well known for its reactivity in the presence of fluids, even at low
temperature [e.g. Poitrasson et al., 1996; 2000; Rasmussen et al., 2001; Bollinger and Janots,

2006; Janots et al., 2006; 2008; 2011; Seydoux-Guillaume et al., 2012; Allaz et al., 2013;
Didier et al., 2013]. Commonly monazite crystals show patchy compositional zoning. Each

zone corresponds to a distinct crystallization event recording changes that took place during
the history of the host rock. These changes can be metamorphic solid-state reactions [e.g.
destabilization of feldspar, crystallization of garnet; e.g. Rubatto et al., 2001], reaction with a
silicate melt, fluid-rock interaction during alteration, metamorphism or metasomatism [e.g.

Heinrich et al., 1997; Finger and Krenn 2007; Harlov et al., 2011; Janots et al., 2012; Didier et
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al.,, 2013; Gauthiez-Putallaz et al., 2016], or dynamic recrystallization in response to
deformation event [Erickson et al., 2015 and 2016]. This reactivity of monazite covers a large
range of P-T-fluids conditions [Spear and Pyle, 2002] ranging from low grade metamorphism
[Rasmussen and Muhling, 2007; Janots et al.,, 2006; 2008; 2011], granulite-facies
metamorphism [Kelly et al., 2012; Kirkland et al., 2016], to magmatic conditions [Rubatto et
al., 2013; Dumond et al., 2015; Wang et al., 2015]. In monazite, complex compositional
zoning attests to successive crystallization events, either growth of new monazite and/or
replacement of a previous one. These zones can be dated individually using microanalytical
methods - Electron Microprobe analysis (EPMA), Secondary lon Mass Spectrometry (SIMS),
or Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) - and used
to reconstruct the reaction history of the rock [e.g. Williams et al., 1999; 2007; 2012; Janots et

al., 2012; Kelly et al., 2012].

The steady development in micro-sampling methods (SIMS, LA-ICP-MS, EPMA),
now routinely applied for in situ dating of zircon and monazite, requires clear evaluation of
the balance between analytical precision, analytical volume and effective volume of closed
system behavior of the isotopic systems [Corfu, 2013; Nemchin et al., 2013; Schoene et al.,
2013]. Any mobility of U, Th or Pb at a significant scale relative to the analytical volume or
any overlap of the analytical volume between two volumes characterized by distinct isotopic
closure leads to a disturbance, a modification of the initial crystallization age, or an
analytically induced mixed age. In this context, Corfu [2013], based on the results of Moser et
al. [2009], showed the benefit applying several analytical methods, with contrasted precision
and microsampling performances, on the same geochronological problem, to provide
arguments for correct interpretation of the data. In that specific case, the more precise ID-
TIMS data are discordant but plot on a discordia line, whereas the less precise SIMS data all

overlap the Concordia curve within error. Nano-petrochronology, is the characterization of
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samples at different scales, including the nanometer scale [Kusiak et al., 2015; Seydoux-
Guillaume et al., 2012 and 2015; Didier et al., 2015; Darling et al., 2016] or even atomic scale
[Valley et al., 2014; Valley et al., 2015; Peterman et al., 2016; Piazolo et al., 2016] in order to
link the mineral properties (nanostructure and nanoscale compositional heterogeneities) with
geochronological data. Because Transmission Electron Microscopy (TEM) is the only
technique able to combine nano-structural and nano-chemical information, it can provide
evidences for the resetting mechanism of geochronological systems by identifying remnant of
chemical reactions (e.g. secondary grains products and nano-inclusions; coupled dissolution-
precipitation interface; pore filled with fluid/mineral/melt) or structural defects enhancing
diffusion and alteration processes (e.g. amorphisation, plastic deformation). Insights from
nano-characterization thus help to validate or invalidate the interpretation of an isotopic ratio
(a “date”) into a geologically meaningful age. In the case of mineral replacement, it is
common that the replaced domain contained tiny crystals (micrometric to nanometric) of
distinct mineral phases [Figure 1 and review in Putnis, 2009]. For example, the presence of
nanocrystals of thorite (ThSiO,) in apatite (Figure 1A-B) or uraninite (UO>) in zircon (Figure
1C) compromises U-Th-Pb or U-Th/He dating. In the presence of fluid, primary monazite
can react to form a secondary, Th-U-depleted monazite, typically accompanied by numerous
thorite/huttonite (ThSiO,4) and/or thorianite (ThO;) inclusions [Hetherington and Harlov,
2008; Seydoux-Guillaume et al., 2012; Figure 1D]. In inclusion-rich altered domains,
inaccurate ages, measured by EPMA or LA-ICP-MS, results from the presence of numerous
nano-phases and nano-fractures filled with Th—U-silicates that are visible only under TEM
[Seydoux-Guillaume et al., 2012; Figure 1D]. Information coming from such nano-
characterization may, however, help to improve the interpretation of dates. In this paper, we
focus on zircon and monazite characterization with TEM and how it can sharpen

