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Abstract

Geochronology is a fundamental field of geology; it is the science of quantifying time.
Geochronology is of utmost importance to understand the evolution of our universe and
geological processes that shaped our planet Earth. The quantification of time for geological
processes is primarily done by measuring parent and daughter isotopes (absolute dating) stored
in specific mineral reservoirs, called geochronometers. In nature geological processes such as
metamorphism, fluid activity, and deformation can affect the isotope system and be recorded
in the minerals as a disturbance. All these processes can form complex textures at different
length scales. Conventional analytical techniques do not always have the spatial resolution to
deconvolve these complicated textures and the behaviour of elements in minerals. The use of
advanced analytical techniques with near-absolute spatial resolution, such as atom probe
tomography (APT) and correlative microscopy techniques, represents a step-change in mineral
geochemistry. Nanoscale data provide complimentary information to lower spatial resolution,
high-precision analytical techniques and combined use of these techniques helps in

comprehending the mineral systems and changing the face of modern geochronology.

Previous studies on geochronometers using APT revealed nanoscale heterogeneities
and found many mineralogical processes that affect the trace element distribution and
redistribution of radiogenic isotopes in them. However, complex intrinsic properties of
minerals, such as radiation damage and convoluted geological histories, hinder our
understanding of mineralogical processes responsible for nanoscale heterogeneities. This PhD
project focuses on the mineral xenotime from different geological settings and applies a
multiscale analytical approach in order to unravel these mineralogical processes. Xenotime is
a widespread accessory mineral in low to high-grade geological settings and is a commonly

used geochronometer to date igneous, metamorphic, and hydrothermal processes.

Chapter one focuses on the optimisation of xenotime analysis using atom probe
tomography (APT) in order to acquire quality data and develop xenotime nanogeochronology
method. For this purpose, four xenotime standards (BS-1, MG-1, xtc and Y1) were investigated
with different instrumental parameters to find the optimum working conditions for data yield,
data quality and nanogeochronology. Several protocols were established with a fractionation
correction method for U-Pb dating and two background correction methods for Pb-Pb
systematics. Xenotime is the first geochronometer where both U-Pb and Pb-Pb isotope

information can be extracted for the same nanoscale volume (< 0.008 um®) by APT.
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Chapter three undertakes combined microscale imaging, geochronology, and nanoscale
analysis of a fluid-altered xenotime sample from a pegmatite dyke of the Central Gneiss Belt
of Grenville Province, Canada. Textural domains in the grain indicate fluid-assisted dissolution
reprecipitation process, however no U-Pb disturbance can be attributed to fluid resetting from
Sensitive high-resolution ion microprobe (SHRIMP) analysis. Nanoscale analysis of a domain
beyond the fluid-related textures reveals nanoscale apatite inclusions enriched with radiogenic
Pb. APT analysis also reveals a dislocation enriched in fluid mobile elements such as Cl, Li,
Na, and Ca, evidence for fluid activity beyond the typical dissolution-reprecipitation texture.
The apatite inclusions are proposed to form due to fluid activity around ~ 150 Ma years after
crystallisation as determined from U-Pb nanogeochronology. This study shows that fluid
activity in xenotime can be pervasive and forms nanoscale Pb* rich domains. The findings

explain the resilience of xenotime in fluid active settings by trapping Pb* in apatite inclusions.

Chapter four examines the controls of the formation of apatite inclusions in xenotime.
Previous studies indicate that these Ca-Pb* apatite inclusions are a common occurrence in
phosphates. The samples used for this project were pegmatite xenotime grain Y1, Western
Australia and metamorphic xenotime samples collected from different metamorphic grades of
a contact aureole, Fanad, Ireland. Nanoscale analysis of the samples showed the presence of
apatite inclusions (Ca-Pb*) in pegmatite samples and no heterogeneities in terms of Ca and Pb
distribution in metamorphic samples. Combined micro and nanoscale investigations suggest
that in xenotime, Ca and Pb* behaviour is tightly linked, and Ca concentration influences
apatite formation. However, high-temperature metamorphism is not a major factor influencing
the exsolution of nanoscale apatite inclusions. This is different from other geochronometers
where Pb* nanoscale heterogeneities are attributed to high-temperature metamorphism. This
study shows that in xenotime, composition and fluid alteration processes are the main drivers

of Pb* redistribution.

Chapter five presents a comprehensive micro to nanoscale investigation of the U-Pb
system in shock-deformed xenotime and explores the potential of xenotime as an impact
geochronometer. Samples used in this study are sourced from Vredefort (South Africa), Santa
Fe (USA) and Araguainha (Brazil). Electron back scatter diffraction (EBSD) analysis of the
samples showed a variety of microstructures, including shock diagnostic {112} twins, and
other microstructures such as planar deformation bands (PDB), planar fractures (PF), low angle
boundaries (LAB), crystallographic misorientation and neoblastic texture. Xenotime grains
with neoblastic texture showed U-Pb disturbance, and a correlation between resetting and

degree of recrystallisation is apparent. The results indicate that neoblastic texture is shock-
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induced and yielded impact age from xenotime for the first time from the Araguainha impact
structure in Brazil. APT results from neoblasts suggested grain boundary migration for the

formation of neoblasts in xenotime and the mobility of Pb.

The integrated outcome of this PhD thesis primarily helped to understand the mineral
system xenotime in detail, the processes controlling its geochemical and geochronological
behaviour in different geological settings using a multi-scale approach. The xenotime
nanogeochronology method developed can be used to constrain ages from any small textural
domains. Furthermore, this project presents a foundational study on shock metamorphism on
xenotime, documenting micro to nanoscale observations, which helps in future studies on

xenotime and also other geochronometers.
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Chapter 1

Introduction



“It is perhaps a little indelicate to ask of our Mother Earth her age.”

Arthur Holmes (1913)

This year 2023, celebrates 110 years of modern isotope geochronology. In 1913, Nobel

Prize laureate Frederick Soddy published an article in Nature Journal about the discovery of
isotopes mentioned as “radio elements non-separable” (Soddy, 1913). In the same year, Arthur
Holmes, considered the father of modern geochronology, published the book ‘Age of the Earth’
in which he describes how radioactivity can be used to date rocks and quantify geologic time
(Holmes, 1913). From there, the field of isotope geochronology unravelled many mysteries
about Earth, other planets in the solar system and greatly contributed to understanding the

evolution of the universe.

Isotope geochronology is based on quantifying the rate of radioactive decay of the
unstable isotopes stored in the minerals of rocks. Several isotope systems, such as U-Pb, Sm-
Nd, Lu-Hf, Rb-Sr, K-Ar, and Re-Os are routinely and among those U-Pb system is the most
used and well-studied isotopic system used to obtain the geochronological information from
the rocks. To measure the isotopic composition of rocks and minerals, several techniques are
available where the analytical volume changes from the whole rock to individual minerals.
However, the geochronology data we obtain from these analyses is well precise, are often
complex and difficult to understand. Most of the times this complexity in data is attributed to
complex textures in the minerals which is unsolvable with limited spatial resolution of
conventional techniques. Nonetheless complex textures in minerals formed by different
geological processes present a brilliant opportunity to study the behaviour of mineral systems,
namely the behaviour of isotopes during these processes in nature. With the advancement of
technology, using instruments like atom probe tomography (APT), we are now able to measure
the isotopic ratios of minerals from a sub-domain of grain, such as twins, small-scale alteration,
and deformation microstructures, informing the behaviour isotopic systems in
geochronometers and thereby shedding light on how large-scale geological processes affect

geochronometers starting from nanoscale.

Using APT and other correlative microscopic techniques such as transmission electron
microscopy (TEM), allows the analysis of individual atoms in minerals. This finer resolution
informs mineralogical processes occurring at the atomic scale, which is fundamental to the
understanding of the any geochemical behaviour of minerals. The combined capability of atom
probe to analyse the chemistry and the nanoscale distribution of elements in 3d allows

identifying element migration processes associated with microstructures and crystal defects.

2



The isotopic characterisation of nanoscale domains can reveal the timing of element mobility
and the geological process responsible for it. Atom probe tomography is a complementary tool
for geochemists to higher precision, lower spatial resolution analytical techniques (for a full

review, see (Reddy et al., 2020).

1.1 Geochronometers at the nanoscale

The first published study reporting atom probe analyses of a geochronometer was
conducted on Hadean zircon grains and revealed Y, Pb* nanoscale clusters (Valley et al., 2014).
In this study, the mobility of radiogenic Pb and the formation of clusters was attributed to
volume diffusion of Pb into non-annealed radiation-damaged domains during metamorphic
heating (Valley et al., 2014, 2015). Since, more nanoscale studies have been conducted on
geochronometers with different geological history, and from different geological contexts,
highlighting several mechanisms responsible for nanoscale heterogeneities in minerals. As
expected, a lot of nanoscale studies have been conducted on zircon, and found that crystal
defects produced by radiation damage result in enhanced mobility of trace elements, including
Pb*, into discrete nanoscale reservoirs (Peterman et al., 2016, 2019; Piazolo et al., 2016; Reddy

et al., 2016; La Fontaine et al., 2017)

Similar studies investigating baddeleyite determined Pb* mobility as a result of phase
transition during shock metamorphism and diffusion of Pb* into defects (White et al., 2017,
2018, 2019; Moser et al., 2019). Nanoscale study on rutile has shown the formation of Pb*
enriched clusters, along with Al, Cr, and V, trapped in the transient radiation damage cores
(Verberne et al., 2020). Atom probe studies on titanite have displayed distribution of common
Pb associated with deformation-related defects (Kirkland et al., 2018). Similar to zircon,
monazite has been studied extensively. Radiogenic Pb-enriched apatite inclusions have been
proposed to form in monazite by the process of phase immiscibility (Fougerouse et al., 2018;
Seydoux-Guillaume et al., 2019). Furthermore britholite and galena nanoscale inclusions were
documented to have formed in monazite during fluid alteration (Fougerouse et al., 2021a;
Turuani et al., 2022). Still in monazite, deformation microstructures and twin formation were

linked with Pb* mobility, recording the time of their formation (Fougerouse et al., 2021b).

All the nanoscale studies on the geochronometers have revealed one important aspect,
minerals are not as homogeneous as previously thought and several mineralogical mechanisms
can be responsible for nanoscale heterogeneities. Both intrinsic defect properties of the mineral,

such as radiation damage, and extrinsic factors such as deformation, fluid activity,



metamorphism causes these heterogeneities in minerals (Reddy et al., 2020). It is therefore
crucial to study these mechanisms in order to improve our understanding of geochronometers

and the geochronological data they produce.

This thesis focuses on a comparatively simple mineral, xenotime, a widely used
geochronometer, in order to deconvolve complex mineralogical mechanisms that can affect

minerals.
1.2 Xenotime — the neglected geochronometer

Xenotime is an yttrium phosphate (YPOs), a widespread accessory mineral found in
igneous rocks, especially felsic units (Forster, 1998; Bea and Montero, 1999; Schaltegger et
al., 2005; Breiter and Forster, 2021), metapelites (Franz et al., 1996; Rasmussen et al., 2011),
hydrothermal assemblages (Brown et al., 2002; Aleinikoff et al., 2012), as authigenic
overgrowths on zircon in sedimentary rocks (McNaughton et al., 1999; Rasmussen, 2005), and
as a component in detrital mineral placers (Van Emden et al., 1997). Xenotime has a tetragonal
crystal structure in which Y is coordinated to eight oxygen ions forming YOs polyhedra
forming chains in the b directions linked in the ¢ direction by PO4 tetrahedra (Figure 1.1a) (Ni
et al., 1995; Engi, 2017). Due to the similarity in ionic radius, heavy rare earth elements (Gd-
Lu; HREE) substitute for Y** by simple substitution mechanism, making xenotime a target for

rare earth element extraction in heavy mineral sand deposits and carbonatites (Ni et al., 1995).

Figure 1.1 (a) Structure of REE site. (Y,HREE) cation in red, occupied in regular (Y,REE)Og
dodecahedron provides an appropriate site for Y and the smaller, heavy REE. Modified after
Engi, (2017). (b) Polyhedral projections down [100] showing xenotime structure, red — REOg
polyhedra and blue PO4 tetrahedra. Modified after Ni et al., (1995).



Two important coupled element substitution mechanisms have been defined in
xenotime (Spear and Pyle, 2002; Engi, 2017). These mechanisms allow the incorporation of

significant concentration of actinides, especially U compared to Th due to its smaller size.
2 REE*" « (U*,Th*") + Ca*" (1)
REE’" + P3* «» (U*, Th*") + Si** (2)

Studies show that huttonite exchange (2) dominates in xenotime due to the fact that Si**
is smaller than Ca®" and preferentially gets incorporated replacing P°* ion (Van Emden et al.,
1997; Engi, 2017; Spear and Pyle, 2002). Igneous xenotime is found to be highest in actinide
concentrations, whereas diagenetic and hydrothermal xenotime is usually lower in actinide
concentrations (McNaughton and Rasmussen, 2018). Based on REE pattern and actinide
concentration, the formation environment of xenotime can be constrained, a useful tool in
routine geochemical and geochronologic analysis (Aleinikoff et al., 2015; McNaughton and

Rasmussen, 2018).

Xenotime makes an excellent geochronometer due to its inherent properties and
widespread presence. As mentioned above, xenotime incorporates high actinide content,
especially U. Xenotime incorporates only negligible amounts of common Pb during growth,
and this is primarily because of larger Pb>* cation size compared to the small (Y,HREE)** cation
site in xenotime (Donovan et al., 2003). Additionally, the Pb diffusion rate in xenotime is
slower than other accessory phases such as zircon or monazite and a high closure temperature
of ~900 °C as been determined (Cherniak, 2006, 2010). Xenotime is resistant to radiation
damage, despite the high actinide concentration and no metamict xenotime has been
documented in nature (Harrison et al., 2002). This is attributed to the low activation energy for

annealing of the structure and which persist in moderate crustal conditions (Lenz et al., 2019).

Conventionally, xenotime is analysed using isotope dilution method (Hawkins and
Bowring, 1999; Stern and Rayner, 2003), ion microprobe (McNaughton et al., 1999; Vallini et
al., 2002; Cross and Williams, 2018), electron microprobe (Asami et al., 2002; Suzuki and
Kato, 2008), and laser ablation ICP-MS (Liu et al., 2011). In igneous settings xenotime
generally forms large and homogeneous grains, however in diagenetic and hydrothermal
environments form small grain sizes and complicated texture, makes it more challenging to
analyse using conventional techniques (Rasmussen, 2005). With its wide occurrence, xenotime
has potential to uncover unresolved geological mysteries which cannot be achieved by other

geochronometers.



One of the most notable application of xenotime is for the dating of diagenesis in
Proterozoic sedimentary basins (Fletcher et al., 2000; Rasmussen et al., 2004; Rasmussen,
2005). Xenotime is one of the only U-Pb geochronometer forming during early diagenesis of
sedimentary rocks, as syntaxial outgrowths on zircon. Even though there are many phases and
isotopic systems used to constrain diagenetic ages other than xenotime, it has its own
limitations. For example, apatite is another diagenetic mineral datable using U-Pb method.
However, apatite is very prone to fluid alteration and incorporates high amounts of common
Pb (Kirkland et al., 2018), which is a major hindrance when it comes to accurately date older
sediments. Because xenotime remains isotopically closed up to amphibolite facies, it can be
used to constrain diagenetic ages from Precambrian strata (Rasmussen, 2005). With episodic
growths associated with fluid flow, hydrothermal event, and metamorphism, younger xenotime
rim can form around diagenetic cores, and careful textural analysis can yield the basin history

(Rasmussen, 2005).

Another application of xenotime is in the dating of highly fractionated granites, mainly
because zircon in those suites will be damaged due to high actinide content and radiation
damage (Li et al., 2013). Xenotime is resistant to radiation damage, even at high U

concentrations (Harrison et al., 2002).

In metamorphic systems, xenotime is abundant in metapelites and is one of the major
reservoir of HREEs (Spear and Pyle, 2002). The growth and consumption of xenotime is tightly
linked to garnet and can be used as a geothermometer (Pyle and Spear, 2000, 2003). The Y
content in xenotime and monazite in equilibrium is also used as a geothermometer in
metapelites (Heinrich et al., 1997; Andrehs and Heinrich, 1998; Gratz and Heinrich, 1998).
Being a geochronometer and geothermometer in metapelites and its survivability into higher

grades, makes xenotime ideal to study the metamorphic history of the terrain.

In hydrothermal mineral assemblage settings, xenotime forms as a result of
hydrothermal events and has been used to date Sn-W deposits, gold deposits, base metal, iron
and uranium deposits (Brown et al., 2002; Schaltegger et al., 2005; Vallini et al., 2007,
Rasmussen et al., 2010; Muhling et al., 2012).

With its unique capabilities, the geochronometer is still less studied due to the
limitations of analytical techniques. For example, the diagenetic xenotime overgrowths on
zircon are generally small grains (<10 pm), and analysis of the grains using conventional
techniques with low spatial resolution is a challenge. Nevertheless, with cutting edge

technology APT, it is now possible to target specific areas of interest in a mineral, e.g., micro
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twins, deformation bands, fine overgrowths, and other textural features which can resolve
complex geological questions, starting from its formation, associated trace element mobility

and its geological implications.

1.3 New frontiers in geochronology — Atom probe tomography

Technological advance in science have enabled the visualisation of materials at the
atomic scale. Atom probe tomography is such a technique, which allows three-dimensional
nanoscale chemical mapping of individual atoms (Larson et al., 2013). Initially developed for
material science research, the technique has now the capability of analysing non-conductive
materials, including geological materials. APT works on the field evaporation of specimens
under high electric field where the identification of evaporated species is obtained from time-
of-flight mass spectrometry (TOF-MS). The APT specimen is prepared as a sharp (< 100 nm)
needle to enhance field evaporation under high electric field. For conductive materials a voltage
pulse, and for non-conducting materials a laser pulse, triggers the controlled evaporation of
ionic species. The evaporated ions are then targeted to a position sensitive detector, recording
the x,y coordinates of the location where the ion impacts the detector. The z coordinate is
obtained from the time of arrival of the ion, also providing the stop time for TOF-MS. This
way, the x,y,z coordinates are recorded and enables to build a 3d reconstruction of the sample
analysed, with identification of evaporated species by time of flight (Gault et al., 2012; Larson
et al., 2013; Reddy et al., 2020) (Figure 1.2). The needle-shaped specimen is prepared with a
tip radius of 50—-100 nm, this small sample size permits to target microstructures and any region
of interest in a mineral to obtain both structural (distribution of elements) and chemical
information including isotopic ratios. More information can be found in (Gault et al., 2012;
Larson et al., 2013; Reddy et al., 2020), and chapter one which discusses, APT and analysis of

xenotime.
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Figure 1.2: A schematic illustration of APT, including the alternative modes of voltage-pulsing
and laser-pulsing operation. Location and timing information from the position-sensitive
detector is used to reconstruct the original atomic structure in three dimensions and time of

flight to identify the evaporated species.

1.4 Research objectives

The broader aim of the projects is to identify and understand different mineralogical
processes affecting geochronometers, using the mineral xenotime as a proxy. To achieve the
aim, xenotime from different geological settings were selected and studied in detail. In order
to make nanoscale observations representative of a global process, the analytical workflow
starts with microscale characterisation of the sample with petrography, scanning electron
microscopy (SEM), and electron probe microanalysis (EPMA). Geochronological
characterisation of selected xenotime grains was performed by sensitive high-resolution ion
microprobe (SHRIMP). Using these data, region of interests for nanoscale analysis were
selected for specimen preparation using focused ion beam SEM (FIB-SEM) and analysed using
APT and / or transmitted electron microscopy (TEM). The detailed methodology is described

in each chapter of this thesis.

In order to achieve the overarching aim of this project, specific objectives of this project were

defined:

1. Optimisation of running conditions of xenotime analysis using APT and developing
nanogeochronology methodology applied to xenotime to constrain age information

from samples.



2. Study of xenotime sample affected by fluid alteration to document the nanoscale
manifestation of fluid alteration in xenotime, as xenotime is believed to be resilient to
fluid alteration and age resetting.

3. Examining the mineralogical controls of nanoscale heterogeneities in xenotime,
especially apatite incusions by studying samples sourced from a pegmatite and
metapelites afected by contact metamorphism.

4. Investigate the response of U-Pb system with different shock metamorphic conditions,
and deformation microstructures. Xenotime samples were sourced from three impact

structures.

1.5 Thesis structure

This thesis is presented as a hybrid thesis, contains 4 core chapters in which two
chapters are published in peer-reviewed journals and another two chapters. Each chapter have
been prepared as stand-alone publication and each contains an introduction, followed by
methods, results and discussion that are specific to the respective chapters. Supplementary

information for each chapter is provided in the appendix at the end of the thesis.

Chapter II: Xenotime at the Nanoscale: U-Pb Geochronology and Optimisation of Analyses by
Atom Probe Tomography

This chapter details the optimisation of xenotime analysis using APT and more
importantly bring forwards the nanogeochronology method developed to constrain age
information. Optimising xenotime analyses was the primary step, as xenotime this study was
the first report of xenotime analysis by APT. Four routinely used xenotime standards were
selected for this purpose, BS-1, MG-1, xtc, and Y1. There are several analytical conditions
were tuned to improve the data yield and improve geochemical isotopic data. Both U-Pb and
Pb-Pb method were developed, which were not attained for other minerals, due to isobaric
interferences in the APT mass spectra or low concentration of actinides. This chapter is

published in the journal Geostandards and Geoanalytical Research, May 2021.

Chapter III: Radiogenic Pb in xenotime trapped in nanoscale inclusions of apatite during fluid

alteration.

This chapter is a multiscale analysis of fluid alteration textures in xenotime, as xenotime
is presumed to be resistant fluid alteration. The sample is sourced from a pegmatite from

Central Gneiss Belt, Grenville province, Ontario, Canada. Named as z6413, the sample is a



widely used xenotime standard in Secondary-ion mass spectrometry (SIMS) geochronology.
Microscale characterisation revealed fluid alteration textures, however SIMS U-Pb analyses
showed no correlation between textures and geochronology data. Further nanoscale analyses
were done on the unaltered domain, and revealed a dislocation enriched in fluid mobile
elements and numerous Pb*rich apatite nanoscale inclusions. The apatite inclusions likely
formed by fluid alteration, in grain area beyond the obvious textural expression of fluid activity
observable at the microscale. A model is suggested where during fluid alteration, Pb* is trapped
in apatite inclusions, thereby preserving the crystallisation age at the scale of conventional

analytical techniques. This chapter is published in the journal Chemical Geology, July 2023.

Chapter 1V: Fluid alteration and Ca composition control the formation of nanoscale Ca-Pb

clusters in xenotime, not high-temperature metamorphism.

The observation of apatite inclusions from the analysis of pegmatite sample from
chapter three, invoked the need of finding the controlling factors in the formation of apatite
inclusions in xenotime, and therefore redistributing radiogenic Pb. For this purpose, two case
studies were selected, Y1 — sourced from pegmatite, Gascoyne province of Western Australia,
and xenotime from different metamorphic grades from a contact aureole, Fanad, Ireland. Both
samples have different geological history and composition. Petrographic observations were
followed by SIMS and EPMA analyses of the samples for further characterisation and finally
APT nanoscale analysis. The results indicate that the high level of impurity (Ca concentration)
and fluid activity are the main mechanisms affecting the formation of apatite inclusions in

xenotime.

Chapter V: Towards a new impact geochronometer: Deformation microstructures and U-Pb

systematics of shocked xenotime.

This chapter presents a comprehensive study on xenotime samples from three impact
Vredefort (South Africa), Santa Fe (USA), and Araguainha (Brazil) with different physical
conditions of impact and age. The study uses techniques such as SEM, EBSD, SHRIMP, and
APT. The microstructures were primarily characterized using SEM-EBSD and identified
targets for SHRIMP and APT analyses. This study identified a new shock diagnostic neoblastic
texture from xenotime and the first ever impact age that is obtained from xenotime U-Pb
analysis. Nanogeochronology of the samples were done and documented different generations
of Pb signature from a small domain (twins, neoblasts) of the samples. APT analysis on the

neoblasts proposes grain boundary migration for the formation of neoblasts.
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Chapter VI: Thesis synthesis and future work

This chapter synthesise the findings of the different projects and its implications and

possibilities of future work.
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Abstract

Xenotime (YPO4) is an accessory phase common in low to high-temperature geological
environments. Xenotime is an established geochronometer, though its small size, low modal
abundance and textural complexity make it more difficult to analyse with traditional techniques
but makes a prime candidate for nanoscale analysis. In this study, we develop an atom probe
tomography (APT) protocol to determine the 2°°Pb/>*3U and 2’Pb/?%Pb ages of micro-scale
xenotime crystals with analytical volumes four to six orders of magnitude smaller than typical
geochronology techniques. A linear correlation between the 2°Pb/?*¥U fractionation and
2BUO>/#8UO*" was used to correct for the atom probe instrument parameters variability

between specimens. For 2°’Pb/2%Pb ages, we employed two methods of background correction

206Pb2+ 207Pb2+

owing to the thermal tail contribution to the counts: A constant background
correction for the younger (~1000 Ma) Y1 reference material and a variable correction of
background for Archaean age reference material xtc to correct for the thermal tail influence.
This contribution also proposes strategies for optimisation of xenotime analysis using APT and
permits us to explore the various geological problems in the nanoscale realm. This
methodology potentially allows determining the age of small xenotime crystals in sedimentary

rocks, low metamorphic grade settings and deformation microstructures.
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2.1 Introduction

Xenotime (YPOs4) is an accessory mineral commonly found in pegmatites,
peraluminous granites, migmatites, pelitic schists, gneisses, siliciclastic sedimentary rocks,
hydrothermal ore deposits and as a constituent in heavy mineral placers (Spear and Pyle, 2002;
Rasmussen, 2005). It is an established U-Th-Pb geochronometer on account of its high U and
Th content (up to several tens and thousands pg g ' U and Th), low common Pb concentration,
high resistance to radiation damage and slower Pb diffusion parameters compared with zircon
and monazite (Rasmussen 2005; Cherniak, 2006). Xenotime is notable for recording the timing
of diagenesis of sedimentary strata in Precambrian basins where fossils are absent
(McNaughton et al., 1999; Rasmussen, 2005). In the absence or in conjunction with other
geochronometers such as zircon and monazite, it is used to date igneous processes (Li et al.,
2013), low- to high-grade metamorphism (Rasmussen et al. 2005; Sheppard et al., 2007) and
hydrothermal mineralisation (Brown et al., 2002; Schaltegger et al., 2005b; Rasmussen et al.,
2009; Zi et al., 2015; Li et al., 2020).

The age of xenotime is conventionally measured by secondary ion microprobe (SIMS;
McNaughton et al., 1999; Vallini et al., 2002; Rasmussen et al., 2007; Aleinikoff et al., 2012b,
a), laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS; Beccaletto et
al., 2007; Liu et al., 2011; Budzyn et al., 2018) and electron probe microanalysis (EPMA;
Suzuki and Adachi, 1991; Salier et al., 2005; Cocherie and Legendre, 2007; Hetherington et
al., 2008; Suzuki and Kato, 2008). Despite its common occurrence, xenotime is volumetrically
minor and typically has a small grain size, often less than 10 um in diameter (Rasmussen 2005).
In addition, xenotime commonly preserves its growth and hydrothermal history in fine-scale
zones (<5 pum; Rasmussen et al., 2011) and can record minute secondary textures such as
deformation microstructures (<1 pm; Cavosie et al., 2016). Targeting such features with
conventional techniques is challenging because the analytical volume is commonly larger than
the grains or their textures and may yield geologically meaningless ages (Rasmussen
2005,Vallini et al., 2005). The petrological effort of finding sufficiently large crystals in
siliciclastic sedimentary rocks suitable for the above-mentioned techniques is time-consuming

and often not practical.

Atom probe tomography (APT) is a time-of-flight mass spectrometry technique that
can provide quantitative, compositional and spatial information in three dimensions with sub-
nanometre resolution (Gault et al., 2012) across a broad spectrum of geoscience materials

(Reddy et al., 2020). The analytical volume of APT is < 0.008 um?, which is four to six orders
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of magnitude smaller than other isotopic capable techniques (Fougerouse et al., 2020).
Nanogeochronology by APT has been successfully applied to several accessory phases
including zircon using 2*’Pb/2%Pb or 2°Pb/>*8U systems(Valley et al., 2014, 2015; Peterman et
al., 2016; Arcuri et al., 2020), baddeleyite with the 2°°Pb/?*8U or 2°Pb/>*2Th systems (White et
al., 2017, 2019) and monazite using the 2°Pb/***Th system (Fougerouse et al., 2020, 2021).

In this contribution, we use four reference materials of different compositions and ages
for optimising xenotime analysis in APT and used two reference materials to develop a new
methodology for age determination of xenotime using APT. This methodology provides the
opportunity to date small (<1 pm) xenotime crystals and their microstructural features, which
have been previously inaccessible using conventional techniques. This work is the first APT

study on the mineral xenotime and lays the foundation for further nanoscale investigations.

2.2 Samples and methodology

2.2.1 Samples

The four xenotime reference materials (MG-1, BS-1, xtc and Y1) used in this study come from
different geological settings and have different ages and compositions (Table 2.1). Xtc and Y1
are igneous xenotime crystals, whereas MG-1 and BS-1 are metamorphic in origin (Fletcher et
al., 2000, 2004). Concordant ages of these reference materials have been previously obtained
from thermal ionisation mass spectrometry (TIMS) and/or SIMS analyses. Xtc was sourced
from an Archaean pegmatite in the Yilgarn craton, Western Australia. TIMS analyses of xtc
revealed a high actinide composition with U mass fractions of 5000—20000 pug g ' and Th of
3000-12000 pg g '. The grains are slightly discordant (0-3%) with TIMS 2°7Pb/2%Pb age of
2632+2 Ma and 2°°Pb/*38U age of 2580+52 Ma (2s). Y1 xenotime reference material is from
the Proterozoic Yinnietharra pegmatite (Western Australia), with a U mass fraction of 8000—
25000 and 3500-10000 pg g ! Th. The sample is concordant with a SIMS 2’Pb/?%Pb age of
949+4.3 Ma (2s; Fletcher et al. 2000). The MG-1 and BS-1 are centimetre-scale euhedral
xenotime crystals sampled from metamorphosed host rocks in the Brazilian state of Minas
Gerais (Fletcher et al. 2004). Reference material MG-1 has a U mass fraction varying between
500 and 2000 pg g ! and a Th mass fraction spanning 300—1500 pg g ! with a 2°Pb/?**U age
of 490.0+0.6 Ma (2s, Fletcher et al. 2004). Concordant TIMS analyses of BS-1 yielded a
206pb/238U age of 508.9+0.6 Ma with 200-1200 pg ¢! U and 2500—-6000 pg g~ Th composition

(2s).
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Table 2.1: Composition and age of reference materials

Sample U(ugg™ Th (ngg™) Pb (ugg™ Age (Ma)
MG-1 500—2000 300-1500 63 490 + 0.6
BS-1 200-1200 25006000 98 508.9 + 0.6
Y1 8000—25000 3500—10000 1500-4500¢ 949 + 4.1
xtc 500020000 3000—12000 2800—11500 2 2580 + 52

# Calculated from Fletcher et al. (2000).
b Calculated from Fletcher et al. (2004).

2.2.2 FIB-SEM

A TESCAN Lyra 3 Ga' focussed ion beam coupled with a scanning electron microscope
(FIB-SEM) housed at Curtin University was used to prepare the needle-shaped specimens for
APT. The FIB was operated at 30 kV accelerating voltage during the preparation of the
specimens followed by a 2 kV routine to remove the surface layer affected by the high-energy
Ga beam. The location of the specimens was targeted using electron-beam deposited Pt buttons
following the methodology detailed elsewhere (Rickard et al., 2020). The final specimen shape
differed for each specimen due to the manual FIB preparation; however, the precise tip shape
could not be accurately quantified as a consequence of the limited imaging spatial resolution.
The specimen apex diameters ranged from approximately 100 to 150 nm and the shank angle
between 5° and 7°. No systematic shape variations were introduced between specimens

extracted from different xenotime crystals.

2.2.3 APT

A total of nineteen specimens from the four reference materials were analysed at the
Geoscience Atom Probe facility, Curtin University. The instrument (CAMECA LEAP 4000X
HR) was operated in laser-assisted mode using a UV laser (A =355 nm). The laser pulse energy
for analyses was varied between 50 and 450 pJ in order to evaluate its effect on data quality
(Table 2.2). The pulse frequency (125 kHz), detection rate (1%) and base temperature (60 K)

were kept constant in every analysis except for one MG-1 specimen where the base temperature
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was reduced to 30 K. The mass-to-charge spectrum data (Figure 2.1a) was reconstructed and
analysed with the IVAS 3.8.2 software. Peaks twice higher than the background were ranged
Table 2.2: Reference material description, analytical parameters and measurement results for

and used for the 3D spatial reconstruction.

U-Pb geochronology
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Figure 2.1: (a) Atom probe mass spectra of xenotime (sample — xtc). Peaks are colour-coded

by atomic/molecular species. (b) UO»?" and UO?*" molecular peaks used for fractionation

correction.

(c) Location of major U peak (UO?") at the tail of YPO3%* peak.
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2.2.4 Isotope quantification

For 28U and 2°Pb isotopic quantification, the width of the peak range was fixed to 0.1
Da. A similar approach has been taken for monazite (Fougerouse et al., 2018, 2020), Os alloys
(Daly et al., 2018), zircon (Peterman et al., 2016) and pyrite (Fougerouse et al., 2019) and is
advantageous to avoid the possible interferences from neighbouring peaks and to compare the
peak heights consistently across various data sets and different users. As the background counts
in the mass spectrum vary in a single data set and between data sets, the background-corrected
counts for each peak were calculated by subtracting the background from the raw counts
measured. The local background was estimated with a 1 Da range from an adjacent peak free
zone in the mass spectrum. The uncertainties associated with each peak were estimated from

counting statistics and background correction.

For 2°7Pb isotopic measurements, the 0.1 Da range width was applied, and two background
correction approaches were tested depending on the quality of mass spectra. In addition to the
constant background correction (Figure 2.2a) described above, a method was developed to
estimate the noise level in the eventuality of a variable background between the 2°°Pb*" and
207ph?* peaks. When the background signal between the 2°°Pb?" and 2°’Pb*" was elevated
compared with the background before the 2°°Pb?* peak (Figure 2.2b), the tail of the 2°°Pb*" peak
is assumed to elevate the background beneath the °’Pb** peak. A variable approximation

method (Figure 2.2b) is then employed to estimate the background below the 2°’Pb?*

peak, by
defining a straight line through two points from lower and higher Dalton values than the 2°’Pb?*

peak. The two points were taken from the point of minimum background between the 2°Pb**

and 2°’Pb** peaks and ThPO3** and 2°*Pb** peaks.
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Figure 2.2: (a) Atom probe mass spectrum showing Pb*" peaks of reference material Y1. Shows

206pb2* is comparable/consistent, which is illustrated

the constant background before and after
in the inset. Negligible thermal peak tail influence. (b) Atom probe mass spectrum showing
Pb>" peaks of reference material xtc. Blue indicates the background. The figure shows the
elevated background in between 2°Pb*" and 2°’b** peaks due to the influence of the thermal
peak tail of 2°°Pb?* compared with the constant background (101-102 Da). An illustration of

the background correction technique is shown in the inset.

2.3 Results

2.3.1 Characteristics of xenotime APT analysis

The mass spectrum of xenotime obtained by APT is complex with the presence of singly
to triply charged major species, including various REE (rare earth elements), REEO and
REEPO3 molecular species (Figure 2.1a) and mass peaks up to 300 Da are obtained. Major
elements (Y, P) in the mass spectra are present as elemental forms in different charge states (Y
— 2+, 3+ and P — 1+, 24) and oxygen in its elemental (O") and molecular (O>") form. These
major elements are combined to form oxides and phosphorus-bearing molecules and are
distributed throughout the mass spectra in different charge states. MG-1, BS-1 and xtc are
homogenous for every ionic species (Figure 2.3). Y1 contained numerous Ca-rich clusters,
whereas all the other ions were found to be homogenous, including Pb and U. The clusters are
~ 5-10 nm in diameter, spaced ~ < 50 nm apart and are marked by an increase in Ca (from ~
1.5 to 8.5 at. %). These clusters may represent a separate phase such as nano-inclusions
observed in monazite (Fougerouse et al., 2018; Seydoux-Guillaume et al., 2019) rather than a
xenotime domain enriched in impurities similar to Pb-rich clusters observed in zircon and rutile
(Valley et al., 2014; Peterman et al., 2016a; Verberne et al., 2020). In the xenotime mass

spectrum (Figure 2.1a), there are U and Pb peaks in xtc and Y1; however, due to the low
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concentration of U-Th and Pb in MG-1 and BS-1 (Table 2.1), the Pb peaks are barely above
the background level and challenging to quantify. Therefore, the Pb-Pb and U-Pb isotope
systematics are focussed on the high U-Th-Pb samples Y1 and xtc. No major peaks could be
attributed to Th in xenotime. There is isobaric interference between the major Th species
observed in xenotime (ThO**) and TmPO3?* (~124 Da) rendering impossible its quantification.
The only Th species peak observed in the mass spectrum is the minor ThPO3** molecule.

Therefore, only U-Pb systematics are considered in this study.

100 nm

(a) Xtc (b) Y1

Pb (0.42%) U (0.36%) Ca (0.24%) Pb (0.22%) U (0.31%) Ca (0.23%)

(c) MG-1 ) (d) BS-1

Pb (0.19%) U (0.10%) Ca (0.06%)

Pb (0.14%) U (0.11%) Ca (0.06%)

Figure 2.3: Three-dimensional reconstructed atom probe maps of Pb (***Pb + 2’Pb + 2%¥pb), U
(UO») and Ca of four reference materials xtc (a), Y1 (b), MG-1 (c), BS-1 (d). One sphere
represents one atom. (b) Y1 shows the presence of Ca-rich clusters in the specimen.

Concentration showed in atomic percentage.

The effect of laser pulse energy on different variables in APT analysis on samples BS-
I, MG-1, Y1 and xtc is shown in Figure 2.4 (Bachhav et al., 2011; Saxey et al., 2017). The
ratio between two charge states of a given ionic species can provide an estimation of the electric
field behaviour during the analysis. The 2°°Pb?*/2%Pb* ratio follows a negative trend with laser

energy (Figure 2.4a). Sample (xtc) at particular laser energy (200 pJ) was found to be similar.
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In the IVAS software package, the global background noise of mass spectra is measured
in ppm ns'. The overall background noise decreases with increasing laser pulse energy (Figure
2.4b) with up to 50% noise decrease from 50 to 400 pJ. The specimen base temperature also
has a significant effect on the background decreasing from ~40 ppm ns ! at 60 K to ~20 ppm
ns ! at 30 K for 300 pJ laser pulse energy.

The percentage of single hits indicates the proportion of detection events in which only
a single ion hits the detector, compared with two or more ions reaching the detector within the
same time-of-flight window. Multiple hit events can lead to a preferential loss of specific ions
(Thuvander et al., 2013). The laser pulse energy is positively correlated with the single hit
events proportion (Figure 2.4c). From 100 to 400 pJ, the single hit percentage increases by ~

9% for the sample xtc.

The ThPO3>" peak (103.7 Da) is located in the close vicinity of the 2°’Pb** (103.49 Da),
and its influence on the 2°’Pb*" quantification should be assessed (Figure 2.2). For xtc, the
ThPOs* counts per million atoms increases as laser pulse energy increased. For Y1, the counts

show an increase from 200 to 400 pJ and fall at 450 pJ (Figure 2.4d).
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Percentage of single hits for every analysis. (d) ThPOs*" counts per million ions.

2.3.2 Pb-Pb systematics

In xenotime, we identify doubly ionised 2°Pb*" (102.9), 2°7Pb*" (103.49), 20pb?*
(103.99) and singly ionised 2*°Pb* (205.9) and 2°’Pb" (206.9). The ***Pb peaks are not
distinguishable from the background in the mass spectra. The doubly charged Pb peaks
represent the majority of the Pb signal with > 75% of the total Pb counts as Pb*" (Figure 2.4a).
The 2°’Pb* was not always well resolved above the background, and its quantification resulted
in large uncertainties compared with the quantification of 2°’Pb?" only. Therefore, Pb*" was

solely used for the calculation of the 2°’Pb/?*Pb ratio.

Using an adjacent peak free region of the mass spectra (between 101 and 102 Da) and
a constant background estimation (same background values for 2°Pb* and 2°’Pb*"), the
207pb/2%Pb ratio of xtc was determined to range from 0.190+0.010 to 0.203+0.012 (2s; Table
2.3; Figure 2.5a) and differs significantly from the published value of 0.177+0.000105
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(Fletcher et al. 2004). The 2°’Pb/?Pb ratios of Y1 yielded values between 0.071+0.016 and

0.073+0.025 (2s, Figure 2.5a) in agreement with the published value of 0.070+0.0003 (Fletcher

et al. 2000).

Table 2.3: 2Pb/2%Pb geochronology measurement results using constant and variable

background estimation.
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Figure 2.5: 2°7Pb/2%Pb ratios of xtc and Y1 plotted against laser pulse energy. Errors plotted in
2s. (a) Graph showing the results of 2°’Pb/?’Pb ages of xtc and Y1 using constant background

correction. (b) 20’Pb/2%Pb ratios of xtc using a variable approximation method.

For Y1, the background level between the Pb?>" peak was constant, whereas the noise
before the 2°’Pb** peak was higher than the background level before the 2°°Pb** peak for xtc
(Figure 2.2a,b). Using the variable background approximation method, the 2°’Pb/?Pb ratio of
xtc and its uncertainty at 2s ranged from 0.176+0.010 (200 pJ) to 0.179+£0.010 (200 pJ), which
corresponds to an age range of 2613498 to 2645+95 Ma (Figure 2.5b). One outlier specimen
analysed at 300 pJ yielded a ratio of 0.192+0.012 (2760 £+ 106 Ma; Table 2.3). Regardless of
the background correction method used, the uncertainty of the 2°’Pb/?%Pb ratio increases with

a higher laser pulse energy.

2.3.3 U-Pb systematics

Uranium peaks present in the mass spectrum include **U02*" (135.02 Da), 2*UO*
(127.02 Da; Figure 2.1b), Z5U0 (84.68 Da), 28U0," (270.04 Da) and 2%U0Os" (286.04 Da;
Figure 2.1a, b). No peaks were present above the background for 233U species. Given the spread
of the U signal in numerous peaks, the quantification of the total U is challenging and the
background correction on the minor U peaks (3**UOs" and **UO*") increases significantly the
overall uncertainty on the 2*U quantification. Moreover, the 2**UO’" peak (84.68 Da) is
strongly affected by the YPO3;*" (89.93 Da) thermal peak tail (Figure 2.1¢) and is in close
proximity to the EuO?* and GdO?" peaks, making the 2*UO*" quantification and background

estimation difficult.
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A more robust approach to age determination by APT is to determine a fractionation
correction (Fougerouse et al. 2020). We used the two major U (UO2>") and Pb (*°°Pb*") species
measured by APT to define the fractionation factor F from the published 2*°Pb/?*8U ratio

following Equation (1).