interpretation of U-Th—Pb geochronological data. The paper is divided in three parts: the first
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part presents examples of nano-inclusions that interfere with the U-Th—Pb systematics and
how we can address them; the second part is dedicated to experimental studies and how they
simulate the resetting of the U-Th—Pb systems in monazite; and the third part focuses on a
micro- to nano-chemical tracer that may help to improve the interpretation of

geochronological data.

2. Sample preparation.

Because TEM requires very thin samples, less than 100 nm thick, sample preparation
for TEM characterization is one critical and essential step to obtain reliable analyzes. The
development of the Focused lon Beam (FIB) technique for TEM preparation has considerably
opened the possibilities for TEM characterization, especially for the geoscience community,
for which imaging of tiny phases or inclusions, microstructures or interfaces in situ, in their
thin section context, is often crucial. The FIB preparation allows to produce site-specific TEM
foils, typically 10-15 pm large over 5-10 pum in depth and less than 0.1 pum thick slice, cut
perpendicular to the surface of a (c. 30pum thick) petrographic thin section. The FIB is the sole
technique that allows cutting TEM-ready foils with homogeneous sample thickness, in a
section from a well-defined area such as mineral boundary, without preferential thinning or
production of artifacts. Many examples and details of the technique are reviewed in Wirth
[2004 and 2009]. Nowadays, most of the TEM studies are closely associated and dependent

from FIB preparations.

3. Structural and chemical evidence for nano-inclusions affecting the U-Th-Pb

systematics in monazite and zircon.

3.1. Zircon
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Heterogeneous distribution of radiogenic Pb in zircon at sub-micrometer scale was
first identified by High-Angle Annular Dark Field Scanning Transmission Electron
Microscope- (STEM-HAADF) imaging [Utsunomiya et al., 2004]. The authors found
nanoscale patches rich in Pb in two locations: inside the zircon lattice (concentrated at 3 at%)
and inside amorphous domains from fission tracks. They suggested that beyond the first
percolation point [Salje et al., 1999; Trachenko et al., 2003; Geisler et al., 2007], when
amorphous domains overlap and form an interconnected network, Pb will diffuse faster in
zircon. These observations were confirmed a few years later by Utsunomiya et al. [2007]
using the same technique. Even if the first percolation point will differ a little depending on
the thermal history of the sample [Geisler et al., 2003], the dose is estimated to be of 2.2 x
10*® a/g [Pidgeon, 2014]. Beyond the first percolation point, the probability of enhanced Pb

mobility in response to an external event, like for example metamorphism, is very high.

Lead mobility in polymetamorphic zircon of the Napier complex of Enderby Land,
Antarctica, was documented earlier through SIMS micro-analysis by Black et al. [1986]. In
the same sample, these authors observed reverse and normal discordance of the U-Pb isotopic
system, attesting for Pb mobility with simultaneous Pb loss or Pb gain depending on the
analytical spot. The nature and size of isotopic perturbation in high-grade polymetamorphic
samples were recently addressed using SIMS imaging [Kusiak et al., 2013; Whitehouse et al.,
2014], and TEM [Kusiak et al., 2015]. Thanks to HAADF-TEM and electron diffraction
patterns, Kusiak et al. [2015] identified nanospheres of metallic Pb, 5 to 30 nm in diameter,
randomly distributed in those zircons (Figure 2C-D). The nanospheres are commonly
associated with an amorphous silica-rich phase and Ti- and Al-rich phases, interpreted to be
melt inclusions formed during ultra-high temperature metamorphism. The patchy-distribution
of Pb highlighted with SIMS imaging [Kusiak et al., 2013; Figure 2B] causes the spreading of