(206 Pb)
238U True

206pb++
(ZSBUO;+)

F= +100 (1)

Measured

The 2°Pb?*/2*8U0,%" ratio of both Y1 and xtc obtained from APT analyses shows a
positive correlation with the laser pulse energy (Figure 2.6a). UO,?"/UO?" ratio decreased as
laser pulse energy increased for both reference materials (Figure 2.6b) suggesting a relationship
between U molecular formation and laser pulse energy. Using xtc and Y1, a correlation is
apparent between the 2*°Pb/?*8U fractionation and the UO,*"/UO?*" ratio (Figure 2.7). Other
ionic species defining an apparent correlation with the 2°°Pb/?38U fractionation coefficient were
tested including PO?*"/PO*, YO*/YO"and UO,*/UO,"; however, the UO,?"/UO*" ratio
defined the best correlation with a linear regression yielding a coefficient of determination (R?)
01 0.9843 and an equation y = 12.06 (£0.621) x + 27.442(£0.827). A prediction interval can be
defined using Equation (2) (Geisser, 1993). For any value within the range of
UO2*"/UO?*" measured, the 95% probability prediction interval for the mean value of y (¥) is
defined by the following expression (Equation (2)):

S T )
YRS T e S

where 74 is the z-statistic parameter for 95% confidence, SE the standard error, n the number

- 2 . .
of observations, ¥ and *x the mean and sample variance of all reference materials
UO2*"/UO*" values, respectively.
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Figure 2.6: (a) 2°°Pb**/>*¥U0,*" ratio plotted against laser pulse energy. (b) UO>>*/UO*" ratio
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2.4 Discussion

2.4.1 Xenotime analysis in APT

No APT studies of xenotime are available in the literature, and therefore, the
instrumental running conditions need to be investigated to assess their influence on data quality
and accuracy. Laser pulse energy is the prime factor controlling the data quality in laser-

assisted atom probe analyses (Kirchhofer et al., 2014; Santhanagopalan et al., 2015).

The charge state ratio of an ionic species provides a qualitative assessment of the
electric field strength (Kingham, 1982; Schreiber et al., 2014). In xenotime,
the 2°°Pb?*/2%Pb* shows a negative trend (Figure 2.4a) indicating a weaker electric field at
higher laser pulse energy. The high temperature from the laser pulse to the specimen apex
lowers the electric field required to evaporate the sample and thereby reducing the stress on the
specimen, which increases the specimen yield. A similar trend has also been observed in zircon

(La Fontaine et al., 2017; Saxey et al., 2017) and monazite (Fougerouse et al., 2020).

The background noise is a direct metric of data quality for every mass spectrometry
technique and the chemical and isotopic quantification largely depends on this measurement.
The background in the APT data arises from several factors such as (a) evaporation events that
are out-of- synchronisation with the laser pulse, (b) residual gas molecules in the chamber that
become ionised and detected and (c) local elevation of the background due to the thermal tail
of a major peak (d) surface diffusion of ions from the needle due to high thermal energy from
high laser pulse energies and subsequent ionisation (Larson et al., 2013; Meisenkothen et al.,
2020). The overall background level is significantly lower at higher laser pulse energy
(Figure 2.4b). As the higher laser pulse energy can contribute to the thermal peak tails due to
the slow cooling of the tip, the low background observed at higher laser pulse energy is
primarily due to fewer out-of-synchronisation events. A low base temperature has the same
effect, with lower background noise at 30 K. This effect is expected because a low base
temperature augments the mass resolving power by facilitating high heat flow rates in the tip
apex, which also helps to improve vacuum levels in the analysis chamber resulting in a low
background (Larson et al. 2013). However, low base temperature was found to reduce the

specimen yield during APT analysis (Saxey et al. 2017).

Multi-hit ions are often closely spaced in space and time, and hence, deconvolution of

the signals is difficult and reduces detector efficiency (Williams et al., 2013). Single hit events
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have been found to increase in proportion at higher laser energies (Figure 2.4c¢). This trend can

be attributed to the weaker field originating from high laser pulse energy.

The plausible influence of a minor ionic species of Th, ThPOs** (103.7 Da)
on 2’Pb** (103.49 Da) counts were also considered. From the data, it is apparent that the
ThPO3** counts increased with higher laser pulse energy, except for one point from Y1
(Figure 2.4d). This can be attributed to the combined effect of high laser pulse energy and low
field strength, which in turn favours the formation of complex molecules (Kirchhofer et al.,

2013; Larson et al., 2013; Saxey et al., 2017).

2.4.2 2Pb/2%Ph age

Considerable research has been done on the spectral analysis of Pb isotopes on zircon
and baddeleyite using APT (Blum et al.,, 2017; Reinhard et al., 2017; Saxey et al.,
2017). 2°7Pb/2%Pb ages from nanoscale domains and clusters have been used to derive critical
information on geological history using zircons (Valley et al., 2014, 2015; Peterman et al.,
2016; Piazolo et al., 2016; Arcuri et al., 2020), baddeleyite (White et al., 2017, 2019) and pyrite
(Fougerouse et al., 2019).

Using a constant background estimation, (i.e., subtracting the background signal
estimated from a peak free region with a 1Da range (101-102 Da) from
the 2°Pb%* and 2°’Pb** peaks), the 2°’Pb/?°Pb ratio is higher than the true value for xtc,
whereas the 2°’Pb/2%Pb ratio for Y1 is in agreement with the published value (Figure 2.5a).
The high 2°7Pb/?%Pb ratio of xtc is attributed to the 2°°Pb?* thermal peak tail influencing the
207pp2+

background counts below the 2°’Pb** peak resulting in the overestimation of the

(Figure 2.2b).

signal

To calculate the compositional data from the complex APT mass spectra, several
methods are in practice, including deconvolution of peak overlaps and peak fitting using
Gaussian or exponentially modified Gaussian function (Vella et al., 2011; Johnson et al., 2013;
Cairney et al., 2015; London et al., 2017) and filter the multiple hits from the data
(Meisenkothen et al., 2020). For zircon and rutile, these tails were modelled using an
exponential function (Blum et al. 2017, Verberne et al. 2020). However, there is no commonly
accepted method for modelling the ?*Pb peak shape and the xenotime data show that
the 2°Pb?* peak tail has a flat profile in proximity to the 2*’Pb?" peak, making it difficult to

confidently model an exponential function over a range of bin sizes. Being able to quantify the
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background level consistently is important as it has been demonstrated that these user-
dependent choices can affect the results within the same data set (Exertier et al., 2018). Instead,
the background was estimated by a linear approximation of the background by defining a
straight line using the background level before the 2°’Pb*" peak from a range of 103.24 to
103.34 Da and after the 2’Pb?* peak from 103.775 to 103.875 Da range. The background level
after the 2°’Pb** peak comes back to the normal background level (i.e., background before
the 2°Pb%* peak). This approach drew more accurate results, for xtc. Using a variable
approximation of the background, for sample xtc (Figure 2.5b) the results ranged from
0.176+0.010 (200 pJ) to 0.179+0.010 (200 pJ; 2s) which is consistent with the published value
of 0.177+0.000105 (Fletcher et al. 2004). The 300 pJ run for unknown reasons gives a higher
value of 0.192+0.012.

The laser pulse energy has a strong influence on the thermal tail formation which also
has been observed in oxide materials (Kirchhofer et al., 2013; La Fontaine et al., 2015;
Verberne et al., 2019). Higher laser pulse energy leads to severe thermal tail formation which
results from the excess heating of the specimen tip, which in turn retards the cooling time and
spans out the ion departure time (Saxey et al. 2017). This trend is not so pronounced in the
younger sample Y1 with the negligible influence of the 2°°Pb?* thermal peak tail. This is

probably due to a smaller abundance of Pb in the sample.

The uncertainty associated with the 2’Pb**/2%Pb**

ratio of both samples increases with
the increase in laser energy, and this can be explained by the decrease of the Pb?>" abundance

compared with the Pb" counts (Figure 2.4a) due to the lower electric field conditions.

2.4.3 U-Pb age

A linear  correlation is  apparent between the  UO2*/UO* ratio
and 2°Pb**/28U0,?" fractionation coefficient, from 100 to 450 pJ laser energy, resulting an
equation of y = 12.06(+0.621)x+27.442(+0.826). Similar approaches [In(Pb"/U"):In (UO"/U")]
have been used in SHRIMP data reduction to correct for associated U-Pb fractionation

(Fletcher et al. 2000, 2004; Ireland et al., 2008).

Using this correlation, it is possible to correct the 2°°Pb**/2*¥U0,? ratio and provide 2°°Pb/***U
ages for a volume of <0.008 um?>, and also to propagate the uncertainties resulting from
counting statistics, background and fractionation correction. To test the level of uncertainties

using this protocol, we corrected the same xtc and Y1 whole data sets used to define the
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fractionation correction. For xtc, the APT 2%Pb/?8U ages ranged from 2523 +199 to
2568 £ 245 Ma with a weighted mean age of 2542496 Ma (2s,n=5, MSWD=0.028,
probability=0.998; Figure 2.8a). For Y1, the APT individual analyses range from 914+102 to
937+93 Ma with a weighted mean age of 928+51 Ma (2s,n=3, MSWD=0.054,
probability=0.95 (Figure 2.8b). For individual analyses, the uncertainties were in the range of

7-11% (2s) and decreases to ~5.5% for weighted mean ages (xtc, n = 5).
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Figure 2.8: Weighted mean data of (a) xtc (orange) and (b) Y1 (green). The solid line represents
the weighted mean age obtained from the data and the dotted lines represent the actual age of

the specimens. The square band represents the uncertainties plotted (2s).
2.5 Recommendations and conclusions

Nanogeochronology of xenotime using APT requires instrumental parameters to be
optimised for acquiring reliable data and to improve associated uncertainties.
Concerning 2°’Pb/?*Pb ages, the prominent charge state in which Pb is found in APT mass
spectra is as doubly charged (*°°Pb*" at 102.9 Da and 2°’Pb?* at 103.49 Da). Therefore, the

accuracy and precision of Pb-Pb dates using APT from xenotime depend on how well we
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characterise these peaks. It was found that the 2°°Pb?" peak tail can lead to overestimating >°’Pb
counts for high Pb containing crystals. The laser pulse energy has a distinctive influence on the
thermal peak tail formation, as the thermal tails increase in proportion to the laser pulse energy.
In addition, at higher laser energy the proportion of Pb"ions is higher and degrades the
Pb*" counting statistics (Figure 2.4a). Furthermore, higher laser energy favours
ThPOs*" molecular formation and plausibly contributes to the overestimation of 2°’Pb*" counts.
However, very low laser energy may lead to reduced specimen yield and increased background
noise (Figure 2.4b). Therefore, we suggest an optimal range of laser pulse energy between 100
and 200 pJ. Furthermore, for samples with lower Pb concentration (negligible thermal peak tail

from 29°Pb2*

), it is suggested that the constant background correction is used, and for samples
with high Pb concentration, the variable approximation of the background should be employed

to correct for the overestimation of 2’Pb*" counts.

The method developed in this study allows correction of the 26Pb/2:UQ, fractionation for
xenotime samples of different compositions and age, extrinsic instrumental parameters such as
laser energy but also intrinsic parameters such as specimen geometry and voltage range. The
optimum pulse rate for xenotime analysis is determined to be 125 kHz in order to acquire all
mass peaks, especially U peaks at high masses (UO," at 270.04 Da and UO;" at 286.04 Da).
The associated uncertainties can be reduced by using weighted mean ages from several

analyses.

In conclusion, 2°’Pb/?%Pb and 2°°Pb/?**U ages can be obtained from xenotime for volume
4 to 6 orders of magnitude smaller than previous methods using APT. However, the actinide
composition of the xenotime has a critical impact on the data, and crystals containing low U
(for example of diagenetic or hydrothermal origin) or young samples may not be suitable for
the current sensitivity of the available APT instrumentation. The uncertainties obtained were
<11% for individual analyses and can be reduced by calculation of weighted mean ages.
Although less precise than other methods, APT can date xenotime grains smaller than 1 um as

well as nano-inclusions/altered sub-domains with geologically meaningful uncertainties.
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Abstract

This study focuses on the low-temperature mineralogical response of xenotime, a phosphate
mineral routinely used as a geochronometer, to fluid-assisted alteration. The studied xenotime
grain (z6413) comes from a ~1000 Ma pegmatite from the Grenville Province, Canada, and is
commonly used as reference material for U-Pb analyses. At the microscale, the grain has a
mottled texture, sub-micrometer porosity, and small domains dark in backscattered electron
(BSE) images that are characterised by curviplanar, sharp boundaries. The small dark BSE
domains are associated with Th-U-rich inclusions and larger porosity (2-3 pum) and are
interpreted to result from localised fluid-assisted coupled dissolution-reprecipitation. Sensitive
high-resolution ion microprobe (SHRIMP) U-Pb analyses of unaltered and fluid-affected
domains yield concordant crystallisation dates, irrespective of the textural domains. The
apparently unaltered xenotime domain was characterised at the nanoscale to determine if the
grain was affected by fluids beyond the altered domains defined by BSE imaging. Transmission
electron microscopy (TEM) imaging results indicate the presence of randomly distributed Ca
+ Pb nanoscale precipitates. Atom probe tomography (APT) reveals the presence of spherical
clusters (4 to 18 nm in size) enriched in radiogenic Pb, Ca, and Si atoms, which, combined with
TEM observations, are interpreted as nanoscale inclusions of apatite. In addition to the
inclusions, a dislocation enriched in Ca and fluid mobile elements such as Cl, Li, Na, and Mn
was imaged from APT data indicating percolating of fluids further than the reaction front. APT
206pp/238U nanogeochronology indicates that the nanoscale inclusions of apatite formed at 863
+ 28 Ma, 100-150 Ma after crystallisation of the host xenotime, with its formation attributed
to fluid metasomatism. This study shows that fluid-xenotime reaction caused Pb* to be
redistributed at the nanoscale, recording the timing of metasomatism. However, at the scale of
SHRIMP analytical spot (10 pm), xenotime is concordant, indicating that Pb was not mobile
at the microscale and fluid-altered xenotime can preserve its crystallisation age. Although the
studied grain shows a limited amount of altered domains in BSE imaging, nanoscale analyses
reveal a more pervasive re-equilibration of the minerals through the percolation of fluids along

dislocations.
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3.1 Introduction

The interaction between fluids and rocks within crustal lithologies (i.e., fluid—rock
interactions) represents a fundamental aspect of the geological processes of mineral
transformation. Fluid-assisted mineral alteration reactions include processes such as
dissolution, precipitation, and recrystallization, to which each rock constituent responds
distinctively (Putnis, 2002). These processes have the potential to partially or entirely reset
mineral-specific parent-daughter isotopic pairs, thereby providing the opportunity to determine
the timing of fluid events in the crust (e.g., Villa and Williams, 2013). Although the
mechanistic processes occurring at the fluid-mineral interface and the behaviour of U-Th-Pb
during fluid alteration have been studied in detail (Seydoux-Guillaume et al., 2002a; Williams
et al., 2011; Didier et al., 2013), the longer range effect of fluid alteration beyond the
recrystallisation front has not received a lot of attention. It is assumed that apparently unaltered
grain domains are not affected by fluid alteration; however, it was suggested that elements
could diffuse further that dissolution-reprecipitation recrystallisation fronts (Lenting et al.,
2018; Geisler et al., 2019) and that fluids can percolate along dislocation networks (Tacchetto
etal., 2021, 2022b). The effects of these processes at scales spanning tens of micrometres from
the recrystallisation front on the U-Pb geochronometers remain untested.

Phosphate minerals are particularly reactive to fluid alteration, and their geochemical
behaviour is relatively well understood from experimental and nanoscale studies (Harlov et al.,
2005; Williams et al., 2011; Grand’Homme et al., 2016; Turuani et al., 2022). For example,
experimental studies have shown that monazite undergoes partial to complete resetting of the
U-Pb chronometer during alteration at 450 °C (Williams et al., 2011; Budzyn and Kozub-
Budzyn, 2015; Grand’Homme et al., 2016). Similarly, apatite is also highly susceptible to fluid-
induced chemical and textural changes that may reset isotope systematics, thereby enabling the
dating of fluid-rock interactions from the deep crust to the near-surface (Harlov, 2015; Kirkland
et al., 2018a). In contrast, xenotime (Y,HREE)PO,) is comparatively stable in fluid-mediated
settings (Budzyn and Sldma, 2019). Experimental studies have shown that xenotime is stable
in the low-temperature window (~250 °C) and resets partially at amphibolite facies conditions
(550 °C and 650 °C), mostly by coupled dissolution—reprecipitation (Budzyn and Slama, 2019,
However, compared to other phosphates, the resilience of xenotime to fluid interaction is
poorly understood, especially in low-temperature settings.

Xenotime is a common accessory mineral found in a range of rock types, including
felsic intrusive rocks (Amli, 1975; Li et al., 2013; Schaltegger et al., 2015), metasedimentary

metamorphic rocks (Rasmussen et al., 2011), Sn-W, gold, base metal, iron, and uranium
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hydrothermal deposits (Rasmussen et al., 2009, 2016; Aleinikoff et al., 2012b), and
sedimentary rocks, as either a detrital phase or diagenetic overgrowths on zircon (McNaughton
et al., 1999; Rasmussen, 2005). The high actinide concentration, low common Pb incorporation
during the growth, high closure temperature, and resistance to radiation damage make xenotime
an ideal geochronometer for these geological settings (Fletcher et al., 2004; Rasmussen, 2005).
Mineral-fluid interaction processes operating at the nanoscale, however, can affect the parent-
daughter isotopic pair of a mineral at the scale of common geochronological techniques. In this
study, we investigate the low-temperature, fluid-present alteration behaviour of xenotime,
including the effects of alteration in apparently unaltered domains, using sensitive high-
resolution ion microprobe (SHRIMP), transmission electron microscopy (TEM), and atom

probe tomography (APT).
3.2 Sample and geological background

Xenotime sample z6413 (also referred to as XENO-1) comes from a granitic pegmatite
from the Mesoproterozoic Grenville province of Ontario, Canada (Stern and Rayner, 2003)
(Figure 3.1). This sample is commonly used as a reference material for U-Pb analyses of high-
U xenotime (Fletcher et al., 2004). The pegmatite is located in the ~1.6 to 1.0 Ga Central
Gneiss belt (CGB) of the Grenville province, an area that dominantly comprises upper
amphibolite to granulite facies orthogneiss and supracrustal units. Structurally, the Central
Gneiss Belt underlies the Composite Arc Belt and overlies the Allochthon Boundary Thrust
(ABT) (Ketchum and Davidson, 2000; Rivers et al., 2012). These rocks were involved in two
orogenic phases. The protracted metamorphism of the Ottavan phase at ~1090-1040 Ma and
the thrusting and metamorphism Rigolet phase (1020-980 Ma) (Timmermann et al., 1997;
Slagstad et al., 2004; Culshaw et al., 2016). After the Grenville orogeny, no significant high-
temperature metamorphic event has been reported to affect the region since the 1.0 Ga
Grenville orogeny (Stott, et., 1991; Carr et al., 2000). At c. 590 Ma, the emplacement of mafic
dyke swarms is associated with the opening of the Iapetus Ocean and the breakup of Rodinia
(Kamo et al., 1995; Spencer et al., 2015).

Original isotope dilution thermal ionisation mass spectrometry (ID-TIMS) from
xenotime z6413 yielded 2’Pb*/?%Pb* and 2°°Pb*/**¥U ages of 996.7+0.8 Ma and
993.8 £0.7 Ma, respectively (Stern and Rayner, 2003). Reassessing the U decay
constants, Schoene et al., (2006) re-analysed z6413 and obtained slightly older 2’Pb*/2%Pb*
and 2%Pb*/>3¥U ages of 999.7+0.3 Ma and 997.9+0.3 Ma, respectively.
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Figure 3.1: Lithotectonic map of the Central Gneiss Belt, Grenville province, Ontario. The
location of the sample studied is indicated with a star symbol. Inset showing first-order
subdivisions of Grenville province in Canada. GFTZ — Grenville Front Tectonic Zone, ABT —
Allocthon Boundary Thrust, CAB — Composite Arc Belt. Modified from Culshaw et al., 2016;
Kerckhove, 2016).

3.3 Methods

3.3.1 Scanning electron microscopy (SEM)

Secondary electron (SE) and backscattered electron (BSE) images were collected using
a TESCAN MIRA3 field emission scanning electron microscope (FEG-SEM) at the

Microscopy and Microanalysis Facility, Curtin University.

3.3.2 Sensitive high-resolution ion micro-probe (SHRIMP)

U-Th-Pb analyses were conducted in two sessions on a SHRIMP II at the John de Laeter
Centre, Curtin University. MG-1 was selected as the primary standard (Fletcher et al., 2004).
The primary O> ion beam diameter was put through a ~30 pm Kohler aperture to produce
elliptical spots of ~10 x 7 um with a beam current of ~0.2—-0.3 nA. Six scans of the mass
spectrum were recorded for each analysis, using a 9-peak run table comprising '**Y,0", 20Pb*,
background (**Pb* +0.0145 AMU
offset), 2°Pb* 2°7Pb* 2%Pb*,238U", 2ThO* and **UO" (Fletcher et al., 2004). A retardation
lens in front of the secondary ion collector was active to maximize abundance sensitivity.

U-Pb ratios and absolute abundances were determined relative to the MG-1 reference
xenotime [29Pb*/238U age = 489.9+0.5 Ma; 27Pb*/2pPb* age =491.8+1.2 Ma;
U = ~900 ppm; Th =~800 ppm]. SQUID3 software was used to calibrate Pb/U and Th/U
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using floating robust regressions through In (**Pb*/2%U") vs In (3P*UO"/*¥U") for MG-1
(Bodorkos et al., 2020). Sessions 1 and 2 yielded calibration constants of 0.0052 + 1.1% (1o,
MSWD=14, p=0.11) and 0.0076+0.9% (16, MSWD=1.3, p=0.17), respectively. Common Pb
was corrected using contemporaneous Pb compositions by Stacey and Kramers, (1975).
Xenotime may have a wide range of possible compositions in both actinides (e.g., U=0—
6 wt%) and rare earth elements (SREE=12-22% wt%), a correction of 2°°Pb/?*8U ratios is
required to account for matrix differences between the reference material and unknowns. For
In(?°Pb*/233U") Vs In(***U0O* /23U, correction coefficients
of fU=6.93%, fTh=3.23%, fZREE=0.7% were used (Fletcher et al., 2004). U and Th
concentrations were determined via SHRIMP, using calibrations from Fletcher et al., (2000).
As the primary reference material MG-1 i1s not homogeneous in U and Th, a£500 ppm
uncertainty on both elements was incorporated, as in Fletcher et al. (2004), typical of the
variation on primary reference material MG-1.
The ZREE required for the matrix correction on 2°’Pb*/2*8U ratio was determined using a JEOL
JXA-8530F Electron Probe Micro analyser (EPMA) housed at the Centre for Microscopy,
Characterisation, and Analysis at the University of Western Australia, Western Australia. The
operating conditions used were a 40° take-off angle, 25 keV beam energy, and 100 nA beam
current. The electron beam diameter was set to 3x3 um spot size. Drake and Weill glasses and
USNM phosphates from the Smithsonian institute were used as standards for instrumental
calibration. The unknown values are produced using the Probe for EPMA© software package
(Probe Software®). The elements were acquired using analysing crystals LiFH for Ho If, Yb
la, Lu IB, Eu la, Tb la, Tm la, LiF for Er la, Nd la, Sm la, Gd la, Dy la, PETJ for U mb, Zr la,
Y la, P ka, Ca ka, Th ma, and TAP for Si ka. For Y la, P ka, Ca ka, Lu 1B, Eu la, Tb la, Tm
la, Nd la,, Sm la, Gd la the on-peak count times were 20 s. For Er la, Yb la, Ho 1B, Dy la on-
peak count times were 30 s, U mb, Th ma - 60 s, Zr la — 80 s and Si ka — 150 s. The off-peak
counting time is maintained to be the same as the on-peak time. The off-peak correction method
was exponential for Ca ka and U mp, slope for Tb la, and linear for all other elements.
Unknown and standard intensities were corrected for dead time, and the latter were corrected
for standard drift over time. Oxygen was calculated by cation stoichiometry and included in
the matrix correction (Donovan et al., 1993). The Phi-Rho-Z algorithm utilized was
Armstrong/Love Scott (Armstrong, 1988). The uncertainties on U, Th, and XREE are

propagated in quadrature to the measured internal error on 2°Pb*/238U.
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3.3.3 Focused ion beam (FIB)

Samples for APT and TEM were prepared using a TESCAN Lyra3 Ga' focused ion
beam coupled with a scanning electron microscope (FIB-SEM) at the John the Laeter Centre,
Curtin University. Both APT specimens and TEM lamellae were prepared by using the Ga* ion
beam operated at 30 kV accelerating voltage. Final polishing was done with a 2 kV accelerating
voltage to remove the damaged layer affected by high-energy Ga* ions. Seven needle-shaped

APT specimens were prepared from one lift-out, and only one textural domain was targeted as

described elsewhere (Rickard et al., 2020).

3.3.4 Transmission electron microscopy (TEM)

TEM analyses were conducted on a <100 nm thick section mounted into a copper half grid
using the FEI Talos FS200X FEG TEM housed at the Microscopy and Microanalysis Facility,
Curtin University. The electron beam was operated at 200 kV accelerating voltage. High-angle
annular dark-field (HAADF), scanning transmission electron microscopy (STEM) images, fast
Fourier transform (FFT) images, and EDS x-ray elemental maps of selected areas of the foil

were collected using a double-tilted specimen holder.

3.3.5 Atom probe tomography (APT)

Atom probe tomography (APT) is an analytical technique that determines the distribution of
major and trace elements of minerals at the sub-nanometre scale (Reddy et al., 2020). APT
utilises the high field-induced evaporation of ionic species from the crystal lattice of the
sample, triggered by a laser pulse applied to the apex of a needle-shaped sample. The samples
used in APT are needle-shaped to meet the requirements for field evaporation and to maintain
an adequate uniform field during the analysis (Gault et al., 2012). The evaporated atoms are
ionised and accelerated towards the position-sensitive detector, which records the time between
the laser pulse and the collision with the detector yielding time-of-flight mass spectrometry.
The resultant data are in the form of a mass-to-charge spectrum and a 3D point cloud of the
detected ionic species. The peaks in the mass spectrum are identified by the mass, charge state
(1+ to 3+), and relative isotopic abundances of the species. For reconstruction, the lateral
coordinates (X, y) of the species are obtained from the impact location on the detector and the
depth (z) is determined from the sequence of evaporation of atoms.

Seven needle-shaped specimens from sample z6413 were analysed at the Geoscience Atom

Probe Facility, Curtin University. The instrument (CAMECA LEAP 4000x HR) was operated
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in laser-assisted mode using a UV laser (A=355 nm). Temperature and detection rate was kept
constant at 60 K and 1%, respectively, for every analysis. The laser pulse frequency was
maintained at 125 kHz except for one specimen (z6413-M2), which ran at a pulse frequency
of 200 kHz. The laser pulse energy changed from 200 to 450 pJ with different analyses. The
mass-to-charge spectrum was reconstructed to 3D data using the AP suite 6 software. Peaks
that have intensities twice as high as background were identified and included in the 3D
reconstruction. For the 3D reconstruction, voltage-based models were applied. The detector
efficiency was set at 36%, k-factor at 3.3, image compression factor at 1.65, atomic volume
computed at 0.01190 nm*/atom for xenotime, and the field evaporation estimated at
28.98 V/nm as determined empirically (Fougerouse et al., 2021c).

The maximum separation method (MSM; Williams et al., 2013) was used to identify clusters
in the 3D reconstructions with the following parameters: dmax (maximum cluster ion
separation) — 1.5 nm, O (order) — 1, N (number of chemical species) — 30, L (cluster detection
envelope parameter) and E (cluster detection erosion distance) both — 0.75 nm. Proximity
histogram analysis was performed to determine the composition of linear features based on a
0.4 at. % Ca isoconcentration surface (above a limit of Ca concentration of 0.4 at. %) (Hellman
et al., 2000) (Figure 3.6).

The isotopic composition of U and Pb is measured from a narrow 0.1 Da (Dalton) range
on the 2°Pb*" and 2*8UO,"" peaks and corrected for background. The background was
estimated using a peak-free region (1 Da) adjacent to each peak (constant background
estimation method, Joseph et al., 2021). Only U-Pb systematics were considered in this study
because of the interference of the major ThO™ molecule with TmPO;3;"™". For U-Pb systematics,
the 2°Pb/>*¥U ratio is calculated using the fractionation correction method between the ratio of
UO,""/UO™ and 2*°Pb**/2*8UO;," for each analysis (Joseph et al., 2021). 2°°Pb/?*8U dates were
calculated from the whole specimen and the matrix (whole specimen without clusters) using

the molecular fractionation correction method (Joseph et al., 2021).

3.4 Results

3.4.1 Scanning electron microscopy

BSE imaging of the grain showed variations in grey scale density throughout the grain
with a mottled appearance. Throughout the grain, thin (<1 um) and discontinuous (1020 pm
in length), planar features can be observed on the grain surface, with a higher density of features
in the central portion of the grain (Figure 3.2a,b). These planar features have a preferred

orientation, extending parallel to the long axis of the grain. Sub-micrometer porosity is
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associated with these features. Domains defined by sharp curviplanar boundaries are
characterised by a dark BSE signal that can be observed trending subparallel to the long axis
of the grain (Figure 3.2a,c). The BSE dark domains are seen chiefly associated with the edges
of the grain, although they are also present closer to the centre of the grain (Figure 3.2a). The
BSE dark domains are often associated with larger pores (~2—3 pm) compared to the minute
pores (< 1 pm) in other areas of the grain. Small (~1-2 pm) Th-U rich inclusions are associated
with the BSE dark domains. The SHRIMP analyses targeted both textural domains. The TEM
and APT samples were prepared from a domain of grain devoid of BSE dark domains, and a
low density of planar features in order to test the presence of alteration features away from the

BSE dark domains.

(a)
O SHRIMP spots

200 pm

BSE dark
domains

L
o 207Pb/?"ﬁ;b age \
o N
g 996 5 £ 6.3 Ma &
MSWD=1.8, p=0.002, n=41

5 58 66 74
233UI203Pb

Figure 3.2: (a) Backscattered electron (BSE) image of grain z6413 showing altered and
unaltered regions in xenotime. SHRIMP, TEM and APT sample locations are shown in the
sample. SHRIMP spots colour code: yellow - unaltered region, Red - dark altered domains. (b)
The grain shows altered mottled texture with planar features and submicron porosity. (c)
Showing BSE dark domains of altered xenotime, mostly seen in the outer portions of the grain
with U-Th rich inclusions precipitated in the boundary of altered and unaltered domains and
larger pores (2-3 um). (d) Tera-Wasserburg diagram SHRIMP results with weighted mean
207pb/2%Ph age. The error bars are 26, with the point matches to the colour-coded of grain

textural domains.
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3.4.2 Sensitive high-resolution ion micro-probe

SHRIMP analyses from the mottled zone with planar features have an average U and
Th concentration of ~13,800 ppm and ~ 2400 ppm respectively, with Th/U ratio of ~0.18 to
0.19 (Appendix 3.1, Appendix 3.2). The spot analyses targeting the BSE dark domains
represent a mixture of BSE dark and mottled texture xenotime as the size of SHRIMP pits is
larger than the BSE dark domains. These spots have significantly lower U and Th
concentrations of ~10,870 ppm and 2030 ppm, respectively, and slightly higher and more
variable Th/U ratios of ~0.18-0.22 than the rest of the grain. Regardless of the texture,
common 2*Pb signal was below detection limit in the majority of the SHRIMP analyses. The
lower concentrations of actinides with decreasing brightness in BSE are consistent with U and
Th content, at least partially controlling the BSE signal.

Despite the textural variation in z6413, there does not appear to be a clear link to
geochronological results. From 47 analyses, six are discordant, and they are obtained from the
mottled domain. The concordant analyses from mottled (z = 35) and mixed mottled—BSE dark
regions (n=06) yield weighted mean 2'’Pb*/?%Pb* ages of 996.6+6.7Ma (all 2o,
MSWD = 1.8, p =0.002 [slightly over dispersed]), 996 + 25 Ma (MSWD=1.7,p=0.12)
respectively (Figure 3.2d; Appendix 3.1). Note that most analyses are slightly reversely
discordant, with apparently older 2*°Pb*/>*3U dates. Such discrepancies are a function of using
a linear correction to adjust the matrix mismatch between reference material MG-1 and z6413
(with significantly different actinide concentrations), a correction that in reality, is non-linear
but difficult to model (see Fletcher et al., 2004 and Cross and Williams, 2018, for discussion).
A combined weighted mean 2’Pb*/2%Pb* age of 996.5 + 6.3 Ma (MSWD = 1.8, p = 0.002) is
slightly over-dispersed but within error of the published ID-TIMS analyses (Stern and Rayner,
2003; Schoene et al., 2006). The slight over dispersion implies that there may be cryptic

mobility of Pb, but this is not correlated with textures.

3.4.3 Transmission electron microscopy

TEM lamellae from the sample z6413 appeared mostly homogenous at low
magnification. The high-angle annular dark field (HAADF) images from TEM shows the
atomic number contrast in the sample, in which atoms with high atomic number will appear
bright. HAADF images generated from the sample showed different grey contrasts with dark
spots and bright spherical domains, ~10 nm in size (Figure 3.3a). The STEM-EDS data
indicate that the bright domains show enrichment in Ca and Pb, and depleted in Y, P, and O
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compared to the surrounding xenotime (Figure 3.3 ¢ and d). High-resolution images show the
mottled appearance of the xenotime host. The diffraction data from these images show the
crystalline order of the sample analysed is consistent with the xenotime crystal structure.

Diffraction data collected from the region of interest with bright spherical domains showed

xenotime diffraction patterns along with distinctive ring patterns (Figure 3.3b).

(€)

Figure 3.3: (a) High Angle Annular Dark Field (HAADF) image of sample z6413 showing
bright spherical domains distributed in the xenotime matrix. The location of ¢ and d is indicated
with a dashed orange area. (b) Diffraction pattern obtained from the same region in higher
resolution (HR) mode showing circular rings along with the xenotime crystal diffraction
pattern. (c) and (d) EDS X-ray element maps collected with the scanning transmission electron

microscope (STEM).

3.4.4 Atom probe tomography

The APT mass spectra of z6413 are consistent with the analysis of xenotime reference
materials (Joseph et al., 2021) (Appendix 3.3a). Mass peaks up to 300 Da are obtained in which
the major elements (Y, P) are present in elemental forms in various charge states and oxygen
in elemental (O") and molecular form (O2"). These major Y, P, and O elements can combine
to form oxides and P-bearing molecules that are evaporated in different charge states. Peaks
for the rare earth elements are present as REE" and REE™ and as molecular REEO and
REEPO; species. Uranium (3¥0) was present in five
peaks 2¥UO,"" (135.02 Da), 2*8UO"" (127.02 Da), 2*UO""* (84.68 Da), 2*U0O," (270.04 Da),
and 2*U0O;" (286.035 Da) (Appendix 3.3a). No peaks in the mass spectra could be attributed
to 233U. 2%Pb and 2°’Pb were present as doubly charged and singly charged species, with the
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double-charged species more dominant. No 2°Pb was detected above the background. The
ThPOs*"" (103.7 Da) peak, which is close to the 2’Pb*" (103.49 Da) peak, was prominent and
could not be deconvolved from the 2°’Pb** peak (Appendix 3.3b). Therefore, 2°’Pb/?°Pb ratios
were not determined for this sample.

The total amount of Ca, Pb, and U within all APT specimens is ~0.01 at. %, ~0.04 at. %
and ~0.22 at. %, respectively. However, these elements are not homogeneously distributed.
The presence of spherical and linear features enriched in trace elements was identified.
Numerous Ca-Pb-rich clusters (Figure 3.4a) were found, except in one specimen (M2) where
Ca and Pb were distributed homogeneously. A total of 23 clusters from the six specimens were
detected. Thirteen of the 23 clusters are located on the edge of the analytical volume (partial),
so their full size cannot be determined. The other ten clusters have a diameter ranging from ~4
to 18 nm (Figure 3.4a). The clusters are notably enriched in Ca (up to 500 greater than in the
matrix, ~0.01 to 5.45 at. %) and Pb (up to 70%, 0.10 to 6.70 at. %) (Figure 3.4b). Other than
Ca and Pb, Si was also found enriched in most of the clusters compared to the matrix (up to
5%, 0.20 to 2.36 at. %). (Figure 3.4). A positive trend was observed between the size of the
cluster and the Ca+Pb concentration inside the clusters (Figure 3.5) and can be explained by
the local magnification effect and ion trajectory aberrations during atom probe analyses
(Vurpillot et al., 2000; Fougerouse et al., 2016; Reddy et al., 2020). U and Th are
homogenously distributed and showed no change in concentration between the clusters and the
xenotime matrix. Conversely, the clusters were depleted in Y, P, and O, the three main mineral-
forming elements of xenotime, but no minor elements were significantly depleted.

In one of the APT specimens (M1), a linear feature (Figure 3.6) extending at a high angle
to the specimen edge is defined by enrichment of Ca (380%, ~ 0.01 at. % to 2.22 at. %), Cl
(210x%, 0.01 at. % to 0.91 at. %), Na (65x 0.002 to 0.14 at. %), Li (8%, 0.02 at. % to 0.13 at. %),
and U (4%, 0.23 at. % to 0.95 at. %) (Figure 3.6b). Ca-Pb-rich clusters are also observed in the
same specimen.

Using the MSM method, clusters are isolated from the whole specimen to compute U-Pb
ratios. The 2°°Pb/8U dates of the whole specimen including the clusters, ranged from 857 +
43 Ma to 971452 Ma with a weighted mean date of 912439 Ma (20; MSWD=2.9,
probability=0.013 (Figure 3.7). The matrix, excluding clusters, yielded even younger
206ph/238U dates of 830+42 Ma to 937+51 Ma with a weighted mean age of 863+28 Ma (2c;
MSWD=2.1, probability=0.047. (Appendix 3.4) Weighted means for both the whole specimens
and matrix show excess scatter for a single population (MSWD=2.7, p=0.014 and MSWD=2.1,

p=0.047, respectively), indicative of nanoscale variability in age across z6413.
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Figure 3.4: (a) APT 3d reconstruction of specimens from sample z6413. Each sphere represents
an atom of Ca (orange) and Pb (teal). Ca-Pb* apatite inclusions are distributed heterogeneously
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Figure 3.5: Diameter of the apatite inclusions versus Ca+Pb concentration. The composition of
the smaller clusters is affected by local magnification effect during atom probe analysis leading
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3.5 Discussion

3.5.1 Fluid alteration microstructures and geochronology

The grain is characterised by two textural domains, as the BSE image shows. Primarily
the grain shows planar features, extending parallel to the long axis of the grain. These features
are discontinuous, associated with sub-micron porosity, and widely distributed in the grain
(Figure 3.2b). The planar features which have a preferred orientation, are conceived to be
representing the cleavage planes of the crystal. This domain is considered unaltered based on
textures and the tight range of U/Th ratio obtained from SHRIMP analyses. The dark BSE
domains, coincide with a change in U and Th composition from the SHRIMP analysis. Lower
actinide concentrations characterise the BSE dark domains in the grain compared to the mottled

domain, which constitutes the rest of the grain. These domains have sharp boundaries with the
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original xenotime and are also characterised by the presence of Th-U-rich inclusions and are
associated with large-scale porosity (2—3 um; Figure 3.2a,c). The depletion of U and Th from
the BSE dark zones and the presence of U-Th rich inclusions are attributed to the process of
fluid-assisted coupled dissolution-reprecipitation (Putnis, 2009). Based on the above
observations, these BSE dark domains represent fluid-altered domains. Dissolution-
reprecipitation is the process in which, in the presence of a reactive fluid, a mineral phase is
replaced by an altered composition of the same phase or replaced by an entirely new phase in
order to minimise Gibbs free energy (Putnis, 2002). U and Th were likely dissolved from the
xenotime by the fluid and simultaneously precipitated in the form of U+Th-rich minerals such
as coffinite, thorite, or uraninite in the pores, cracks, and along grain boundaries (Hetherington
et al., 2008; Ondrejka et al., 2016; Budzyn et al., 2018b).

Results from SHRIMP analysis obtained from both altered and unaltered (mottled
domain) regions of the investigated grain show no correlation of alteration with age and broadly
yield the same ages as previous studies (Stern and Rayner, 2003; Rasmussen et al., 2004;
Schoene et al., 2006). As a first interpretation, this suggests that the interaction of the grain
with the metasomatic fluid does not affect the U-Pb system to an extent detectable by SHRIMP
analysis. Alternatively, the alteration occurred in a short time after crystallisation which is not
resolvable from the data. Whichever scenario is correct, it seemingly justifies the use of z6413
as reference material for U-Pb analyses. However, there is a slight excess scatter amongst
concordant analyses (MSWD=1.8, p=0.002) and some discordant analyses from the unaltered
domain are indicative of Pb mobility within this xenotime crystal (Figure 3.2d)(Villa and
Hanchar, 2017).

Xenotime is well known for its stability in an active fluid environment compared to
other phosphates such as monazite and apatite (Budzyn and Kozub-Budzyn, 2015; Budzyn and
Slama, 2019; Hetherington et al., 2010). Dissolution-reprecipitation processes have been
shown to partially or fully reset the U-Th-Pb isotopic systematics in high-temperature
environments (Rasmussen et al., 2011; Budzyn and Slama, 2019). However, xenotime is stable
below ~450 °C in some fluid-present metamorphic and late-granitic environments (Broska et
al., 2005; Janots et al., 2008; Rasmussen et al., 2011). The SHRIMP results from this study is
consistent and supports the attribute of xenotime to be stable in fluid active settings. However,
the data obtained from the SHRIMP is slightly over dispersed and six analyses are discordant
in which the spots were from the apparently homogeneous zone of the grain.

The APT nanogeochronology results from mottled domain of the xenotime give a

weighted mean 2°°Pb/>*¥U date from the whole specimen 912+39 Ma and the matrix 863+28
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Ma. The APT results suggest Pb mobility in the form of radiogenic Pb-enriched clusters and
younger dates. With the exception of one specimen, all APT-determined whole specimen
206Pb/238U dates do not overlap at 2c with the SHRIMP (996.5+6.3 Ma) (Figure 3.2d) and
previously published ID-TIMS ages (999.7+0.3 Ma) (Figure 3.7). The heterogeneous
distribution of Pb at the nanoscale can affect the isotopic composition measured by APT. As
demonstrated in monazite, a low density of Pb clusters similar to the cluster distribution in our
sample can bias nanogeochronology results (Fougerouse et al., 2018). Although the dates
obtained from the whole specimen are younger than the TIMS/SHRIMP age, these younger
dates are likely the results of the heterogeneous distribution of Pb clusters. Such effect is
negligible in TIMS/SHRIMP data because specimen enough clusters are homogenised in the
analytical volume unless Pb is diffused outside the crystal. The younger ages from the matrix,
863 + 28 Ma compared to the crystallisation age of 999.7+0.3 Ma, represents the maximum
age of the event responsible for the Pb mobility into the clusters, which can also potentially
lead to Pb loss out of the grain resulting in this minor discordancy. The age of 863+28 Ma does
not correlate with a known event in the terrain and could indicate an unidentified event or a

localised event in the region.