discordance and U-Pb ages (Figure 2A), and can be attributed to the presence of metallic Pb-
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nanospheres in zircon [Kusiak et al., 2015]. Identification (type of phase, structure, size,
morphology) of these nanospheres was feasible thanks to the combination of nano-structural
and nano-chemical analyzes, only achievable with TEM. In contrast, the Atom Probe
Tomography (APT) would not provide structural information, and would only reveal the
presence of Pb-nanoclusters and their isotopic composition [e.g. Peterman et al., 2016;
Piazolo et al., 2016]. Their metallic nature can only be determined using nano-diffraction with
TEM [Kusiak et al., 2015]. In this example, TEM characterization helps to prove that
apparent ages as old as 4.2 Ga do not correspond to relicts of ancient zircons (and thus have
no geological meaning), but to Pb migration and coalescence into Pb metallic nanosphere
during the recovery of crystallinity in radiation-damaged zircon under high-grade
metamorphism [Kusiak et al., 2015]. Such redistribution of radiogenic Pb at the nanoscale
may compromise the precision and accuracy of U—Pb obtained by high-resolution in situ
methods like SIMS, as shown by Kusiak et al., [2013] and Whitehouse et al. [2014]. When
larger analytical volumes are considered (e.g. by LA-ICP-MS or SIMS), the effect of the
nanoscale heterogeneities may decrease. In Kusiak et al. [2013], the dates obtained with the
highest spatial resolution (2 um) generates meaningless age up to 4198 Ma [Figure 2B],
whereas analyzes with typical SIMS spot size of ¢. 15um yield broad distribution of ages
between 3324 and 3605 Ma [Figure 3F in Kusiak et al., 2013]. This leads thus to the question

of what should be the optimal spatial resolution for in situ analyses?

Mobility of the parent element U in zircon has also been documented by Seydoux-
Guillaume et al., [2015] using STEM-HAADF and STEM-Energy Dispersive X-Ray
Spectroscopy (EDS) analyses coupled with U-Pb isotopic analysis. In a pegmatite from
Norway [Duran et al., 2016], atypical zircon phenocrysts are affected by intense self-
irradiation, associated with amorphization, microporosity, swelling, radial cracking, and

uptake of non-formula cations like Ca. Fractures and pores represent the vectors for fluid
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mediated open system behavior. This alteration leads to increased discordance of the U-Pb
system (Figure 3A-B). Again, STEM (HAADF and EDS) analyses demonstrate the presence
of U-rich (uraninite) clusters (<70 nm) within the porosity and of high density walls (<50
nm), enriched in U or Ca or both, coating the pores (Figure 3C-D). It is only the close
association of nano- characterization (TEM) to the geochronological data [Seydoux-
Guillaume et al., 2015; Figure 3] that allows to interpret the spatial link between U, Ca and
porosity as evidence for U uptake, and which demonstrates that discordance of the U-Pb
system in zircon affected by radiation damage includes a component of U- mobility (U-gain -

U-loss).

Both examples by Kusiak et al., [2015] and Seydoux-Guillaume et al., [2015] are notes of the
promising role of nano-petrochronology for geochronological studies, especially when ages
are discordant. They demonstrate how careful nano-scale characterization, associating the U—
Pb analytical data with their structural context, may avoid spurious age interpretation. A
meaningful age cannot be extracted from all zircon grains, because some are likely to be
affected by radiation damage and/or chemical reactions, which will cause and enhance Pb and

U mobility.

3.2. Monazite

Monazite is much less studied than zircon and, as far as we know, few studies
attempted to link TEM characterization to geochronological interpretation. Black et al. [1984]
focused on monazite from polymetamorphic rocks of the Napier complex in Antarctica. The
authors tried to link the color of monazite grains (brown, yellow and grey) with the
nanostructure (TEM) and the discordance. Independently of the color, all monazite crystals

present the same nanostructure, i.e. 100 A crystalline domains misoriented from each other by

10
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no more than 2 x 10° radians, leading to mottled diffraction contrasts on Bright Field or Dark
Field (BF/DF)-TEM images. Such observation is typical for monazite crystals and the mottled
contrast is attributed to radiation damage and was confirmed later by Seydoux-Guillaume et
al. [2004] in a comparison between different monazite samples (from 24 Ma to 2 Ga). To
address the problem of inconsistent electron-microprobe (EPMA) chemical ages in complex
monazite from a polymetamorphic granulite (Andriamena unit, Madagascar, Seydoux-
Guillaume et al. [2003] linked a TEM study with electron-microprobe U-Th—Pb chemical
dating. The presence of 50nm Pb-rich inclusions is revealed in monazite domains where large
variations in EPMA dates are detected (Figure 4). The nature of these inclusions is not
completely understood, but it was proposed that they could be a Pb-Ca-Si-O phase like
margarosanite (Ca,PbSizOg) or more probably represent material that crystallized in fluid
inclusions (Figure 4B-C). The TEM study led to a new interpretation of EPMA dates for
monazite previously considered to be the result of partial Pb loss from a 2.5 Ga monazite. The
scatter of apparent ages ranging from 2.5 Ga to 790 Ma (Figure 4A) is reinterpreted to result
from the replacement of a primary monazite by a secondary monazite during a metamorphic
event at 790 Ma with random incorporation of various amount of Pb-rich inclusions in the
analytical volume of the EPMA analysis in secondary monazite domains. The presence of Pb-
rich inclusions suggests that recrystallization of monazite does not result, in this case, in a
total removal of previously accumulated radiogenic Pb, but partial preservation in Pb-rich
clusters. This study therefore exemplifies that domains of unsupported Pb can exist in
monazite. This result was recently confirmed by several studies [e.g. Seydoux-Guillaume et
al., 2012; Didier et al., 2013], that also suggest that Pb-rich nano-inclusions (or nano-

domains) could contain a non-radiogenic Pb component.
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4. Nanoscale constrains on the resetting mechanism of U-Th-Pb systems in

experimentally altered monazite.

The first experimental study addressing the hydrothermal resetting of the U-Pb
systems in monazite was performed in 1997 by Teufel and Heinrich [1997] in pure water.
Partial resetting of the U-Pb systems was evaluated by multigrain ID-TIMS analysis of the
experimental products. Partial resetting was only detected for a starting material made of fine
monazite powder (<1-15um) and could be shown to be the result of monazite dissolution and
precipitation of neoformed monazite. The maximum Pb loss of 26% (ID-TIMS dating of the
experimental product) was observed at the highest temperature (750°C). A major revelation of
this study was that dissolution and precipitation is more efficient than volume diffusion
[Cherniak et al., 2004; Gardes et al., 2006 and 2007] to reset the U-Pb clock in monazite.
Seydoux-Guillaume et al. [2002], confirmed the importance of the dissolution-precipitation
mechanism by performing a series of experiments (800-1200°C) using different fluid
compositions. Monograins (200-400um) of the experimental products were analyzed by ID-
TIMS, EPMA and SIMS show that 1) partial resetting was obtained only in the presence of
Ca-rich fluid at 1000°C and involved dissolution followed by precipitation of Pb-free
neoformed monazite; 2) experiments with Pb-bearing fluid produced sub-concordant
monazite for which the 2°’Pb/*®Pb apparent ages were older than the primary monazite used
for the experiment, demonstrating that monazite may incorporate Pb from a fluid. This last
result is consistent with TEM observations by Seydoux-Guillaume et al. [2003] that Pb-rich
nano-domains observed in monazite samples from Madagascar may be incorporated from a
fluid phase and may explain contamination by common Pb recorded in some natural

monazites [e.g. Didier et al., 2013; Janots et al., 2012; Seydoux-Guillaume et al., 2012].

Based on natural observations that metasomatic alteration of monazite is particularly

developed in Na- and K-rich geological environments [Harlov et al., 2007; Hetherington and
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Harlov, 2008], monazite alteration experiments were performed in the presence of Na- or K-
rich fluids, with different ligands, starting material and temperature [Harlov and Hetherington,
2010; Hetherington et al., 2010; Harlov et al., 2011; Williams et al., 2011; Budzyn et al.,
2011; 2015; Shazia et al., 2016]. All these experimental studies show that alkali fluids are the
most efficient fluids to promote monazite replacement, even for temperature as low as 250°C
[Budzyn et al., 2016]. Under these conditions, the monazite texture of experimentally
replaced monazite is typical of those encountered in natural systems. It shows a secondary
rim, that is normally porous, and with a composition that differs of the original monazite
starting material. This replacement process is now believed to be preponderant in numerous

natural environments (diagenetic, metamorphic or hydrothermal).