3.5.2 Nanoscale compositional heterogeneities in xenotime

Based on BSE and SHRIMP results of the sample, it is established that some parts of
the grain have undergone fluid alteration and present a clear example of fluid-present coupled
dissolution-reprecipitation. There are numerous studies on the response of dissolution-
reprecipitation reactions in minerals and also on the behaviour of the U-Th-Pb system, mainly
focusing re-equilibrated grain domains and on the reaction front (Seydoux-Guillaume et al.,
2002a; Williams et al., 2011; Didier et al., 2013; Ruiz-Agudo et al., 2014; Moser et al., 2022).
However, whether the effect of fluids can be observed beyond the re-equilibrated domains has
not received much scrutiny. In turn, the potential effect of alteration features not recognisable
through petrography using classic electron microscopy techniques has not been tested.

SHRIMP analyses on the grain from this study displayed the dispersion of the Pb-Pb
ages, and the discordant analyses from the apparently unaltered domain of the grain, forcing
the idea that minor changes in isotopic distribution in the unaltered domain are present. The
discordance is minor, but it is essential to understand these processes which are possibly
operating at the nanoscale, for a better understanding of xenotime as a geochronometer and its
response to fluid. Therefore, this study it is aimed to analyse a region beyond the altered

domains using TEM and APT, testing the long-range effect of fluid alteration.

63



The TEM HAADF maps showed dark patches and bright spherical domains in the grey
matrix xenotime. The dark patches giving the mottled appearance are interpreted to have
resulted from the annealing of radiation damage, similar to monazite and zircon (Seydoux-
Guillaume et al., 2002b; Drost et al., 2013; Nasdala et al., 2020). This is explainable based on
the high actinide concentration of the sample. HAADF and EDS STEM results also show bright
spherical domains enriched in Ca and Pb (Figure 3.3). High concentration of Pb with a higher
atomic number in the spherical domains results in bright reflection signals than Y, P and O
(lower atomic number than Pb) which constitutes the xenotime matrix. The diffraction data
from the TEM high-resolution image shows the well-ordered xenotime structure as well as a
ring pattern (Figure 3.3b). The ring patterns form when electron diffraction occurs
simultaneously from many different grains with different crystallographic orientations
(polycrystalline nature), and as the number of crystals and randomness increase, they result in
partial to complete diffraction rings (Lind, 1983). Therefore, the ring pattern indicates the
presence of ultrafine (10—100 nm) polycrystalline grains with a random distribution within an
otherwise ordered xenotime matrix (Lind, 1983; Asadi Asadabad and Jafari Eskandari, 2015;
Asadabad and Eskandari, 2016).

Given the scale of the nanocrystalline precipitates found in TEM, it is most likely that
these Ca + Pb-rich domains are the same Ca+Pb that are observed within APT specimens
(Figure 3.4a). Clusters in minerals have been shown to be enriched domains likely representing
crystal defects (Valley et al., 2014; Peterman et al., 2016a; Fougerouse et al., 2019; Verberne
et al.,, 2020a) or separate phases (Fougerouse et al., 2016, 2018, 2021a; 2021b); Seydoux-
Guillaume et al., 2019). In z6413, clusters have combined Ca and Pb enrichments up to 12 at.
%, two to three orders of magnitude higher than the surrounding matrix. The compositional
range of the clusters is correlated with their size, with the smaller clusters comprising less Ca
and Pb (Figure 3.5), this compositional range is likely an analytical artefact. The analyses of
multiphased materials with APT commonly suffer from local magnification effects. The local
magnification effect in the atom probe analysis is due to the difference in the evaporation field
for different phases (e.g., precipitate vs host), which causes ion trajectory aberrations during
evaporation. This leads to defocussing effects resulting in lower or higher apparent atomic
density in the 3d reconstruction profile depending on the evaporation field of the analysed
precipitate (Philippe et al., 2010). It has been demonstrated that due to this artefact, smaller
clusters would proportionally be more affected, leading to compositional underestimation
(Vurpillot et al., 2000; Devaraj et al., 2014; Tacchetto et al., 2021; Fougerouse et al., 2016;
Reddy et al., 2020). Thus, all the Ca - Pb clusters observed in the studied xenotime grain might
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therefore represent the same mineralogical feature but with a different size distribution.
Xenotime has a tetragonal crystal structure with POj4 tetrahedra and REOg (Rare earth)
polyhedra, in which the RE site is occupied by Y>" and HREE*" ions which have similar ionic
radii (Y** 1.02 A). In xenotime, Ca is incorporated into the crystal structure by 2(REE*",
Y*")«>(Th, U)*" + Ca?" (cheralite substitution). And in the case of Pb, only a negligible amount
of Pb is incorporated into the xenotime structure during its growth. Both Ca®" and Pb?" with
ionic radii 1.29 A and 1.12 A, respectively are larger cations compared to the small Y** ion
(1.02 A) (Shannon, 1976; Ni et al., 1995). The Pb in the xenotime is primarily radiogenic and
no signal of common Pb was detected by APT. Combining APT and TEM results from this
study, it is likely these combined Ca+Pb rich are separate phases within the xenotime formed
later crystallisation. Based on the composition of the clusters the phase likely to represent the
mineral apatite [Cas(PO4)3(F, Cl, OH)] in which Pb can substitute for Ca and Si for P (Harrison
et al., 2002; Pan and Fleet, 2002). Hence from here on we treat these clusters as apatite
nanoscale inclusions in xenotime and the possible causes of formation are described in the next

section.

One APT specimen (M1) is characterised by the presence of a linear feature primarily
delineated by enrichments in Ca and Cl, but also Na, Li, Mn and U (Figure 3.6). These features
show similarities with fission tracks commonly observed in apatite (Donelick et al., 2005).
However, xenotime has the property to rapidly self-anneal the radiation damage created by
alpha recoil during radionuclide fission (Harrison et al., 2002; Rasmussen, 2005). Therefore, it
is unlikely that such a feature is the result of radiation damage. Alternatively, this geometry
could be representative of a linear defect of the crystal lattice (i.e., dislocation). This
consideration arises from the fact that a growing number of APT studies on minerals show the
local enrichment of particular elements along dislocations (Dubosq et al., 2019; Piazolo et al.,
2016; Kirkland et al., 2018; Fougerouse et al., 2019, 2021a; Schipper et al., 2020; Tacchetto et
al., 2021, 2022a; Verberne et al., 2023). Within minerals, dislocations are defects produced
abundantly by plastic deformation of the host crystal in response to stress (Hirth and Pond,
1996; Hull and Bacon, 2001; Barber et al., 2010). The enrichment of elements along these
interfaces can include mechanisms of interface diffusion and/or segregation by defect impurity
pair (Reddy et al., 2016b; Verberne et al., 2022). In addition, dislocations can be formed during
crystal growth in super cooled melts (Klapper, 2010; Klapper and Rudolph, 2015). Considering
the above observations and the similarities with previous APT studies on mineral interfaces,

the linear feature captured in the APT dataset likely represents an isolated dislocation.
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Unfortunately, because of the isolated character of this dislocation, its origin, deformation or
growth remains unclear.

Together with Ca, the dislocation in APT specimen, M6 is enriched in exotic, fluid-
mobile elements such as Cl and Na that are most notably found in saline fluids. The presence
of such fluid-mobile elements along the dislocation likely represents the input from an external
source. The role of dislocations as pathways for the diffusion of externally derived trace
elements has been previously described in pyrite (Fougerouse et al., 2019), titanite (Kirkland
et al., 2018b), olivine (Tacchetto et al., 2021a), and garnet (Tacchetto et al., 2022b). In
particular, the association of Na and Cl has been attributed to the presence of a fluid infiltrating
along the dislocations (Tacchetto et al., 2021). With the available dataset, we interpret the
enrichment of Cl, Na, and Li to represent the signature of an externally derived fluid present
during the alteration of the grain. There is a marginal increase of U in the dislocation. It is
unclear whether the enrichment of U is derived from the fluid or diffused into the dislocation
from the grain itself. The U®" ion is highly mobile in the fluid environment. In a recent
publication based on TEM observations from an unaltered zone of altered xenotime,
dislocations were found to be enriched in U, Th and Si and interpreted to be responsible for
age discordance (Budzyn et al., 2023). Contrary to what is expected in an apparently
homogenous BSE domain, nanoscale analysis shows evidence of fluid activity in grain areas
beyond the altered domains from the chemistry of the dislocation.

Therefore, considering the composition of the dislocation and the sampling location of
this specimen which is beyond the range of the fluid-altered domains, there is clear evidence
of fluid activity inside the crystal even though it is not noticeable in textural analysis using

BSE.

3.5.3 Formation mechanism of apatite nanoscale inclusions

Previous studies proposed different mechanisms for the formation of clusters and the
mobility of Pb in minerals. For example, in zircon, a mineral that is susceptible to radiation
damage, Pb-enriched clusters were formed during the thermal annealing of radiation damage
during high-temperature metamorphism (Valley et al., 2014; Peterman et al., 2016a, 2019a,
2021a). The radiation damage in zircon accumulates with time and reaches a percolation point
where which the damaged sites create a network in the crystal facilitating faster diffusion of
trace elements (Utsunomiya et al., 2004a; Geisler et al., 2007; Pidgeon, 2014; Kusiak et al.,
2015). In zircon during high temperature metamorphism, radiation damage anneals and trap Pb

along with other trace elements in the damaged sites (Valley et al., 2014; Peterman et al., 2016a,
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2019a, 2021a). Similar to zircon, in rutile it is thought to be transient radiation damaged sites
facilitates Pb and other trace element mobility. During high temperature metamorphism the
trace elements gets trapped in the core of the damaged site of the crystal lattice which has not
undergone annealing (Verberne et al., 2020a). In the case of xenotime, no metamict xenotime
has been observed in nature (Harrison et al., 2002). Experimental studies have proven that a
phosphate phase such as xenotime have lower critical amorphisation temperature and lower
activation energy for recrystallisation compared to zircon (A. Meldrum et al., 1997; Lenz et
al., 2019a; Rafiuddin et al., 2020). Xenotime recovers rapidly from radiation damage, the
percolation point is never reached and Pb cannot diffuse efficiently through that process
(Rasmussen, 2005; Harrison et al., 2002). In addition, the xenotime sample studied is sourced
from an igneous pegmatite from a geologically stable terrain from which no significant high-
temperature event (T~>300°C) has been documented since the crystallisation of the
pegmatite. The diffusion of Pb in xenotime is slower than other accessory minerals such as
zircon and monazite and is negligible at upper crustal conditions (Cherniak, 2006, 2010). The
absence of significant metamorphism also rules out the possibility for Pb volume diffusion,
such that even the transient damage sites would not have attracted the impurities due to the low
diffusion rates at low temperatures to form the apatite nanoscale inclusions. This feature of
xenotime renders unlikely the possibility of the formation of apatite inclusions by the process
of annealing of radiation damage during metamorphism, although this process cannot be
excluded.

Another model to form Pb-rich clusters has been proposed for pyrite, by means of
entanglement of dislocations forming energetically favourable nanoscale domains to host Pb
that diffuse along dislocation cores (Fougerouse et al., 2019). The clusters observed in the data
are not spatially associated with the dislocation and therefore it is unlikely that the cluster
formed due to the interaction of dislocations.

Nanoscale apatite inclusions have been explained to be formed by the process of phase
immiscibility, during rapid cooling in monazite from the granulite facies Sandmata complex,
India (Fougerouse et al., 2018). The phase immiscibility model suggests that during rapid
crystal growth excess impurities such as Ca be assimilated into the crystal structure and favours
the unmixing during the cooling of the crystal (Putnis, 1992; Watson, 1996; Ferraris et al.,
2005). In the APT monazite case study from the Sandmata complex, the Pb concentration in
inclusions found in monazite was only up an order magnitude higher than that of the matrix
(Fougerouse et al., 2018). In sample z6413, the Pb concentration in the inclusions is up to

6.7 at. % from a 0.1 at. % concentration in the matrix. The phase immiscibility model
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predicates that the excess Ca incorporated during rapid growth exsolved from the xenotime
during cooling shortly after crystallisation. The xenotime grain studied here originated from a
pegmatite (Stern and Rayner, 2003). Pegmatites crystallise at relatively low temperatures (~
100-525 °C) and undergo relatively fast cooling (Koztowski, 1978; Koztowski and
Marcinowska, 2007; London and Kontak, 2012; Phelps et al., 2020). Pb diffusion distance
during cooling from the crystallisation temperature of the pegmatite is therefore insignificant
and cannot explain up to ~7 at. % enrichment in the inclusions. Furthermore, from the
nanogeochronology **Pb/>*8U data of the matrix, excluding Ca-Pb-rich clusters, is
863 + 28 Ma, which is younger than the TIMS-derived crystallisation age (Figure 3.7).
Therefore, the apatite nanoscale inclusions formed ~100-150 Ma after the crystallisation of
the xenotime, representing a timeframe incompatible with the slow cooling model for the
formation of the inclusions. Microscale observation of xenotime grain z6413 showed fluid
assisted coupled dissolution reprecipitation process which is shown as BSE dark zones,
depleted in actinide concentration and concomitant precipitation of U-Th rich inclusions in the
proximity of the depleted zones. This alteration is not recorded in the SHRIMP analyses from
the altered domains. In nanoscale analysis, there is evidence of fluid activity based on the
presence of fluid-associated elements in the dislocation. Previous studies in monazite have
shown the formation of mineral inclusions due to the dissolution reprecipitation process
(Harlov et al., 2011). The action of fluids provides a faster way of mass transfer with activation
energy many times faster than the solid-state diffusion and it operates at low temperatures
(Putnis and Austrheim, 2010). A recent study on monazite postulates that nanoscale radiogenic
Pb-rich galena formed by the redistribution of radiogenic Pb during fluid dissolution-
reprecipitation (Turuani et al., 2022). Our results, therefore, suggest that the apatite inclusions
seen in this xenotime sample are likely be the result of a mineral-fluid reaction, 100—-150 Ma
after crystallisation. It is important to note that, the small field of view of nanoscale analyses
limits the confidence of our interpretations and alternative models for the formation of Ca-Pb-
rich nanoscale inclusions should not be discarded. However, if the clusters formed through a
fluid-present alteration process, the observation of clusters in the apparently unaltered domains
of the xenotime indicate that the entire grain studied here may have undergone alteration. Such

features may only be observed at the nanoscale but may be pervasive at the grain scale.

3.5.4 Summary and geochronological implications

The xenotime grain studied in this study is affected by fluid alteration based on textural

and nanoscale observations. Geochronological SHRIMP U-Pb analyses showed little or no
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correlation between altered and unaltered textures, indicating that the parent-daughter pair was
not decoupled at the microscale, in agreement with previous studies highlighting the stability
of xenotime in fluid active settings (Budzyn and Sldma, 2019). However, SHRIMP analyses
recorded slight over dispersion of the data and discordant analyses which are obtained from the
presumably unaltered domain. Nanoscale analyses on the unaltered domain of the sample
revealed the presence of a dislocation decorated with fluid-related elements such as Cl, Na, Li,
and U and apatite inclusions containing radiogenic Pb. These apatite inclusions are interpreted
to form by the activity of fluid 100—150 Ma after crystallisation, pervasively throughout the
studied xenotime. The fluid is responsible for radiogenic Pb redistribution at the nanoscale only
and is not recorded by conventional microscale textural analyses. APT is capable of revealing
fluid-rock interactions previously not recognized in microscale investigations. However, these
inclusions witness a Pb mobility event that may cause minor changes in the U-Pb results from
conventional analyses. The distribution of apatite inclusions in the grain could be responsible
for the slight over dispersion of the SHRIMP ages. It is argued that the apatite inclusions can
be the primary targets of later, more recent radiogenic Pb loss which give rise to discordant
analyses. The combined micro-to-nanoscale data from this study highlights the role of apatite
nanoscale inclusions to protect and retain radiogenic Pb during metasomatism. This may
explain why fluid-altered xenotime geochronology yields unaffected to partially reset results,
leading to the biased assumption that xenotime is more stable in fluid active settings. Instead,
our results suggest that xenotime re-equilibrates extensively during metasomatism but that the

U-Pb systematics are largely preserved by nanoscale heterogeneities.
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Abstract

Previous atom probe tomography (APT) and other correlative microscopic analyses on
geochronometers such as zircon, rutile, and monazite have identified redistribution of
radiogenic Pb, as a consequence of different processes; in which radiation damage and high-
temperature metamorphism thought to be dominant. The redistribution of radiogenic Pb* and
formation of nanoscale inclusions affects the isotopic daughter-parent pair in geochronometers
and the mechanism, responsible for Pb* mobility, in turn influences the interpretation of
geochronological data. This study investigates the formation mechanisms of nanoscale
inclusions of apatite in xenotime and tests in particular the effects of high-temperature
metamorphism and mineral composition. Sample Y1 is from an igneous pegmatite of the
Gascoyne Province (Western Australia), has a high Ca content (0.13 wt. %.) and has not
undergone high-temperature metamorphism post crystallisation. Textural analysis of sample
Y1 shows evidence of a fluid-assisted dissolution-reprecipitation process and concordant
sensitive high resolution ion microprobe (SHRIMP) U-Pb analyses result in the sample’s
crystallisation age. These findings indicate that the fluid alteration did not affect the U-Pb
system at the scale of SHRIMP analysis. Atom probe analysis of Y1 revealed two generations
of apatite nanoscale inclusions, numerous Pb* depleted, and few Pb* enriched Ca-Pb*
inclusions. The Pb* depleted apatite inclusions are proposed to form by phase immiscibility
during cooling of the crystal whereas the Pb* enriched inclusions are likely formed by fluid
alteration. The second case study is a suite of metapelite samples from the Fanad contact
aureole (Glinsk, Ireland) that has experienced different metamorphic grades. The Fanad
xenotime grains are characterised by a low Ca content and show two generations of xenotime.
In the distal samples, fine-grained xenotime is related to the breakdown of regional garnet. In
proximal samples, larger xenotime crystals are related to contact metamorphism and are
chemically zoned with core characterised by high Y and P, and rims by low Y and P with
antithetic Ca and U distribution. From chemical analysis the core of the zoned xenotime is
ascertained to be regional metamorphic retrograde xenotime with low Ca and U, surrounded
by new contact metamorphic xenotime with high Ca and U. Atom probe analysis of samples
from Fanad showed no heterogeneity in either Ca or Pb distribution. The absence of apatite
inclusions in metamorphic xenotime undergone high-temperature contact metamorphism (700-
800 °C) can be explained by the slow Pb diffusion and resistant to radiation damage property
of xenotime. Comparing both samples studied the presence and absence of apatite inclusions
in Y1 and Fanad samples respectively, the level of impurity (Ca content) of the sample is one

of the crucial factors facilitating the formation of apatite inclusions in xenotime.
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4.1 Introduction

Nanoscale studies of minerals using atom probe tomography and other correlative
microscopic techniques have revealed compositional and structural heterogeneities in minerals
(Reddy et al., 2020). These nanoscale variations in the minerals are of particular importance in
the case of geochronometers for a better understanding and interpretation of geochronological
data. APT and transmission electron microscopy (TEM) studies of geochronometers such as
zircon, monazite, and rutile have found radiogenic Pb enriched clusters along with other trace
elements in varied concentrations, which can be representing different phase or trace element
enriched crystal defects (Valley et al., 2014, 2015; Piazolo et al., 2016; Peterman et al., 2016,
2019; Fougerouse et al., 2018; Seydoux-Guillaume et al., 2019; Verberne et al., 2020). The Pb
isotopic composition of the clusters Pb (e.g., 2°’Pb/?*Pb ratio) or the isotopic composition of
the matrix surrounding the clusters can be used to constrain the age of the geological events

causing their formation.

Various mechanisms have been proposed to form radiogenic Pb (Pb*) enriched clusters
in minerals. However, high-temperature metamorphism at any stage in the mineral’s history
appears to be one of the most influential factors facilitating cluster formation. Radiation
damage in crystals from radioactive decay is also critical in forming Pb* clusters. In the case
of zircon, it was suggested that volume diffusion of Pb into radiation-damaged nanoscale
domains during high-temperature metamorphism as the mechanism for Pb* clusters formation
(Valley et al., 2014, 2015). Natural and experimental observations of toroidal-shaped clusters
in zircon indicate that Pb* is entrapped during thermally driven annealing of radiation damage
in dislocation loops (Peterman et al., 2016, 2021). Studies on high-temperature monazite grains
have proposed the Pb mobility associated with younger high T metamorphism into clusters
(Laurent et al., 2016; Seydoux-Guillaume et al., 2019). In rutile, Pb* clusters were interpreted
to form in transient radiation damage cores of the crystal lattice during metamorphism. Other
mechanisms have also been proposed for the Pb mobility and formation of clusters, such as
fluid-assisted dissolution reprecipitation processes (Fougerouse et al., 2021a; Turuani et al.,
2022; Joseph et al., 2023), phase immiscibility (Fougerouse et al., 2018), intersection of
deformation related dislocations (Fougerouse et al., 2019). Multiple factors seem to influence
the formation process of clusters with both the intrinsic mineral properties and extrinsic
geologic factors such as metamorphism, fluid activity and deformation (Reddy et al., 2020). In
this study, we study the effect of high temperature metamorphism and initial mineral

geochemistry on the formation of clusters on xenotime, a widely used geochronometer.
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Xenotime is a geochronometer owing to its high concentration of actinides,
incorporation of low common Pb during growth, high closure temperature and resistance to
radiation damage (Rasmussen, 2005; Cherniak, 2006; Harrison et al., 2002). Xenotime is
especially used to constrain accurate ages of diagenesis of sedimentary rocks (Rasmussen,
2005), along with dating igneous, metamorphic and hydrothermal processes (Spear and Pyle,
2002; Rasmussen et al., 2011; Aleinikoff et al., 2012; Li et al., 2013). Xenotime is resistant to
radiation damage, due to its lower activation energy for annealing. These properties make
xenotime less complex to study compared to other radiation-prone minerals such as zircon and
thereby providing an opportunity to study the effect of isolated geological processes for the
nanoscale mobility of Pb* (Meldrum et al., 1997; Lenz et al., 2019). In xenotime, Ca and Pb*
enriched nanoscale apatite inclusions have been proposed to form due to fluid alteration and
have implications on the stability of xenotime during fluid alteration processes (Joseph et al.,
2023). In this study, we study two xenotime samples, including a sample affected by high-
temperature metamorphism and another not affected by high-temperature metamorphism but
with a high-Ca content, to decipher the role of temperature and composition in nanoscale Pb*

mobility in xenotime.

4.2 Samples and geological history

4.2.1 Y1 - Yinnietharra pegmatite, Gascoyne province

The xenotime sample is Y1, sourced from a Proterozoic Yinnietharra pegmatite
Gascoyne province, Western Australia (Figure 4.la). The pegmatite is hosted in the
Paleoproterozoic Davey Well granite dated between 1670 and 1648 Ma (Johnson and
Sheppard, 2015). The Yinnietharra pegmatite is a part of the Thirty-Three Supersuite of 1030
— 955 Ma Edmundian orogeny which comprises leucocratic tourmaline granites and Rare Earth
Elements (REE) bearing pegmatites (muscovite tourmaline pegmatite; Johnson and Sheppard,
2015). Yinnietharra pegmatite xenotime geochronology indicates a 2°’Pb/?°Pb 948+5 Ma
crystallisation age (Fletcher et al. 2000) with 0.8-3.3 % discordance and is associated with the
final stages of the Edmundian orogeny. A ~955-830 Ma Kuparr event of very low to low
temperature metamorphism (<300°C), profuse metasomatism and minor pegmatitic and
leucocratic magmatism with NW-SE fault reactivation has reported recently (Piechocka et al.
2017; Olierook et al., 2019), which is interpreted to be the result of Rodinia supercontinent
assembly and breakup stages. The hydrothermal activity associated with this event was
reportedly localised to the faults and fractures. The Mulka tectonic event was the last event that

occurred ca. 570 Ma, associated with intracontinental reactivation along with the Gondwana
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supercontinent formation, and no significant metamorphism was recorded in the region at that

time (Johnson et al. 2013).

4.2.2 Fanad contact aureole, Ireland.

Xenotime grains are sourced from the Fanad contact aureole, Ireland, which is
a part of the granites of Donegal in the North of Ireland (Figure 4.1b). The Fanad granodiorite
is the northernmost of the Donegal group of granites. The study area is near the town of Glinsk.
A well-marked pelitic horizon strikes towards north to the granite contact (Pitcher and Read,
1963). The pluton emplaced into the Dalradian Supergroup (Sessiagh-Clonmass formation) of
the Neoproterozoic age and underwent regional metamorphism during the Grampian Phase of
the Caledonian orogeny to greenschist facies, and then later retrogressed (Lambert and
McKerrow, 1976; Kerrick, 1987). The host pelitic rock is quartz-chlorite-muscovite-garnet
schist and metamorphosed into coarse biotite-rich hornfels towards the contact (Naggar and
Atherton, 1970; Pitcher and Read, 1963; Edmunds and Atherton, 1971; Howie, 1974). The
Fanad pluton emplaced into the pelitic schist, c¢. 400 [(402+10 Ma - Rb-Sr whole rock isochron
; O’Connor et al., (1987), 42060 Ma - Th-Pb on monazite Fougerouse et al., (2020)],
developing a well-delineated contact aureole with a succession of minerals from biotite, garnet,
staurolite, andalusite, cordierite, K-feldspar and fibrolite, and finally sillimanite (Naggar and
Atherton, 1970; Kerrick, 1987). Thin sections were selected from four locations, from distal to
the contact of the granite 1606 (2000 m), 1621 (1520 m), 1630 (990 m) and 1642 (0 m) (Figure
4.1b). The xenotime grains were then selected for further analyses. Sample description is given

in the next section.
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Figure 4.1: (a) Simplified regional geology of the Gascoyne Province bounded by E-W
trending faults. Inset showing tectonic divisions of Western Australia. PC: Pilbara Craton, YC:
Yilgarn Craton, KC: Kimberly Craton. Modified from Piechocka et al. (2017). (b) Geological
map of the area around Glinsk, Fanad, County Donegal showing sample locations. Inset

showing the sample location in Ireland modified after Kerrick (1987).

4.3 Methods

4.3.1 Xenotime imaging

Secondary electron (SE), and backscatter electron (BSE) images from samples Y1
(mount UWA A-13), thin sections from Fanad xenotime were collected using TESCAN
MIRA3 field emission scanning electron microscope (FEG-SEM) at the Microscopy and
Microanalysis Facility, John de Laeter centre, Curtin University. For samples from Fanad

aureole, basic petrographical observations were done using optical microscopy prior to SEM
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imaging. Xenotime grains from the thin sections were identified using the energy dispersive

spectroscopy (EDS) technique, and representative grains were selected for further analysis.

4.3.2 Xenotime compositions

Geochemistry data from selected xenotime grains from three metamorphic grades of
Fanad aureole (1606—2000 m, 1630-990 m, 1642—0 m) were acquired using JEOL JXA-8230
Superprobe equipped with 5 Wavelength-Dispersive spectrometers, housed at Electron probe
microanalysis facility of University of Wellington, New Zealand. Four semi-quantitative X-
ray maps were acquired from four xenotime grains from 1642 samples (1642-1, 1642-2, 1642-
3, 1642-4). Ten elemental maps were made on Ca, Y, Gd, Yb, P, Th, U, Pb, and Dy. Analyses
were performed using a 15 kV accelerating voltage, a 15 nA beam current and a dwell time of
10 ms. Elements Ca, Y, Gd, Yb, P, Th, U, Pb measured on PETL crystal, Si on TAP crystal
and Dy on LIF crystal. A total of 73 spot analyses were conducted on selected xenotime grains
using 15 kv accelerating voltage and 20 nA beam current and a 1 um spot size. A 30 s count
time and 15 s background time were used for all elements. For spot analysis, the standards used
are - Ca, P - Durango apatite (Jarosewich et al., 1980), REE — four REE-bearing synthetic
glasses (Drake and Weill, 1972), Si — plagioclase, Pb — galena. No standards were available for
U-Th and hence the data is semi-quantitative. Elements are reported as molecular oxides and
as elemental abundances. The resulted oxide totals from the samples are high, probably because
of the semi-quantitative nature of U-Th values which might have skewed the data to higher

totals (Appendix 4.1).

4.3.3 U-Pb geochronology using SHRIMP.

U-Th-Pb analyses on sample Y1 were conducted in March 2022, on a SHRIMP II at
the John de Laeter Centre, Curtin University. MG-1 [**Pb/”*8U age =489.9+0.5 Ma;
207pb/2%Pb age =491.8+1.2 Ma; U =~900 ppm; Th =~800 ppm], was selected as the primary
standard. A ~ 30 um Kohler aperture produced elliptical spots of ~10x7 um with a beam current
of ~0.2—0.3 nA. Each analysis included six scans of the mass spectrum, using a 9-peak run
table comprising '°*Y.0", 2%Pb*, background (***Pb" + 0.0145 AMU offset),
206pp* 207pp* 208pp* 23807, 28ThO™ and *UO™ (Fletcher et al., 2004).

Pb/U and Th/U ratio calculated using floating robust regressions through
In(?°Pb*/238U") vs In(***UO"/?*8U") for MG-1 using SQUID3 software (Bodorkos et al., 2020).
The session yielded a calibration constant of 0.0076+0.9% (1o, MSWD=1.3, p=0.17).

86



Common Pb was corrected using contemporaneous Pb compositions by Stacey and Kramers

(1975).

Xenotime can be highly heterogeneous in terms of both actinide and REE
concentration. Therefore, matrix correction is required to account for differences between
reference material and unknown. U and Th concentrations were determined via SHRIMP, using
calibrations from Fletcher et al. (2000). For In(*°*Pb+/2*¥U+) vs In(**UO+/?*3U+), correction
coefficients of fU =6.93%, fTh=3.23%, fXREE = 0.7% were used (Fletcher et al., 2004). As the
primary reference material MG-1 is not homogeneous in U and Th, a + 500 ppm uncertainty
on both elements was incorporated, as in Fletcher et al. (2004), typical of the variation on
primary reference material MG-1. The ZREE required for the matrix correction on 2°Pb*/238U
ratio was determined using a JEOL JXA-8530F Electron Probe Micro analyser (EPMA) at the
Centre for Microscopy, Characterisation, and Analysis at the University of Western Australia,
Western Australia. A 40° take-off angle, 25 keV beam energy, and 100 nA beam current were
the operating conditions used with a 3x3 um spot size. Drake and Weill glasses and USNM
phosphates from the Smithsonian institute were used as standards for instrumental calibration.
The unknown values are produced using the Probe for EPMAO© software package (Probe
Software®). The analysing crystals used are Ho 1B, Yb lo, Lu 1B, Eu la, Tb la, Tm la, LiF for
Er la, Nd la, Sm la, Gd la, Dy la — LiFH, U mb, Zr la, Y la, P ka, Ca ka, Th ma — PETJ, Si ka
— TAP. The off-peak counting time is maintained to be the same as the on-peak time, in which
Y la, P ka, Caka, Lu 1B, Eu la, Tb la, Tm la, Nd la, Sm la, Gd la the on-peak count times were
20 s. For Er la, Yb la, Ho 1B, Dy la on-peak count times were 30 s, U mb, Th ma - 60 s, Zr la
—80 s and Si ko — 150 s.

4.3.4 Nanoscale geochemistry — sample preparation and analysis

Needle shaped specimens for atom probe tomography analysis were made using a
TESCAN Lyra3 Ga' focused ion beam coupled with a scanning electron microscope (FIB-
SEM) at the John the Laeter Centre, Curtin University. The needles prepared using Ga' ion
with an accelerating voltage of 30 kV, followed by a 2 kV final polishing. The procedure
followed the protocol by (Rickard et al., 2020). A total of 5 needle specimens from Y1 and 21

specimens from Fanad sample were prepared.

3 specimens from Y1 and 13 specimens from Fanad xenotime sample
successfully analysed in the instrument CAMECA local electrode atom probe (LEAP) 4000%

HR operated in laser-assisted mode using a UV laser (A=355 nm) housed at Geoscience Atom
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Probe Facility, Curtin University. Y1 specimens analysed M7, M8 and M10 in laser pulse
energies of 400 pJ, 450 pJ and 200 pJ respectively. All specimens from Fanad analysed in a
constant laser pulse energy of 200 pJ. All the other instrumental parameters for both Y1 and
Fanad analyses, detection rate, base temperature, laser pulse frequency was kept constant at 1
%, 60 K and 125 kHz respectively. AP suite 6 software was used to construct the 3D
reconstruction of the sample using mass to charge spectrum. The detector efficiency was set at
36%, k-factor at 3.3, image compression factor at 1.65, atomic volume computed at 0.01190
nm?/atom for xenotime, and the field evaporation estimated at 28.98 V/nm as determined
empirically (Fougerouse et al., 2021b). The mass-to-charge spectrum was reconstructed to 3D
data using the AP suite 6 software. Peaks that have intensities twice as high as the background

were identified and included in the 3D reconstruction.

4.4 Results

4.4.1 Y1 - Textural, geochemical, and geochronological characterisation

Y1, a~550 x 300 um xenotime grain, was separated from the host rock and mounted
in epoxy. The petrological context, therefore, could not be studied. The grain shows complex
texture in the high-contrast BSE images through the entire grain (Figure 4.2). The xenotime
shows three levels of intensity in BSE images as well as inclusions rich in U and Th. The BSE-
bright domain occupies the top portion of the grain as well as the core of the grain and the
bottom portion of the grain. A BSE-intermediate domain surrounds the BSE-bright domain in
the bottom part of the grain. The boundary between the BSE-intermediate and BSE-bright is
convoluted to straight indicating a possible resorption event between the precipitation of the
core and the rim. Both domains are dissected by numerous BSE-dark and U-Th inclusions. The
BSE-dark xenotime is characterised by <10 um finger-like, convoluted domains distributed

mainly surrounding small cracks and pores.
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Figure 4.2: Backscattered electron (BSE) image of grain Y1. BSE image showing BSE bright,
BSE dark and BSE intermediate zones in the grain. BSE dark domains are associated with U-

Th rich inclusions. SHRIMP and APT locations are marked.

To understand the complex texture of the pegmatite xenotime sample U-Pb
geochronological analysis has been done using ion microprobe. The BSE-bright domain has a
U/Th ratio of 2.4 with a U concentration of ~25000 ppm and Th ~10000 ppm. The BSE-
intermediate domain has a consistent U/Th ratio across the spots, 3.04 (U ~12500 ppm, Th
~4200 ppm). The BSE-dark domain associated with U-Th-rich phases, has a low U/Th ratio
from 1.2-2.0. Both U and Th are depleted in these domains (U ~6000 ppm, Th ~4000 ppm).
The Ca concentration of this grain from 10 spot analysis using electron microprobe is 0.06 to

0.18 with an average of 0.13 wt. %.

SHRIMP U-Pb analysis on the grain over 10 spots resulted in a concordant 2°’Pb/?Pb age
0f 949+£21 Ma (20, MSWD=1.5, p=0.16) (Figure 4.3) consistent with published age of 948+5
Ma age (Fletcher et al., 2000). There is no correlation between the texture and the

geochronological results, and no disturbance in the U-Pb system can be observed in the scale
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of analysis except for one spot (Y1.4; Appendix 4.2) in the BSE-dark domain showing minor

Pb loss. The age of disturbance cannot be determined confidently with the available results.
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Figure 4.3: Tera-Wasserburg diagram plotting results from the Y1 SHRIMP data with weighted

mean 2’Pb/2%Pb age.

4.4.2 Fanad contact aureole - Petrological, textural, and geochemical

characterisation.
4.4.2.1 Sample 1606

Sample 1606 represents the country rock collected 2000 m away from the contact zone.
The sample is a chlorite, muscovite, quartz schist. Chlorite porphyroblasts are embedded in the
quartz-muscovite fabric, some of which preserves remnants of garnet in the core. Common
accessory minerals found are monazite, zircon, xenotime, rutile, and ilmenite. More than 90
percent of the xenotime in the rock is found inside the chlorite porphyroblasts. Xenotime in the
rock is anhedral to subhedral with pitted appearance, small size (<5-30 um), and has lower
modal abundance than other accessory phases (Figure 4.4 a-d). Some xenotime grains are

overgrowing on zircon crystals.

A total of 18 EPMA spot analyses combined matrix xenotime (4 spots) and xenotime

inside the chlorite porphyroblasts (14 spots), and 15 analyses yielded good data (Appendix
90



4.1). The major element chemistry average values both P and Y are higher in the xenotime
inclusions in chlorite (P-15.2 wt. %, Y-38.6 wt. %) compared with the xenotime from the
matrix (P-13.7 wt. %, Y-36.89 wt. %). In contrast, U and Th concentration is significantly
higher in the matrix xenotime, with a 6.8 average U/Th ratio compared to an average of 0.73
for xenotime in chlorite inclusions (range from 0.11 to 2.03 and excluding an outlier with a
single spot at14.5; Figure 4.5). The average Ca content of both matrix and xenotime inclusions

15 0.01 wt. %.

4.4.2.2 Sample 1621

Sample 1621 was collected 1520 m from the contact zone, within the aureole extend.
New biotite-garnet and andalusite growth in the rock, whereas chlorite and muscovite is less
abundant. Similar to sample 1606, xenotime occurrence is concentrated inside the chlorite-
biotite assemblage. The grains are anhedral to subhedral with 5-20 pm in size (Figure 4.4 e-
h). The modal abundance of xenotime is lower than sample 1606 from the host rock. No

microprobe analysis was made on the xenotime grains from sample 1621.

4.4.2.3 Sample 1630

Sample 1630 is located 990 m from the contact zone. Muscovite almost disappears at
this stage, biotite nearly entirely replacing the chlorite knots, where the biotite flakes are seen
within the schistosity. The proportion of quartz and K-feldspar increase compared to the distal
samples, and garnet is present. Xenotime is seen as subhedral, fewer and larger grains (~>10
um) than the lower grade samples 1606 and 1621 (Figure 4.4 i-1). Xenotime is also found to be

associated with zircon and monazite.

Eight EPMA spot analyses targeted four xenotime grains identified from the thin
section. The composition of P and Y is 15.4 wt. % and 38.1 wt. % respectively. The U/Th ratio
is 4.6 to 12.2, with an average of 6.8. The average U/Th ratio of xenotime grains from this
sample and the U/Th ratio of the matrix xenotime in the host rock (sample 1606) are
comparable (Figure 4.5). The average Ca concentration from the grains is 0.06 wt. %

(Appendix 4.1).

91



4.4.2.4 Sample 1642

Sample 1642 is from the contact zone between the metapelite and Fanad granite. The
sample consists of coarse biotite-rich hornfels with quartz, K-feldspar and plagioclase with
former schistosity obliterated. The modal abundance and grain size of xenotime has increased
in this sample. Xenotime is seen as subhedral to euhedral grains, with grain size ~5-50 pm.
Xenotime is found associated with zircon and rarely with monazite. Several xenotime grains
from the thin sections studied showed zoning in BSE imaging, with a dark core and bright rim

(Figure 4.4 m-t).

From sample 1642, microprobe compositional maps on four xenotime grains were
done. These four grains (1642-1, 1642-2, 1642-3, 1642-4) showed mild to conspicuous zoning
in BSE imaging (Figure 4.4 o, p, s, t). 29 spot analyses were also performed on these grains.
Euhedral xenotime grains with no compositional zoning were also analysed (9 spots) for
comparison. Major element chemistry from the unzoned xenotime grains yields an average P
~15.5 wt. % and Y 37.6 wt. %. The major element chemistry from the core of the zoned
xenotime grains yields an average of P ~15.2 and Y ~38.0 wt. %, whereas the rim composition
is P~ 14.82 wt. % and Y ~ 36.1 wt. %. From x-ray compositional maps, the dark core of the
grains coincides with high Y, Dy and bright rim corresponds to mainly U and a high
concentration of Ca. Y and Yb zoning is antithetical to each other (Figure 4.6-4.7). The U/Th
ratio from the core of the four xenotime grains ranges from 0.88 to 4.4, with an anomalously
high value of 10.6 and an average U/Th ratio yielding 3.6. Whereas the U/Th ratio from the
rim ranges from 7.5 to 17.7, with an average ratio of 9.0. Similar tightly clustered values (U/Th
5.4-10.6) have been obtained from unzoned euhedral xenotime grains, with an average of 7.7
(Figure 4.5). In this case, it is observed that the actinide content is mainly responsible for the
zoning observed; however, the changes in major element chemistry must also have contributed.
The Ca zoning in the grains is similar to the U, low Ca core and high Ca rim. The Ca content
from the core of the grains has an average of 0.02 wt. %, whereas the rim and euhedral grains

combined have 0.09 wt. % (Appendix 4.1).
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Figure 4.4: BSE images of representative xenotime grains from each metamorphic grade from

Fanad contact aureole.
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Figure 4.5: Graph plotting U concentration vs U/Th ratio from the samples, distinguishing

xenotime from different metamorphic grades.

Figure 4.6: EPMA x-ray compositional maps of grain 1642-1
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Figure 4.7: EPMA x-ray compositional maps of grain 1642-2.

4.4.3 Insights from atom probe tomography analyses
4.4.3.1 Y1 - Gascoyne Province

Three specimens were analysed from the BSE-intermediate domain of the Y1 grain.
The SHRIMP U-Pb geochronology results from the grain showed no disturbance in the scale
of analysis, except for one spot from the dark BSE domain. Therefore, the location of the atom
probe specimen is isotopically undisturbed at the scale of SHRIMP analysis (Figure 4.2). The
mass spectrum obtained from the specimens was consistent with typical xenotime analysis,
with a complex mass spectrum consisting of major element peaks (Y, P, O) and rare earth
element peaks (HREE) and combined species in different charge states. At the nanoscale, all
major elements are distributed homogeneously. However, all three analysed specimens, display
a high density of 5-12 nm Ca-rich clusters throughout the analytical volume (Figure 4.8a). The
clusters are marked by an increase in Ca (from ~0.1 in the matrix to ~13 at. % in clusters), and
Pb is enriched in low concentration (mostly ~0.1 in the matrix to <1 at. % in clusters) in clusters
(Figure 4.8b). However, a small number of clusters (n=3), which are comparatively bigger in

size, are enriched with up to ~4 at. % Pb (Figure 4.8c). In summary, sample Y1 includes two
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types of nanoscale clusters, based on their radiogenic Pb concentration, thereafter, named as
Ca-rich and Ca-Pb*-rich clusters. The Y, P, and O composition in the clusters is lower than the
xenotime matrix and radioactive elements such as U and Th atoms are not enriched in the
clusters. Age data for second generation of clusters were not acquired, since there are only a

few clusters, the ages of whole specimen and clusters overlapped, and no statistically

meaningful data could be derived.
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Figure 4.8: (a) APT 3D reconstruction profile showing distributions of Ca and Pb from sample
Y1. The needle contains numerous Ca-rich clusters and few Ca-Pb* rich clusters. (b) Closer
look of Ca-rich clusters with proximity histogram showing Ca and Pb concentration. Error 1o.