Using TEM characterization, Harlov et al. [2011] could demonstrate that the
replacement of experimental products is caused by an interfacially coupled dissolution-
precipitation mechanism [e.g. Putnis and Putnis, 2007; Putnis 2009]. Indeed, TEM
observations reveal a sharp reaction interface between primary domains (starting material
with radiation damage) and secondary domains free of radiation damage, with negligible
evidence of diffusion even at the nanoscale. These experimental studies also indicate that the
physicochemical conditions of the fluid play an important role on the U-Th-Pb resetting in
secondary monazite. Remarkably, the U-Th-Pb system is not systematically reset and Pb is
present in altered domain produced in presence of NaOH or KOH fluids [Harlov et al., 2011]
or NaySiOs bearing fluids below 350°C [Budzyn et al., 2015]. However, Pb was close or
below the detection limit in monazite altered domain produced in presence of Na,SiOs
bearing fluids at 450°C [Williams et al., 2011] or in presence of K- and Na-rich melts at
800°C [Shazia et al., 2016]. As a consequence such altered chemical domains may be dated
by in situ techniques [EPMA in Williams et al., 2011] and thus offer a great potential to date

metasomatic events.
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Recently, progress done on high spatial resolution in situ analytical techniques (e.g.
LA-ICP-MS), and on the development of site specific preparation (FIB-Focused lon Beam)
for TEM analyses, allow Grand’Homme et al., [2016b] to formulate a new hypothesis to
explain partial resetting observed in experimentally altered monazite samples (300-600°C)
under alkali conditions. Experimentally altered monazite rims (Figure 5B; at 500°C), dated
using in situ techniques (EPMA and LA-ICP-MS) systematically yield intermediate dates
(Figure 5A; EPMA) between pristine monazite (555 Ma) and complete experimental resetting
(0 Ma), with a mean date that decreases with increasing temperatures (down to 71 £ 27 Ma at
600°C). Nanometric characterizations using TEM of experimental products elucidated the
origin of this partial resetting. At such nanoscale, the replacement is incomplete within the
altered rim (Figure 5C): altered rim corresponds to a nano-mixture of Pb-free (EDS-TEM)
secondary monazite (mnz2), with inherited monazite (mnz1). No Pb-bearing inclusions were
observed in the altered domain. The partial resetting depends then on the nano-mixture of
different proportion of mnz1 in the analyzed volume (Figure 5C). Even in the case of EPMA
analyses, where the interaction volume is the smallest (< 35 pm?; but with no way to have a
3D control during the analysis), a scattering of dates exists and lead to erroneous ages (Figure
5A; 163 £ 54 Ma at 500°C). Partial replacement in altered domains certainly applies to
monazite naturally replaced in the presence of fluid. Indeed, the experimental results simulate
well the microstructures of fluid-driven replacements (skeletal structures, microporosity,
inclusion) and can account for the age scattering and discordance obtained in altered monazite
domains [e.g., Bosse et al., 2009; Kelly et al., 2012; Seydoux-Guillaume et al., 2012; Didier et
al., 2013; Grand’Homme et al., 2016a] but also in rock deformed by dislocation creep, where
incomplete resetting was proposed but not explained [e.g. Wawrzenitz et al., 2012; Erickson
et al., 2015 and 2016]. However, in the case of new monazite (over)growths involving

spatially decoupled dissolution and precipitation [e.g. dissolution-precipitation creep in
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deformed rock; Wawrzenitz et al., 2012; Didier et al., 2014; Erickson et al., 2015 and 2016]
and experimentally reproduced in Seydoux-Guillaume et al. [2002], such nano-scale
incomplete replacement will not occur. It may be challenging to recognize possible
disturbances linked with nanomixture, when large age data sets are determined with no
reliable micro (to nano)-textural documentation on the dated grains (e.g., as for example in

provenance studies).

5. Nano-petrochronology of monazite.

The structural flexibility of monazite permits substitution of more than 25 elements of
the periodic table in its lattice [Clavier et al., 2011]. Monazite is monoclinic with space group
P21/n and its structure is organized in chains, parallel to c-axis, with alternating PO,
tetrahedrons and REEQOq polyhedrons [Ni et al., 1995; Boatner, 2002; Clavier et al., 2011].
The nine-fold site preferentially incorporates LREE, but may accommodate a large variety of
other (possibly larger) cations, especially Th, U, and Ca by two well-documented substitution
types [Forster, 1998; Montel et al., 2002; Clavier et al., 2011]. The cheralite [CaTh(PQO4),;
formerly called brabantite] exchange An** + M?* = 2REE** - with An = (Th, U) and M = (Ca,
Ba, Sr, Pb) - involving the nine-fold site alone and the huttonite (ThSiO,) exchange An*" +
Si*' = 2REE®" + P** that involve both sites. Furthermore, Y and HREE are incorporated
through the xenotime (YPO,) substitution; this property allows monazite to be used as a
thermometer when associated with xenotime [Gratz and Heinrich, 1997; Heinrich et al., 1997;
Seydoux-Guillaume et al., 2002b] and with garnet [Pyle et al., 2001]. More exotic cations
may be incorporated into monazite lattice; these include S incorporated as anhydrite
component [CaSO,; Chakhmouradian and Mitchell, 1999; Prsek et al. 2010; Krenn et al.,
2011], Sr [Krenn et al., 2011; Holder et al., 2015; Prsek et al. 2010], As incorporated as a

gasparite component [CeAsQ,; Ondrejka et al., 2007; Janots et al., 2006; 2008; 2011; Gnos et
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al., 2015], and V [McFarlane and McKeough, 2013]. The structural incorporation of redox-
sensitive elements in monazite opens the perspective of tracing the evolution of the oxidation
state through time in a large number of rocks, thanks to the U-Pb and Th-Pb isotopic

systems.

To show the importance of sulfur as a petrogenetic tracer and the contribution of TEM
imaging to uncover it, we focus here on complexly patchy zoned monazite crystals (Figure
6A) from an osumilite-bearing granulite from Rogaland, Norway [Laurent et al., 2016], in
which in situ U-Pb dating (LA-ICP-MS) were performed (Figure 6B). The U-Pb dataset of
monazite is concordant to sub-concordant (conc. > 95 %), with analyses plotting continuously
along the concordia curve from ca. 1040 Ma down to 920 Ma (Figure 6B). When considering
the chemical composition at both micro- and nano-scale (Figures 6E-F), more specific and
useful information can be extracted to interpret the apparently continuous age spread. In the
monazite crystals, three chemical domains are distinguished (Figure 6A, C-D): D1, a S-rich
core (0.45-0.72 Wt. % SO,-Figure 6D, Th incorporated as cheralite component, i.e. Si-poor
Figure 6C), D2, secondary S-bearing domains (SO,> 0.05 Wt. %, partly clouded with solid
inclusions-Figure 6A), and D3, late S-free-Figure 6D, Y-rich, domains (0.8-2.5 Wt. % Y053,
Th accommodated as huttonite component, i.e. Si-rich Figure 6C). Nano-characterization of
the S-rich monazite domains (D1), using FIB preparation coupled with STEM-HAADF
imaging, revealed the presence of black dots (5-10 nm in size) homogenously distributed all
over the foil and representing negative density contrast in monazite (arrow in Figure 6E).
High resolution STEM-HAADF image (Figure 6F) demonstrates that these nanoclusters are
made of anhydrite (CaSQ,) characterized by a coherent interface toward the host monazite.
These data imply that S was incorporated in the monazite lattice as a clino-anhydrite
component following the exchange Ca**+S®*=REE>*+P°*, but then is partly exsolved in