(c) Closer look of Ca-Pb* rich cluster with proximity histogram showing Ca and Pb

concentration in Pb* rich clusters.

4.4.3.2 Fanad contact aureole.

A total of 21 specimens were prepared from Fanad xenotime grains, with four
specimens from the distal host rock sample 1606 and 17 specimens from the contact zone

sample 1642 (Figure 4.9 a,c,d, Appendix 4.4). Out of 22 specimens, 13 specimens were
analysed successfully by APT.
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Figure 4.9: (a) Location of APT specimens from xenotime grain from sample 1606
corresponding to host xenotime grain. (b) APT 3D reconstruction profile showing distributions
of Si, U, Ca and Pb from specimens M1 and M2. (c¢) and (d) Xenotime grains showing APT
sample locations, sourced from contact zone. (e) APT 3D reconstruction profile showing

distributions of Ca and Pb from both core and rim of the grains.

Three out of five needles targeted a matrix xenotime grain from the host rock sample
1606. No heterogeneity in the distribution of trace elements such as Pb* and Ca is observed.
However, planar domains (~10 nm, ~ 100 nm, and ~ 200 nm in width) rich in Si and U transect
the specimens at various orientations (M1 and M2; Figure 4.9b). The increase of Si and U is

compensated by a lower major elements concentration (Y, P).

Ten specimens were analysed from two xenotime grains in contact zone sample 1642

with specimens from both the core and the rim of the two zoned xenotime grains (Figure 4.9
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c,d). The 3d reconstructions of the major (Y, P and O) and trace (U, Si, Ca and Pb) elements
are homogenous at the nanoscale, except for one specimen characterised by the presence of a

dislocation enriched in Si (Appendix 4.4).

No nanogeochronology data could not be performed using APT from Fanad xenotime
specimens due to low concentrations of U-Pb in the samples (particularly in host xenotime
grains) and consequently high uncertainties obtained overlapped between regional
metamorphism (xenotime core - ~ 460 Ma) and contact metamorphism (xenotime rim - ~ 420

Ma) events.

4.5 Discussion
4.5.1 Microscale texture and geochemistry of xenotime
4.5.1.1 Y1 - Gascoyne Province, Western Australia

Xenotime sample from pegmatite Y1 shows a complex texture in the BSE image,
showing three domains (Figure 4.2). The BSE-bright domain, distributed mainly at the top and
in the core of the grain, has the highest U, Th content, with a U/Th ratio of 2.4 considered as
the unaltered original part of the grain. The BSE-intermediate domain, which constitutes most
of the grain, has a U/Th ratio of ~ 3. The BSE-dark domain is characterised by sharp boundaries
and associated with the presence of numerous U-Th inclusions linked with porosity. This
domain has the lowest U/Th ratio of ~1.6. Depletion of actinides from the BSE-dark domain
concurrent with the presence of U-Th inclusions and associated porosity advises the
mechanism of the fluid-mediated dissolution-reprecipitation process (Putnis, 2009; Joseph et
al., 2023). In the case of the BSE-intermediate domain, the U/Th ratio is close to the original
(BSE-bright) xenotime; therefore, this domain is likely an igneous overgrowth on the BSE-
bright core. The contact between BSE-bright and BSE-intermediate domains indicates some
amount of grain edge dissolution between the two episodes of xenotime growth. The
geochronology results, which targeted all the domains yield concordant results except for one
point from the BSE-dark domain showing Pb loss trend (Figure 4.4). The concordant results
from the U-Pb analysis show that the fluid alteration has no or limited impact on the resetting
of the U-Pb system and preserves the crystallisation of the sample at the scale of SHRIMP

analysis.

4.5.1.2 Fanad contact aureole, Ireland.

Xenotime is a common accessory phase in a pelitic metamorphic assemblage. The

growth and consumption of xenotime are tightly linked to the stability of garnet as both
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minerals incorporate heavy rare earth elements (Gd — Lu + Y) in their structure (Pyle and Spear,
2000, 2003; Spear and Pyle, 2002). The small grain size and mostly anhedral shape of the
xenotime grains, especially xenotime grains seen as inclusions in chlorite knots, suggests that
the xenotime grains are either remnant after garnet growth or these grains are formed as the
result of garnet retrogression to chlorite. The latter may be the most favourable, as reflected in
the geochemistry, in which the xenotime inclusions in the chlorite show higher Y content (Y -
38.6 wt. %) compared to the matrix xenotime (Y - 36.89 wt. %). The slightly higher Y content
in the xenotime inclusions in the chlorite is probably the result of Y released from garnet during
retrogression to chlorite. The dissimilarity between xenotime inclusions and matrix xenotime
also reflects in different U/Th ratios, 0.73 and 6.8, respectively. The higher U/Th ratio of matrix
xenotime could suggest a detrital origin. However, further evidence is needed to support the
argument, such as rare earth element behaviour; for example, a strong negative Eu anomaly
from xenotime indicates igneous origin (Kositcin et al., 2003; Aleinikoff et al., 2015).
Nevertheless, for the samples, the Eu signal was below the EPMA detection limit; therefore,
no conclusions were made on the origin of the xenotime in the matrix. The xenotime grains
from the intermediate zones of the contact aureole, sample 1621 — 1520 m from the contact
zone, still showcase small, anhedral xenotime grains, which indicates that there is only limited
impact of metamorphism in this zone and is likely to represent the regional metamorphic
xenotime. In sample 1630 (990 m from the contact zone), the xenotime grains change into
larger subhedral to sub-euhedral grain shapes and are associated with other major accessory
phases such as zircon and monazite (Figure 4.4). The association with other accessory phases
and larger grains could suggest new contact metamorphic xenotime growth. The EPMA spot
analysis from the sample shows no noticeable changes in the major element chemistry.
However, the U/Th ratio of the sample is in the range of ~ 6.8, which is significantly higher
than the U/Th ratio from xenotime inclusions from the host rock. The high ratio is possibly due
to the co-precipitation of monazite, in which Th gets incorporated into monazite (Spear and

Pyle, 2002; Rasmussen et al., 2011).

Xenotime grains observed in the contact zone sample 1642 are subhedral to euhedral
shape with an increased grain size of up to 50 um, as shown in previous studies (Franz et al.,
1996; Rubatto et al., 2001). The major element chemistry of both unzoned xenotime grains (P
~15.5 wt. % and Y 37. 6 wt. %) and the rim of the zoned xenotime (P ~14.82 wt. % and Y ~
36.1 wt. %) from this high-temperature metamorphic realm, is slightly lower than the major
element chemistry from the core of the zoned grains (P ~ 15.2 and Y ~ 38.0 wt. %). The

decrease of Y content in xenotime at higher temperatures is consistent with previous studies on
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metamorphic xenotime (Pyle et al., 2001; Spear and Pyle, 2002; Pyle and Spear, 2003). The
systematic decrease in Y in xenotime and increase of Y in monazite towards higher
metamorphic grade is used as a geothermometer in metamorphic terranes (Gratz and Heinrich,
1998). The rim of the zoned grains shows higher actinide content and higher Ca. This
sympathetic relationship of U, Th and Ca supports the brabantite substitution reaction
(U/Th)*+Ca?*=2REE*" (Spear and Pyle, 2002). The difference in U/Th ratio of the samples,
unzoned xenotime grains, and core and rim composition of the zoned xenotime grains clearly
indicate that the two generations of xenotime are of different origins. The core represents
xenotime precipitating from the regional breakdown of garnet, whereas the rim and the
unzoned grains represent new xenotime growth during contact metamorphism (Figure 4.5).
Therefore, it is clear that the core of the zoned xenotime grains was exposed to contact

metamorphism (650 — 700 °C, Tuttle and Bowen, 1958) during the granite emplacement.

4.5.2 Influence of composition and cooling rate in the formation of nanoscale clusters

Nanoscale analyses on phosphates have shown the presence of Pb* enriched clusters,
which have been proposed to form by the processes such as dissolution-reprecipitation
(Fougerouse et al., 2021a; Turuani et al., 2022; Joseph et al., 2023), phase immiscibility
(Fougerouse et al., 2018; Seydoux-Guillaume et al., 2019). In monazite, Pb* enriched galena
nanocrystals have been shown to form by fluid-mediated dissolution-reprecipitation processes
(Turuani et al., 2022) and, in another instance, formation of nanoscale britholite inclusions due
to fluid alteration (Fougerouse et al., 2021a). Phase immiscibility coupled with continuous
diffusion of Pb* to form Pb* enriched clusters has been shown in monazite, which had
undergone high-temperature metamorphism (Seydoux-Guillaume et al., 2019). Phase
immiscibility associated with the cooling of the monazite crystal has also been proposed in the
formation of apatite inclusions (Fougerouse et al., 2018). In recent studies on xenotime, fluid-
mediated dissolution reprecipitation has been purported to form nanoscale apatite inclusions
from a fluid-altered pegmatite xenotime sample (Joseph et al., 2023). The redistribution of Pb*
in the nanoscale is significant as the distribution of these Pb* enriched phases can attribute to
a mechanism of resetting the geochronometer. This can also explain the variability in the
geochronology results obtained from conventional analytical techniques, and the time constrain
can be availed from these nanoscale phases using nanogeochronology methods (Seydoux-

Guillaume et al., 2019; Fougerouse et al., 2021a; Joseph et al., 2023)

In the case of pegmatite xenotime sample Y1, two types of clusters can be seen; the

numerous Ca rich, Ca clusters and the rare Pb enriched (up to ~4 at. % Pb) Ca-Pb* clusters.
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Clusters in minerals represent either crystal defects (Peterman et al., 2016) or a separate phase
(Fougerouse et al., 2016, 2018; Seydoux-Guillaume et al., 2019). Here, in this case, the Ca+Pb
concentration in the clusters is up to ~14 at. % and both types of clusters likely represent a
different phase. Clusters of equivalent compositions in xenotime from Ontario, Canada, were
determined to represent a separate phase using APT and diffraction data from transmitted
electron microscopy (Joseph et al., 2023). The composition of the nanoscale inclusions is
consistent with apatite [Cas(POa4)3(F,C1,0H)], in which Ca can substitute for Pb and exists as a
complete solid solution (Harrison et al., 2002; Pan and Fleet, 2002).

The concentration of Pb* in the Ca rich apatite inclusions is less than 1 at. %, indicating
a short time frame between crystallisation and the formation of the inclusions. Calcium is
incorporated into the xenotime structure by coupled substitution with U/Th, where Ca replaces
P in the structure (U/Th*+Ca?"=2REE>") (Spear and Pyle, 2002). However, the ionic radius of
both Ca and Pb with +2 charge is larger compared to the small (Y/REE)** (Shannon, 1976; Van
Emden et al., 1997). The larger radius of the Ca and Pb causes strain in the crystal lattice,
therefore, it is proposed that the apatite inclusions are formed due to phase immiscibility and
exsolved during the cooling of the crystal. Phase immiscibility has been proposed to form
mineral inclusions in other minerals and also in monazite, as mentioned before (Putnis, 2002;
Ferraris et al., 2005; Harlov, 2011; Fougerouse et al., 2018). The Pb* enriched apatite
inclusions, in which the Pb* concentration is up to ~4 at. %, must be a different generation of
apatite inclusion formation later in the history of the grain. Provided the grain has not
undergone any high-temperature metamorphism post-crystallisation, the apatite inclusions are
likely to be formed by fluid activity. A recent study in fluid-altered xenotime has proposed
pervasive fluid activity to be responsible for the formation of apatite nanoscale inclusion
(Joseph et al., 2023). The mechanism is highly favourable because the Y1 grain is characterised
by fluid alteration microscale texture. However, the limited number of Pb* enriched inclusions
(4 from 3 APT specimens) may indicate that the alteration was selective and not pervasive

enough to affect the SHRIMP geochronology results.

In the Fanad contact metamorphic xenotime samples, sample 1606, a matrix xenotime
grain from the host rock, shows homogeneity in Pb* and Ca distribution. However, trace
elements such as Si and U are enriched in planar domains (5 — up to 200 nm thick) in two
specimens (Figure 4.9b). The coupling of Si and U in xenotime points towards the substitution
mechanism in which actinides get into the xenotime structure, (Th/U)*'+Si*'=REE**+P>",

where Si replacing P and Th/U replacing the Y/REE (Spear and Pyle, 2002).
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In zoned xenotime grains analysed from the contact zone, the U/Th ratio from the
sample shows that the core of the xenotime grain is likely to represent xenotime from the host
rock and the rim newly formed xenotime from contact metamorphism (Figure 4.5). Therefore,
it i1s apparent that the core has undergone high-temperature metamorphism during granite
emplacement. Fanad contact aureole is considered one of the high-temperature contact aureoles
in the Donegal group of granites with the presence of pristine sillimanite growth, ranging up to
700-800 °C and mineral texture suggests a long period of static crystallization (Pitcher and
Read, 1963; Naggar and Atherton, 1970). The exposure to high temperature for an extended
period seemingly does not affect the xenotime crystal, as observed from the atom probe results,
where the Pb* and Ca nanoscale distribution is homogeneous (Figure 4.9). Observations from
nanoscale analysis of other geochronometers exposed to high-temperature metamorphism have
shown heterogeneities in Pb* distribution in previous cases studies(Peterman et al., 2016, 2019;
Verberne et al., 2020), which is contrary to what has been observed in the xenotime samples

from the Fanad case study.

From all the previous studies on minerals, one common influencing factor can be
identified is the radiation damage affecting the minerals and later facilitating the redistribution
of Pb* during the annealing of the crystal (Utsunomiya et al., 2004; Valley et al., 2014, 2015;
Peterman et al., 2016; Verberne et al., 2020). For e.g., in zircon, often the diffusivity of trace
elements including Pb* is enhanced when percolation point is achieved due to a high dose of
radiation damage, in which the amorphous domains make an interconnected network serving
as fast diffusion pathways (Salje et al., 1999; Rios et al., 2000; Trachenko et al., 2003;
Utsunomiya et al., 2004). In the case of xenotime, primarily, the Pb diffusion is found to be
slower than other accessory phases, such as monazite and zircon (Cherniak, 2006, 2010).
Furthermore, xenotime is resistant to radiation damage, and no metamict xenotime has been
found in nature (Harrison et al., 2002; Lenz et al., 2019). This resistance to radiation damage
is attributed to lower activation energy to anneal the radiation damage in xenotime (Lenz et al.,
2019). Therefore, a condition even close to the percolation point, like in zircon, must have
never been achieved in the Fanad xenotime sample due to the annealing of radiation damage.
Along with the slow Pb diffusion in xenotime, conditions to form Pb* enriched phases have

never been attained.

When the metamorphic xenotime sample is compared to the Y1 pegmatite sample, a
distinction can be found in the Ca composition of the samples. The Ca composition of host

rock xenotime, which has undergone high-temperature metamorphism, is in the range of ~0.01
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wt. %. Whereas for igneous pegmatite sample Y1, the average Ca concentration is ~ 0.13 wt.

%, which is around 12 times higher than the metamorphic xenotime (Figure 4.10).
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Figure 4.10: Box and whisker graph showing the Ca concentration of samples studied.

Ca in xenotime structure bigger (Ca 2" 1.12 A) than Y** (1.019 A) ion (Shannon, 1976).
Fanad xenotime samples were heated up to ~700—-800 °C (Pitcher and Read, 1963; Kerrick,
1987), whereas the crystallisation temperature of a pegmatite (Y1) is < 500 °C (Koztowski,
1978; Koztowski and Marcinowska, 2007; London and Kontak, 2012); when both these
samples underwent cooling with different levels of Ca in their structure, apatite inclusions
formed in the sample with high Ca content (Figure 4.11). Therefore, Ca concentration in
xenotime may control the formation of apatite inclusions thereby, redistribution in Pb*.
Possibly the cooling rate of the sample also has an influence in which faster cooling directly
affects the formation of apatite inclusions. In this case, the cooling rate is faster for the
pegmatite sample than a slowly cooling metamorphic contact aureole in which the system can
homogenise. Therefore in the case of xenotime, it appears that major factors contributing to the
redistribution of Pb* are its primary composition and fluid activity (Joseph et al., 2023). The
observation of high Ca xenotime facilitating apatite inclusion formation, which can act as a
sink for Pb* in later geological events, possibly helps xenotime to retain the Pb* formed in the
crystal structure itself. The retainment of Pb* in such a way could imply that the high Ca

xenotime is more resilient to age resetting due to limited Pb* mobility.
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Figure 4.11: Summary diagram illustrating processes that affected the samples. (a)
Crystallisation of high Ca pegmatite xenotime. Exsolution of Ca rich apatite inclusions during
cooling of the crystal with minor Pb*. Later fluid alteration causing selective Pb* mobility into
the previously formed apatite inclusions, forming of Ca-Pb* rich apatite inclusions. (b)
Crystallisation of xenotime from garnet breakdown (xtm host) in the host metapelite. Coarsening
of xenotime grains by increasing metamorphic grade and forming new xenotime rims due to
contact metamorphism. Host xenotime exists as core, having low Ca concentration is affected by
high-temperature metamorphism. However, no formation of apatite inclusions at this high

temperature. (Colour code: orange — Ca atom, green — Pb atom).

4.6 Conclusion

Formation of Pb* enriched clusters is rather a common observation in nanoscale
analysis of geochronometers. The processes of radiation damage and high-temperature
metamorphism found to be the controlling factors for the formation of Pb* heterogeneities from
previous studies of the minerals. However, the results obtained from two different samples,
having different geological histories and compositions have shown that, in xenotime the
composition and fluid activity are possibly the main decisive factors in the redistribution of
Pb* and formation of clusters. The behaviour of Pb* is tightly linked to Ca, owing to the

similarity in ionic sizes.
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Chapter 5

Towards a new impact geochronometer:
Deformation microstructures and U-Pb systematics

of shocked xenotime
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Abstract

Shock-deformation microstructures in xenotime have been proposed to record diagnostic
evidence for meteorite impacts. Evaluating the potential for impact-induced U-Pb age resetting
of the various microstructures that form in shocked xenotime remains largely unexplored. In
this study, we investigate the U-Pb systematics of shocked xenotime from three impact
structures, including Vredefort (South Africa), Santa Fe (New Mexico, USA), and Araguainha
(Brazil). Xenotime at these sites is found in shocked granite, impact melt rock, and as detrital
grains, and preserves a range of impact-induced microstructures, including planar fractures,
planar deformation bands, deformation twins, and polycrystalline neoblastic grains.
Microstructures in xenotime characterised by electron backscatter diffraction and then targeted
for U-Pb geochronology by secondary ion mass spectrometry (SIMS) and atom probe
tomography (APT) to determine element mobility mechanisms at micrometer- to nanometer-
scale. At the precision level of SIMS spots, no resetting of the U-Pb system was observed in
areas with lattice deformation, planar deformation bands, and twinning. However, some grains
with neoblastic textures were found to yield impact ages, with U-Pb disturbance correlating to
the degree of recrystallisation. APT data showed nanoscale compositional heterogeneities in
the form of Pb*-Ca enriched clusters, dislocations, and grain boundaries with higher
concentration of trace elements such as Si, Mg, Ca, Na, Cl, and Al. Combining microstructural,
geochronological and nanoscale characterisation, this study demonstrates that only the
neoblastic microstructure can yield accurate impact ages. Shocked xenotime with neoblastic
texture thus appears to represent a new impact geochronometer that can be used, in some cases,

to directly constrain the age of impact events.
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5.1 Introduction

Impact events are important in Earth’s dynamic history, from possibly triggering plate
tectonics and crust formation to the evolution of life (Schulte et al., 2010; O’Neill et al., 2017;
Osinski et al., 2020). There are currently ~200 confirmed terrestrial impact structures (Earth
Impact Database; Kenkmann, 2021; Osinski et al., 2022), but less than 10% have been
accurately dated with a precision better than £2% (Jourdan et al., 2009, 2012; Schmieder and
Kring, 2020). Dating an impact event is challenging, as there are few geochronometers capable
of providing precise impact ages (McGregor et al., 2021a). In addition, appropriate material
for accurate dating is not always readily available because of erosion and/or post-impact
processes which can reset geochronometers (e.g., Kamo et al., 1996). A common method for
precisely dating impact events is through application of the U-Pb system in accessory minerals
such as zircon, monazite, apatite, titanite, and baddeleyite in targeted microstructural domains
(Hodych and Dunning, 1992; Darling et al., 2016; Erickson et al., 2017; Papapavlou et al.,
2018; McGregor et al., 2018, 2019, 2020; Erickson et al., 2020; Timms et al., 2020; Kenny et
al., 2021).

Shock metamorphism involves a short pulse of high dynamic pressure which generates
high temperature that collectively cause an instantaneous breakdown of mineral structure; this
process produces deformation microstructures that are diagnostic of impact processes
(Langenhorst and Deutsch, 2012). For example, planar deformation features (PDF) in quartz,
high pressure phases (e.g., coesite, stishovite, reidite), and deformation twins (e.g., {112} twins
in zircon) are some manifestations of shock metamorphism (Langenhorst and Deutsch, 2012;
Timms et al., 2017; Cavosie et al., 2021a). The formation of certain microstructures has been
shown to reset U-Pb geochronometers; for example, recrystallised granular zircon from impact
sites can provide precise impact ages (Gibson et al., 1997; Moser, 1997; Cavosie et al., 2015;
Kenny et al., 2021). However, granular zircon is susceptible to partial resetting during the
impact, post-impact Pb-loss, as well as radiation damage, which can result in ages that are
either older or younger than the impact event (Kamo et al., 1996, 2011; Tohver et al., 2012;
Schmieder et al., 2015, 2019; McGregor et al., 2019, 2020). In monazite, neoblastic domains
and deformation twins have also been shown to yield impact ages (Erickson et al., 2017, 2020;
Fougerouse et al., 2021a). However, monazite is susceptible to age resetting associated with
fluid alteration (Williams et al., 2011). Apatite can also yield impact ages, but typically has

low actinide concentrations (<100 ppm U), and a high proportion of common Pb (from a few
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% to nearly 100%; Chew et al., 2014; Kirkland et al., 2018). The U-Pb response of apatite to
impact modification appears to be less controlled by microstructures compared to other
accessory minerals, and more dependent on the textural setting of the grain (McGregor et al.,
2018, 2020, 2021a). Recrystallised neoblastic titanite grains have been reported from several
impact environments (e.g., Timms et al., 2020); however to date, they have not been shown to

record unambiguous impact age resetting (Cavosie et al., 2022, and references within).

Xenotime ([Y, HREE]POs4) is a promising and relatively understudied impact
geochronometer. Xenotime is a common accessory mineral in igneous rocks, in low- to high-
grade metamorphic rocks, as a product of hydrothermal mineralisation, and as both a detrital
and diagenetic phase in sedimentary rocks (Van Emden et al., 1997; McNaughton et al., 1999;
Brown et al., 2002; Rasmussen, 2005; Vallini et al., 2005; Aleinikoff et al., 2012; Li et al.,
2013; Spear and Pyle, 2002). Even though xenotime contains significant U and Th (up to 1000s
ppm), it is resistant to radiation damage and metamictisation is rare (Harrison et al., 2002).
During growth, xenotime incorporates negligible amounts of common Pb, and Pb diffusion is
slower in xenotime than in other accessory phases such as monazite and zircon (Cherniak,
2006, 2010). Therefore, xenotime is considered to be a robust U-Pb geochronometer

(Rasmussen, 2005; Hetherington et al., 2008; McNaughton and Rasmussen, 2018).

Xenotime has been shown to form similar shock deformation microstructures to those
found in zircon, including, planar fractures (PF), planar deformation bands (PDB), {112}
deformation twin lamellae, recrystallisation to neoblastic domains, and broad regions of
crystal-plastic deformation (Cavosie et al. 2016a, 2021b; Cox et al., 2021). The only published
U-Pb data for shocked xenotime is SHRIMP data for a PDB- and shock-twin-bearing xenotime
grain from the Vredefort impact structure; no impact-age resetting was detected associated with
either the {112} twins or PDB, but evidence for a younger (post-impact) thermal event that

caused Pb-loss was identified from a lower Concordia intercept (Cavosie et al., 2021b).

In order to determine if any of the different shock microstructures in xenotime can be
utilized as chronometers for dating impact events, shocked xenotime samples from three impact
structures, including Vredefort (South Africa), Santa Fe (New Mexico, USA), and Araguainha
(Brazil) were analysed. This study aims to 1) characterise shock deformation microstructures
in xenotime from different crater environments (where known), 2) evaluate the U-Pb response
of the different shock microstructures in xenotime, and 3) determine mechanisms responsible

for trace element mobility during shock-induced crystal-plastic deformation.
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5.2 Samples

5.2.1 Vredefort impact structure, South Africa

The Vredefort impact structure is located on the Kaapvaal Craton in South Africa and
has been dated at 2020 + 3 Ma using both zircon and monazite U-Pb geochronology (Kamo et
al., 1996; Gibson et al., 1997; Moser, 1997; Erickson et al., 2017). With an original estimated
diameter of ~300 km, the Vredefort impact structure is the largest recognised impact structure
on Earth and is exposed as a ~90 km wide structure which represents the eroded central uplift
(Grieve and Theriault, 2000) (Figure 5.1a). The core comprises ca. 3.1 Ga Archean granitoid
gneissic rocks (~45 km wide) subdivided into an inner core of granulite facies leucogranitic
gneiss (Inlandsee leucogranofels) and an outer core of amphibolite grade granodioritic to
tonalitic gneiss (Outer granite gneiss). The core is surrounded by a 15-20 km collar of
overturned strata comprising 3.07-2.02 Ga supracrustal sequences of the Dominion Group and
the Witwatersrand, Ventersdorp, and Transvaal supergroups, with metamorphic grade
transitioning from mid-amphibolite facies in the inner collar to greenschist facies in the outer

collar (Kamo et al., 1996; Gibson et al., 1997, 1998; Moser, 1997).

The Vredefort shocked xenotime grain studied here is a detrital grain collected from a
pavement of Permian tillite (sample 14DG14, 26°53'23.1" S 27°24'23.0" E) exposed in the
outer core (Figure 1a). The sampling site is located between the 10 and 15 GPa isobars defined
by planar deformation features (PDF) in quartz (Gibson and Reimold, 2005). Bedrock at this
location is dominated by shocked granitoid and pseudotachylitic breccia, however the host rock

of the detrital shocked xenotime grain is not known; it is assumed to have an igneous origin.

5.2.2 Santa Fe impact structure, USA

The Santa Fe impact structure is located in the southern Sangre de Cristo Mountains,
~8 km northeast of Santa Fe, New Mexico, USA (Fackelman et al., 2008; Montalvo et al.,
2019). Shatter cones and shocked quartz provided the initial evidence of an impact event
(Fackelman et al., 2008, Figure 5.1b). The shocked rocks that define the Santa Fe structure
comprise a km-sized block that is fault-bound to the east and west (Montalvo et al., 2019).
Rocks in the area are regionally metamorphosed gneissic granitoids and biotite granite, which
are interlayered with amphibolite and metasedimentary rocks (Bauer and Ralser, 1995; Read
et al., 2000; Bauer et al., 1996). There is no geomorphological or geophysical expression of an
impact structure; it has been proposed that the area experienced post-impact tectonic activity

and is likely to have been deeply eroded (Fackelman et al., 2008; Cavosie et al., 2016a;
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Montalvo et al., 2019). Estimates of crater diameter range from ~6 to 13 km based on shatter
cone distribution and extent of detrital shocked zircon in local drainages (Fackelman et al.,
2008; Montalvo et al., 2019). The age of the Santa Fe impact is poorly constrained. A detrital
shock-twinned zircon yielded a SIMS U-Pb age of 1472 + 35 Ma that was interpreted to record
crystallization, which provides a maximum age for the impact event (Montalvo et al., 2019). A
minimum impact age of c. 350 Ma is based on undeformed Madera group Palacozoic
sedimentary rocks overlying the basement granitoids (Fackelman et al., 2008; Montalvo et al.,
2019). Pressure estimates for exposed rocks in the area are up to 20 GPa, based on PDF in
quartz, shock-twinned zircon, and the abundance of shatter cones (Fackelman et al., 2008;

Cavosie et al., 2016a; Montalvo et al., 2019).

The three Santa Fe shocked xenotime grains studied here are in a thin section from a
shatter cone of granitoid (sample 14NMI10A, 35°43'35.6"N 105°51'26.9"W) that contains
alkali feldspar with minor quartz, plagioclase, muscovite, chlorite, biotite, and opaque
minerals. Shock microstructures and the petrographic context of these grains were previously

described; their igneous origin is thus well-established (see Cavosie et al., 2016a) (Figure 5.1b).

5.2.3 Araguainha impact structure, Brazil

The Araguainha impact structure is located in the northern Parand Basin of central
Brazil, and is the best-exposed complex impact structure in South America (Tohver et al.,
2012). The structure is ~40 km in diameter, with a 10 km wide central uplift, annular ring
features, and a rim defined by radial and concentric faults (Lana et al., 2007). The central uplift
comprises Cambrian alkali granite basement, which is crosscut by pseudotachylitic breccia and
it is surrounded by thick (~1500-1800 m) Devonian to Permian sedimentary rocks in the collar
(Lana et al., 2007; Lana et al., 2008; Tohver et al., 2012). The impact exposed the Araguainha
basement granitoid, a pink coarse-grained monzo- to syenogranite, with a crystallization age
of 512+11 Ma (Tohver et al., 2012). Shatter cones, melt rocks, and breccias are preserved in
the central uplift, even though erosion has removed much of the crater fill (Engelhardt et al.,
1992; Lana et al., 2008). Multiple studies have reported ages ranging from 260-250 Ma for the
Araguainha impact event. A study of several different impactites combined the results of U-Pb
and Th-Pb dating of zircon and monazite, and *°Ar/*°Ar of melt inclusions, to yield an impact
age of 254.7+£2.5 Ma (Tohver et al., 2012). Granular monazite from a sedimentary rock-derived
impact melt rock yielded an impact age of ~260 Ma (Erickson et al., 2017). Granular zircon
from a different sedimentary rock-derived impact melt rock yielded an impact age of 251.5 +

2.9 Ma (Hauser et al., 2019).
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The three Araguainha shocked xenotime grains studied here are from an impact melt rock
(sample SF20) derived from a sedimentary rock located in the core of the impact structure
(16°49'45.3"S 52°59'16.8"W, Figure 5.1c). The grains were identified in a heavy mineral
concentrate, so their petrographic context is unknown. Given the protolith of the impact melt

rock, the xenotime grains are assumed to be detrital grains that likely have an igneous origin.
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Figure 5.1: Simplified geological maps of the three impact structures with sample locations.
(a) The central uplift of the Vredefort dome, South Africa (modified after (Cavosie et al., 2010)
with inset showing the location in South Africa (SA — South Africa, JB — Johannesburg, NAM
— Namibia, BW — Botswana). (b) Map showing shocked rocks that define the Santa Fe impact
structure (modified after Bauer et al., 1996; Montalvo et al., 2019) with inset showing the
location of Santa Fe impact structure in New Mexico (NM — New Mexico). (c) Map of the
Araguainha impact crater (modified after (Lana et al., 2008)) with inset showing location of

Araguainha impact structure in Brazil.

5.3 Methods
5.3.1 Sample mounting
The Vredefort xenotime 14DG14 was mounted in epoxy. The three xenotime grains
from the Santa Fe impact structure were identified in thin section; three millimetre-sized slices

containing each xenotime grain and surrounding grains were removed from the thin section

and re-mounted in epoxy. The three Araguainha xenotime grains were mounted in epoxy.

118



5.3.2 Scanning electron microscope-electron backscatter diffraction (SEM-EBSD)

Secondary electron (SE), backscattered electron (BSE) images, and EBSD analyses
were acquired using TESCAN Clara and Mira3 field emission gun scanning electron
microscopes (FEG-SEM) housed in the John de Laeter Centre (JALC) at Curtin University. For
the Vredefort and Araguainha samples, EBSD analyses were done using a TESCAN Mira3
SEM, and the Santa Fe grains were analysed with a TESCAN Clara SEM; both instruments are
equipped with Oxford Instruments Symmetry EBSD cameras. The EBSD analyses were similar
for all samples, and generally follow methods described in Cavosie et al. 2016a and 2021b
(Appendix 5.1). In brief, all measurements used a 20 kV accelerating voltage, ~20-25 mm
working distance, a 1-2 nA beam current, and a 70° specimen tilt, with pixel sizes for maps
ranging from 60 to 100 nm. EBSD maps were collected with the xenotime (Y)) match unit from
the Inorganic Crystal Structure Database (ICSD) based on structural data from Ni et al. (1995).
The EBSD data were collected with the Oxford Instruments acquisition program AZtec, and
post-processed using the software AZtecCrystal (v. 2.1). EBSD maps used include band
contrast (BC), which shows the quality of diffraction pattern; bright areas can be considered as
more crystalline than dark areas. Orientation maps with an inverse pole figure (IPF) color
scheme show variations in crystallographic orientation, and are useful for resolving crystal-
plastic deformation, twin lamellae, and neoblasts. Pole figures are all equal area lower
hemisphere projections in the sample reference frame. The Grain Reference Orientation
Deviation (GROD) angle map shows the misorientation at any given point with respect to the
average orientation of the grain. Texture component (TC) maps show the relative

misorientation across a grain relative to a user-specified reference point.

5.3.3 Sensitive high resolution ion microprobe (SHRIMP) and Electron micro probe

analyser (EMPA)

The U-Pb geochronology data from the xenotime grains were acquired in two sessions
in January (Santa Fe and Araguainha) and March 2022 (Vredefort) at the JALC using a
SHRIMP 1I secondary ion mass spectrometer (SIMS). Xenotime standard MG-1 (?°°Pb*/38U
age =489.96+0.54 Ma; 2°’Pb*/?°°Pb* age =491.8+1.2 Ma; U =~900 ppm; Th = ~800 ppm) was
used as the primary reference material. The standards z6413 (2°Pb*/2*8U age =993.83+0.74
Ma; 27Pb*/206Pb* age =996.64+0.82 Ma; U =~10,000-20,000 ppm; Th = 1500—4000 ppm)
and Y1 (?°7Pb*/?%Pb* age =948+5 Ma; U =~8,000-25,000; Th =3,500-10,000) were used as
secondary reference materials (Fletcher et al., 2000, 2004). The reference materials were

located on an adjacent mount to the unknowns in the SHRIMP, and both mounts were cleaned
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and gold-coated prior to each session. A spot size of ~10x7 um was produced by passing the
primary O* ion beam through a ~30 um Kohler aperture. Each analysis consisted of six scans,
including a nine peak run table of **Y,0", 2°Pb*, background (***Pb* + 0.0145 AMU offset),
206pp*, 207pp?t, 208phy*, 238U* 2%8ThO" and 2**UO" (Fletcher et al., 2004). A retardation lens was
used in front of the secondary ion collector to maximise the abundance sensitivity and eliminate

scattered ions (Fletcher et al., 2000).

Calibrating Pb/U and Th/U ratios was done using SQUID3 software, using fixed (slope
=2) robust regressions through In(?*Pb*/2¥U") vs In(***U0"/28U") for MG-1 (Bodorkos et al.,
2020). The calibration constants obtained for the January and March sessions were
0.0052+1.1% (lo, MSWD =1.4, p =0.11) and 0.0076+0.9% (1o, MSWD =1.3, p =0.17),
respectively. A common Pb correction was determined using contemporaneous Pb
compositions of Stacey and Kramers (1975). For matrix corrections, U and Th values were

used from the SHRIMP session.

The ZREE values for a matrix correction of SIMS data (cf. Fletcher et al., 2004) were
determined using a JEOL JXA-8530F Electron Probe Microanalyser (EPMA) (Appendix 5.2)
at the Centre for Microscopy, Characterisation and Analysis at the University of Western
Australia. A take-off angle of 40° and beam energy of 25 keV were used during analysis. The
EMPA beam current was 100 nA for both calibration and unknown sample measurements. The
unknowns were acquired using the Probe for EPMAO© 257 software package (Probe
Software®). A selection of in-house silicates, Drake and Weill glasses, and USNM REE
phosphates from the Smithsonian Institute were used as standards for instrumental calibration.
During the analytical sessions, when matrix-corrected using U, Th and ) REE concentrations,
76413 and Y1 yield 2°°Pb*/28U and 2°’Pb*/2°Pb* weighted mean ages within 2 s.d. of
published values. Age calculations and plots were made with Isoplot 4.15 (Ludwig, 2012) and
IsoplotR (Vermeesch, 2018).

5.3.4 Atom probe tomography (APT)

Needle-shaped specimens for atom probe tomography were prepared using a TESCAN
Lyra3 Ga+ focused ion beam with SEM (FIB-SEM) at the JALC, Curtin University, and were
accurately targeted using Pt fiducials (Rickard et al., 2020). For milling and shaping of the
specimens the FIB was operated at a 30 kV accelerating voltage, followed by a 2 kV cleaning
procedure for final polishing of the specimen. A total of 22 xenotime APT specimens were

extracted from grains representative of each impact structure.
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The specimens were analysed using a CAMECA local electrode atom probe (LEAP)
4000X HR at the Geoscience Atom Probe Facility, JALC, Curtin University. The instrument
was operated in laser-assisted mode using a UV laser (A=355 nm). For each analysis, analytical
parameters such as temperature, detection rate, laser pulse energy and laser pulse frequency
were kept constant at 60K, 1%, 200 pJ and 125 kHz respectively. The mass-to-charge spectrum
was reconstructed to 3D data using AP Suite 6 software. For the 3D reconstruction, voltage-
based models were applied. The detector efficiency was set at 36%, k-factor at 3.3, image
compression factor at 1.65, atomic volume computed at 0.01190 nm?/atom for xenotime, and
the field evaporation estimated at 28.98 V/nm as determined empirically (Fougerouse et al.,

2021c¢)

In the 3D reconstruction, cluster identification was obtained by the maximum
separation method (MSM; Williams et al.,, 2013) with the following parameters: dmax
(maximum cluster ion separation) — 1.5 nm, O (order) — 1, N (number of chemical species) —
30, L (cluster detection envelope parameter) and E (cluster detection erosion distance) both —

0.75 nm.

The isotopic composition of U and Pb is measured from a narrow 0.1 Da range on the
206pp+* 207ph*, and 2*8UO,"" peaks and corrected for background. The background was
estimated using a peak-free region (1 Da) adjacent to each peak (constant background
estimation method, Joseph et al., 2021). For U-Pb dates, the 206pp/238Q ratio is calculated using
the fractionation correction method, between the ratio of UO,™"/UO™" and 2*°Pb"™/2**U0,"" for
each analysis (Joseph et al., 2021). The 2*’Pb->*Pb dates were calculated using a variable

background correction method (Joseph et al., 2021).
5.4 Results

Results of BSE, EBSD, SHRIMP and APT analyses of shocked xenotime are summarised
below for the Vredefort grain, and three grains each from the Santa Fe and Araguainha impact

structures.
5.4.1 Microstructural characterisation of shocked xenotime
5.4.1.1 Vredefort impact structure

Xenotime grain 14DG14 from Vredefort is a rounded 300 x 170 um grain. Four
apparent directions of planar fractures (PF) are visible in BSE images (Figure 5.2a).

Backscattered electron imaging reveals lower intensity, slightly dark patches distributed
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unevenly through the grain. Analysis by EBSD shows several microstructures, including low
angle boundaries (<10° misorientation), planar deformation bands (PDB), deformation twins,
and localised neoblastic textures (Figure 5.2b-d). Three different sets of deformation twin
lamellae along {112} were identified (t1, t2, t3), all defined by a 65° disorientation about the
host <110> (Figure 5.2b) and a shared {112} direction between host and twin. The t1 twin set
is the most dominant in the grain, consisting of 11 discrete lamellae; the t2 and t3 twins contain
fewer lamellae. Twin lamellae are generally <1 pm in width, except for some t1 twin lamellae,
which have apparent widths up to ~1.6 um. The three twin directions coincide with the
directions of planar fractures (PF2-4) in the grain (Figure 5.2a,b). Individual twin lamellae
occur in segments as long as ~30 um but are otherwise generally discontinuous. The {112}
twin in t3 orientation consists of a single lamella that is segmented into a series of 2 to 3 um
long lamellae, some of which deviate from the canonical 65°/<110> orientation (Figure 5.2¢).
The individual segments define misorientations close to, but different from, the {112} twin,

including 72°/<342>, 68°/<232>, 70°/<341>, and 70°/<340> (Figure 5.2¢,{).

A set of low angle boundaries is observed parallel to the t1 and t2 twin directions
(Figure 5.2b,c), and cumulative strain up to 12° is present across the grain. Maximum degrees
of local misorientation occur along the edges of the grain and along PF2 and PF3 (Figure 5.2¢).
PDB are present, and dominantly parallel to the t1 and t2 {112} twins, with relatively sharp
boundaries and typically <3° of misorientation from the host. Broader PDB with diffuse
boundaries are found sub-parallel to the t2 and t3 twins, and preserve cumulative
misorientations up to ~12° from the host (Figure 5.2c). Small isolated neoblasts (up to 5 um
in diameter) are present along PF1 and some have an orientation similar to the t1 twin, whereas

others appear randomly oriented (Figure 5.2d,f).
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Figure 5.2: Microstructures of Vredefort xenotime grain 14DG14. (a) Backscattered electron

(BSE) image. Four orientations of planar fractures (PF1 — PF4) are visible. SHRIMP spots and
atom probe sample locations are indicated. (b) Electron backscatter diffraction (EBSD) grain
orientation map (inverse pole figure, z projection [IPFz]). Deformation features are indicated,
deformation twin lamellae (t) parallel to PF. Inset pole figure showing 3 sets of {112} twins
(t1, t2, t3) and the host (lower-hemisphere, equal-area projection). (c) Texture component map
showing low angle boundaries (< 10° in white color), planar deformation bands (PDB) oriented
mostly parallel to the t2 twin direction, and also parallel to t1 twin direction (dark blue dashed
line). The grain shows up to 12° of misorientation from the reference point (red cross left side).
SHRIMP spots targeting PDB and twins are shown in red and yellow ellipses shows SHRIMP
spots targeted the areas in the grain with < 10° of misorientation. (d) Inverse pole figure (IPFz)
map showing location of atom probe sample APT 1, where the grain showing recrystallised
neoblasts. (e) Inverse pole figure map showing location of atom probe sample APT 2, which
targeted the segmented twin lamellae (t3). Four segments define disorientations close to, but
different from, the {112} twin orientation, including 72°/<342>, 68°/<232>, 70°/<341>, and
70°/<340>; one segment records the {112} twin direction (65°/<110>). (f) Pole figures

showing the twin and host relations from E.
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5.4.1.2 Santa Fe impact structure

Microstructures in the three analysed xenotime grains from the Santa Fe impact
structure (SFx3, SFx4, SFx5) are similar to those previously described by Cavosie et al.
(2016a). All of the grains contain planar fractures, broad areas with conspicuous lattice
misorientation, planar deformation bands, and two of the grains contain {112} twins. Planar
fractures occur in one orientation in grain SFx4, and three orientations in grains SFx3 and SFx5
(Figure 5.3a,b,c). Grain SFx4 contains a single {112} twin lamella, whereas SFx5 contains
three sets of twins (Figure 5.3¢,f); in all cases, the twin orientations coincide with the traces of
PF on the polished surface. In grain SFx5 the tl twins are the dominant set, with apparent
lamellae widths up to 270 nm. Twins in sets t2 (subparallel to t1) and t3 consist of thin lamellae

that are generally only ~50 nm (one pixel) in apparent width.
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Figure 5.3: Microstructures of Santa Fe xenotime grains SFx3, SFx4 and SFx5. (a), (b) and (¢)
Backscattered electron (BSE) images showing directions of planar fractures (indicated by
arrows). SHRIMP spots are indicated, along with ages in Ma. (d), (e) and (f) Texture
component maps showing relative misorientation from a reference point (red cross) with inset
pole figures of (001) (lower-hemisphere, equal-area projection). (d) Grain SFx3 showing up to
5° misorientation (e) Grain SFx4 showing one {112} twin lamella and up to 5° misorientation
(f) Grain SFx5 showing three sets of {112} twin lamellea (t1, t2, t3), up to 6° of misorientation,
and planar deformation band (PDB). (g) Location of atom probe samples in grain SFx5 (h)
Pole figure of G, recording the {112} twin and host relationship.
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5.4.1.3 Araguainha impact structure

Xenotime grains X1, X2 and X3 from Araguainha are subhedral to anhedral rounded
grains that range from 50 to 200 um in length (Figure 5.4a,bc). The EBSD band contrast (BC)
images show that all three are partially to fully polycrystalline. Orientation maps for grain X1
shows a mixture of highly strained host and neoblasts that are mostly equant and range in size
from 2 to 15 um (Figure 5.4d). Neoblasts mostly occur along the margin of the grain, in clusters
within the grain, and along fractures, and define two main orientation populations in the pole
figure; each cluster shows considerable orientation dispersion (Figure 5.4d, pole figure). A
more detailed examination of orientation data for grain X1 reveals that the host domain is
largely preserved across the grain and records a cumulative misorientation of ~20° (Figure
5.5a). Further, each neoblast orientation clusters preserves a systematic orientation relation
with the host domain of 65°/<110> and shares a {112} direction (Figure 5.5b,c). The neoblast
orientations preserve the same orientations as {112} twin lamellae, and are thus interpreted to

represent recrystallized {112} twins.