nanoclusters of CaSO,4. Monazite with significant sulfate substitution is expected to crystallize
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from oxidized geological fluids or melts in which sulfur is present as S°". The close
combination of micro-chemical (EPMA) and nano-structural and nano-chemical (STEM)
analyses with U—Pb dating allow to attribute precise ages to these three domains. The S-rich
core D1 yields a concordia age of 1034 + 6 Ma, S-bearing D2 gives a significantly younger
age of 1005 + 7 Ma and S-free D3 of 935 + 7 Ma (Figures C-D). From regional correlation
[Bingen et al., 2008] and sulphide phase-stability diagrams [Whitney et al., 1984], the
interpretation is that S-rich monazite cores (D1) crystallized at 1034 £ 6 Ma from an oxidized,
sulphate (S°*)-dominated granitic melt during fluid-absent partial melting. Monazite may
therefore be used to probe the presence of sulfur in anatectic melts from high-grade terrains at
a specific point in time and date sulfur mobilization from reduced to oxidized state. This
interpretation could be provided only because TEM analyses proves that sulfur substitutes as
CaSO, in monazite lattice, and not as inclusions that may reflect and record other processes
than primary crystallization [e.g. in figure 6A, sulfur inclusions in D2 reflect metasomatism

event; monazite inclusions in Rasmussen et al., 2011 record metamorphic event).

6. Conclusions

This paper highlights how characterization at the nanoscale, with combination of
nano-structural and nano-chemical information, using TEM, provides insights to understand
the U-Th-Pb systematics of zircon and monazite and improve age geochronological
interpretations. This nano- scale characterization, referred as nano-petrochronology, provides
information not only on perturbation of the isotopic systems, but it also contributes to
understand reaction mechanisms and distribution of petrogenetically important trace elements.
This is well illustrated by the input of nano-chemical tracer (CaSQO,4) in monazite or by the

presence of Pb or U rich-nanophases in monazite and zircon crystals. This nano-
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petrochronology approach could possibly applied to other common U-Th—Pb chronometers

(i.e. titanite, allanite).

The paper also raises the question of the optimal spatial resolution for in situ analyses,
a critical issue coming from the improvement of the in situ analytical techniques (e.g. LA-
ICP-MS, HR-SIMS, nano-SIMS, EPMA) and well-demonstrated by the studies of Kusiak et
al. [2013] and Valley et al. [2014] for zircon, or Seydoux-Guillaume et al. [2003] and [2012]
for monazite. We suggest that the use of high-spatially resolved techniques requires even
more careful nano-characterization (with TEM) of the samples, to provide reliable

geochronological interpretations of the data.

Furthermore, considering the complementarity of the Atom Probe Tomography (APT)
technique, which provides isotopic information within nanoscale domains [e.g. Valley et al.,
2014; Valley et al., 2015; Peterman et al., 2016; Piazolo et al., 2016] in typical analyzed
volumes of material of 50x50x200nm?®, we assert that combination of APT with TEM, a
highly complementary technique vyielding both nano-structural and nano-chemical
information, would considerably improve the interpretation of U-Th—Pb geochronological

data; such correlative microscopy should certainly be developed in the future.

The need of experimental data has been demonstrated, in order to better constrain the
behavior of parent (e.g. U, Th) and daughter (e.g. Pb) elements and the resetting mechanisms
under a large range of conditions (P-T-fluids). Indeed, it has been demonstrated for monazite,
that incomplete replacement at the nanoscale may lead to partial resetting of the U-Th-Pb
systems and thus to meaningless ages. Such experimental studies coupling nano-
characterization with the behavior of isotopic systems (U-Pb but also Lu-Hf) are long
overdue for zircon, and, in contrast to monazite, certainly highly dependent on its structural

state due to its sensitivity to radiation damage [Geisler et al., 2007].
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Figure captions
Figure 1

Transmission Electron Microscope (TEM) images from U- or Th-rich-nano-phases in various
accessory minerals. A-Bright-Field (BF) TEM and B-Dark-Field (DF) TEM images of
ThSiO,4 exsolutions (arrows) in apatite. C- Scanning TEM of uraninite (UO;) nanocrystals
(arrow) in porous zircon crystal from the Evje-Iveland pegmatite field in Norway [modified
from Seydoux-Guillaume et al., 2015). D- BF-TEM of nano-crack filled with ThSiO, in
monazite (mnz) crystal from Madagascar [modified from Seydoux-Guillaume et al., 2012).

hmt: hematite.