Orientation maps for grain X2 show a fully neoblastic aggregate with two main
orientation clusters that consist of neoblasts oriented sub-parallel to the c-axis (Figure 5.4e).
Orientation maps for grain X3 show a fully neoblastic aggregate of inequigranular grains, most
of which preserve high-angle boundaries (Figure 5.4c,f). Although there is considerable
dispersion in orientations, the neoblasts appear to define two or three broad orientations, with
an inner zone consisting of neoblasts with similar orientations and an outer zone of randomly
oriented neoblasts (Figure 5.4f, pole figure). No systematic orientation relations indicative of
recrystalized {112} twins were detected in grains X2 or X3. A GROD angle map of X3 shows
generally no misorientation within most neoblasts, though a limited number of neoblasts shows
up to 15° internal misorientation; these are distributed mainly in the central portion of the grain,
and may represent less recrystallized relict host domains (Appendix 5.3). In the GROD angle
map, a lobate texture is seen generally along grain boundaries, in which a low strain neoblast
has grown into a neoblast with high misorientation (Figure 5.4h). This particular type of grain

boundary was targeted for nanoscale analysis by APT.
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Figure 5.4: Microstructures of three xenotime grains from the Araguainha impact structure. (a),
(b) and (c) EBSD band contrast (BC) maps with SHRIMP spots and U-Pb ages in Ma indicated.
(d), (e) and (f) EBSD grain orientation maps (inverse pole figure, x projection [[PFx]) with
insets showing orientation distribution of the recrystallised neoblasts from pole figures (lower-
hemisphere, equal-area projection). (g) Close-up IPFx map showing location of atom probe
samples from grain X3. (h) Grain reference orientation deviation (GROD) angle map of the
area shown in G to up to 10°, showing the deviation of orientation from the average orientation
of the grain. Note the lobate texture between neoblasts at the A4 atom probe specimen location,
in which the larger grain (o) with no misorientation is grown into grain with higher internal

misorientation (3). Dashed lines represent contact between neoblasts showing lobate texture.
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Figure 5.5: EBSD maps of grain X1 from Araguainha. (a) Texture component map of X1
showing up to ~20° cumulative misorientation in the host domain of the grain. (b) EBSD grain
orientation map of grain X1 (inverse pole figure, z projection [IPFz]). (c) Pole figures (lower-
hemisphere, equal area projections) from (b), showing orientation relationship between the host
domain with neoblast clusters. The neoblast orientations preserve the same orientations as

{112} twin lamellae.

5.4.2 SIMS U-Pb geochronology

A total of 24 SHRIMP spots (Figure 5.2a and 6a) were made on Vredefort xenotime
14DG14. The U concentration varies from 1200 to 1900 ppm, with a Th/U ratio from 1.8 to
2.4 (Appendix 5.2). The upper Concordia intercept yields an age of 3136+110 Ma (20), and

the lower Concordia intercept yields an age of 1803+280 Ma (25). No correlation was observed
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between actinide concentration and BSE contrast, or between degree of crystal misorientation
and U-Pb discordance. Spots that overlapped PDB and/or {112} twins show minor variations
in 297Pb*/2%Pb* age but do not define unique regions of the Discordia regression (Figure 5.6a).
No analyses plot near the 3136 Ma upper intercept; the oldest five concordant analyses (spots:
1, 13, 18, 20, and 24) yield a weighted mean 207ppy*/206ppy age of 2938+16 Ma (26, MSWD
=0.78, p =0.53), and likely represent a minimum crystallization age for the detrital grain. The
lower intercept age of 1803+280 is imprecise; it overlaps both the accepted impact age (2020
Ma, Kamo et al., 1996) and also a recently proposed hydrothermal event at ca. 1750 Ma
(Cavosie et al., 2021b).

Five SHRIMP spots on three xenotime grains from Santa Fe shocked granite sample
14NM10 yield concordant (or nearly so) analyses (Figure 5.3a,b,c, and 6b). The U
concentration varies from 4770 ppm (SFx4), to 5800 ppm (SFx3), to 8000-11,200 ppm (SFx5)
(Appendix 5.2). A 2°’Pb*/?%Pb* weighted mean age for all analyses is 1427+20 Ma (2o,
MSWD =1.10, p =0.36, n=5).

A total of 18 SHRIMP spots were made on the three Araguainha xenotime grains, with six
spots on each grain (Figure 5.7). The U concentrations vary from ~3600-7100 ppm (Appendix
5.2), and most analyses yield concordant ages ranging from ca. 475 to 250 Ma. For grain X1,
five of six analyses overlap and yield a weighted mean 238U/?%Pb age of 318+10 Ma (2SD,
MSWD=0.92, X>=0.45, n=5); the sixth spot is conspicuously older and was not included in the
age calculation. For grain X2, the six analyses yielded a bimodal age population. The three
youngest analyses yield a weighted mean 2**U/?%Pb age of 293+9 Ma (2SD, MSWD = 1.5,
X?=0.22, n=3), whereas the three older analyses yield a weighted mean **U/2%Pb age of
378.5+12 Ma (2SD, MSWD=2.5, X?>=0.085, n=3). Grain X3 yielded the youngest age
population. The six analyses from grain X3 define a Discordia array defined by a mixture of
common and radiogenic Pb. A regression through all six analyses yields a lower intercept age
of 255+11 Ma (2SD, MSWD =1.9, X? = 0.11, n=6) which is interpreted as the time of neoblast
formation. The upper Concordia intercept indicates a 2°’Pb/?%Pb ratio of 0.42+0.32, which is

interpreted to represent the composition of common Pb present when the neoblasts formed.
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Figure 5.6: SHRIMP U-Pb geochronology results plotted on Tera-Wasserburg diagrams. (a)
Results for Vredefort xenotime grain 14DG14. Red ellipses — spots targeting twins and planar

deformation bands; yellow ellipses — spots targeting areas with < 10° misorientation. The lower
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intercept of the discordia is 1803 + 270 Ma. (b) Results for Santa Fe xenotime grains.
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Figure 5.7: SHRIMP U-Pb geochronology results from Araguainha xenotime grains plotted on
Tera-Wasserburg diagram. (a) Combined results from grain X1, X2 and X3. (b), (¢) and (d)
plotting results from grains X1, X2 and X3 respectively.

5.4.3 Nanoscale characterisation

Nanoscale characterisation of deformation microstructures in xenotime was conducted
with APT, targeting deformation twins (Vredefort and Santa Fe) and neoblastic domains
(Vredefort and Araguainha. A total of 22 APT specimens were prepared and 16 ran
successfully (73% success rate). The survivability of APT specimens of shocked xenotime
during atom probe analyses was thus higher than that for APT specimens of shocked zircon
(12% success rate) (Montalvo et al., 2019; Montalvo, 2020). No 2*Pb peak was detected in the

mass spectra from any of the xenotime specimens.
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5.4.3.1 Vredefort xenotime (grain 14DG14)

Eleven APT specimens were prepared from the Vredefort xenotime grain, including six
from individual neoblasts (APT 1 area) and five from the {112} twins (APT 2 area) (Figure
5.2d,e). Seven of the eleven APT specimens ran successfully. Six of the seven APT specimens
(2 from neoblasts and 2 from {112} twins) preserve trace element segregations (clusters) at

nanoscale (Figure 5.8a, Appendix 5.4).

Five specimens from the highly strained domain of the grain (APT2 area) (yielded more
than 10 million ions each. Two specimens (V1 and V4) contain thirteen randomly distributed
Ca and Pb*-rich nanoscale clusters that range in size from ~8 to 20 nm (Figure 5.8a). The
abundances of Ca, Pb, and Si are lower in the matrix and higher in the clusters (Ca: 0.04 vs. 7
at. %; Pb: 0.09 vs. 3.5 at. %; Si: 0.08 vs. 1.86 at. %). Specimen V4 contains clusters enriched
in OH and Na, which defines a discontinuous linear feature diagonal to the long axis of the
specimen. There are also clusters enriched in Al distributed randomly through the specimen
and also along the linear feature. Cl is heterogeneously distributed, forming clusters and also
correlates to Ca distribution in the specimen (Figure 5.8a). In specimen V5, a set of dislocations
enriched in Si, Cl, Ca, Na, and Al is present in a planar domain that is nearly perpendicular to
the long axis of the specimen (Appendix 5.4). In specimen V3 a dislocation has elevated

elements such as Ca and Si, and specimen V2 showed no heterogeneities (Appendix 5.4).

The APT 27Pb/2%Pb dates obtained from the whole specimen with Ca-Pb* clusters are
3005+547 Ma and 3101+£674 Ma (20) from V1 and V4 specimens respectively. The matrix,
which excludes the Ca-Pb* clusters from specimens V1 and V4, yield 2*’Pb/?%Pb dates of
2859+618 Ma (V1) and 2519+1088 Ma (V4) respectively. Other specimens are homogeneous
in Ca and Pb distribution at the nanoscale (no clusters) and yield 2°’Pb/2°Pb dates of 2411+777
Ma, 2591+£968 Ma, 2647780 Ma (20). The combined data from specimens V2, V3, and V5
yield a weighted mean average of 2647+350 Ma (26, MSWD=0.23, p=0.92). The APT
206ph/238U dates from the five whole specimens, including specimens containing Pb*-rich
clusters (V1 to V5), range from 1450187 Ma to 1749+286 Ma (20), with a weighted mean
average age 1596+93 Ma (MSWD=1.12, p=0.35, n=5). The matrix 2*Pb/***U dates from
specimens with clusters (V1 and V4) yields 1539+184 Ma and 1611276 Ma. The 2%Pb/?*3U
dates of specimens without clusters range from 1450+187 Ma to 1684+200 Ma (Figure 5.9a,
Appendix 5.5).

Out of five specimens analysed from the twin domain, two ran successfully (V7, V9),

and showed two different types of clusters (Appendix 5.5). Specimen V9 is characterised by
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Pb*-only clusters, with Pb* concentration up to 2.5 at. % (compared to 0.05 at. % in the matrix).
In contrast specimen V7 shows Ca-rich clusters but with no Pb. The 2°’Pb/?*Pb dates obtained
are 1967+2769 Ma (V7), and 2333£975 Ma (V9, including Pb clusters). The 2°’Pb/?**Pb matrix
age of specimen V9 is 21861092 Ma (Figure 5.9a). Whole specimen 2°Pb/>**U dates (matrix
+ clusters) for V7 and V9 are 13194322 Ma and 1688+223 Ma, respectively (Appendix 5.5).
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Figure 5.8: Atom probe 3D reconstruction of representative specimens from Vredefort
xenotime grain 14DG14 and Santa Fe grain SFx5. Each sphere represents an atom of the
indicated element. (a) Specimen V1, host xenotime from the high strain domain of the grain
showing Ca and Pb* enriched clusters and a dislocation enriched in Ca, Na, Al, and OH. Cl is
also distributed heterogeneously in clusters. Specimen V4 from a neoblast from the
recrystallised domain of the grain showing Ca and Pb* enriched clusters. (b) Specimen SF1,
SF2 from host and both SF3 and SF4 the twin domains. Host and specimen showing numerous
Ca clusters with < 1% Pb* clusters. Note that Pb* enriched Ca clusters is only present in

specimen from twin domain.
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Figure 5.9: (a) Summary of both Pb-Pb and U-Pb nanogeochronology results obtained from
the different domains (neoblastic and twin) of the Vredefort grain (' - Kamo et al., 1996)(WS
— Whole atom probe specimen). (b) U-Pb nanogeochronology results from the four specimens

from Santa Fe.

5.4.3.2 Santa Fe xenotime (grain SFx5)

Four of six APT specimens were analysed from xenotime SFx5. Specimen SF1 is from
the host, SF2 targeted a host-twin boundary, and specimens SF3 and SF4 are from the same
{112} lamellar twin (Figure 5.3g). SF1 and SF2 are characterised by the presence of numerous

small (~5 to 20 pm) Ca-Pb* enriched clusters (Figure 5.8b). The Ca concentration is up to 3.6
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at. % in clusters, as compared from 0.07 at. % in the matrix; Pb concentration also increases
up to 1 at. % from 0.08 at. %. In addition to the small Ca-Pb* clusters, specimen SF3 is
characterised by one large (~18 nm) cluster in which the Pb* enrichment is higher (from 0.08
to ~6 at. % Pb), with Ca (0.07 to 2.5 at. %) and Si (0.08 to 1.6 at. %). In specimen SF4, there
are numerous Ca-rich clusters with no Pb, and one cluster with Pb* enrichment from 0.08 to
~3.8 at. %, and Si (0.08 to 1.8 at. %) (Figure 5.8b). The 2°°Pb/3*U dates do not shows
significant variation between host and twin domains. The 2°Pb/**®U dates obtained are
1275+69 Ma, 1319445 Ma, 1391+83 Ma, 1274+100 Ma (20) from SF1, SF2, SF3 and SF4
respectively with a weighted mean date of 1316 + 69 Ma (26, MSWD=1.8, p=0.14) (Figure
5.9b). The matrix age from specimens SF3 and SF4 yield a 2°Pb/>**U date of 1329+81 Ma and
1213498 Ma, respectively, which is within uncertainty of the whole specimen date (Appendix
5.5).

5.4.3.3 Araguainha xenotime (grain X3)

Five specimens were prepared from grain X3, and three successfully analysed by APT.
One specimen targeted the grain boundary between two neoblasts (A4), one specimen sampled
a ~ 3 um neoblast with no internal misorientation (grain o) and the other a ~1 um neoblast
(grain B) with internal misorientation up to ~7°. In orientation maps, grain o protrudes into
grain B, producing a lobate grain boundary (Figure 5.4h); this grain boundary was captured in
APT specimen A4. The geometrical orientation of APT specimen A4 relative to the polished
surface of the grain was monitored during FIB sample preparation and loading/analysis by
APT. The boundary is conspicuously enriched in a range of elements compared to the matrix,
including Si=2.67 vs. 0.10 at. %, Mg =1.21 vs. 0.06 at. %, Ca =1.01 vs. 0.15 at. %, CI1 =0.72
vs. 0.13 at. %, Na =0.23 vs. 0.01 at. %, and Al =0.26 vs. 0.01 at. % (Figure 5.10). In A4
numerous Si- and Mg-rich clusters (Si up to 7.5 at. %, Mg up to 1.5 at. %) 5 to 20 nm in
diameter are present in grain  (small and minor internal misorientation) and whereas only a
few Si-Mg clusters are present in the other grain o (large and no misorientation). Other
specimens analysed (A2, A5) contain dislocations enriched in Ca, Si, Mg, Na, and Al. None of
the Pb isotopes were able to be detected above the background, therefore no age data are

available from any of the Araguainha xenotime APT specimens.
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Figure 5.10: Specimen A4 from Araguainha showing grain boundary enriched in elements such
as Si, Mg, Ca, Cl, Na, Al. The specimen also shows the presence of Si-Mg clusters distributed

variably in different grains.

5.5 Discussion

5.5.1 Shock microstructures in xenotime

The xenotime grains investigated in this study originate from different sites and different
crater environments (where known). The grains show a variety of crystal-plastic deformation
microstructures that were investigated to evaluate the response of the U-Pb system.
Microstructures investigated include PF, PDB, deformation twin lamellae, as well as grains

that have partially or fully recrystallized to neoblastic domains. The following section
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summarizes the microstructures in the grains studied in the context of previously descriptions

of shocked xenotime.

5.5.1.1 Planar fractures (PF)

Planar fractures have been documented in xenotime grains from the Santa Fe (Figure
5.3; Cavosie et al., 2016a) and Spider (Cox et al., 2021) impact structures, and here we report
an example of PF in xenotime from the Vredefort impact structure. Four orientations of PF
were documented in Vredefort xenotime 14DG14 (Figure 5.2). In all cases thus far described,
PF consist of multiple sets of closely spaced (1 to 5 wm) penetrative parallel fractures that
typically extend fully across grains (or nearly so). In two of the three Santa Fe grains analysed
(grains SFx2, SFx4), as well as the Vredefort grain (14DG14), one or more sets of PF were
found to contain {112} deformation twins (Figure 5.3). However, twins were not identified in
Santa Fe grain SFx3, and were also not present in several PF-bearing xenotime grains
documented by Cox et al. (2021). This observation demonstrates that deformation twins can
not be assumed to be present in xenotime grains that contain PF. In this regard, PF in xenotime
appear analogous to those in zircon; they seem to be a common microstructure in shocked

grains, but alone they do not provide diagnostic evidence of shock deformation.

5.5.1.2 Planar deformation bands (PDB)

The presence of PDB have been documented in xenotime grains from the Vredefort
(Cavosie et al., 2021b), Santa Fe (Cavosie et al., 2016a), and Spider (Cox et al., 2021) impact
structures. The PDB described by Cavosie et al. (2021b) in a Vredefort detrital xenotime
occurred in three discrete orientations, with individual PDB typically 5 to 10 pm wide, and
preserving up to 40° of misorientation relative to the host grain. Significant misorientation
across discrete 2-3 um-wide PDB were also described in xenotime grains from shatter cones in
quartzite (Cox et al., 2021). The PDB in Vredefort xenotime 14DG14 described here mostly
occur in areas bound by cross-cutting PF sets and near grain margins. They are mostly 10-20
um wide and are sub-parallel to PF sets, but some are irregular in shape and have diffuse
boundaries with up to ~12° of misorientation relative to the host grain (Figure 5.2¢). The only
significant PDB found in the Santa Fe xenotime grains occurs in grain SFx5, and are
concentrated near the margin of the grain (some are sub-parallel to PF set 3), and preserve up
to 6° of misorientation from the host (Figure 5.3c,f). The above observations highlight the
magnitude of variable misorientations across PDB in xenotime grains from different impact
structures. Similar to PF, PDB are not regarded as diagnostic evidence of shock deformation

in xenotime, as is the case for both zircon (Timms et al., 2017) and apatite (Cox et al., 2020).
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5.5.1.3 Deformation twins in {112}

Lamellar deformation twins are commonly found in shocked zircon (see discussion in
Cavosie and Folco, 2021a), shocked monazite (Erickson et al., 2016), and shocked titanite
(Timms et al., 2019). Deformation twins in shocked xenotime have thus far been reported in
grains from the Vredefort, Santa Fe, and Spider impact structures (Cavosie et al., 2021b;
Cavosie et al., 2016a; Cox et al., 2021). Here we document {112} twins in Vredefort grain
14DG14 and also in Santa Fe grains SFx4 and SFx5 (the latter two were described previously).
Lamellar deformation twins in {112} in xenotime are defined by a 65° misorientation from the
<110> of the host grain and a shared {112} direction (Cavosie et al., 2016a, 2021b; Cox et al.,
2021). Formation conditions of {112} twins in xenotime have not been -calibrated
experimentally, however, empirical constraints suggest formation conditions of 5 to 20 GPa
based on their occurrence in samples that contain shocked quartz and shocked zircon, as well
as their presence in shatter cones (Cavosie et al., 2016a; Montalvo et al., 2019; Cox et al.,
2021). A new observation of twin phenomenon here is the discontinuous nature of individual
{112} twin lamellae in Vredefort xenotime 14DG14. In that grain, the t3 {112} twin preserves
twin segments with different disorientations along the length of a single lamellae, including
(72°/<342>, 68°/<232>, 70°/<341>, and 70°/<340>) (Figure 5.2¢). The segmented twins could
represent a progressive shear transformation to accommodate the geometry of {112} twins, or
alternatively, the lamellar twin may have responded in a heterogeneous way to localised
stresses that effectively fractured the lamella during twin formation, resulting in multiple
orientations of ‘failed twin’ domains along its length. Alternatively post-impact partial
annealing could also have modified the lamellar twin, as has been discussed for zircon

(Erickson et al., 2013Db).

5.5.1.4 Recrystallisation to neoblastic texture

There are few reports of neoblastic textures in xenotime from shocked rocks. Multiple
examples of polycrystalline xenotime grains consisting of aggregates of low strain ~1 um sized
neoblasts were reported from the Spider impact structure by Cox et al. (2021), occurring in
shatter cone samples of quartzite that contained quartz with PDF and shock-twinned zircon.
However, in most cases the polycrystalline xenotime grains occurred in cracks and vugs; it was
therefore not clear if the polycrystalline microstructures formed by impact processes, or if they
had a diagenetic/secondary origin, as systematic orientation relations among the neoblasts were
not observed. Only one xenotime grain described by Cox et al. that consisted of both

recrystallized polygonal neoblasts and a strained host domain with PDB had an unambiguous
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impact origin. In this study neoblastic microstructures were found in Vredefort grain 14DG14

and in all three Araguainha xenotime grains.

Vredefort grain 14DG14 contains rare localized occurrences of 2-3 um sized neoblasts
along PF planes that also contain {112} twins (Figure 5.2d). The neoblasts are generally round
and isolated in occurrence and are a very minor microstructural feature of grain 14DG14. Given
their location on PF planes that elsewhere contain {112} twins, the origin of these neoblasts is
likely related to local shear-stress induced recrystallization that was energetically insufficient
to form a lamellar twin. The stored strain energy lowered the energy barrier for nucleation,
forming neoblasts locally via grain boundary migration (Erickson et al., 2017). Given their
rarity in grain 14DG14, it is unlikely that the neoblasts in this grain formed via thermal

recrystallization process (Moser et al., 2011; Erickson et al., 2017).

In contrast, EBSD analysis shows that the three Araguainha xenotime grains from
impact melt rock sample SF20 reported here contain variable amounts of recrystallized
neoblastic domains. Grain X1 consists mostly of a strained host domain (~86%) that preserves
up to 20° of accumulated misorientation across the grain. The strained host domain does not
contain other discrete microstructures, such as PDB or deformation twins. Two populations of
neoblasts comprise 14% of grain X1; each shares a systematic orientation with the host domain
of 65°/<110> and a shared {112} direction (Figure 5.5). Both populations of neoblasts are thus
interpreted to have formed by the recrystallization of former {112} deformation twins, similar
to that reported in some granular zircon grains (Cavosie et al., 2016b), and also in partially
recrystallized monazite (Erickson et al., 2015). Xenotime grains X2 and X3 consist entirely of
recrystallized neoblasts, however, no systematic orientation relations indicative of
recrystallized twins is present in either grain (Figure 5.4). In grain X2, the majority of neoblasts
are dispersed about the c-axis (Figure 5.4b). Grain X3 contains a central area approximately 40
um x 20 um that consists of neoblasts that preserve the host grain orientation; neoblasts in
different orientations form a wide margin around the central area (Figure 5.4d,f). In general,
neoblasts in all Araguainha xenotime grains preserve high angle boundaries (>10°) with
adjacent neoblasts. The host rock of the Araguainha xenotime grains is an impact melt rock
derived from a sedimentary rock, and likely become molten during shock pressures >20 GPa

and subsequent heating (Stoffler et al., 2018).

5.5.2 SIMS U-Pb geochronology of shock microstructures in xenotime

5.5.2.1 Shocked twins, PDB and PF in xenotime (Vredefort and Santa Fe)
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A total of 24 SHRIMP spot analyses made on Vredefort grain 14DG14 yield a
discordant array with an upper Concordia intercept of 3136 Ma which is interpreted as the
crystallisation age of the grain, as it broadly overlaps ages of basement gneisses exposed at the
Vredefort impact structure (3.5 to 3.1 Ga, Hart et al., 1981; Flowers et al., 2003; Moser et al.,
2011). The SHRIMP analyses overlapped {112} twins, PDB, and PF, however no correlations
between age and microstructure were detected. At the scale of the SIMS analysis, the shock
microstructures targeted here do not record Pb-loss related to the impact event, similar to a
previously report for a different shocked xenotime grain from the Vredefort structure (Cavosie

etal., 2021b).

The five SIMS analyses of three Santa Fe xenotime grains include spots on {112} twins,
PDB, and PF. The five analyses are concordant and yield a weighted mean 2°’Pb*/2%Pb* age
of 1427420 Ma. The age of the Santa Fe impact event is not well constrained (see Fackelman
et al., 2008; Montalvo et al., 2019), and the granites in the area have not previously been dated.
However, the Mesoproterozoic age determined here is best interpreted as the crystallisation age
of the host granitoid. Detrital zircon grains throughout the area where shatter cones are exposed
mostly range in age from 1.7 to 1.4 Ga, and the 1427+20 Ma age determined here overlaps
with the 1472 + 35 Ma age determined from detrital shocked zircon in the same area (Montalvo

etal., 2019).

In summary, no apparent impact age resetting associated with PF, PDB, and
deformation twins in xenotime was detected at the scale of SIMS analyses from the Vredefort
and Santa Fe impact structures. In this regard, the U-Pb response of these shock microstructures
in xenotime are thus similar to those in zircon (Moser et al., 2011; Erickson et al., 2013a;

Cavosie et al., 2015, 2018a; Montalvo et al., 2019; McGregor et al., 2021b).

5.5.2.2 Neoblast formation in Araguainha — Pb mobility and age resetting

The three xenotime grains from Araguainha were each analysed in six locations by
SIMS. Analysis spots on grain X1 were mostly mixtures of host and neoblasts, whereas all
analyses on grain X2 were on neoblasts. Grains X1 and X2 both show coherent clusters on
Concordia diagrams, however, none of the age clusters coincides with the known impact age.
All spot analyses on grain X3 were on neoblasts, and common Pb was also detected. Grain X3
is the only grain to yield a reset age that coincides with the known impact age (255+11 Ma,
MSWD =1.9, n=6). The oldest spot analysis measured on any of the Araguainha xenotime
grains is 478+25 Ma (grain X1, host domain). This age overlaps with the crystallisation age of
the Araguainha granite (51211 Ma, Tohver et al., 2012), suggesting that the xenotime grains
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analysed from sample SF20 are likely to have been sourced from the Araguainha granite. The
SHRIMP U-Pb results indicate that solid-state recrystallisation of xenotime in impact melt
rocks leads to the formation of neoblasts with variable U-Pb resetting. The spread of data
between the inferred crystallisation age and the impact age represents variable Pb-loss, and
such ages likely have no geological significance. The neoblastic microstructure in xenotime is
thus the prime candidate microstructure to target for dating impact events, as has been observed
in other minerals such as zircon and monazite (Moser et al., 2011; Cavosie et al., 2015;

Erickson et al., 2017; Kenny et al., 2017; Erickson et al., 2020; McGregor et al., 2021b).

5.5.2.3 Significance of the Vredefort xenotime lower discordia intercept

The SIMS data for Vredefort xenotime 14DG14 define a Discordia line with an
imprecise lower Concordia intercept of 1803+270 Ma. This age is >200 Ma younger than the
accepted impact age, although it does overlap given the large uncertainty. However, the lower
intercept age is also similar to a lower Concordia intercept age of 1754£150 Ma previously
determined on detrital shocked xenotime grain from the Vredefort impact structure (Cavosie et
al., 2021b). The 1754+150 Ma age was interpreted to record a unknown alteration event in the
Witwatersrand basin (Cavosie et al. 2021b). An age of 1772+£150 Ma from a Vredefort shocked
monazite grain was determined in an APT study and interpreted to represent an alteration event
that formed nanoscale element clusters in monazite (Fougerouse et al., 2021a). To date,
Paleoproterozoic ages (1.8—1.7 Ga) in shocked minerals from the Vredefort impact structure
have only been reported in monazite (Flowers et al., 2003; Fougerouse et al, 2021a) and
xenotime (this study; Cavosie et al., 2021b); they have conspicuously not been reported in U-
Pb studies of Vredefort shocked zircon (e.g., Flowers et al., 2003; Armstrong et al., 2006;
Moser et al., 2011).

Post-impact age resetting has been reported in other shocked minerals from other
impact structures. Shocked baddeleyite from Sudbury impact melt sheet was shown to record
post-impact metamorphic signatures (White et al., 2017). The formation of shock deformation
microstructures such as fractures and deformation twins can enhance the mobility of elements
through fast diffusion pathways. The new pathways formed due to shock deformation may
render the mineral susceptible to younger (post-impact) Pb loss events, especially for phases
more readily susceptible to fluid alteration, such as phosphates. The above results further
demonstrate that impact metamorphism augments the susceptibility of certain minerals to post-

impact metamorphic or hydrothermal events.
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5.5.3 Nanoscale heterogeneities in shock-deformed xenotime
5.5.3.1 Nanoscale analysis of twins and neoblasts from Vredefort and Santa Fe

APT specimens from areas of high lattice misorientation in the Vredefort xenotime
(Figure 5.2d), are characterised by the presence of small, strain-free neoblasts that contain Ca-
Pb* rich clusters in two out of five specimens analysed. The largest cluster from specimen V4
(Figure 5.6a) is composed of 7.2 at. % Ca, 2.67 at. % Pb, and 0.8 at. % Si, with a combined
Ca+Pb+Si concentration of 10.67 at. %. Such a composition suggests that the cluster is likely
a nanoscale inclusion of a different phase (Fougerouse et al., 2016, 2018, 2021a; Seydoux-
Guillaume et al., 2019), rather than a trace element enriched domain of xenotime, as has been
observed in zircon and rutile (Valley et al., 2014; Peterman et al., 2016, 2019; Verberne et al.,
2020). The chemical composition of the clusters is most consistent with the mineral apatite
Cas(PO4)3(OH,F,Cl), in which Pb can substitute for Ca (Pan and Fleet, 2002). The 2°’Pb/***Pb
APT age obtained from the two specimens with Ca-Pb* clusters are 3043+420 Ma, which is
consistent with the inferred crystallisation age of the sample (Figure 5.9a). Excluding the
clusters, combining the matrix of the same specimens and the specimens devoid of the Ca-Pb*
clusters yields a weighted mean 2°’Pb/?*Pb age of 2647+350 Ma. On the assumption that all
Pb* migrated into the clusters during formation, the 2°’Pb/?%Pb 2647+350 Ma matrix age
represents the formation age of the clusters (Figure 5.9a). One specimen (V4) from the high
strain domain contains OH-enriched clusters, and a linear feature enriched in Na, Al, and ClI,
which is interpreted as a dislocation based on previous APT studies (Piazolo et al., 2016;
Fougerouse et al., 2021a; Verberne et al., 2022). Specimen V5 present a set of dislocations in
a planar domain Si, Ca, Cl, Na, and Al. The geometry is consistent with that of low angle
boundaries in olivine (Tacchetto et al., 2021). All ions present in the dislocations are not part
of the mineral xenotime and represent nanoscale evidence of fluid activity in the sample
(Tacchetto et al., 2021; Joseph et al., 2023). Therefore, we suggest that the apatite inclusions
formed during a post-crystallisation fluid alteration event at 2647+350 Ma. The date of
2647+£350 Ma also overlaps with ~2729-2665 Ma Ventersdorp volcanism in South Africa
(Schneiderhan et al., 2011; Altermann and Lenhardt, 2012; Gumsley et al., 2020). However,
the high uncertainty associated with the APT dates preclude a robust determination of causation
(V1-V5, Figure 5.9a). Whole sample (matrix-+clusters) APT 2°°Pb/?*8U dates from these five
specimens yield a weighted mean age of 1596+93 Ma. The younger 2*°Pb/**¥U age obtained
from whole specimen data overlaps with the cryptic post-impact alteration event reported
previously in both xenotime and monazite (Cavosie et al., 2021b; Fougerouse et al., 2021a).

Two APT specimens analysed from {112} twin domains (Figure 5.2¢) also show a different
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type of cluster, one with enrichment of only Ca and one with enrichment of only Pb. The
207pp/2%Ph dates obtained from the matrix of the specimen with Pb* clusters is 2186 + 1092
Ma, which broadly coincides with the known impact age of ~2020 Ma, however, the high

uncertainties do not allow a conclusive interpretation (Figure 5.9a).

In the case of Santa Fe xenotime SFx5, nanoscale analysis of the xenotime host and
{112} twin reveals nanoscale Ca-enriched clusters (up to 4 at. % Ca), with varying Pb*
concentration (between 1 and 3.8 at. % Pb) between specimens (Figure 5.8b). The low Pb*
containing clusters are only seen in specimens from the host (SF1 and SF2), and not from the
twin domain (SF3 and SF4). The absence or low concentration (maximum of ~1 at. %) of Pb*
in the small Ca-enriched clusters suggests the clusters formed in a short time span after
crystallisation. The mechanism behind cluster formation in the absence of fluids is presumably
the exsolution of apparently bigger Ca*>" (1.12 A) and Pb** (1.29 A) ions compared to the Y**
(1.02 A) ion, due to the size disparity during cooling of the crystal (Shannon, 1976). This phase
immiscibility model has been proposed to form nanoscale apatite inclusions in previous

xenotime and monazite atom probe studies (Fougerouse et al., 2018; Joseph et al., 2021).

The APT specimens SF3 and SF4, from the twin domain of the Santa Fe grain, contain
Ca clusters with higher Pb* enrichment, up to 6 at. % (SF3) compared to other Ca-Pb clusters
from the Santa Fe gain, in which the Pb* concentration is less than 1 at. %. The higher Pb*
concentration in these clusters indicates formation a considerable period of time after
crystallisation. Nanoscale mobility of Pb into clusters during twin formation has been
documented during crystal plastic deformation of monazite, both in tectonic and shock settings
with apparent temperature control (Fougerouse et al., 2021a, b). It is thus possible that the Pb*-
rich clusters formed at the time of twin formation during shock deformation. However, the
206pp/238U nanogeochronology dates of SF3 and SF4 from the whole specimen (SF3 - 1391+83
Ma, SF4 - 1274+100 Ma) overlap with the respective dates obtained from the matrix (SF3 -
1329481 Ma, SF4 - 1213498 Ma), and it is therefore not possible to confirm if they formed
during twinning. Considering the data for xenotime samples from Vredefort and Santa Fe, there
is an indication of Pb mobility associated with twin formation, however it is not conclusive

based on the available data.

5.5.3.2 Nanoscale analysis of neoblasts from Araguainha

In Araguainha xenotime samples, the Pb signal in the atom probe mass spectra was not
significantly above the background, and therefore no APT nanogeochronology data could be

extracted for these samples. The grain boundary analysed between two neoblasts and the
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dislocations from Araguainha grain X3 (specimen A4) are enriched primarily with Si, followed
by Mg, Ca, CI, Na and Al. In addition, Si-Mg clusters are distributed preferably on one side of
the grain boundary in specimen A4. Elements such as Si and Ca can be incorporated into
xenotime by cheralite and huttonite substitution (Spear and Pyle, 2002). The rest of the
elements found along the grain boundary (Cl, Na and Al) are not commonly present in
xenotime, and could have been derived from an external source, such as fluids (e.g., Tacchetto

et al., 2021, 2022).

Trace element migration is found to be intimately associated with the defect density in
materials (Watanabe, 1985). The segregation of trace elements which are not inherently part of
the host mineral to the grain boundary is more energetically favourable to reduce the lattice
stress principally caused by the differences in ionic size between the host grain sites and the
trace element (Hoskin and Black, 2000; Reddy et al., 2016). The enrichment of trace elements
in dislocations and both low and high-angle boundaries has documented in minerals from
different geological settings (Suzuki, 1987; Hiraga et al., 2003; Reddy et al., 2016; Dubosq et
al., 2018; Fougerouse et al., 2019; Tacchetto et al., 2021, 2022). Shock deformation produces
high strain in minerals, resulting in numerous dislocations and low-angle boundaries. During
annealing facilitated by high temperatures from the melting of surrounding rocks, neoblasts
nucleate from sub grain boundaries through grain boundary migration (Doherty et al., 1997,
Piazolo et al., 2012). Grain boundary migration occurs when a grain with low degree of
imperfection grows in to a grain with higher degree of dislocations and low angle boundaries
creating a lobate inter-fingering texture (Poirier, 1985; Jessell, 1987; Passchier and Trouw,
2005; Drury and Pennock, 2007). This texture can be seen in the neoblasts selected for
nanoscale APT analysis, where a grain with no misorientation is seen growing into a grain with

higher misorientation along a lobate texture (Figure 5.4h).

The difference in the degree of internal misorientation in a neoblast is reflected in the
composition from APT analysis showing a difference in the density of Si-Mg clusters from one
neoblast to another. The orientation of the boundary in the APT specimen coincides with the
orientation of the boundary determined by EBSD (Figure 5.4g and 5.10). In the APT specimen,
the domain above the grain boundary corresponds to the neoblast with no misorientation
identified from EBSD (Figure 5.4h) and has a limited number of Si-Mg clusters (Figure 10).
The domain below the grain boundary in the APT specimen corresponds to the neoblast with
higher degree of internal misorientation and is characterised by a higher density of Si-Mg
clusters (Figure 5.10). These observations suggest that the grain boundary of the neoblasts with

no misorientation (grain a, Figure 5.11) displaced Si-Mg clusters during its migration, forming
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strain-free neoblasts during the recovery stage of shock deformation, forming the lobate texture
(Passchier and Trouw, 2005; Figure 5.11). The formation of defects, grain boundaries and
neoblasts is very rapid as inherent to impact metamorphism; further growth of neoblasts can
continue if sufficient temperature is provided. The process of grain boundary migration reduces
strain in a crystal, and it is here hypothesised that Pb* was collected by the grain boundaries
and diffused to the grain edges. As mentioned above, as Pb is a large cation in the xenotime
structure it is likely to escape from the crystal lattice during grain boundary migration resulting
in resetting the age recorded in the grain. The higher the degree of recrystallisation through this
process, the higher will the degree of Pb loss from the grain be, as observed from the grains

from X1 to X3.

Alternatively, the trace element enrichment in the grain boundary may represent a melt
phase. In granular neoblastic zircon void spaces between neoblasts can contain melt glass,
lechatelierite, or other minerals (Cavosie et al., 2016b, 2018b, 2018c). In the Araguainha
xenotime, the composition of Si reaches ~2.6 at. %, which is likely not high enough to represent

a silicate impact melt composition.
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Figure 5.11: Illustration of the grain boundary migration forming the lobate texture between
the recrystallised neoblasts at the grain scale (left) and nanoscale (right). Large crystal a has a
lower dislocation density, less number of clusters hence less crystal distortion. Crystal B has a
higher cluster density, with internal misorientation. With time, more deformed crystal is
consumed, by atoms from  reorganise to fit the crystal lattice of o forming a interfingering

lobate texture.
5.6 Summary and Concluding remarks

This study attempted to demonstrate response of xenotime to shock metamorphic

conditions from samples from different impact structures using multiple techniques including,
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EBSD, SIMS and APT, as a potential impact geochronometer. Shock microstructures observed
from the samples studied comprises PF, PDB, varying degrees of lattice misorientation, shock
deformation {112} twins, and newly identified shock induced neoblastic texture in xenotime.
Targeted SIMS U-Pb analyses revealed the microscale U-Pb response of different shock
induced microstructures in xenotime. Spot analyses targeted {112} twins, PDBs from
Vredefort and Santa Fe samples showed no impact related resetting, which is similar to U-Pb
response from zircon from previous studies. Vredefort sample record discordant age array with
upper intercept corresponding to the crystallisation age of the sample (~3.1 Ga) and lower
intercept to a cryptic fluid alteration event at ~1.8—1.7 Ga which has only recorded in
phosphates (monazite - Fougerouse et al., 2021a, xenotime - Cavosie 2021b). Concordant U-
Pb analyses from xenotime sourced from the shatter cones of Santa Fe yielded the first direct
age determination of the target rock of Santa Fe impact structure, 1427 + 20 Ma. On the other
hand, xenotime grains from Araguainha with varying proportions of recrystallisation between
grains (neoblastic texture) showed a correlation between the degree of recrystallisation to the
degree of resetting of the U-Pb system. The oldest age determined is from the least
recrystallised grain, matches the age of the host granitoid, and the youngest age from the fully
recrystallised neoblastic grain yielded the age of Araguainha impact (255+11 Ma). This records
the first-time impact age determination of an impact site from xenotime, to our knowledge.
APT analyses on different microstructural domains in shocked xenotime such as deformation
twins, areas of high lattice misorientation, and neoblasts showed nanoscale compositional
heterogeneities in the form of clusters, dislocations, and grain boundaries with higher
concentration of trace elements such as Si, Mg, Ca, Na, Cl, and Al. Particularly nanoscale
analysis from a grain boundary between two recrystallised neoblasts from Araguainha sample
suggests the formation of the neoblasts is achieved by grain boundary migration process, which

leads to resetting the grain yielding impact age.

As stated in the introduction, dating of impact events is strenuous and this study introduces
a new impact geochronometer to the scientific community. The study also offers a workflow
which helps in future impact deformed xenotime research on identification and detailed study
of the microstructures formed, followed by targeted high precision dating of the
microstructures using either SHRIMP or similar techniques such as LA-ICPMS. Nanoscale
study of the samples give in-depth breakdown of the processes behind the U-Pb response of

the sample.
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This PhD project aimed to identify and understand mineralogical processes that impact
geochronometers at the nanoscale. The project focused on the nanoscale geochemical behavior
of the mineral xenotime and their implications in geochronology. This was achieved using a
multi-scale approach and employing microanalytical techniques for characterising the sample
before nanoscale analysis, including SEM imaging, SEM-EBSD, SHRIMP, EPMA, followed
by nanoscale analysis using APT and TEM.