Figure 2

A- Tera-Wasserburg Concordia diagram and B- 2°’Pb/?°°Pb ratio images of zircon grains from
sample 16178-2 from Napier complex, East Antarctica, analyzed using Secondary lon Mass
Spectrometry (SIMS) [modified from Kusiak et al., 2013]. C- High Angle Annular Dark Field
(HAADF) TEM image and D- High Resolution TEM image of Pb nanosphere in zircon
crystal from the same sample [modified from Kusiak et al., 2015].

Figure 3

A- Tera-Wasserburg Concordia diagram for 9 zircon crystals included in plagioclase and in
xenotime crystals from the Evje-lveland pegmatite field in Norway. Most points are scattering
along two discordia lines (blue for zircon included in plagioclase and yellow for zircon
included in xenotime) with intercepts having little geological significance. B- Back Scattered
Electron (BSE) image from one zircon (zrn) crystal included in plagioclase (plg) with position
extraction of the Focused lon Beam (FIB) foil. C- STEM-HAADF image from FIB3 foil cut

from zircon crystal in B and the corresponding U-chemical map (D) showing close
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association of UO, nanocrystals (bright points in C) within nanopores (black in C). Modified

from Seydoux-Guillaume et al. [2015].

Figure 4

A- Weighted histogram of 448 Electron Microprobe (EPMA) chemical U-Th-Pb ages for 26
monazite crystals included in garnet, quartz and coronitic textures from the Andriamena unit
in Madagascar. B- BF-TEM image of FIB foil cut in monazite core showing EPMA age
dispersion (911-1805 Ma). Note dark domains 2, with one in a nano-pore that probably
correspond to fluid inclusion. Monazite matrix (1) revealed also typical mottled diffraction
contrasts due to distorted volumes in monazite lattice in response to radiation damage. C:
Overlay of analysis of monazite matrix (1) and representative Energy Dispersive X-Ray
(EDS) analysis of dark domain (2) in B. Compared to monazite matrix, dark domains are very
enriched in Pb and, to lesser extent, in Ca and Si. REE—rare earth elements. Modified from
Seydoux-Guillaume et al. [2003].

Figure 5

A- EPMA dating in mnz1 (554 + 11 Ma) and altered rims (alt mnz in B) of monazite grains
altered at 500°C (B). In altered domains, ages spread in the range of 40-440 Ma, with a
weighted average age of 163 + 54 Ma, due to incomplete replacement of mnz1 by a secondary
monazite (mnz2) within the altered rim and the analysis of a nano-mixture of different
proportions of mnz1 vs mnz2 in the analyzed volume (C). MSWD-—mean square of weighted
deviates. B- BSE image of monazite grain altered during an hydrothermal experiment at
500°C, 2 kbar, 114 days with NaOH (1M), and mounted in epoxy. alt mnz: domain of the
monazite grain that has been altered during experiment; mnz1: unreacted grain. FIB: location
of the foil seen in C. C- STEM-HAADF image of FIB foil cut from B. Dash line show the
interaction domain when using EPMA analyses (25 kV). mnz2: secondary monazite, free of
Pb, formed during experiment and only visible at the nanoscale. Pt: platinum deposit for FIB

preparation. Modified from Grand’homme et al. [2016b].

Figure 6
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A- BSE image from one monazite grain with 3 domains (D1-D3) defined by different
compositions. D1: S-rich (0.45-0.72 Wt. % SO2) monazite core with Th incorporated as
cheralite [CaTh(PQO4),] component; D2: S-bearing domain (SO,> 0.05 Wt.%) partly clouded
with solid inclusions (black points in A) and D3: S-free, Y and Th-rich domains with Th
accommodated as huttonite (ThSiO,4) component. FIB foil (E-F) was cut in domain D1. B-D
U—Pb data presented in Tera-Wasserburg plots. B— all analyses. C—all analyses with colour
coding corresponding to SiO, concentrations (in Wt.%) measured by EPMA prior to laser
ablation. D— Same figure with color coding for SO, concentrations. E-F: STEM-HAADF
images of foil cut in D1 (A). E- low magnification image reveals black dots (1) corresponding
to negative density contrasts in monazite core D1 (2). EDS analysis demonstrated that they
correspond to CaSOg4-rich nanocluster (not shown). F- High-resolution image in zone axis
[101] of one CaSO, nanocluster (~5-10 nm) in monazite lattice. Bright spots in E corresponds

to Ga implantation during sample preparation.
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