A methods chapter has been included, putting forward a new nanogeochronology method
for dating and optimising APT analysis of xenotime. Following these newly developed
methods, three case studies were selected from different geological contexts to
comprehensively study the mineral xenotime and its implications in geochronology and other

geochronometers. The significant outcomes of the project are summarised in this final chapter.
6.1 Optimisation of xenotime analysis using APT and nanogeochronology method.

Optimisation of xenotime analysis in APT was vital given that xenotime has never been
analysed in APT before. Four standards, BS-1, MG-1, xtc and Y1 where selected for xenotime
analysis (Fletcher et al., 2000, 2004; Stern and Rayner, 2003). The electric field, background,
single hits percentage are lower at higher laser pulse energies, which directly equates to
specimen yield (Joseph et al., 2021). Based on the findings from the study, it is advisable to
use laser pulse energies in the range of 100 — 200 pJ in order to ensure good geochronology
data, even though parameters such as general background, single hits percentage and electric
field are ideal at higher laser pulse energies. A laser pulse frequency of 125 kHz is suggested

to acquire all the peaks in xenotime up to 300 Da.

The geochronology component of this chapter included developing U-Pb and Pb-Pb
methods of dating. This had not been done using APT in any other phases (e.g. zircon,
monazite) due to isobaric interferences (Saxey et al., 2017; Fougerouse et al., 2020). In the case
of U-Pb geochronology, the 2*8U peaks were distributed in five peaks 2**U0,** (135.02 Da),
28UO* (127.02 Da; 28UO*" (84.68 Da), 28U0*" (270.04 Da) and *UO*" (286.04 Da). Due
to this spread of peaks and location of 28UQ*" (84.68 Da) in the peak tail of YPOs?*, direct
dating of U-Pb was challenging. Therefore, a fractionation correction method was employed.

A linear correlation was determined between UQO-*"/UO*" ratio and 2°°Pb*'/2¥U0,*"
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fractionation coefficient, forming an equation y =12.06(£0.621)x+27.442(£0.826). This
method allows us to date samples of different compositions, age, and also correct for extrinsic
instrumental parameters such as laser energy but also intrinsic parameters such as specimen
geometry and voltage range. By taking weighted mean ages from multiple analyses the

uncertainties associated can be reduced from ~10% to ~3-5%.

In the case of Pb-Pb ages, the main Pb peaks were found at 2+ charge state in the mass
spectra, (2°Pb?* at 102.9 Da and 2°’Pb** at 103.49 Da). The accuracy and precision of Pb-Pb
dating is dependent on accurate characterisation of peaks. There are two main challenges on
Pb-Pb dating of xenotime using APT. First, if the sample is older or has higher 2°°Pb, the
thermal tail of 2°°Pb?" overlaps the 2°’Pb?** peak, yielding erroneous old ages. The thermal peak
tail of 2°°Pb peak on 2°’b peak is found to be higher at high laser pulse energies. The second
challenge is the influence of ThPOs*" peak on 2°’Pb?* peak, if the sample contains high Th and

therefore bigger ThPOs>" peak, it tends to increase the 2’Pb*"

counts by possible interference.
Furthermore, ThPOs*" counts are greater at higher laser pulse energies. If the 2°’Pb*" counts
are clearly above the background, and no thermal tail influence of 2*°Pb is encountered, a
constant background estimation can be applied to find the 2*’Pb/?%Pb ages from xenotime.
However, if the thermal tail of the 2°Pb peak is pronounced, a variable background correction
method was developed to alleviate this challenge (Joseph et al., 2021). The effect of ThPO3**
still needs to be constrained, and for igneous samples with high Th concentration, the ThPO5**

peak impacted Pb-Pb ages.

Xenotime nanogeochronology method using APT can be used successfully on rocks
containing high actinide content, commonly igneous rocks and xenotime from U-rich
hydrothermal environments and metamorphic rocks. Diagenetic xenotime with lowest actinide

content will not be ideal candidate for APT dating.
6.2 Pb mobility mechanisms in xenotime: insights from nanoscale analysis

Understanding the reasons behind the decoupling of parent-daughter isotopes is the primary
challenge of a geochronologist, as in nature, it is more common for the mineral system to be
unstable than stable. Previous nanoscale analyses of geochronometers have shown that these
phases are even more complex in nanoscale, and different mineralogical mechanisms are
causing these heterogeneities in minerals, including parent-daughter redistribution (Reddy et
al., 2020). As previously mentioned, it is important to identify the mineralogical processes

causing the heterogeneity in geochronometers for better data interpretation. From the case
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studies presented in the thesis on xenotime, three main Pb* mobility mechanisms have been

recognised, such as fluid activity, phase immiscibility and recrystallisation.

6.2.1 Fluid activity

Xenotime is regarded to be resilient to fluid alteration, especially when compared to
monazite with comparable chemistry and structure (Harrison et al., 2002; Budzyn and Kozub-
Budzyn, 2015). However, case studies on xenotime samples affected by fluid alteration show
redistribution of Pb* in the form of Ca-Pb* apatite inclusions in the nanoscale. Samples studied
in the project from chapter three and four are from igneous pegmatite and show fluid-assisted
dissolution-reprecipitation textures in BSE imaging. SHRIMP U-Pb geochronology does not
correlate with the textures observed, indicating the grain remained closed on the micron scale.
Atom probe analysis was conducted on mineral zones with no evident fluid-related textures. In
the case of sample z6413 (chapter three), dislocation enriched in elements such as Cl, Na, and
Li are present inside the crystal lattice, indicative of fluid activity (Tacchetto et al., 2021).
Furthermore, the Pb* concentration in apatite inclusions is up to ~7 at. %, indicating the process
occurred later in the geological history of the grain. The second generation of apatite inclusions
from sample Y1 (chapter four) also shows similar Pb* concentration in the apatite inclusions,
even though the number of inclusions is fewer than sample z6413. This is attributed to
pervasive fluid activity in the crystal, which is responsible for forming apatite inclusions in
xenotime, thereby redistributing Pb*. Presence of fluid in the system can dramatically change
the nature and extent of mass transfer processes in rocks as well as in minerals, reducing the
kinetic barriers for the movement of atoms (Putnis, 2002). Based on the observations, the Pb*
is getting trapped in apatite inclusions, which prevents Pb* from being lost from the crystal
lattice. The entrapment of Pb* in inclusions suggests a closed system in microscale, and a
pervasive fluid alteration event which does not get recognised by the conventional
microanalytical techniques. This in turn explains the characterization of xenotime as a fluid

resistant mineral (Joseph et al., 2023).

From the analysis of shocked xenotime sample from Vredefort, SHRIMP U-Pb lower
intercept discordia age (18034270 Ma) corresponds to a basin-wide fluid alteration event in the
Witwatersrand basin. The nanoscale study of the sample shows the presence of fluid-related
ions (OH, Cl, Al, and Na) in dislocations and low-angle boundaries. Furthermore, Pb* enriched
apatite inclusions were also present. The whole needle U-Pb nanogeochronology of the
specimens studied from the grain gave an age (1596+93 Ma) consistent with SHRIMP fluid

alteration event ages. In this case, evidence of pervasive fluid activity can be found in the
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nanoscale, which facilitated the Pb* mobility and the whole phase reset both in micro and
nanoscale. High P-T shock metamorphism must have created abundant defects and fractures in
the crystal, facilitating the fluid flow leading to the complete resetting of the grain, removing

any impact isotope signature.

6.2.2 Phase immiscibility

A case study on a high impurity (Ca) sample in chapter four recognised another Pb*
mobility mechanism in xenotime, phase immiscibility. Xenotime has a tight, well-ordered
tetragonal crystal structure, in which the cation site is occupied by small 3+ions of Y or HREE.
The larger Ca®*, which is not a constituent ion in xenotime, gets incorporated by the cheralite
coupled substitution process (Th/U)*'+Ca**=2REE*") into the xenotime structure during its
formation. Due to the similarity in ionic sizes, Ca is seen coupled with Pb in xenotime in almost
all cases. Therefore, Ca concentration can influence the behaviour of Pb* in xenotime. In the
case study (chapter four, Y1 and Fanad metamorphic xenotime), two samples are compared,
one pegmatite xenotime sample with a high Ca concentration with no post-metamorphic
history, and another sample with a low Ca concentration affected by later high-temperature
metamorphism. Despite undergoing high-temperature metamorphism, the sample did not
experience any redistribution of calcium (Ca) or lead (Pb*). However, the sample with high Ca
concentration (Y1) showed two generations of apatite inclusions, differentiated by low and
high Pb* content. The high concentration of Ca creates lattice strain in the crystal lattice due
to its large size and tends to exsolve during cooling along with Pb, which is forming inside the
crystal. The faster cooling rate of the pegmatite xenotime also must have assisted the exsolution
of the apatite inclusions. The apatite inclusions formed during the cooling of the crystal can
later act as traps to Pb* in later geological events, such as fluid activity forming the Pb*

enriched apatite inclusions.

6.2.3 Recrystallisation

Chapter five provides an in-depth study of xenotime in shock deformation settings by
studying samples from three impact structures. Combining the techniques SEM-EBSD and
SHRIMP. Recrystallised neoblastic texture, an impact-related microstructure, has been
identified in xenotime for the first time in this study. The degree of recrystallisation is
correlated with the degree of resetting of the U-Pb system, yielding the impact age from fully
recrystallised xenotime grain from the Araguainha impact structure. EBSD GROD angle map

of the impact age generated grain generally show no misorientation in the neoblasts (strain-free
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neoblasts). However, a few per cent of the neoblasts show internal misorientation, and grains
with no misorientation have grown into neoblasts with high misorientation, forming a lobate
texture (Passchier and Trouw, 2005). Atom probe analysis on a grain boundary between the
neoblasts showing lobate textures shows a difference in chemistry (Si-Mg cluster variation)
between two neoblasts. The grain with no misorientation has fewer Si-Mg clusters compared
to a grain with high misorientation. The grain boundary is enriched in various elements such
as Si, Ca, Mg, Al, Na, and Cl. The presence of elements Si, Ca, and Mg, which are not
inherently part of the xenotime structure, must have migrated to the grain boundary during
recrystallization to reduce the lattice strain caused by bigger ions (Reddy et al., 2016). The
observations from EBSD data and APT data lead to the process of grain boundary migration
for the formation of the neoblasts, in which grain with no misorientation grows into the grain
with high misorientation and reflects in the chemistry of the specimens. During this process, it
is implied that Pb is also moved to the grain boundary and diffused to the grain edges,
facilitating the complete resetting of the grain. From the studied grains, where recrystallisation
is not fully achieved, for example, grain X2 from Araguainha, mixed U-Pb ages are derived,

indicating partial Pb loss.
6.3 Geochronometers in nanoscale: a revisit

This thesis explored the geochemical behaviour of xenotime from different geological
contexts and identified different mechanisms causing the redistribution of radiogenic isotopes
and other trace elements. However, combining the research outputs from this thesis and
previous nanoscale studies on the geochronometers, some general observations can be made

on Pb* mobility mechanisms.

Nanoscale studies on phosphates, particularly extensive studies have made on the mineral
monazite (Laurent et al., 2016; Seydoux- Guillaume et al., 2018; Fougerouse et al., 2018,
2021a, 2021b; Seydoux-Guillaume et al., 2019; Turuani et al., 2022; Grand’Homme et al.,
2018). Other phosphates, such as apatite nanoscale studies have only made in extra-terrestrial
samples, lunar and martian meteorites and not discussed here (Cemok et al., 2019, 2021;
Darling et al., 2021). Fluid assisted dissolution reprecipitation reactions have shown to
facilitate Pb* redistribution in monazite, similar to the findings from this thesis (Grand’Homme
et al., 2018; Fougerouse et al., 2021a; Turuani et al., 2022). Partial retention of Pb* in Pb*
nanocrystals (galena) formed during fluid assisted coupled dissolution reprecipitation process
are proposed to be responsible for discordant data in monazite (Turuani et al., 2022). In case

of xenotime sample z6413 (chapter three) the Pb* is fully retained in apatite inclusions making
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the grain closed system in grain scale. Recent study on shocked monazite from Vredefort
impact structure showed formation of britholite inclusions, containing Pb* upto ~8 at. %
[(REE,Ca,Pb)s((Si, P)O4)30H] as a result of fluid alteration (Fougerouse et al., 2021a). Both
these cases is similar to the apatite inclusions formed in xenotime due to fluid alteration.
Particularly xenotime from the Vredefort impact structure (Chapter five) showed formation of
apatite inclusions, and the U-Pb ages are consistent with britholite formation in monazite and
SHRIMP U-Pb ages for the fluid alteration event (1803+270 Ma). It is to be noted that the fluid
alteration event is only recorded in the phosphates from the Vredefort impact structure and not

recorded in any other phases (Cavosie et al., 2021; Fougerouse et al., 2021).

Phase immiscibility, the process of exsolution of phases during temperature change, has
been reported to redistribute Pb* in monazite, similar to the findings on sample Y1 (chapter
four). In this particular model, the impurity content in the mineral phase is the driving factor
for exsolution that can occur during cooling (Putnis, 1992; Ferraris et al., 2005) or subsequent
heating after fast cooling (Putnis, 1978). In monazite, apatite inclusions are formed due to
exsolution from a metamorphic monazite sample during cooling (Fougerouse et al., 2018).
Similar to this, metamorphic monazite from UHT zone osumilite gneiss from Rogaland (S-
Norway) has reported Ca-S-Pb* clusters to form as a result of exsolution during cooling
(Seydoux-Guillaume et al., 2019). It is observed that the Ca content in the clusters or phases
exsolved that also contain the radiogenic Pb* is a common factor. Ca is incorporated into both
xenotime and monazite via cheralite substitution Ca®"+(Th/U)**=2REE*" (Spear and Pyle,
2002). Due to the similarity of Ca (1.12 A) and Pb (1.29 A) in ionic sizes of 2+ ions, their
behaviour in geological settings is also similar (Shannon, 1976). Therefore as stated in chapter
four, the Ca and Pb mobility is interlinked. Provided the Ca content in the sample is high, the
chances of exsolution and consequent Pb* mobility are highly likely. Based on the crystal
structure, monazite has a less ordered monoclinic structure and therefore cheralite substitution
is more favoured (Ni et al., 1995; Spear and Pyle, 2002). In the case of xenotime, huttonite
subsitution [(Th/U)*+Si**=REE*'+P>"] is more favourable, owing to the tight tetragonal
crystal structure (Ni et al., 1995; Spear and Pyle, 2002). Therefore, high levels of Ca likely get
incorporated more into monazite and drive Pb* mobility. However, the Ca or any other trace
element incorporation into a phase is determined by its crystallising environment (Forster,

1998, 20006).

Recrystallisation as a means of Pb* mobility has been shown in many geochronometers.
Especially in shock-deformed settings, recrystallised granular neoblastic zircon and monazite

are the prime candidates for impact geochronology (Moser et al., 2011; Erickson et al., 2017,
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Kenny et al., 2017; Cavosie et al., 2018; Erickson et al., 2020). The formation of neoblasts is
particularly related to a high T environment post-impact (Moser et al., 2011). The unequivocal
high pressure from the initial impact will form lattice deformation in minerals, and high
temperature, followed by the impact by the formation of melt sheets, provides ambient
temperature for the crystal to be healed and recrystallised, facilitating processes such as grain
boundary migration (chapter 5). This high temperature will facilitate faster Pb mobility and

eventually partial to total Pb loss through grain boundaries.

Previous nanoscale analysis of minerals, especially studies on zircon and rutile, has
shown the effect of radiation damage and high-temperature metamorphism on Pb* mobility
(Valley et al., 2014, 2015; Peterman et al., 2016, 2019, 2021; Verberne et al., 2020). The
radiation damage in zircon traps Pb*, which diffuses to the damaged site during high-
temperature metamorphism (Valley et al., 2014, 2015; Peterman et al., 2016, 2019). In the case
of xenotime, the effect of high-temperature metamorphism on contact metamorphic xenotime
from Fanad contact aureole was tested in this project (chapter four), and no heterogeneity in
either Ca or Pb* was observed. This observation is consistent with the fact that xenotime is
resistant to radiation damage, owing to its lower activation energy for annealing compared to
zircon and slow Pb diffusion (Lenz et al., 2019, Cherniak 2006). In zircon, the Pb* mobility is
enhanced by diffusion through interconnected radiation damage sites (Utsunomiya et al.,
2004). However, quick annealing of the damaged sites and slower diffusion of Pb in xenotime
hinders Pb* mobility in high temperature (chapter four). Therefore, the response of xenotime

to high-temperature metamorphism differs from previous studies on geochronometers.
6.4 Scope of future work

This thesis investigated nanoscale geochemistry of xenotime, with the purpose of
understanding the mineral as a geochronometer. Moreover, extrapolating the information to
better understand the behavior of other geochronometers (e.g., zircon and monazite). However,
the following points have been identified from the current state of knowledge which can be

considered for future study.

e In chapter 2, methods were developed for U-Pb and Pb-Pb geochronology using APT.
One of the major challenges remaining is the characterisation and quantification of
ThPO; peak on to °’Pb peak. Since the Th content was high in pegmatite xenotime
(chapter 3), Pb-Pb dating couldn’t be employed in that sample. Investigating this issue
will be crucial in Pb-Pb dating of xenotime using APT, especially in dating high Th
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samples (commonly of igneous origin). Of particular interest, the development of
energy sensitive detectors could offer the opportunity to discriminate and deconvolve
doubly and triply charged ionic species. This could potentially remove entirely the
ThPOs*" peak from the 2°’Pb*" peak.

Xenotime dating to find diagenetic ages is a major application of xenotime
geochronology. However, with the current chemical sensitivity of APT, obtaining
peaks for nanogeochronology of diagenetic xenotime with lower U content is difficult
to achieve. If the chemical sensitivity of the instrument can enhance and better
background reduction in the mass spectrum, diagenetic xenotime ages can be
constrained using APT. This would be particularly useful given the innate nature of
diagenetic xenotime to form small grain outgrowths (~5 pum) around zircon, is an
obstacle to conventional techniques. As a general point, reducing the background in the
mass spectrum will enhance the quality of data and broaden application of the method.
The mass spectrum of xenotime is really complex, because of the presence of REEs.
They combine with O, P and form complex molecules and present in different charge
states. Deconvolving all the peaks, with background correction is almost impossible
with our current state of knowledge. If we could confidently quantify these peaks, it
can be used to ascertain the origin of an unknown xenotime grain from REE pattern.
Therefore, both analytical and software improvements on deconvolving complex mass
spectrum from APT analysis is a future task.

In chapter three, nanoscale analysis of xenotime sample showed evidence of fluid
activity beyond the textural domain of fluid alteration identified by conventional
microscale imaging techniques. This questions the belief that “homogenous” appearing
domains imaged by microscale imaging techniques, whether it is really homogeneous?
What is the extent of fluid activity in minerals? More nanoscale analysis on fluid altered
mineral phases is required to answer these questions. This could have major
implications in geochronology as fluid activity is a common geological phenomenon

affecting minerals.

Furthermore, due to time and analytical constraints, nanoscale analysis could only be
done on domain beyond fluid alteration (Chapter 3). It would be beneficial to also have

data from the altered domains in the sample to compare the results.

In chapter five, nanoscale analyses of twins from the shocked xenotime grains showed

an indication of impact related Pb* mobility, in which Pb* enriched clusters were only
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present in twins and not in the host. Furthermore, twins in Vredefort xenotime yielded
impact ages, however high uncertainty associated precluded any definitive conclusion.
Shock deformed twins from monazite has shown to yield impact age using APT (Denis
Fougerouse et al., 2021a). Therefore, analysis of more shocked xenotime twins using
atom probe tomography will help us to define if there is any connection between
nanoscale resetting and twin formation. This would be a major finding and would aid
future work in constraining impact ages from micro twins from xenotime, which would
not be reflected in conventional analytical techniques.

EBSD microstructural analysis of shocked xenotime grains from Araguainha showed
neoblastic texture, in which grain AR 02 showed lineation of neoblasts and fabric
development in analysis. The speculation is that this fabric development could be
associated with a high-pressure phase of xenotime, like in zircon (zircon-reidite). Hence
more studies on this aspect (e.g., whether there is a high-pressure phase of xenotime)
would help better constrain the physical conditions of impact events.

More analysis on xenotime from different impact locations are necessary to better

constrain the shock deformation of xenotime and its geochronological implications.
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Appendix 2.1

Laser pulse energy and surface diffusion in xenotime analysis

In laser assisted atom probe tomography, field evaporation of atoms from the surface of the
specimen, which is held under a high electric field, is triggered by a laser pulse. The atom
absorbs the heat energy from the laser pulse, gets ionized, and is accelerated by the high field
to the position-sensitive detector. The detector records the x,y position of the ionic species and
the z coordinate is acquired from the order in which the ions are evaporated, giving the 3d
reconstruction of the sample analysed. The time of flight of the ionic specie, initiated by the
laser pulse, from the apex of the specimen to the detector, helps to identify the ion species from
mass-to-charge ratio and gives compositional detail of the sample. Previous studies on oxides
and metals have identified a laser energy dependent surface diffusion of ionic species
(Kirchhofer et al., 2013; Devaraj et al., 2013; Diercks et al., 2013, 2014; Diercks and Gorman,
2015). Surface diffusion of ionic species is attributed to the high temperature availed from high
laser pulse energies, creating mobile ions on the surface of the tip apex which are then
evaporated and detected at locations different from their original position in the sample. This
phenomenon can lead to differences in local and stoichiometric compositions (Kirchhofer et
al., 2013; Diercks et al., 2014). In many minerals, a compositional gradient is observed related
to the laser direction, often with more complex molecular ionic species forming on the laser
incident side of the specimen (Cappelli et al., 2021). The crystallography of a sample can also
the migration of ionic species to particular crystallographic directions (Gault et al., 2012).
Therefore, in order to assess if there are any compositional differences due to surface migration
of ions with different laser pulse energies in xenotime, 1D concentration profiles of
decomposed ionic species are plotted for every analysis from 50 pJ to 450 pJ. The data quality
test is performed by creating a rectangular ROI that encompasses the whole dataset and rotating
around the z-axis such that one of the ROI axes aligns with the laser direction. A compositional
profile then shows the profiles across xy plane, parallel with the laser direction and
perpendicular to the z axis. Composition of major atomic species (Y,P,0) and minor species
of interest (HREEs-Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, Pb, Ca) in xenotime is plotted.

The results show no significant compositional variation in all the datasets analysed. There is
variation at each end of the compositional graph which corresponds to places where there are
very low counts in each (1 nm) bin of the 1D profile, as it reaches the edges of the dataset.

Therefore, this data analysis reveals that negligible surface diffusion occurs during laser
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assisted analysis of xenotime. This characteristic is probably due to high thermal diffusivity of

xenotime as observed in the case of zircon (La Fontaine et al., 2017).
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Compositional profiles of elements from xenotime standards
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Appendix 2.2
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Mass spectra from xenotime are complex, containing many molecular combinations of Y,P,O
and REEs. The charge state ratio (CSR) of a major ion in xenotime PO (PO""/PO") is plotted
as a function of laser pulse energy. It is observed that the PO CSR increases with increasing
laser pulse energy for each sample analysed. This positive trend indicates the formation of
higher charge state species at higher laser pulse energy. A similar trend has also observed in
rutile (Verberne et al., 2019) and magnetite (Schreiber et al., 2014). Even though the
background counts are low at higher laser pulse energies (Figure 2.4) the ThPO3;™" ion
formation is found to be higher in higher laser pulse energies (Figure 2.4), as shown by PO
CSR where higher charge state is favoured in higher laser pulse energies, which is critical in
xenotime nanogeochronology. Therefore, considering all the results the optimum laser pulse
energy for xenotime analysis can be suggested is 100 to 200 pJ, where the a balance can find

between background counts and higher charge state formation of ionic species.
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Appendix 3.1

SHRIMP standard data

Summa
ry
Standar | Session | 20°Pb*/238 | £2 | MSW |p | 27Pb*/2%P | £2 | MSW |p |n
d U Age|sd|D b* Age |sd | D
(Ma) . (Ma) .
MG-1 10- 489 44 1.02 0.4 | 517 275 | 1 04 |19
(Primary) | 12/01/20 3 5 of
22 21
MG-1 15- 490 38 | 0.96 0.5 | 621 221 | 0.97 0.4 |18
(Primary) | 17/03/20 0 8 |of
22 18
Published age 489.96 0.5 491.8 1.1 | Fletcher et al.,
2004
4
Y1 15- 974 57 10.31 0.9 | 949 21 1.5 0.1 19
17/03/20 6 6 of
22 10
Published age ~948 948 5 Fletcher et al.,
2000
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Appendix 3.1
SHRIMP results - standard data

10-12 January

Th

Sample Spot U (ppm)® (ppm)°© Th/U
MG-1 MG1.2.1 1019 874 0.89
MG-1 MG1.2.2 1107 1166 1.09
MG-1 MG1.2.3 966 863 0.92
MG-1 MG1.2.4 1010 845 0.87
MG-1 MG1.2.5 837 772 0.95
MG-1 MG1.2.6 1005 946 0.97
MG-1 MG1.2.7 1196 1246 1.08
MG-1 MG1.2.8 926 900 1.00
MG-1 MG1.2.9 989 826 0.86
MG-1 MG1.2.11 839 900 1.1
MG-1 MG1.2.12 914 811 0.92
MG-1 MG1.2.13 846 930 1.14
MG-1 MG1.2.14 993 962 1.00
MG-1 MG1.2.15 1156 1254 1.12
MG-1 MG1.2.16 989 870 0.91
MG-1 MG1.2.17 942 1072 1.18
MG-1 MG1.2.18 988 1051 1.10
MG-1 MG1.2.19 1211 1336 1.14
MG-1 MG1.2.20 1064 1049 1.02
MG-1 MG1.2.10 852 717 0.87
MG-1 MG1.3.1 1151 933 0.84
Session 2 - 15-17/03/2022 (U-Pb)

10-12 January

Th

Sample Spot U (ppm)® (ppm)°© Th/U
MG1 MG1.2.3 1038 961 0.93
MG1 MG1.2.5 1000 880 0.88
MG1 MG1.2.6 928 827 0.89
MG1 MG1.2.7 1023 933 0.91
MG1 MG1.2.8 1080 1028 0.95
MG1 MG1.2.9 823 808 0.98
MG1 MG1.2.10 942 935 0.99
MG1 MG1.2.11 879 805 0.92
MG1 MG1.2.12 1143 1060 0.93
MG1 MG1.2.13 844 978 1.16
MG1 MG1.2.14 1025 1125 1.10
MG1 MG1.2.15 1045 1061 1.02
MG1 MG1.2.16 847 903 1.07
MG1 MG1.2.17 953 1018 1.07
MG1 MG1.2.18 1134 1334 1.18
MG1 MG1.2.19 1030 1101 1.07
MG1 MG1.2.20 1171 1148 0.98
MG1 MG1.2.21 1094 1221 1.12
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2022, Curtin University®

:REE,O,
205pp204pp +2s.e. £206 (%) (wt. %)
6013 8504 0.30 15.4
11821 23641 0.15 15.4
-11227 -22454 b.d.l. 15.4
-10426 -20851 b.d.l. 15.4
4839 6844 0.37 15.4
-10844 -21688 b.d.l. 15.4
6317 -8933 b.d.l. 15.4
1000000000000000000000000000000  2000000000000000000000000000000 b.d.I. 15.4
1000000000000000000000000000000  2000000000000000000000000000000 b.d.I. 15.4
-9687 -19375 b.d.l. 15.4
-11584 -23169 b.d.l. 15.4
3369 3890 0.53 15.4
8790 17580 0.20 15.4
10795 21590 0.17 15.4
1000000000000000000000000000000  2000000000000000000000000000000 b.d.I. 15.4
-11597 -23194 b.d.l. 15.4
1000000000000000000000000000000  2000000000000000000000000000000 b.d.I. 15.4
11409 22819 0.16 15.4
10995 21991 0.16 15.4
1000000000000000000000000000000  2000000000000000000000000000000 b.d.I. 15.4
-12379 -24757 b.d.l. 15.4
2022, Curtin University®
205pp224pp +2s.e. 206 (%) :REE (%)
5673 5673 b.d.l. 14.4
-1861 -1122 b.d.l. 14.4
-7668 -8854 b.d.l. 14.4
-3743 -3056 b.d.l. 14.4
-1468 -785 b.d.l. 14.4
2748 -1943 b.d.l. 14.4
5807 5808 b.d.l. 14.4
2976 2250 0.62 14.4
-7299 -8429 b.d.l. 14.4
-1921 -1066 b.d.l. 14.4
-8222 -9494 b.d.l. 14.4
-3288 -2941 b.d.l. 14.4
-1353 -741 b.d.l. 14.4
2317 -1751 b.d.l. 14.4
-22466 -44933 b.d.l. 14.4
-3798 -3798 b.d.l. 14.4
618126934215 123613024304223 b.d.l. 14.4
-15525 -31050 b.d.l. 14.4
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Uncorrected ratios

207PbI206P 208Pb1232-|- 208PbI206P
28pp 238y +2s.e. 28U t2s.e. b +2s.e. h +2s.e. b +2s.e.
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
Uncorrected ratios
207PbI206P 208Pb/232-|- 208PbI206P
2%pp28y  +2s.e. 22UP%Pb t2s.e. b +2s.e. h +2s.e. b +2s.e.
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
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24pp-corrected ratios (not matrix-corrected)

206Pb*I238 238U/206Pb 207Pb*/206 208Pb*I232 208Pb*I206
U t2s.e. * +2s.e. Pb* +2s.e. Th +2s.e. Pb* +2s.e.

0.07792 0.00588 12.83348 0.96902 0.05254 0.00752 0.02728 0.00298 0.30405 0.02482
0.08117 0.02155 12.32002 3.27097 0.05673 0.02836 0.02688 0.01169 0.35740 0.12406
0.07979 0.00584 12.53289 0.91728 0.06111 0.00424 0.02514 0.00288 0.29414 0.02471
0.08681 0.00662 11.51958 0.87783 0.06127 0.00795 0.03013 0.00353 0.30390 0.02552
0.07656 0.01107 13.06250 1.88898 0.05604 0.00869 0.02525 0.00428 0.30670 0.02753
0.07687 0.00582 13.00921 0.98439 0.05677 0.00760 0.02578 0.00292 0.32960 0.02629
0.07704 0.00567 12.98107 0.95534 0.05012 0.00713 0.02569 0.00271 0.36492 0.02597
0.07367 0.00669 13.57424 1.23329 0.06039 0.00447 0.02350 0.00305 0.32037 0.02776
0.08421 0.00672 11.87489 0.94802 0.05718 0.00758 0.02794 0.00346 0.28636 0.02534
0.07743 0.00653 12.91554 1.09009 0.05753 0.00796 0.02668 0.00314 0.38555 0.02935
0.08076 0.00627 12.38240 0.96183 0.06087 0.00747 0.02632 0.00242 0.30223 0.01239
0.07569 0.00624 13.21231 1.09016 0.05520 0.01375 0.02424 0.00285 0.35281 0.03031
0.07562 0.00614 13.22430 1.07463 0.05554 0.00890 0.02348 0.00296 0.30635 0.02902
0.07569 0.00541 13.21224 0.94500 0.04952 0.00761 0.02284 0.00252 0.33461 0.02729
0.08099 0.00656 12.34713 0.99933 0.05390 0.00749 0.02699 0.00335 0.30299 0.02661
0.07891 0.00591 12.67279 0.94977 0.06017 0.00739 0.02500 0.00270 0.37590 0.02734
0.07494 0.00563 13.34479 1.00303 0.05488 0.00693 0.02324 0.00258 0.34100 0.02599
0.08570 0.00599 11.66911 0.81552 0.05571 0.00748 0.02708 0.00286 0.35691 0.02705
0.07986 0.00609 12.52160 0.95510 0.05640 0.00763 0.02534 0.00290 0.31998 0.02643
0.07708 0.00624 12.97406 1.05004 0.04694 0.00724 0.02360 0.00304 0.26620 0.02508
0.08455 0.00590 11.82712 0.82534 0.04868 0.00691 0.02793 0.00302 0.27961 0.02193

24pp-corrected ratios (not matrix-corrected)

206p %238 238 206p 207p %206 208p )y« 232 2084206
U +2s.e. * +2s.e. Pb* +2s.e. Th +2s.e. Pb* +2s.e.

0.08398 0.00528 11.90806 0.74852 0.05712 0.00558 0.28880 0.01791 0.02477 0.00230
0.07946 0.00523 12.58459 0.82785 0.06201 0.00699 0.29417 0.02001 0.02397 0.00230
0.07447 0.00499 13.42818 0.90006 0.06103 0.00546 0.31922 0.01831 0.02541 0.00237
0.07691 0.00522 13.00167 0.88161 0.05963 0.00585 0.30539 0.01871 0.02410 0.00230
0.08211 0.00541 12.17896 0.80299 0.06518 0.00737 0.32041 0.02113 0.02463 0.00233
0.07825 0.00517 12.78017 0.84496 0.05890 0.00628 0.33587 0.03503 0.02487 0.00320
0.07668 0.00507 13.04082 0.86192 0.05423 0.00553 0.32618 0.01873 0.02487 0.00226
0.08203 0.00530 12.19054 0.78824 0.05107 0.00646 0.27256 0.01968 0.02472 0.00236
0.08066 0.00506 12.39805 0.77736 0.06087 0.00557 0.30693 0.01824 0.02541 0.00254
0.08084 0.00481 12.36997 0.73590 0.07101 0.00637 0.39262 0.02048 0.02521 0.00209
0.07924 0.00515 12.61987 0.81970 0.06132 0.00525 0.34523 0.01828 0.02382 0.00212
0.08487 0.00608 11.78322 0.84377 0.06130 0.00704 0.34028 0.02253 0.02661 0.00270
0.07811 0.00556 12.80235 0.91207 0.06621 0.00793 0.37799 0.04324 0.02484 0.00353
0.07576  0.00600 13.19889 1.04557 0.06566 0.00757 0.37021 0.02431 0.02429 0.00285
0.07671 0.00560 13.03638 0.95122 0.06153 0.00527 0.39193 0.02037 0.02463 0.00236
0.07597 0.00584 13.16330 1.01217 0.05859 0.00726 0.38361 0.01542 0.02569 0.00236
0.07474 0.00552 13.37980 0.98877 0.06028 0.00351 0.34187 0.02207 0.02523 0.00263
0.08084 0.00576 12.37074 0.88090 0.05674 0.00617 0.34387 0.02284 0.02393 0.00246
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24pp.corrected, matrix-corrected ratios®

(238U /206P (207Pb* 1206 (206Pb* 1238 (207Pb* 1235 (208Pb* 1232
b*)m *2s.e. Pb*),, *2s.e. U)n *2s.e. U) *2s.e. Th), *2s.e.

12.83126 1.10167 0.05254 0.00752 0.07793 0.00669 0.56437 0.09420 #N/A #N/A
12.33703 3.40807 0.05673 0.02836 0.08106 0.02239 0.63373 0.36192 #N/A #N/A
12.52567 1.04600 0.06111 0.00424 0.07984 0.00667 0.67235 0.07301 #N/A #N/A
11.51578 0.99659 0.06127 0.00795 0.08684 0.00752 0.73331 0.11438 #N/A #N/A
13.03952 2.01727 0.05604 0.00869 0.07669 0.01186 0.59231 0.12977 #N/A #N/A
13.00876 1.11916 0.05677 0.00760 0.07687 0.00661 0.60145 0.09571 #N/A #N/A
13.01046 1.09484 0.05012 0.00713 0.07686 0.00647 0.53090 0.08771 #N/A #N/A
13.56437 1.37200 0.06039 0.00447 0.07372 0.00746 0.61362 0.07691 #N/A #N/A
11.86858 1.06998 0.05718 0.00758 0.08426 0.00760 0.66397 0.10640 #N/A #N/A
12.89834 1.22072 0.05753 0.00796 0.07753 0.00734 0.61473 0.10307 #N/A #N/A
12.36875 1.08779 0.06087 0.00747 0.08085 0.00711 0.67827 0.10245 #N/A #N/A
13.19658 1.22420 0.05520 0.01375 0.07578 0.00703 0.57645 0.15325 #N/A #N/A
13.22342 1.21156 0.05554 0.00890 0.07562 0.00693 0.57885 0.10686 #N/A #N/A
13.23880 1.08632 0.04952 0.00761 0.07554 0.00620 0.51550 0.08983 #N/A #N/A
12.34223 1.12643 0.05390 0.00749 0.08102 0.00739 0.60187 0.10004 #N/A #N/A
12.67193 1.08099 0.06017 0.00739 0.07891 0.00673 0.65438 0.09790 #N/A #N/A
13.34722 1.14178 0.05488 0.00693 0.07492 0.00641 0.56664 0.08640 #N/A #N/A
11.70010 0.94147 0.05571 0.00748 0.08547 0.00688 0.65624 0.10273 #N/A #N/A
12.53041 1.08643 0.05640 0.00763 0.07981 0.00692 0.62027 0.09965 #N/A #N/A
12.95030 1.18020 0.04694 0.00724 0.07722 0.00704 0.49957 0.08947 #N/A #N/A
11.83820 0.94972 0.04868 0.00691 0.08447 0.00678 0.56672 0.09239 #N/A #N/A

24pp.corrected, matrix-corrected ratios®

(238Ul206P (207Pb*1206 (206Pb*1238 (207Pb*1235 (208Pb*lz32
b*)m t2s.e. Pb*), *2s.e. U) t2s.e. U) t2s.e. Th), t2s.e.

11.90941 0.87215 0.05712 0.00558 0.08397 0.00615 0.66103 0.08075 #N/A #N/A
12.57942 0.95751 0.06201 0.00699 0.07949 0.00605 0.67941 0.09241  #N/A #N/A
13.41363 1.03700 0.06103 0.00546 0.07455 0.00576 0.62706 0.07413  #N/A #N/A
13.00061 1.01622 0.05963 0.00585 0.07692 0.00601 0.63214 0.07930 #N/A #N/A
12.18658 0.93040 0.06518 0.00737 0.08206 0.00626 0.73707 0.10057  #N/A #N/A
12.75635 0.97380 0.05890 0.00628 0.07839 0.00598 0.63637 0.08345 #N/A #N/A
13.03259 0.99585 0.05423 0.00553 0.07673 0.00586 0.57344 0.07303 #N/A #N/A
12.17237 091188 0.05107 0.00646 0.08215 0.00615 0.57827 0.08497  #N/A #N/A
12.41252 0.90799 0.06087 0.00557 0.08056 0.00589 0.67588 0.07921  #N/A #N/A
12.35547 0.86211 0.07101 0.00637 0.08094 0.00565 0.79204 0.09004  #N/A #N/A
12.62687 0.95157 0.06132 0.00525 0.07920 0.00597 0.66930 0.07636  #N/A #N/A
11.78899 0.96687 0.06130 0.00704 0.08482 0.00696 0.71662 0.10117  #N/A #N/A
12.78451 1.04187 0.06621 0.00793 0.07822 0.00637 0.71375 0.10339 #N/A #N/A
13.19504 1.18170 0.06566 0.00757 0.07579 0.00679 0.68582 0.10011  #N/A #N/A
13.06229 1.09068 0.06153 0.00527 0.07656 0.00639 0.64924 0.07764  #N/A #N/A
13.17004 1.14980 0.05859 0.00726 0.07593 0.00663 0.61314 0.09294  #N/A #N/A
13.40183 1.13119 0.06028 0.00351 0.07462 0.00630 0.61992 0.06355 #N/A #N/A
12.38737 1.01185 0.05674 0.00617 0.08073 0.00659 0.63130 0.08590 #N/A #N/A

219




204pp.corrected, matrix-corrected dates®

(206Pb*1238U (207Pb*1206 (207Pb*1235
)m Age Pb*)m, U)m Age
(Ma) *2s.e. Age(Ma) *2s.e. (Ma) t2s.e. Disc. (%)
484 40 308 326 454 61 -57.2
502 134 480 1104 498 229 -4.8
495 40 642 149 522 44 22.8
537 45 648 279 558 67 17.0
476 71 453 344 472 83 -5.3
477 40 482 296 478 61 0.7
477 39 199 330 432 58 -139.7
459 45 617 160 486 48 25.6
521 45 497 292 517 65 -5.0
481 44 511 304 487 65 5.7
501 42 634 264 526 62 20.8
471 42 419 556 462 99 -12.5
470 42 433 357 464 69 -8.7
469 37 171 359 422 60 -174.2
502 44 366 313 478 63 -37.5
490 40 609 266 511 60 19.4
466 38 406 282 456 56 -14.8
529 41 440 299 512 63 -20.3
495 41 467 300 490 63 -6.1
479 42 45 368 411 61 -961.3
523 40 131 334 456 60 -298.5

204pp.corrected, matrix-corrected dates®

(206Pb*1238u (207Pb*I206 (207Pb*I235
)m Age Pb*)m U)m Age
(Ma) *2s.e. Age(Ma) *2s.e. (Ma) t2s.e. Disc. (%)
520 37 495 215 515 49 -4.9
493 36 674 241 526 56 26.8
464 35 639 192 494 46 275
478 36 589 213 497 49 18.9
508 37 779 238 561 59 34.7
487 36 563 232 500 52 13.5
477 35 379 229 460 47 -25.6
509 37 243 291 463 55 -109.3
499 35 634 197 524 48 21.2
502 34 957 183 592 51 47.6
491 36 650 184 520 46 24.4
525 41 649 247 549 60 19.1
485 38 812 250 547 61 40.2
471 41 795 242 530 60 40.7
476 38 657 184 508 48 27.6
472 40 551 270 486 59 14.4
464 38 613 126 490 40 24.3
500 39 481 240 497 54 -4.1
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Appendix 3.1
SHRIMP results - sample 6413 - color coded with SHRIMP spot
Tocation

Sample Spot U (ppm)° Th (ppm)° Th/U 206p, 204}y
z6413/XEN XNO1.3 0.18 1000000000000000000000000000000

z6413/XENXNO1.5 0.18 167575
z6413/XENXNO1.6 0.18 166036
z6413/XENXNO1.7 0.18 349902
z6413/XENXNO1.9 0.18 271627
z6413/XENXNO1.10 0.18 99213
z6413/XENXNO1.12 0.18 -174127
z6413/XENXNO1.13 0.18 158146
z6413/XENXNO1.14 0.18 325780
z6413/XENXNO1.15 0.18 106284
z6413/XENXNO1.4 0.18 181895
z6413/XEN XNO1.11 0.18 -330511
z6413/XENXNO1.16 0.18 334269
z6413/XENXNO1.17 0.18 107759
z6413/XENXNO1.18 0.18 -389105
z6413/XENXNO1.19 0.18 1000000000000000000000000000000
z6413/XEN XNO1.1 0.18 343135
z6413/XENXNO1.2 0.18 47524446060138
z6413/XENXNO1.3 0.18 141685
z6413/XENXNO1.4 0.18 248465
z6413/XENXNO1.5 0.18 -79358
z6413/XENXNO1.6 0.18 -71133
z6413/XENXNO1.7 0.18 -120417
z6413/XENXNO1.8 0.18 126045
z6413/XENXNO1.9 0.19 -54965
z6413/XENXNO1.10 0.18 -119850
z6413/XEN XNO1.11 0.18 -82448
z6413/XENXNO1.13 0.18 -110051
z6413/XENXNO1.14 0.18 -107945
z6413/XENZNO1.1 0.18 -45946
z6413/XENZNO1.2 0.18 -153627
z6413/XENZNO1.3 0.18 -231786
z6413/XENZNO1.4 0.18 60686
z6413/XENZNO1.7 0.18 10721361330510
z6413/XENZNO1.8 0.18 48346
z6413/XENZNO1.8.1 0.18 -292959
z6413/XENZNO1.9 0.18 231233
z6413/XENZNO1.14 0.18 220017
z6413/XENZNO1.14.1 0.17 389870
z6413/XENXNO1.12 0.19 -79991
z6413/XEN XNO1.15 0.18 -92380
z6413/XENZNO1.5 12378 2331 0.19 131220
z6413/XENZNO1.6 11611 2173 0.19 56154
z6413/XENZNO1.10 9492 1723 0.19 4901751
z6413/XENZNO1.11 10688 1967 0.19 -181889
z6413/XENZNO1.12 11099 1999 0.19 -361288

z6413/XENZNO1.13 9113 1939 0.22 111801
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Uncorrected ratios

+2s.e. 206 (%) |:REE,O; (wt. %) |*°Pb/?*®U +2s.e. U °Pb :2se.

2000000000000000000000000000000 0.19395 0.00366 5.15606 0.09719
236987 0.19731 0.00511 5.06807 0.13117
234810 0.19552 0.00521 5.11453 0.13622
699805 0.19746 0.00505 5.06422 0.12954
543255 0.18651 0.00535 5.36158 0.15368
114562 0.19028 0.00527 5.25533 0.14562
-246252 b.d.l. 0.19412 0.00510 5.15143 0.13526
223653 0.20305 0.00546 4.92499 0.13254
651561 0.20151 0.00867 4.96265 0.21352
122726 0.19701 0.00506 5.07598 0.13049
257238 0.20178 0.00511 4.95591 0.12555
-661021 b.d.l. 0.19601 0.00799 5.10169 0.20796
668538 . 0.17504 0.00437 5.71299 0.14269
124429 b.d.l. 0.17419 0.00447 5.74094 0.14749
-778210 b.d.l. 0.20160 0.00370 4.96029 0.09103

2000000000000000000000000000000 b.d.I. 0.16783 0.00571 5.95858 0.20257
485266 b.d.l. 0.20310 0.00890 4.92372 0.21579

9503938723106440 b.d.l. 0.19873 0.01781 5.03206 0.45103
126727 . 0.20047 0.00862 4.98833 0.21456
286903 b.d.I. 0.21334 0.00908 4.68746 0.19960
-52905 b.d.l. 0.21512 0.00549 4.64848 0.11871
-44989 b.d.l. 0.19867 0.00850 5.03358 0.21526
-98320 b.d.l. 0.18979 0.00839 5.26888 0.23282
102916 . 0.20772 0.00541 4.81422 0.12540
-29037 b.d.l. 0.20343 0.00833 4.91563 0.20124
-90598 b.d.l. 0.19637 0.01374 5.09249 0.35630
-58300 b.d.l. 0.19236 0.00962 5.19856 0.25985
-89857 b.d.l. 0.19893 0.00929 5.02682 0.23475
-88137 b.d.l. 0.19582 0.00921 5.10669 0.24028
-24559 b.d.l. 0.19292 0.00856 5.18341 0.22988
-153627 b.d.l. 0.20043 0.00833 4.98935 0.20737
-267644 b.d.l. 0.19524 0.01666 5.12201 0.43709
35037 . 0.20449 0.00856 4.89025 0.20469

2144057838875280 b.d.l. 0.19662 0.00482 5.08591 0.12460
26050 . 0.19505 0.00853 5.12688 0.22426
-414306 b.d.l. 0.19477 0.00500 5.13432 0.13192
273934 b.d.l. 0.20018 0.00906 4.99543 0.22616
241017 b.d.L 0.19856 0.00845 5.03621 0.21444
584805 b.d.l. 0.18207 0.00795 5.49246 0.23992
-56562 b.d.l. 0.20899 0.01029 4.78488 0.23555
-69833 b.d.l. 0.18527 0.00957 5.39739 0.27869
117367 0.19594 0.00859 5.10354 0.22370
34387 0.19719 0.00881 5.07136 0.22664

29410511 b.d.L 0.19532 0.00520 5.11976 0.13628
-187163 b.d.l. 0.19669 0.00449 5.08402 0.11596
-510938 b.d.l. 0.18995 0.00823 5.26442 0.22816
106064 : 0.18711 0.01538 5.34451 0.43935




Uncorrected ratios

2(

207Pb/206Pb

0.07189
0.07231
0.07214
0.07266
0.07218
0.07448
0.07315
0.07362
0.07205
0.07186
0.07128
0.07015
0.07265
0.07361
0.07522
0.07577
0.07185
0.07233
0.07052
0.07229
0.07215
0.07129
0.07233
0.07205
0.07251
0.07188
0.07331
0.07103
0.07318
0.07203
0.07222
0.07212
0.07250
0.07209
0.07253
0.07262
0.07191
0.07343
0.07222
0.07350
0.07480
0.07397
0.07265
0.07208
0.07169
0.07222
0.07194

*2s.e.
0.00141
0.00145
0.00146
0.00079
0.00160
0.00155
0.00143
0.00149
0.00147
0.00147
0.00138
0.00144
0.00144
0.00260
0.00137
0.00140
0.00113
0.00052
0.00259
0.00109
0.00111
0.00110
0.00109
0.00108
0.00106
0.00103
0.00118
0.00116
0.00119
0.00208
0.00117
0.00112
0.00052
0.00109
0.00115
0.00058
0.00112
0.00110
0.00111
(ON0]0]0]51:]
0.00209
0.00118
0.00260
0.00123
0.00112
0.00110
0.00129

208 Pb I232T h

0.05997
0.06199
0.06100
0.06262
0.05887
0.06094
0.06088
0.06204
0.05998
0.06146
0.06021
0.06175
0.05250
0.05285
0.06539
0.05380
0.06123
0.05913
0.06052
0.06396
0.06466
0.06174
0.05730
0.06205
0.06017
0.05930
0.05820
0.05958
0.06221
0.06069
0.05957
0.06100
0.05984
0.06149
0.05913
0.05845
0.05846
0.06074
0.05793
0.06333
0.05871
0.05923
0.05718
0.05849
0.05991
0.05694
0.05386

*2s.e.
0.00235
0.00267
0.00269
0.00267
0.00282
0.00281
0.00262
0.00295
0.00338
0.00267
0.00259
0.00332
0.00227
0.00234
0.00239
0.00368
0.00336
0.00590
0.00382
0.00342
0.00196
0.00329
0.00312
0.00255
0.00308
0.00454
0.00359
0.00442
0.00364
0.00338
0.00317
0.00632
0.00316
0.00250
0.00324
0.00220
0.00378
0.00297
0.00314
0.00464
0.00372
0.00325
0.00324
0.00314
0.00206
0.00285
0.00480

208Pb1206Pb

0.05464
0.05615
0.05547
0.05573
0.05645
0.05608
0.05595
0.05483
0.05278
0.05581
0.05282
0.05553
0.05392
0.05515
0.05763
0.05784
0.05508
0.05464
0.05483
0.05511
0.05522
0.05632
0.05527
0.05493
0.05516
0.05455
0.05449
0.05479
0.05734
0.05536
0.05442
0.05579
0.05400
0.05494
0.05590
0.05460
0.05363
0.05553
0.05497
0.05634
0.05629
0.05883
0.05610
0.05619
0.05793
0.05578
0.06329

*2s.e.
0.00177
0.00182
0.00184
0.00178
(ON002{0K]
0.00193
0.00178
0.00185
0.00182
0.00184
0.00173
0.00183
0.00181
0.00189
0.00172
0.00339
0.00137
0.00134
0.00224
0.00132
(ON0]0]0]515)
0.00136
0.00133
0.00130
0.00128
0.00125
0.00141
0.00288
0.00145
0.00141
0.00142
0.00305
0.00132
0.00132
0.00140
0.00069
0.00134
0.00064
0.00134
0.00270
0.00144
0.00146
0.00151
0.00152
0.00139
0.00074
0.00170

206p )+ 238
0.19395
0.19729
0.19550
0.19745
0.18650
0.19025
0.19414
0.20302
0.20149
0.19697
0.20176
0.19602
0.17503
0.17416
0.20161
0.16783
0.20309
0.19873
0.20044
0.21332
0.21517
0.19872
0.18982
0.20769
0.20350
0.19640
0.19240
0.19897
0.19585
0.19300
0.20045
0.19525
0.20443
0.19662
0.19498
0.19478
0.20017
0.19855
0.18206
0.20904
0.18531
0.19592
0.19712
0.19532
0.19671
0.18996
0.18708

*2s.e.
0.00366
0.00511
0.00521
0.00505
0.00535
0.00527
0.00510
0.00546
0.00867
0.00506
0.00511
0.00799
0.00437
0.00447
0.00370
0.00571
0.00890
0.01781
0.00862
0.00908
0.00550
0.00850
0.00839
0.00541
0.00833
0.01374
0.00962
0.00929
0.00922
0.00856
0.00833
0.01666
0.00856
0.00482
0.00853
0.00500
0.00906
0.00845
0.00795
0.01029
0.00957
0.00859
0.00881
0.00520
0.00449
0.00823
0.01538

238UI206Pb*

5.15606
5.06861
5.11509
5.06447
5.36194
5.25628
5.15090
4.92555
4.96292
5.07684
4.95640
5.10141
5.71329
5.74189
4.96006
5.95858
4.92398
5.03206
4.98896
4.68780
4.64743
5.03232
5.26810
4.81490
4.91404
5.09173
5.19744
5.02601
5.10585
5.18140
4.98877
5.12162
4.89169
5.08591
5.12877
5.13400
4.99580
5.03662
5.49272
4.78381
5.39635
5.10423
5.07297
5.11978
5.08353
5.26416
5.34536
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“Pb-corrected ratios (not matrix-corrected)

*2s.e.
0.09719
0.13118
0.13624
0.12954
0.15369
0.14565
0.13525
0.13256
0.21353
0.13052
0.12557
0.20795
0.14270
0.14751
0.09103
0.20257
0.21580
0.45103
0.21459
0.19961
0.11869
0.21520
0.23279
0.12542
0.20118
0.35624
0.25980
0.23471
0.24024
0.22979
0.20735
0.43706
0.20476
0.12460
0.22435
0.13191
0.22618
0.21446
0.23993
0.23550
0.27863
0.22373
0.22672
0.13628
0.11595
0.22815
0.43942

207p )+ 206y ¢
0.07189
0.07222
0.07205
0.07261
0.07213
0.07434
0.07323
0.07353
0.07201
0.07172
0.07120
0.07019
0.07260
0.07348
0.07525
0.07577
0.07181
0.07233
0.07042
0.07223
0.07233
0.07149
0.07245
0.07193
0.07277
0.07200
0.07349
0.07116
0.07331
0.07234
0.07231
0.07218
0.07227
0.07209
0.07223
0.07266
0.07185
0.07337
0.07218
0.07368
0.07495
0.07386
0.07239
0.07207
0.07177
0.07226
0.07181

*2s.e.
0.00141
0.00145
0.00146
0.00079
0.00161
0.00156
0.00143
0.00150
0.00147
0.00148
0.00138
0.00145
0.00144
0.00260
0.00137
0.00140
0.00113
0.00052
0.00259
0.00110
0.00111
0.00110
0.00110
0.00108
0.00107
0.00104
0.00118
0.00116
0.00120
0.00209
0.00117
0.00112
0.00053
0.00109
0.00116
0.00059
0.00112
0.00110
0.00111
0.00069
0.00210
0.00118
0.00261
0.00123
0.00112
0.00110
0.00129

208Pb*I232Th

0.05997
0.06174
0.06075
0.06250
0.05873
0.06053
0.06112
0.06177
0.05985
0.06106
0.05998
0.06188
0.05239
0.05251
0.06550
0.05380
0.06111
0.05913
0.06023
0.06379
0.06521
0.06232
0.05762
0.06172
0.06091
0.05964
0.05868
0.05995
0.06259
0.06159
0.05984
0.06118
0.05915
0.06149
0.05831
0.05859
0.05829
0.06055
0.05783
0.06386
0.05913
0.05894
0.05650
0.05848
0.06012
0.05705
0.05357

*2s.e.
0.00235
0.00268
0.00271
0.00267
0.00283
0.00283
0.00265
0.00296
0.00339
0.00270
(ON0]0)24510]
0.00334
0.00228
0.00236
0.00241
0.00368
0.00336
0.00590
0.00381
0.00341
0.00201
0.00335
0.00315
(ON0]0)24515)
0.00314
0.00458
0.00363
0.00446
0.00368
0.00346
0.00320
0.00634
0.00314
0.00250
0.00323
0.00221
0.00378
0.00297
0.00314
0.00469
0.00376
0.00324
0.00323
0.00314
0.00208
0.00286
0.00478

208p )+ 206p ¢
0.05464
0.05593
0.05525
0.05563
0.05632
0.05571
0.05616
0.05460
0.05266
0.05547
0.05262
0.05564
0.05381
0.05481
0.05773
0.05784
0.05497
0.05464
0.05457
0.05496
0.05568
0.05684
0.05558
0.05464
0.05582
0.05485
0.05494
0.05513
0.05767
0.05616
0.05466
0.05595
0.05339
0.05494
0.05514
0.05473
0.05347
0.05536
0.05487
0.05680
0.05669
0.05855
0.05545
0.05618
0.05813
0.05588
0.06296

*2s.e.
0.00177
0.00184
0.00186
0.00180
(ON0]02{0]5)
0.00198
0.00181
0.00188
0.00183
0.00189
0.00175
0.00184
0.00182
0.00193
0.00173
0.00339
0.00138
0.00134
0.00226
0.00133
0.00072
0.00139
0.00135
0.00133
0.00133
0.00127
0.00145
0.00289
0.00148
0.00147
0.00144
0.00306
0.00136
0.00132
0.00146
0.00071
0.00136
0.00067
0.00135
0.00272
0.00147
0.00148
0.00156
0.00152
0.00141
0.00075
0.00173

(38U2*Pb*),
5.86914
5.71482
5.79598
5.77375
5.94686
5.84575
5.74050
5.56020
5.63866
5.79912
5.64803
5.72957
6.43729
6.42440
5.72863
6.79240
5.58799
5.72379
5.65835
5.38853
5.27533
5.78187
5.99279
5.50282
5.60343
5.77948
5.91247
5.67000
5.72356
5.84478
5.61787
5.76045
5.562175
5.69706
5.68921
5.69363
5.59162
5.62611
6.13626
5.46985
6.02941
5.69932
5.62780
5.57983
5.59566
5.81341
5.81346
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204pp.corrected, matrix-corrected ratios®

+2se. |(*Pb**°Pb*), *2s.e. | (*°Pb**®U), x2s.e. (*Pb**U), *2se. (*°Pb**’Th),

0.18211 0.07189 0.00141 0.17038 0.00529 1.68818 0.06200
0.22095 0.07222 0.00145 0.17498 0.00677 1.74176  0.07589
0.23015 0.07205 0.00146 0.17253 0.00685 1.71322 0.07641
0.22372 0.07261 0.00079 0.17320 0.00671 1.73329 0.06979
0.24451 0.07213 0.00161 0.16816 0.00691 1.67155 0.07815
0.23482 0.07434 0.00156 0.17106 0.00687 1.75259  0.07942
0.22178 0.07323 0.00143 0.17420 0.00673 1.75811 0.07614
0.22169 0.07353 0.00150 0.17985 0.00717 1.82260 0.08160
0.32951 0.07201 0.00147 0.17735 0.01036 1.75996 0.10895
0.22600 0.07172 0.00148 0.17244  0.00672 1.70452 0.07518
0.21718 0.07120 0.00138 0.17705 0.00681 1.73733 0.07486
0.31643 0.07019 0.00145 0.17453 0.00964 1.68835 0.09953
0.24215 0.07260 0.00144 0.15534  0.00584 1.55442  0.06613
0.24511 0.07348 0.00260 0.15566 0.00594 1.57623 0.08208
0.17706 0.07525 0.00137 0.17456 0.00540 1.81047 0.06493
0.32834 0.07577 0.00140 0.14722 0.00712 1.53736  0.07955
0.33125 0.07181 0.00113 0.17896 0.01061 1.77110 0.10866
0.63830 0.07233 0.00052 0.17471  0.01948 1.74147  0.19461
0.33000 0.07042 0.00259 0.17673 0.01031 1.71524 0.11831
0.31583 0.07223 0.00110 0.18558 0.01088 1.84739 0.11185
0.20328 0.07233 0.00111 0.18956 0.00730 1.88960 0.07840
0.33995 0.07149 0.00110 0.17295 0.01017 1.70412  0.10359
0.35856 0.07245 0.00110 0.16687 0.00998 1.66609 0.10282
0.21670 0.07193 0.00108 0.18172 0.00716 1.80156  0.07596
0.31532 0.07277 0.00107 0.17846 0.01004 1.78989 0.10410
0.51414 0.07200 0.00104 0.17303 0.01539 1.71699 0.15473
0.39276 0.07349 0.00118 0.16913 0.01124 1.71295 0.11709
0.35250 0.07116 0.00116 0.17637 0.01096 1.72956 0.11117
0.35584 0.07331 0.00120 0.17472 0.01086 1.76535 0.11348
0.34784 0.07234 0.00209 0.17109 0.01018 1.70582 0.11282
0.31614 0.07231 0.00117 0.17800 0.01002 1.77398 0.10387
0.60737 0.07218 0.00112 0.17360 0.01830 1.72692 0.18405
0.31331 0.07227 0.00053 0.18110 0.01028 1.80377 0.10321
0.21000 0.07209 0.00109 0.17553 0.00647 1.74397 0.06947
0.32912 0.07223 0.00116 0.17577 0.01017 1.74977  0.10507
0.21533 0.07266 0.00059 0.17563 0.00664 1.75890 0.06803
0.33597 0.07185 0.00112 0.17884 0.01075 1.77086 0.10995
0.32045 0.07337 0.00110 0.17774 0.01012 1.79727 0.10588
0.35709 0.07218 0.00111 0.16297 0.00948 1.62116  0.09757
0.36048 0.07368 0.00069 0.18282 0.01205 1.85644 0.12359
0.40449 0.07495 0.00210 0.16585 0.01113 1.71325 0.12452
0.33245 0.07386 0.00118 0.17546 0.01023 1.78607 0.10802 #N/A
0.33152 0.07239 0.00261 0.17769 0.01047 1.77285 0.12241 #N/A
0.21300 0.07207 0.00123 0.17922 0.00684 1.78016  0.07445 #N/A
0.19228 0.07177 0.00112 0.17871 0.00614 1.76764 0.06671 #N/A
0.33223 0.07226 0.00110 0.17202 0.00983 1.71297 0.10131 #N/A

0.57292 0.07181 0.00129 0.17201  0.01695 1.70240 0.17056 #N/A
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204pp.corrected, matrix-corrected dates®

+2s.e.

#N/A
#N/A
#N/A
#N/A
#N/A
#N/A

(ZOGPb*IZ38
U)., Age
(Ma)

1042
1054
1063
1060
1023
1023

+2s.e.

56
57
37
34
54
93

(207Pb*l206
Pb*),
Age (Ma)

1037
996
987
978
992
980

+2s.e.

32
73
35
32
31
37

(207Pb*I235
U),, Age
(Ma)

1040
1036
1038
1034
1013
1009

+2s.e.

39
45
27
24
38
64

Disc. (%)
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Appendix 3.2:
SHRIMP spots on grain z6413

Figure 3.2 Spots for the SHRIMP analysis. Spots from day 1 is noted by the prefix 1 day 2 with
the prefix 2 with the spot number and. Red ellipses represent spot in BSE dark domains, and

yellow represents spots in the unaltered domain.
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Appendix 3.3:

APT mass spectrum
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Appendix 3.4
APT nanogeochronology results

Composition Whole specimen Matrix

Specimen| RunID |Ca (at. %)|Pb (at. %) °pb/>*®U Age (M 20 °pb/>*®U Age (M* 20

M1 3541 0.015 0.038 932 38 872 37
M2 3542 0.005 0.042 971 52 937 51
M3 3669 0.007 0.037 920 63 860 61

No clusters, considered as

M4 3672 0.002 0.034 matrix 832 83
M5 3673 0.010 0.039 859 87 830 42
M6 3676 0.007 0.039 857 43 851 27
M7 3679 0.004 0.036 910 29 870 38
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Oxide wt.% |1606-M1-01 | 1606-M1-02 | 1606-M2-01 1606-M2-02 1606-CH3-01 [ 1606-CH3-02
P205 35.07 35.02 24.35 4.10 35.63 35.76
Si02 0.27 0.27 1.99 38.51 0.04 0.13
ThO2 0.10 0.09 0.72 0.43 0.03 0.00
uo2 0.69 0.62 1.19 0.00 0.02 0.01
Y203 49.77 49.50 41.27 8.16 49.60 49.80
La203 0.00 0.00 2.39 0.81 0.00 0.00
Ce203 0.02 0.07 4.26 1.57 0.03 0.03
Pr203 0.04 0.00 0.92 0.36 0.07 0.00
Nd203 0.14 0.09 2.68 0.73 0.07 0.07
Sm203 0.19 0.10 0.51 0.12 0.04 0.22
Eu203 0.00 0.00 0.00 0.00 0.00 0.00
Gd203 4.39 4.68 3.29 0.85 4.51 3.76
Tb203 0.00 0.00 0.00 0.00 0.00 0.00
Dy203 7.48 7.66 4.61 1.00 6.17 6.09
Ho203 2.30 2.47 1.64 0.30 2.12 2.11
Er203 4.01 3.65 4.03 0.77 4.43 4.37
Tm203 0.34 0.48 0.45 0.07 0.57 0.62
Yb203 2.22 2.26 2.61 0.41 3.56 3.29
Lu203 0.91 0.70 0.69 0.09 0.96 0.79
Cao 0.01 0.02 3.43 0.37 0.01 0.00
PbO 0.42 0.37 0.30 0.06 0.36 0.34
Total 108.40 108.05 101.33 58.68 108.22 107.38

Element wt.%
P 15.30 15.28 10.63 1.79 15.55 15.61
Si 0.13 0.13 0.93 18.00 0.02 0.06
Th 0.09 0.08 0.63 0.38 0.02 0.00
u 0.61 0.55 1.05 0.00 0.01 0.01
Y 39.19 38.98 32.50 6.42 39.06 39.21
La 0.00 0.00 2.04 0.69 0.00 0.00
Ce 0.02 0.06 3.64 1.34 0.02 0.03
Pr 0.03 0.00 0.78 0.31 0.06 0.00
Nd 0.12 0.07 2.29 0.63 0.06 0.06
Sm 0.16 0.09 0.44 0.10 0.03 0.19
Eu 0.00 0.00 0.00 0.00 0.00 0.00
Gd 3.81 4.06 2.86 0.74 3.92 3.26
Tb 0.00 0.00 0.00 0.00 0.00 0.00
Dy 6.52 6.68 4.02 0.87 5.37 5.31
Ho 2.01 2.16 1.43 0.26 1.85 1.84
Er 3.51 3.19 3.52 0.67 3.87 3.82
Tm 0.30 0.42 0.39 0.06 0.50 0.55
Yb 1.95 1.98 2.29 0.36 3.12 2.89
Lu 0.80 0.62 0.61 0.08 0.85 0.70
Ca 0.01 0.01 2.45 0.26 0.01 0.00
Pb 0.39 0.34 0.28 0.06 0.33 0.32
Total 74.96 74.70 72.79 33.01 74.67 73.83
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1606-CH4-01 | 1606-CH4-02 | 1606-CH5-01 [ 1606-CH5-02 | 1606-CH6-01 1606-CH6-02 1606-CH7-01|

35.54 30.20 35.52 35.85 35.66 9.57 33.37
0.47 3.70 0.13 0.01 0.27 34.00 5.36
0.01 0.06 0.04 0.02 0.00 0.02 0.00
0.00 0.01 0.08 0.01 0.05 0.00 0.00
50.10 42.57 49.14 50.36 49.24 10.61 47.85
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.01 0.04 0.05 0.03 0.01 0.08 0.05
0.12 0.06 0.00 0.00 0.05 0.00 0.00
0.00 0.11 0.05 0.00 0.15 0.01 0.00
0.00 0.00 0.14 0.19 0.11 0.16 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
241 2.24 4.28 4.97 5.09 0.66 2.16
0.00 0.00 0.00 0.00 0.00 0.00 0.00
6.03 5.23 5.91 5.92 5.60 0.85 6.11
1.84 1.85 2.37 2.03 2.38 0.32 1.84
5.21 4.15 4.49 4.58 4.73 0.57 4.29
0.70 0.45 0.46 0.62 0.60 0.06 0.57
3.90 3.24 3.81 3.71 4.17 0.35 3.71
1.01 0.79 1.10 1.72 1.01 0.10 0.86
0.01 0.02 0.01 0.01 0.01 0.01 0.00
0.37 0.28 0.37 0.34 0.35 0.06 0.37
107.72 94.99186533 107.95 110.38 109.46 57.43 106.54
15.51 13.18 15.50 15.65 15.56 4.17 14.56
0.22 1.73 0.06 0.01 0.12 15.90 2.50
0.00 0.05 0.03 0.02 0.00 0.02 0.00
0.00 0.01 0.07 0.01 0.04 0.00 0.00
39.45 33.52 38.70 39.65 38.77 8.35 37.68
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.01 0.04 0.04 0.03 0.01 0.07 0.04
0.10 0.05 0.00 0.00 0.04 0.00 0.00
0.00 0.10 0.05 0.00 0.13 0.00 0.00
0.00 0.00 0.12 0.17 0.10 0.14 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.09 1.94 3.72 4.31 4.42 0.57 1.87
0.00 0.00 0.00 0.00 0.00 0.00 0.00
5.25 4.55 5.15 5.16 4.88 0.74 5.33
1.60 1.61 2.07 1.77 2.07 0.28 1.61
4.56 3.63 3.93 4.00 4.13 0.50 3.75
0.61 0.39 0.41 0.54 0.53 0.05 0.50
3.42 2.84 3.35 3.26 3.67 0.31 3.26
0.89 0.69 0.97 1.51 0.89 0.08 0.76
0.01 0.02 0.01 0.01 0.01 0.01 0.00
0.34 0.26 0.35 0.32 0.32 0.06 0.34

74.07 64.62 74.50 76.41 75.68 31.26 72.21
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1606-CH7-02 | 1606-CH8-01 | 1606-CH8-02 | 1606-CH9-01 | 1606-CH9-02
35.26 34.43 35.62 35.62 35.45
0.54 0.08 0.00 0.09 0.03
0.00 0.03 0.00 0.00 0.02
0.00 0.01 0.03 0.00 0.01
50.78 47.02 49.53 50.74 50.43
0.00 0.00 0.00 0.00 0.00
0.07 0.04 0.02 0.01 0.02
0.00 0.02 0.00 0.01 0.00
0.02 0.05 0.09 0.00 0.00
0.17 0.04 0.12 0.05 0.13
0.00 0.00 0.00 0.00 0.00
2.48 4.39 3.77 3.87 3.63
0.00 0.00 0.00 0.00 0.00
5.98 6.18 6.07 5.93 5.91
1.98 2.30 2.10 2.16 2.03
4.63 4.19 4.68 4.37 4.37
0.67 0.66 0.61 0.54 0.55
3.50 3.14 3.96 3.61 3.49
0.98 0.92 1.54 0.83 0.94
0.03 0.01 0.01 0.01 0.01
0.36 0.39 0.37 0.37 0.44
107.44 103.90 108.54 108.20 107.46
15.39 15.03 15.55 15.55 15.47
0.25 0.04 0.00 0.04 0.01
0.00 0.02 0.00 0.00 0.02
0.00 0.01 0.03 0.00 0.01
39.99 37.02 39.00 39.95 39.71
0.00 0.00 0.00 0.00 0.00
0.06 0.03 0.02 0.01 0.02
0.00 0.02 0.00 0.01 0.00
0.01 0.05 0.08 0.00 0.00
0.15 0.03 0.10 0.04 0.11
0.00 0.00 0.00 0.00 0.00
2.16 3.81 3.27 3.36 3.15
0.00 0.00 0.00 0.00 0.00
5.21 5.38 5.29 5.16 5.15
1.73 2.01 1.84 1.88 1.77
4.05 3.66 4.09 3.82 3.82
0.58 0.58 0.53 0.47 0.48
3.08 2.76 3.48 3.17 3.06
0.86 0.81 1.36 0.73 0.83
0.02 0.01 0.01 0.01 0.01
0.33 0.36 0.34 0.34 0.40
73.86 71.63 74.99 74.55 74.03
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Targets for EPMA analaysis from sample 1630 and 1642

1630-1 1630-2 1630-3

1642-4

1642-5 1642-6

234



1630-1-01 |/1630-1-02|1630-2-01(1630-2-02 {1630-3-011630-3-02|1630-4-01|1630-4-02
36.02 35.49 35.23 35.13 35.79 36.07 33.66 35.14
0.12 0.06 0.07 0.22 0.15 0.16 1.89 0.03
0.05 0.14 0.10 0.04 0.15 0.10 0.00 0.00
0.62 0.69 0.57 0.21 0.68 0.71 0.06 0.27
48.68 48.59 47.73 47.48 48.33 48.54 50.28 47.78
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.13 0.08 0.13 0.13 0.10 0.06 0.09
0.00 0.00 0.10 0.00 0.02 0.08 0.00 0.03
0.48 0.53 0.26 0.39 0.60 0.49 0.08 0.19
0.48 0.67 0.40 0.45 0.80 0.73 0.12 0.22
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3.66 3.87 3.63 3.38 5.97 6.48 1.56 2.64
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6.06 5.97 6.92 6.45 6.07 6.14 5.69 6.42
2.23 211 2.18 2.02 2.34 2.32 1.70 231
4.52 4.20 4.31 4.82 4.11 4.32 6.19 5.39
0.52 0.56 0.63 0.56 0.65 0.54 0.80 0.66
3.39 3.13 3.53 4.00 3.20 3.34 5.20 4.16
0.87 0.82 0.88 1.06 0.78 0.94 1.64 1.03
0.11 0.12 0.07 0.06 0.12 0.13 0.03 0.05
0.48 0.46 0.40 0.42 0.44 0.37 0.36 0.30
108.40 107.52 107.10 106.82 110.33 111.57 109.33 106.69
15.72 15.49 15.38 15.33 15.62 15.74 14.69 15.34
0.06 0.03 0.03 0.10 0.07 0.08 0.89 0.01
0.04 0.12 0.08 0.03 0.13 0.09 0.00 0.00
0.55 0.60 0.50 0.18 0.60 0.62 0.05 0.24
38.33 38.26 37.58 37.38 38.06 38.23 39.60 37.63
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.08 0.11 0.07 0.11 0.12 0.09 0.05 0.07
0.00 0.00 0.09 0.00 0.02 0.07 0.00 0.02
0.42 0.45 0.22 0.34 0.52 0.42 0.07 0.16
0.42 0.58 0.35 0.39 0.69 0.63 0.10 0.19
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3.18 3.35 3.15 2.93 5.18 5.62 1.36 2.29
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5.28 5.20 6.03 5.62 5.29 5.35 4.96 5.60
1.95 1.84 1.90 1.77 2.05 2.03 1.48 2.01
3.95 3.67 3.77 4.21 3.59 3.77 5.42 4.71
0.46 0.49 0.55 0.49 0.57 0.47 0.70 0.58
2.98 2.75 3.10 3.51 2.81 2.93 4.56 3.65
0.77 0.72 0.77 0.93 0.69 0.83 1.44 0.90
0.08 0.09 0.05 0.04 0.09 0.09 0.02 0.03
0.44 0.43 0.37 0.39 0.41 0.35 0.34 0.28
74.70 74.18 74.00 73.78 76.48 77.41 75.73 73.72
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1642-1-01 1642-1-02 1642-1-03 1642-1-04 1642-1-05 1642-1-06
35.46 25.36 35.30 35.13 0.03 35.21
0.61 29.30 0.29 0.26 42.23 0.34
0.10 0.12 0.15 0.17 0.00 0.11
0.33 0.31 1.10 1.29 0.00 1.37
48.15 35.95 47.37 46.52 0.00 46.57
0.00 0.00 0.00 0.00 0.00 0.00
0.05 0.11 0.13 0.12 0.04 0.05
0.07 0.00 0.09 0.00 0.00 0.19
0.31 0.12 0.48 0.52 0.02 0.34
0.42 0.21 0.33 0.57 0.00 0.50
0.00 0.00 0.00 0.00 0.00 0.00
6.31 3.22 3.03 3.50 0.00 3.57
0.00 0.00 0.00 0.00 0.11 0.00
6.67 5.13 6.13 6.06 0.11 6.05
2.33 1.49 2.03 1.61 0.00 2.06
3.86 2.92 5.04 4.23 0.16 4.64
0.63 0.36 0.64 0.74 0.00 0.57
3.82 3.34 4.73 4.81 0.00 5.03
1.08 0.75 1.49 0.95 0.04 1.08
0.07 0.05 0.12 0.15 0.00 0.14
0.39 0.25 0.45 0.44 0.01 0.43
110.65 108.97 108.92 107.06 42.74 108.24
15.48 11.07 15.40 15.33 0.01 15.37
0.29 13.70 0.13 0.12 19.74 0.16
0.09 0.10 0.13 0.15 0.00 0.09
0.29 0.27 0.97 1.14 0.00 1.21
37.92 28.31 37.30 36.63 0.00 36.67
0.00 0.00 0.00 0.00 0.00 0.00
0.04 0.09 0.11 0.11 0.03 0.04
0.06 0.00 0.08 0.00 0.00 0.16
0.26 0.10 0.42 0.44 0.01 0.29
0.36 0.18 0.29 0.49 0.00 0.43
0.00 0.00 0.00 0.00 0.00 0.00
5.47 2.79 2.63 3.04 0.00 3.10
0.00 0.00 0.00 0.00 0.09 0.00
5.81 4.47 5.35 5.28 0.10 5.27
2.04 1.30 1.78 1.40 0.00 1.80
3.38 2.55 4.41 3.70 0.14 4.06
0.55 0.31 0.56 0.65 0.00 0.50
3.35 2.93 4.16 4.22 0.00 4.42
0.95 0.66 131 0.83 0.03 0.95
0.05 0.04 0.09 0.11 0.00 0.10
0.36 0.23 0.42 0.41 0.01 0.40
76.74 69.11 75.52 74.05 20.17 75.01
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1642-2-01 1642-2-02 1642-2-03 1642-2-04 1642-2-05 1642-2-06
35.80 35.16 12.11 34.83 35.89 35.05
0.10 0.18 12.21 0.29 0.01 0.06
0.00 0.11 0.01 0.11 0.08 0.07
0.05 0.96 0.32 0.98 0.28 0.31
50.88 48.27 18.48 48.09 48.03 49.10
0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.09 0.04 0.10 0.08 0.07
0.00 0.05 0.02 0.14 0.05 0.00
0.07 0.57 0.11 0.60 0.31 0.05
0.09 0.48 0.18 0.50 0.60 0.43
0.00 0.00 0.00 0.00 0.00 0.00
3.20 3.40 1.32 3.67 4.53 5.21
0.00 0.00 0.00 0.00 0.00 0.00
6.42 5.97 2.79 6.11 6.42 6.57
1.63 1.90 0.53 1.87 2.28 2.15
3.62 4.42 1.94 4.35 4.42 3.93
0.50 0.63 0.32 0.68 0.67 0.61
4.10 4.38 1.78 4.33 4.06 3.95
1.13 1.02 0.37 1.57 1.14 1.72
0.00 0.11 0.03 0.11 0.04 0.05
0.40 0.39 0.22 0.42 0.41 0.39

108.04 108.10 52.78 108.75 109.30 109.74
15.62 15.34 5.29 15.20 15.66 15.30
0.05 0.08 5.71 0.14 0.00 0.03
0.00 0.09 0.01 0.10 0.07 0.06
0.04 0.85 0.28 0.86 0.25 0.27
40.06 38.01 14.56 37.87 37.82 38.67
0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.08 0.03 0.09 0.07 0.06
0.00 0.04 0.02 0.12 0.04 0.00
0.06 0.49 0.09 0.51 0.27 0.05
0.08 0.41 0.15 0.43 0.52 0.37
0.00 0.00 0.00 0.00 0.00 0.00
2.78 2.95 1.15 3.18 3.93 4.52
0.00 0.00 0.00 0.00 0.00 0.00
5.59 5.20 2.43 5.33 5.59 5.72
1.42 1.66 0.46 1.63 1.99 1.88
3.17 3.87 1.70 3.80 3.87 3.44
0.43 0.55 0.28 0.59 0.59 0.53
3.60 3.85 1.56 3.80 3.56 3.47
0.99 0.90 0.33 1.38 1.00 1.51
0.00 0.08 0.02 0.08 0.03 0.04
0.37 0.36 0.21 0.39 0.38 0.36
74.33 74.82 34.27 75.51 75.64 76.28
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1642-2-07 1642-2-08 1642-2-09 1642-2-10 1642-2-11 1642-2-12
35.56 35.91 26.34 0.03 0.01 35.67
0.07 0.07 0.41 16.15 21.67 0.18
0.04 0.08 0.07 0.00 0.00 0.06
0.11 0.17 0.84 0.02 0.02 0.97
49.83 49.48 35.60 0.07 0.00 48.09
0.00 0.00 0.00 0.00 0.00 0.00
0.02 0.05 0.14 0.16 0.01 0.10
0.00 0.00 0.09 0.04 0.00 0.00
0.00 0.08 0.35 0.13 0.00 0.42
0.08 0.25 0.42 0.00 0.05 0.55
0.00 0.00 0.00 0.07 0.00 0.00
3.59 4.14 2.40 0.00 0.00 3.43
0.00 0.00 0.00 0.14 0.00 0.00
6.51 6.56 4.97 0.66 0.22 5.73
1.97 2.00 1.51 0.00 0.00 1.88
3.94 3.86 3.54 0.25 0.14 4.78
0.61 0.59 0.48 0.00 0.00 0.71
4.12 3.80 3.52 0.00 0.00 4.42
1.81 1.09 0.86 0.00 0.02 1.62
0.01 0.02 0.09 0.00 0.00 0.11
0.28 0.35 0.33 0.00 0.03 0.39
108.54 108.49 81.95 17.72 22.17 109.12
15.52 15.67 11.50 0.01 0.01 15.57
0.03 0.03 0.19 7.55 10.13 0.09
0.03 0.07 0.06 0.00 0.00 0.05
0.09 0.15 0.74 0.02 0.01 0.86
39.24 38.96 28.03 0.05 0.00 37.87
0.00 0.00 0.00 0.00 0.00 0.00
0.01 0.05 0.12 0.14 0.01 0.09
0.00 0.00 0.08 0.04 0.00 0.00
0.00 0.06 0.30 0.11 0.00 0.36
0.07 0.21 0.36 0.00 0.04 0.47
0.00 0.00 0.00 0.06 0.00 0.00
3.12 3.59 2.09 0.00 0.00 2.97
0.00 0.00 0.00 0.12 0.00 0.00
5.68 5.72 4.33 0.57 0.19 4.99
1.72 1.75 1.32 0.00 0.00 1.64
3.44 3.37 3.09 0.22 0.12 4.18
0.54 0.51 0.42 0.00 0.00 0.62
3.62 3.34 3.09 0.00 0.00 3.88
1.59 0.96 0.75 0.00 0.02 1.42
0.01 0.02 0.06 0.00 0.00 0.08
0.26 0.32 0.30 0.00 0.03 0.37
74.97 74.78 56.83 8.89 10.56 75.51
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1642-3-1 1642-3-2 1642-3-3 1642-3-4 1642-3-5 1642-3-6
3.28 23.47 35.71 5.96 5.85 35.86
23.85 12.00 0.12 28.28 27.49 0.03
0.00 0.01 0.09 0.02 0.02 0.00
0.01 0.12 0.19 0.03 0.04 0.02
5.18 33.99 49.08 10.82 8.88 49.99
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.04 0.03 0.00 0.00 0.04
0.11 0.00 0.06 0.00 0.04 0.00
0.00 0.08 0.03 0.00 0.06 0.00
0.00 0.05 0.15 0.00 0.05 0.19
0.00 0.00 0.00 0.00 0.00 0.00
0.51 1.38 2.39 0.97 0.77 2.34
0.00 0.00 0.00 0.00 0.00 0.00
0.79 3.66 6.13 1.66 111 5.95
0.21 1.05 1.57 0.49 0.37 1.68
0.35 3.21 4.87 141 0.93 4.69
0.03 0.39 0.62 0.17 0.12 0.60
0.25 2.86 4.29 1.15 0.76 4.65
0.10 0.63 0.97 0.28 0.09 1.05
0.05 0.03 0.03 0.02 0.02 0.01
0.06 0.24 0.39 0.12 0.05 0.34
34.77 83.19 106.72 51.38 46.63 107.45
1.43 10.24 15.58 2.60 2.55 15.65
11.15 5.61 0.06 13.22 12.85 0.01
0.00 0.01 0.08 0.02 0.01 0.00
0.01 0.11 0.17 0.03 0.03 0.02
4.08 26.77 38.65 8.52 6.99 39.37
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.03 0.02 0.00 0.00 0.03
0.09 0.00 0.06 0.00 0.03 0.00
0.00 0.07 0.02 0.00 0.05 0.00
0.00 0.04 0.13 0.00 0.04 0.17
0.00 0.00 0.00 0.00 0.00 0.00
0.44 1.20 2.07 0.84 0.67 2.03
0.00 0.00 0.00 0.00 0.00 0.00
0.69 3.19 5.34 1.45 0.97 5.18
0.18 0.92 1.37 0.43 0.32 1.47
0.31 2.81 4.26 1.23 0.82 4.10
0.03 0.34 0.54 0.15 0.10 0.52
0.22 2.51 3.77 1.01 0.66 4.08
0.09 0.55 0.85 0.24 0.08 0.92
0.03 0.02 0.02 0.01 0.01 0.01
0.05 0.22 0.36 0.11 0.04 0.31
18.80 54.62 73.36 29.86 26.25 73.89
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1642-4-1 1642-4-2 1642-4-3 | 1642-4-4 | 1642-4-5
35.88 35.91 26.34 6.97 35.12
0.25 0.30 10.40 27.61 0.80
0.01 0.00 0.12 0.06 0.06
0.13 0.10 0.10 0.05 0.11
49.66 50.06 36.07 11.11 49.22
0.00 0.00 0.00 0.00 0.00
0.03 0.04 0.03 0.02 0.02
0.00 0.00 0.00 0.00 0.00
0.01 0.00 0.22 0.10 0.13
0.00 0.09 0.09 0.14 0.12
0.00 0.00 0.00 0.00 0.00
2.28 1.90 2.96 1.38 2.32
0.00 0.00 0.00 0.00 0.00
5.82 5.60 5.16 2.01 6.06
1.66 1.59 1.38 0.67 1.88
5.37 5.14 3.43 1.23 5.17
0.65 0.73 0.49 0.18 0.71
4.80 4.92 3.38 1.08 4.86
1.56 1.43 0.82 0.30 0.95
0.01 0.01 0.02 0.01 0.02
0.36 0.36 0.29 0.08 0.38

108.48 108.19 91.29 53.01 107.92
15.66 15.67 11.49 3.04 15.33
0.12 0.14 4.86 12.91 0.38
0.01 0.00 0.10 0.05 0.05
0.11 0.09 0.09 0.04 0.10
39.10 39.42 2841 8.75 38.76
0.00 0.00 0.00 0.00 0.00
0.03 0.03 0.03 0.02 0.02
0.00 0.00 0.00 0.00 0.00
0.01 0.00 0.19 0.08 0.11
0.00 0.07 0.08 0.12 0.10
0.00 0.00 0.00 0.00 0.00
1.97 1.65 2.57 1.20 2.01
0.00 0.00 0.00 0.00 0.00
5.07 4.88 4.50 1.76 5.28
1.45 1.39 1.21 0.58 1.64
4.69 4.50 3.00 1.07 4.52
0.57 0.64 0.43 0.16 0.62
4.22 4.32 2.97 0.95 4.27
1.37 1.26 0.72 0.26 0.83
0.01 0.01 0.01 0.01 0.02
0.33 0.33 0.26 0.08 0.35
74.72 74.41 60.91 31.09 74.37
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1642-5-1 1642-5-2 1642-5-3 1642-5-4
35.03 35.12 35.39 35.56
0.20 0.08 0.21 0.22
0.20 0.18 0.15 0.10
1.09 1.06 0.99 1.03
48.65 47.57 47.75 47.81
0.00 0.00 0.00 0.00
0.05 0.09 0.08 0.12
0.06 0.00 0.03 0.06
0.55 0.54 0.53 0.36
0.58 0.60 0.44 0.54
0.00 0.00 0.00 0.00
3.26 3.73 3.18 3.28
0.00 0.00 0.00 0.00
6.16 6.37 6.09 5.92
1.92 1.99 1.99 1.93
4.80 4.50 5.07 4.70
0.67 0.59 0.74 0.72
4.50 4.49 4.95 4.50
1.63 1.04 1.21 1.03
0.13 0.13 0.09 0.11
0.33 0.38 0.37 0.46

109.79 108.46 109.25 108.45
15.29 15.33 15.44 15.52
0.09 0.04 0.10 0.10
0.18 0.16 0.13 0.09
0.96 0.94 0.87 0.91
38.31 37.46 37.60 37.64
0.00 0.00 0.00 0.00
0.04 0.07 0.06 0.11
0.05 0.00 0.02 0.05
0.47 0.47 0.45 0.31
0.50 0.51 0.38 0.47
0.00 0.00 0.00 0.00
2.83 3.24 2.76 2.85
0.00 0.00 0.00 0.00
5.37 5.55 5.31 5.16
1.67 1.74 1.74 1.68
4.19 3.93 4.44 4.11
0.59 0.51 0.65 0.63
3.95 3.95 4.35 3.95
1.43 0.92 1.06 0.91
0.09 0.09 0.07 0.08
0.30 0.35 0.35 0.42
76.32 75.25 75.77 74.99
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1642-6-1 1642-6-2 1642-6-3 1642-6-4 1642-6-5
35.74 35.39 35.77 35.59 35.83
0.15 0.19 0.20 0.22 0.24
0.12 0.14 0.16 0.13 0.10
1.03 1.10 1.00 1.07 1.03
47.91 47.48 48.46 47.40 47.53
0.00 0.00 0.00 0.00 0.00
0.04 0.09 0.11 0.06 0.14
0.06 0.00 0.05 0.04 0.02
0.38 0.47 0.52 0.48 0.53
0.51 0.42 0.53 0.44 0.46
0.00 0.00 0.00 0.00 0.00
3.19 3.42 3.49 3.60 3.19
0.00 0.00 0.00 0.00 0.00
6.19 5.94 6.22 5.87 6.05
2.06 2.10 1.98 2.00 1.79
4.85 4.76 4.80 4.65 5.12
0.65 0.67 0.64 0.64 0.63
4.43 4.78 4.50 4.73 4.67
1.66 1.67 0.97 1.11 1.14
0.12 0.13 0.14 0.14 0.12
0.42 0.42 0.39 0.46 0.47
109.55 109.18 109.93 108.62 109.06
15.60 15.45 15.61 15.53 15.64
0.07 0.09 0.09 0.10 0.11
0.11 0.13 0.14 0.11 0.09
0.91 0.97 0.88 0.94 0.91
37.73 37.39 38.16 37.33 37.43
0.00 0.00 0.00 0.00 0.00
0.04 0.08 0.10 0.05 0.12
0.05 0.00 0.04 0.04 0.01
0.32 0.40 0.44 0.42 0.46
0.44 0.36 0.45 0.38 0.40
0.00 0.00 0.00 0.00 0.00
2.77 2.97 3.03 3.13 2.76
0.00 0.00 0.00 0.00 0.00
5.40 5.18 5.42 5.12 5.27
1.80 1.83 1.73 1.74 1.56
4.25 4.16 4.20 4.07 4.48
0.57 0.59 0.56 0.56 0.55
3.89 4.20 3.95 4.16 4.10
1.46 1.47 0.85 0.97 1.01
0.09 0.09 0.10 0.10 0.09
0.39 0.39 0.36 0.42 0.44
75.89 75.74 76.13 75.16 75.42
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Appendix 4.2 Y1 SHRIMP results

Sample Spot U (ppm)° Th (ppm)°  Thiu **°Pb/**Pt t2s.e. 206 (%)l IREE (%)
Y1 Y1.1 25771 10416 042 291392 237920 0.01 17.4
Y1 Y1.2 25191 10219 042  -433702 -433702 b.d.l. 17.8
Y1 Y1.3 25432 10316 042 112187 59967 0.02 17.2
Y1 Y1.4 5356 2672 052  -44095 -36003 b.d.l. 17.8
Y1 Y1.5 7976 4816 062  -62276 -48646 b.d.l. 17.1
Y1 Y1.6 12581 4101 0.34  -150770 -150770 b.d.l. 17.1
Y1 Y1.7 11682 3870 0.34  -123069 -123070 b.d.l. 16.7
Y1 Y1.8 12226 4240 036  -41858 -26473 b.d.l. 17.5
Y1 Y1.9 4424 3805 0.89 28136 22973 0.06 17.4
Y1 Y1.10 14041 4391 0.32 141136 141137 b.d.l. 17.5
Uncorrected ratios
“®pb/**U t2s.e. U Pb t2se. "PbFP i2se. | “®pb/***Th t2se. | ““PbPb  t2se.
0.20408 0.00815 4.89993 0.19557  0.07073 0.00042 0.06099 0.00362 0.12482 0.00256
0.20361 0.00797 491136 0.19229 0.07082 0.00038 0.06014 0.00306 0.12384 0.00332
0.20579 0.00810 4.85943 0.19127  0.07057 0.00131 0.06152 0.00310 0.12532 0.00320
0.14884 0.00702 6.71847 0.31670 0.06887 0.00166 0.04638 0.00356 0.16065 0.00904
0.17671 0.00795 5.65901 0.25452 0.07088 0.00138 0.04776 0.00289 0.16864 0.00328
0.18769 0.00853 5.32785 0.24221  0.07151 0.00118 0.05541 0.00421 0.09944 0.00565
0.18200 0.00870 5.49464 0.26280 0.07097 0.00129 0.05461 0.00314 0.10271 0.00231
0.17965 0.00896 5.56651 0.27766  0.07102 0.00139 0.05431 0.00409 0.10833 0.00552
0.17594 0.02707 5.68363 0.87462 0.07042 0.00104 0.03949 0.00678 0.19950 0.01442
0.18537 0.00914 5.39453 0.26585 0.06938 0.00122 0.05400 0.00320 0.09415 0.00208
2pp_corrected ratios (not matrix-corrected)
“®pb U t2s.e. U Pp* t2se. Pb*"P :2se. | *®pb*/**Th t2se. | P Pb*  t2se.
0.20407 0.00815 4.90023 0.19559 0.07068 0.00043 0.06092 0.00362 0.12470 0.00257
0.20362 0.00797 491116 0.19229 0.07085 0.00038 0.06019 0.00306 0.12392 0.00332
0.20575 0.00810 4.86020 0.19130 0.07044 0.00132 0.06136 0.00309 0.12500 0.00320
0.14890 0.00702 6.71576 0.31658 0.06920 0.00168 0.04662 0.00358 0.16144 0.00906
0.17676 0.00795 5.65739 0.25445 0.07111 0.00139 0.04793 0.00290 0.16919 0.00331
0.18772 0.00853 5.32722 0.24218 0.07161 0.00118 0.05555 0.00422 0.09968 0.00565
0.18202 0.00871 5.49384 0.26276  0.07109 0.00129 0.05477 0.00315 0.10300 0.00233
0.17972 0.00896 5.56414 0.27755 0.07136 0.00141 0.05476 0.00413 0.10918 0.00554
0.17583 0.02706 5.68723 0.87518 0.06991 0.00112 0.03923 0.00674 0.19829 0.01447
0.18535 0.00913 5.39521 0.26589  0.06927 0.00123 0.05385 0.00319 0.09390 0.00210
204pp-corrected, matrix-corrected ratios®
CPUPPLY,  t2se. | (UPBAPCPLY), t2s.e. [PbF U t2se. ('Pb*U),, t2se.  (Pb**Th), *2s.e.
6.25292 0.38557 0.07068 0.00043 0.15993 0.00986 1.55783 0.09652 #N/A #N/A
6.24913 0.37819 0.07085 0.00038 0.16002 0.00968 1.56259 0.09493 #N/A #N/A
6.16950 0.37411 0.07044 0.00132 0.16209 0.00983 1.57350 0.09984 #N/A #N/A
7.08776 0.41552 0.06920 0.00168 0.14109 0.00827 1.34549 0.08534 #N/A #N/A
6.10180 0.35134 0.07111 0.00139 0.16389 0.00944 1.60621 0.09767 #N/A #N/A
5.93252 0.35589 0.07161 0.00118 0.16856 0.01011 1.66356 0.10352 #N/A #N/A
6.05338 0.37510 0.07109 0.00129 0.16520 0.01024 1.61851 0.10453 #N/A #N/A
6.20488 0.40333 0.07136 0.00141 0.16116 0.01048 1.58496 0.10765 #N/A #N/A
5.96686 1.01599 0.06991 0.00112  0.16759 0.02854 1.61481 0.27618 #N/A #N/A
6.10518 0.39856 0.06927 0.00123  0.16380 0.01069 1.56377 0.10578 #N/A #N/A
| 2ph.corrected, matrix-corrected dates®
J
Pb*’*U), Age (  *2se.  (*'Pb*/*°Pb*),Age (Ma) t2se. [*°U),A *2s.e. Disc. (%)
956 55 947 12 954 38 -1.0
957 54 952 11 955 38 0.5
968 55 940 38 960 39 3.0
851 47 904 50 866 37 5.8
978 52 960 40 973 38 -1.9
1004 56 974 34 995 39 -3.1
986 57 959 37 977 41 2.8
963 58 967 40 964 42 0.4
999 158 925 33 976 108 -8.0
978 59 906 37 956 42 7.9

243




Appendix 4.3
EPMS WDS maps of samples 1642-3 and 1642-4
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Appendix 4.4
APT 3d reconstructions of specimens from Fanad metamorphic xenotime grains

1642 M7 core

1642 M22 core
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Appendix 5.1

EBSD analysis conditions used for xenotime.

Site Vredefort Araguainha Santa Fe
Grain 14DG14 all all
Epoxy mount SA21 SF20

Date of collection 06-08-2022 31-12-2019 11/24/2021
Accelerating voltage (kV) 20 20 20
Sample tilt (degrees) 70 67 70
working distance (mm) 19.4 24.8 to 24.9 19.6 to 19.8
Acquisition speed (Hz) 200 199 to 333 95
Exposure setting (ms) 5.0 2.5t05.0 10
EBSD camera gain 2 2 2
Background correction auto static + auto auto
Frame averaging 1 1 1
Binning mode Speed 2 Speed 1 Speed 2
Indexing mode Refined accuracy Optimized BD Refined accuracy
Hough resolution 60 60 50
Band detection mode center center center
Band detected 11 11 11
Pixel size (nm) 75 60 to 100 75
Number of pixels in map 11.1M 0.6M to 10M 131,202 to 385,020
Noise reduction methods

Wildspike yes yes yes

n neighbour zero solution extrapolation 7 7 7

SEM Model: Tescan Mira3 FEG-SEM

EBSD system: Oxford Symmetry,Oxford AZtec

Match unit: Xenotime(Y), Inorganic Crystal Structure Database.

Structural data from Milligan et al. (1982).

Grains in epoxy, mounted flat, and grounded with Cu tape.
Samples were coated with a thin (<5 nm) carbon coat.

Xeno = xenotime.
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Appendix 5.2

SHRIMP geochronology results
(Reference data provided in appendix 3.1)

10-12 January & 15-17 March 2022, Curtin Universitya

U Th 208ppy/ sREE,O,

# GrotDate Sample  Spot (ppm)° (ppm)°  ThiU **Pb 2 s.e. £206 (%) | (wt. %)
6D 10-12/01/2022 Araguainha AR-X03.2 4318 7546 1.81 2525 2062 0.71 23.8

7D  10-12/01/2022 Araguainha AR-X03.5 4855 4623 098 5568 6430 032  20.1

8D 10-12/01/2022 Araguainha AR-X03.3 6447 13958 224 904 745 198 224

9D 10-12/01/2022 Araguainha AR-X02.5 4443 5362 1.25 3484 3484 0.51 22.3

10D  10-12/01/2022 Araguainha AR-X01.3 5266 7511 1.47 -5127 -3876  -0.35 222
11D  10-12/01/2022 Araguainha AR-X01.2 6013 8606 1.48 39008 78016 005 219
12D  10-12/01/2022 Araguainha AR-X02.1 4445 3140 0.73 4114 2743 044 177
13 IMP 10-12/01/2022 Araguainha AR-X03.4 4761 4929 1.07 7992 11302 022 244
14 IMP 10-12/01/2022 Araguainha AR-X03.6 5619 4443 0.82 4900 4900 037 233
157  10-12/01/2022 Araguainha AR-X03.1 4865 4658 0.99 9198 13008 019 195
16 Z  10-12/01/2022 Araguainha AR-X02.2 4626 4388 0.98 846 314 212 205
17 Z  10-12/01/2022 Araguainha AR-X02.3 5324 3943 0.77 2968 1790 060  21.0
18 Z  10-12/01/2022 Araguainha AR-X01.6 5355 4765 0.92 5689 5089 032  20.1
19Z  10-12/01/2022 Araguainha AR-X01.1 4841 3879 0.83 4234 3201 042 217
20Z  10-12/01/2022 Araguainha AR-X01.5 7147 9905 1.43 19127 27050 009 216
21Z  10-12/01/2022 Araguainha AR-X02.4 3607 2586 0.74 1166 1175 154 206
227  10-12/01/2022 Araguainha AR-X02.6 4082 3183 0.81 8285 8285 022 207
231  10-12/01/2022 Araguainha AR-X01.4 5164 4447 0.89 48996 97993 004 220
29D  10-12/01/2022 SantaFe  SF-X5-1 11219 4151 0.38 ##HH# 218653 0.01 22.5
301  10-12/01/2022 SantaFe SF-X5-2 8131 3609 0.46 ##Hi# 396586 0.01 19.8
311  10-12/01/2022 SantaFe  SF-X3 5845 1931 0.34 #HH #HH##E <001 20.7
321  10-12/01/2022 SantaFe  SF-X4 4770 2677 0.58 80514 113864 002 221
331  10-12/01/2022 SantaFe SF-X5-3 10480 6751 0.67 #Hit #HiHH 000 218
34D 15-17/03/2022 Vredefort SA21.17 1526 3013 2.04 #HHH# -86496 b.d.. 194
35D  15-17/03/2022 Vredefort SA21.15 1575 3123 2.05 ##H## -15760 b.d.l. 19.8
36D  15-17/03/2022 Vredefort SA21.19 1452 3101 221 493 136 2.71 19.2
37D  15-17/03/2022 Vredefort ~SA21.8 1468 3072 216 7669 3439 017  19.3
38D  15-17/03/2022 Vredefort —SA21.2 1253 2541 210 8692 4346 015  19.9
39D  15-17/03/2022 Vredefort ~SA21.4 1552 3114 2.07 43259 43260 b.d.. 19.6
40D 15-17/03/2022 Vredefort —SA21.11 1383 2754 2.06 #HH## -39221 b.d.l. 19.3
41D  15-17/03/2022 Vredefort —SA21.3 1915 3972 2.14 23094 15689 006 196
42D  15-17/03/2022 Vredefort —SA21.9 1470 2768 1.95 ##H#H## -9028 b.d.l. 19.9
43D  15-17/03/2022 Vredefort —SA21.5 1404 2742 2.02 ##HH## 323787 b.d.. 19.6
44D  15-17/03/2022 Vredefort —SA21.21 1701 3408 2.07 22204 14802 006  19.6
45D  15-17/03/2022 Vredefort —SA21.6 1786 3201 1.85 11617 5635 0.11 19.8
46 D 15-17/03/2022 Vredefort SA21.10 1449 2686 1.91 11619 6000 0.11 19.1
47D  15-17/03/2022 Vredefort ~SA21.12 1214 2477 211 9579 4790 013  19.1
48 P 15-17/03/2022 Vredefort —SA21.7 1689 3937 2.41 5138 5392 b.d.l. 18.6
49 P 15-17/03/2022 Vredefort SA21.23 1715 3229 1.95 22539 15026 006 193
50 P 15-17/03/2022 Vredefort SA21.16 1698 3445 2.10 ##H## 300909 b.d.. 19.6
51 P 15-17/03/2022 Vredefort SA21.22 1614 3051 1.95 #HHi# #HHH b.d.. 19.3
52'S  15-17/03/2022 Vredefort ~SA21.14 1321 2813 2.20 14471 114298 b.d.l. 19.1
53S  15-17/03/2022 Vredefort SA21.20 1574 3020 1.98 42633 42633 b.d.l. 18.4
54 S 15-17/03/2022 Vredefort SA21.13 1365 2765 2.09 ###Hi# 288874 b.d.. 19.3
55S  15-17/03/2022 Vredefort SA21.18 1379 2771 2.08 10865 5808 012 192
56 S 15-17/03/2022 Vredefort ~SA21.24 1842 3700 2.08 ##Hi## -53606 b.d.l. 19.2
57 S 15-17/03/2022 Vredefort SA21.1 1647 3650 2.29 54211 54211 b.d.l. 19.6

a Decay constants of Jaffey et al. (1971) used, 238U/235U = 137.818 (Hiess et al., 2012). b.d.1, below detection; #N/A, not available. Uncertainties quoted
without components related to systematic error unless otherwise stated.
Total extra systematic uncertainties: 206Pb/238U = 0.11%, 207Pb/206Pb = 0.14% (20).
b I = Magmatic, M = Metamorphic, P = Concordant but with interpreted loss of radiogenic Pb, S = Detrital, D = Discordant or high common-Pb (£206 >
1%), Z = Physical mixture of ages, IMP = Age of impact event
¢ Concentration uncertainty ~20%.
d Data corrected for common Pb using contemperaneous common Pb compositions from Stacey & Kramers (1975).
e Discordance calculated as 100*([206Pb-238U age-207Pb-206Pb age]/207Pb-206Pb age).
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Uncorrected ratios

206Pb/238 207Pb/206 208Pb/232 208Pb/206
Spot u t2se. CUPPb t2se. Pb t2se. Th t2se. Pb t2se.
AR-X03.2 0.04548 0.00235 21.98866 1.13605 0.07039 0.00649 0.01019 0.00063 0.40428 0.01198
AR-X03.5 0.04831 0.00240 20.69890 1.03028 0.07626 0.00652 0.01503 0.00124 0.30571 0.01939
AR-X03.3 0.05231 0.00378 19.11527 1.38152 0.11584 0.01362 0.01278 0.00198 0.55088 0.04979
AR-X02.5 0.04994 0.00259 20.02443 1.03777 0.06939 0.00663 0.01304 0.00114 0.32553 0.02230
AR-X01.3 0.05757 0.00410 17.37093 1.23597 0.06095 0.00390 0.01761 0.00143 0.44798 0.01644
AR-X01.2 0.06191 0.00535 16.15264 1.39695 0.05679 0.00186 0.01850 0.00175 0.43981 0.01591
AR-X02.1 0.06176 0.00269 16.19138 0.70415 0.06360 0.00408 0.01832 0.00147 0.21557 0.01121
AR-X03.4 0.04361 0.00215 22.93054 1.13005 0.05638 0.00556 0.01078 0.00162 0.26378 0.03059
AR-X03.6 0.04638 0.00211 21.56008 0.98110 0.05783 0.00530 0.01379 0.00141 0.24222 0.01670
AR-X03.1 0.04960 0.00603 20.15949 2.44915 0.05855 0.00551 0.01291 0.00179 0.25762 0.01714
AR-X02.2 0.05022 0.00214 19.91179 0.84984 0.06501 0.00516 0.01602 0.00157 0.31179 0.02714
AR-X02.3 0.05279 0.00213 18.94353 0.76531 0.06009 0.00416 0.01571 0.00107 0.22701 0.01202
AR-X01.6 0.05393 0.00232 18.54325 0.79801 0.05791 0.00988 0.01661 0.00120 0.28167 0.01571
AR-X01.1 0.05437 0.00551 18.39380 1.86304 0.05881 0.00872 0.01850 0.00214 0.28049 0.01497
AR-X01.5 0.05674 0.00221 17.62554 0.68679 0.05716 0.00378 0.01854 0.00153 0.46704 0.03343
AR-X02.4 0.06412 0.00311 15.59658 0.75634 0.07094 0.01526 0.02135 0.00428 0.24584 0.04769
AR-X02.6 0.06814 0.00285 14.67672 0.61311 0.05314 0.00686 0.02128 0.00141 0.25063 0.01234
AR-X01.4 0.08432 0.00344 11.85932 0.48398 0.06201 0.00725 0.02624 0.00165 0.27588 0.01111
SF-X5-1 0.29868 0.00874 3.34808 0.09799 0.08942 0.00168 0.08755 0.00637 0.11149 0.00267
SF-X5-2  0.30540 0.05236 3.27443 0.56138 0.08849 0.00557 0.08168 0.01472 0.12267 0.00350
SF-X3 0.27774 0.07880 3.60048 1.02155 0.08895 0.00217 0.07158 0.02171 0.08764 0.00329
SF-X4 0.25618 0.03339 3.90358 0.50876 0.09121 0.00138 0.07114 0.01424 0.16041 0.02434
SF-X5-3  0.24757 0.07634 4.03934 1.24556 0.09245 0.00742 0.05869 0.01812 0.15764 0.00192
SA21.17 0.48189 0.03193 2.07516 0.13748 0.19051 0.00393 0.13309 0.01201 0.56363 0.03044
SA21.15 0.51459 0.03199 1.94329 0.12081 0.19773 0.00406 0.14265 0.01010 0.56804 0.01111
SA21.19 0.50785 0.03392 1.96907 0.13150 0.22319 0.00464 0.15340 0.01331 0.66692 0.03581
SA21.8 0.47827 0.03037 2.09087 0.13277 0.20064 0.00401 0.13938 0.00997 0.63002 0.01165
SA21.2 0.49531 0.03210 2.01895 0.13086 0.20277 0.00904 0.13689 0.01181 0.57908 0.01159
SA21.4 0.51469 0.03277 1.94291 0.12369 0.20427 0.00386 0.13871 0.00969 0.55884 0.00502
SA21.11  0.49092 0.03201 2.03699 0.13281 0.20561 0.00408 0.14204 0.01124 0.59537 0.02066
SA21.3 0.52704 0.03161 1.89739 0.11379 0.20747 0.00854 0.14460 0.00981 0.58800 0.01026
SA21.9 0.52104 0.03371 1.91924 0.12417 0.20685 0.00409 0.14649 0.01076 0.54707 0.01074
SA21.5 0.51914 0.03253 1.92628 0.12071 0.20923 0.00404 0.14343 0.01017 0.55748 0.01046
SA21.21 0.49366 0.03201 2.02569 0.13135 0.21063 0.01060 0.13489 0.01193 0.56589 0.03008
SA21.6 0.53378 0.03131 1.87345 0.10990 0.21158 0.00372 0.15451 0.01317 0.53599 0.00955
SA21.10 0.51837 0.03276 1.92911 0.12190 0.21478 0.00222 0.14403 0.01038 0.53206 0.01033
SA21.12 0.57601 0.01826 1.73608 0.05503 0.22508 0.00427 0.16930 0.01213 0.61966 0.02429
SA21.7 0.46474 0.04935 2.15172 0.22851 0.18209 0.00375 0.12847 0.01430 0.66571 0.01220
SA21.23 0.53869 0.03138 1.85636 0.10813 0.20110 0.00362 0.14612 0.00971 0.52781 0.00943
SA21.16 0.50874 0.05605 1.96564 0.21658 0.20200 0.00401 0.14633 0.01721 0.60293 0.01871
SA21.22 0.51448 0.05674 1.94371 0.21438 0.20802 0.00387 0.14506 0.01676 0.55098 0.01035
SA21.14 0.52343 0.05439 1.91046 0.19853 0.20148 0.02940 0.15122 0.01634 0.63590 0.00590
SA21.20 0.53363 0.03507 1.87397 0.12314 0.21016 0.00964 0.15279 0.01266 0.56771 0.02360
SA21.13 0.54669 0.03565 1.82920 0.11927 0.21298 0.00428 0.14977 0.01107 0.57355 0.01137
SA21.18 0.52277 0.07104 1.91290 0.25996 0.21436 0.00422 0.14691 0.02046 0.58370 0.00546
SA21.24 0.57664 0.03511 1.73419 0.10559 0.21563 0.00370 0.14949 0.01030 0.53825 0.00954
SA21.1 0.56182 0.03255 1.77994 0.10313 0.21758 0.00625 0.15532 0.01260 0.63330 0.02285

248



24ph_corrected ratios (not matrix-corrected)®

zoepb*/23 238Ul206Pb 207Pb*l206 208Pb*l232 208Pb*l206
Spot U t2s.e. t2se. Pb* t2se. Th t2se. Pb* t2se.
AR-X03.2 0.04515 0.00235 22.14594 1.15147 0.06468 0.00805 0.00982 0.00068 0.39212 0.01567
AR-X03.5 0.04816 0.00240 20.76578 1.03650 0.07370 0.00718 0.01470 0.00127 0.29990 0.02058
AR-X03.3 0.05128 0.00380 19.50231 1.44659 0.10059 0.01891 0.01181 0.00200 0.51944 0.05727
AR-X02.5 0.04968 0.00259 20.12804 1.04832 0.06525 0.00786 0.01261 0.00119 0.31633 0.02425
AR-X01.3 0.05777 0.00411 17.31038 1.23250 0.06377 0.00443 0.01790 0.00147 0.45376 0.01695
AR-X01.2 0.06188 0.00535 16.16007 1.39768 0.05642 0.00201 0.01846 0.00175 0.43905 0.01599
AR-X02.1 0.06149 0.00268 16.26227 0.70882 0.06008 0.00473 0.01754 0.00150 0.20731 0.01255
AR-X03.4 0.04351 0.00215 22.98212 1.13495 0.05455 0.00614 0.01059 0.00161 0.25964 0.03122
AR-X03.6 0.04621 0.00211 21.63927 0.98791 0.05485 0.00610 0.01335 0.00144 0.23538 0.01811
AR-X03.1 0.04951 0.00602 20.19888 2.45457 0.05696 0.00596 0.01270 0.00179 0.25401 0.01792
AR-X02.2 0.04916 0.00213 20.34278 0.88351 0.04760 0.00845 0.01373 0.00159 0.27301 0.03139
AR-X02.3 0.05247 0.00213 19.05870 0.77313 0.05517 0.00514 0.01483 0.00114 0.21561 0.01394
AR-X01.6 0.05376 0.00232 18.60189 0.80226 0.05534 0.01018 0.01622 0.00122 0.27591 0.01658
AR-X01.1 0.05414 0.00549 18.47204 1.87190 0.05537 0.00914 0.01792 0.00211 0.27274 0.01615
AR-X01.5 0.05668 0.00221 17.64208 0.68783 0.05640 0.00394 0.01847 0.00152 0.46551 0.03353
AR-X02.4 0.06313 0.00322 15.84013 0.80757 0.05848 0.02007 0.01854 0.00467 0.21684 0.05681
AR-X02.6 0.06799 0.00284 14.70856 0.61527 0.05137 0.00710 0.02090 0.00144 0.24662 0.01301
AR-X01.4 0.08429 0.00344 11.86367 0.48424 0.06172 0.00728 0.02617 0.00165 0.27521 0.01119
SF-X5-1 0.29864 0.00874 3.34847 0.09800 0.08933 0.00169 0.08736 0.00636 0.11126 0.00269
SF-X5-2 0.30537 0.05235 3.27473 0.56143 0.08842 0.00558 0.08155 0.01470 0.12249 0.00352
SF-X3 0.27777 0.07881 3.60013 1.02145 0.08902 0.00217 0.07175 0.02177 0.08784 0.00331
SF-X4 0.25612 0.03338 3.90445 0.50888 0.09104 0.00140 0.07093 0.01420 0.15997 0.02435
SF-X5-3 0.24757 0.07634 4.03934 1.24556 0.09245 0.00742 0.05869 0.01812 0.15764 0.00192
SA21.17 0.48202 0.03193 2.07460 0.13744 0.19070 0.00393 0.13323 0.01202 0.56405 0.03044
SA21.15 0.51503 0.03202 1.94163 0.12071 0.19831 0.00408 0.14310 0.01014 0.56936 0.01115
SA21.19 0.48949 0.03308 2.04295 0.13807 0.19875 0.00850 0.13585 0.01274 0.61278 0.04026
SA21.8 0.47716 0.03030 2.09574 0.13310 0.19907 0.00409 0.13829 0.00991 0.62657 0.01178
SA21.2 0.49429 0.03204 2.02309 0.13114 0.20139 0.00908 0.13586 0.01173 0.57593 0.01172
SA21.4 0.51448 0.03275 1.94371 0.12374 0.20399 0.00387 0.13849 0.00968 0.55820 0.00506
SA21.11 0.49114 0.03202 2.03607 0.13275 0.20592 0.00409 0.14227 0.01126 0.59605 0.02066
SA21.3 0.52663 0.03158 1.89886 0.11388 0.20695 0.00856 0.14419 0.00979 0.58683 0.01030
SA21.9 0.52166 0.03375 1.91696 0.12403 0.20765 0.00411 0.14716 0.01082 0.54893 0.01079
SA21.5 0.51908 0.03253 1.92649 0.12072 0.20916 0.00404 0.14337 0.01017 0.55731 0.01047
SA21.21 0.49326 0.03198 2.02732 0.13146 0.21009 0.01061 0.13449 0.01189 0.56465 0.03012
SA21.6 0.53296 0.03127 1.87633 0.11008 0.21056 0.00375 0.15358 0.01310 0.53358 0.00964
SA21.10 0.51758 0.03271 1.93207 0.12209 0.21376 0.00229 0.14316 0.01032 0.52964 0.01042
SA21.12 0.57494 0.01823 1.73931 0.05515 0.22387 0.00432 0.16823 0.01207 0.61688 0.02438
SA21.7 0.46313 0.04921 2.15921 0.22944 0.17968 0.00454 0.12705 0.01422 0.66069 0.01333
SA21.23 0.53826 0.03135 1.85783 0.10822 0.20057 0.00364 0.14566 0.00969 0.52656 0.00947
SA21.16 0.50868 0.05605 1.96587 0.21660 0.20192 0.00401 0.14626 0.01720 0.60275 0.01871
SA21.22 0.51458 0.05675 1.94333 0.21433 0.20815 0.00388 0.14517 0.01678 0.55129 0.01035
SA21.14 0.52279 0.05456 1.91282 0.19964 0.20065 0.03016 0.15060 0.01699 0.63408 0.01553
SA21.20 0.53340 0.03505 1.87475 0.12319 0.20989 0.00965 0.15255 0.01264 0.56706 0.02362
SA21.13 0.54662 0.03564 1.82943 0.11928 0.21290 0.00429 0.14970 0.01106 0.57336 0.01138
SA21.18 0.52191 0.07093 1.91604 0.26040 0.21328 0.00427 0.14604 0.02034 0.58120 0.00563
SA21.24 0.57683 0.03512 1.73362 0.10556 0.21584 0.00370 0.14969 0.01031 0.53877 0.00956
SA21.1 0.56163 0.03254 1.78053 0.10317 0.21736 0.00626 0.15515 0.01259 0.63282 0.02286
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204Pb-corrected, matrix-corrected ratios®

(238U lzosp (2°7Pb* /206 (2°6Pb* ,23 (2°7Pb* /23 (zospb* /232
Spot b*)m t2s.e. Pb*), *2s.e. 8U)m +*2s.e. 5U)m +*2s.e. Th), *2s.e.
AR-X03.2 | 24.68074 1.66143 0.06468 0.00805 0.04052 0.00273 0.36116 0.05109 #N/A #N/A
AR-X03.5 | 22.36557 1.40492 0.07370 0.00718 0.04471 0.00281 0.45413 0.05266 #N/A #N/A
AR-X03.3 | 22.37416 2.11984 0.10059 0.01891 0.04469 0.00423 0.61960 0.13045 #N/A #N/A
AR-X02.5 | 22.02111 1.45737 0.06525 0.00786 0.04541 0.00301 0.40838 0.05611 #N/A #N/A
AR-X01.3 | 19.20134 1.69558 0.06377 0.00443 0.05208 0.00460 0.45771 0.05142 #N/A #N/A
AR-X01.2 | 18.05340 1.91396 0.05642 0.00201 0.05539 0.00587 0.43068 0.04817 #N/A #N/A
AR-X02.1 | 17.06135 0.93070 0.06008 0.00473 0.05861 0.00320 0.48529 0.04646 #N/A #N/A
AR-X03.4 | 25.58971 1.64670 0.05455 0.00614 0.03908 0.00251 0.29381 0.03810 #N/A #N/A
AR-X03.6 | 23.99637 1.43861 0.05485 0.00610 0.04167 0.00250 0.31504 0.03980 #N/A #N/A
AR-X03.1 | 21.66397 3.01894 0.05696 0.00596 0.04616 0.00643 0.36238 0.06314 #N/A #N/A
AR-X02.2 | 21.91018 1.22334 0.04760 0.00845 0.04564 0.00255 0.29942 0.05572 #N/A #N/A
AR-X02.3 | 20.68957 1.09997 0.05517 0.00514 0.04833 0.00257 0.36752 0.03941 #N/A #N/A
AR-X01.6 | 20.11042 1.12048 0.05534 0.01018 0.04973 0.00277 0.37927 0.07287 #N/A #N/A
AR-X01.1 | 20.07831 2.39512 0.05537 0.00914 0.04980 0.00594 0.38005 0.07742 #N/A #N/A
AR-X01.5 | 19.93420 1.06757 0.05640 0.00394 0.05017 0.00269 0.38992 0.03431 #N/A #N/A
AR-X02.4 | 16.84912 1.06443 0.05848 0.02007 0.05935 0.00375 0.47835 0.16694 #N/A #N/A
AR-X02.6 | 15.74079 0.84631 0.05137 0.00710 0.06353 0.00342 0.44977 0.06668 #N/A #N/A
AR-X01.4 | 12.98176 0.69926 0.06172 0.00728 0.07703 0.00415 0.65521 0.08494 #N/A #N/A
SF-X5-1 3.85350 0.16709 0.08933 0.00169 0.25950 0.01125 3.19467 0.15110 #N/A #N/A
SF-X5-2 3.59455 0.70963 0.08842 0.00558 0.27820 0.05492 3.39004 0.70257 #N/A #N/A
SF-X3 3.88719 1.22613 0.08902 0.00217 0.25726 0.08115 3.15617 0.99852 #N/A #N/A
SF-X4 4.23618 0.63767 0.09104 0.00140 0.23606 0.03553 2.96173 0.44814 #N/A #N/A
SF-X5-3 4.63713 1.68627 0.09245 0.00742 0.21565 0.07842 2.74778 1.02323 #N/A #N/A
SA21.17 2.15712 0.16745 0.19070 0.00393 0.46358 0.03599 12.18360 0.97860 #N/A #N/A
SA21.15 2.02645 0.14927 0.19831 0.00408 0.49347 0.03635 13.48708 1.03153 #N/A #N/A
SA21.19 2.12106 0.16735 0.19875 0.00850 0.47146 0.03720 12.91419 1.15895 #N/A #N/A
SA21.8 2.17691 0.16262 0.19907 0.00409 0.45937 0.03432 12.60290 0.97634 #N/A #N/A
SA21.2 2.10418 0.16027 0.20139 0.00908 0.47524 0.03620 13.19039 1.16760 #N/A #N/A
SA21.4 2.02541 0.15211 0.20399 0.00387 0.49373 0.03708 13.88045 1.07524 #N/A #N/A
SA21.11 2.11159 0.16120 0.20592 0.00409 0.47358 0.03615 13.43964 1.06007 #N/A #N/A
SA21.3 1.98892 0.14246 0.20695 0.00856 0.50278 0.03601 14.34035 1.18601 #N/A #N/A
SA21.9 1.99836 0.15231 0.20765 0.00411 0.50041 0.03814 14.32054 1.12765 #N/A #N/A
SA21.5 2.00211 0.14788 0.20916 0.00404 0.49947 0.03689 14.39768 1.09918 #N/A #N/A
SA21.21 2.11564 0.16173 0.21009 0.01061 0.47267 0.03613 13.68603 1.25405 #N/A #N/A
SA21.6 1.96111 0.13748 0.21056 0.00375 0.50991 0.03575 14.79734 1.07040 #N/A #N/A
SA21.10 2.00088 0.14837 0.21376 0.00229 0.49978 0.03706 14.72370 1.10311 #N/A #N/A
SA21.12 1.79750 0.07452 0.22387 0.00432 0.55633 0.02307 17.16487 0.78485 #N/A #N/A
SA21.7 2.24135 0.26679 0.17968 0.00454 0.44616 0.05311 11.04827 1.34436 #N/A #N/A
SA21.23 1.93471 0.13430 0.20057 0.00364 0.51687 0.03588 14.28749 1.02508 #N/A #N/A
SA21.16 2.05245 0.25412 0.20192 0.00401 0.48722 0.06032 13.55846 1.70021 #N/A #N/A
SA21.22 2.02117 0.24952 0.20815 0.00388 0.49476 0.06108 14.19324 1.77205 #N/A #N/A
SA21.14 1.98030 0.23122 0.20065 0.03016 0.50497 0.05896 13.96397 2.65775 #N/A #N/A
SA21.20 1.93593 0.14818 0.20989 0.00965 0.51655 0.03954 14.94175 1.33411 #N/A #N/A
SA21.13 1.89704 0.14480 0.21290 0.00429 0.52714 0.04024 15.46723 1.22101 #N/A #N/A
SA21.18 1.98621 0.29713 0.21328 0.00427 0.50347 0.07532 14.79876 2.23356 #N/A #N/A
SA21.24 1.80869 0.13076 0.21584 0.00370 0.55289 0.03997 16.44687 1.22210 #N/A #N/A
SA21.1 1.85969 0.12888 0.21736 0.00626 0.53773 0.03726 16.10848 1.20880 #N/A #N/A
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204pp.corrected, matrix-corrected dates®
= e
(2°6Pb*/238U)m (2°7Pb*l2°6Pb*) (2°7Pb*/235U)m Disc. (%)

Spot Age (Ma) +2se. ., Age(Ma) *2s.e. Age (Ma) t2s.e.

AR-X03.2 256 17 763 262 313 38 66.4
AR-X03.5 282 17 1032 197 380 37 72.7
AR-X03.3 282 26 1634 349 490 82 82.8
AR-X02.5 286 19 782 253 348 40 63.4
AR-X01.3 327 28 733 147 383 36 55.4
AR-X01.2 348 36 468 79 364 34 25.7
AR-X02.1 367 19 605 170 402 32 39.3
AR-X03.4 247 16 303 253 262 30 37.1
AR-X03.6 263 15 405 249 278 31 35.1
AR-X03.1 291 40 489 231 314 47 40.5
AR-X02.2 288 16 78 422 266 44 -266.8
AR-X02.3 304 16 418 208 318 29 27.2
AR-X01.6 313 17 425 410 327 54 26.4
AR-X01.1 313 36 426 368 327 57 26.5
AR-X01.5 316 16 467 155 334 25 32.4
AR-X02.4 372 23 547 750 397 115 32.0
AR-X02.6 397 21 256 318 377 47 -54.8
AR-X01.4 478 25 663 253 512 52 27.9
SF-X5-1 1487 58 1410 36 1456 37 55
SF-X5-2 1582 277 1391 121 1502 164 -13.8
SF-X3 1476 417 1404 47 1447 249 -5.1
SF-X4 1366 185 1446 29 1398 115 56
SF-X5-3 1250 416 1476 152 1341 284 14.7
SA21.17 2455 159 2747 34 2619 76 10.6
SA21.15 2586 157 2812 34 2714 72 8.0
SA21.19 2490 163 2815 70 2673 85 11.6
SA21.8 2437 152 2818 34 2650 73 13.5
SA21.2 2507 158 2837 74 2693 84 11.6
SA21.4 2587 160 2858 31 2742 73 95
SA21.11 2499 158 2873 32 2711 75 13.0
SA21.3 2626 155 2881 67 2772 79 8.9
SA21.9 2616 164 2887 32 2771 75 9.4
SA215 2612 159 2898 31 2776 73 9.9
SA21.21 2495 158 2906 82 2728 87 14.1
SA21.6 2656 153 2909 29 2802 69 8.7
SA21.10 2613 159 2934 17 2798 71 10.9
SA21.12 2851 96 3008 31 2044 44 52
SA21.7 2378 237 2649 42 2527 114 10.2
SA21.23 2686 153 2830 30 2769 68 5.1
SA21.16 2559 262 2841 32 2719 119 9.9
SA21.22 2591 264 2890 30 2763 119 10.4
SA21.14 2635 253 2831 245 2747 182 6.9
SA21.20 2685 168 2904 75 2812 85 76
SA21.13 2729 170 2927 33 2844 75 6.8
SA21.18 2629 323 2930 32 2802 145 10.3
SA21.24 2837 166 2049 28 2903 71 3.8
SA21.1 2774 156 2961 46 2883 72 6.3
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Appendix 5.3

GROD angle map of grain X3 (Araguainha)
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Appendix 5.4
APT 3d reconstructions of specimens from Vredefort
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Appendix 5.5

APT nanogeochronology results

U-Pb age (Ma,20)

Pb-Pb age (Ma,20)

Impact structure | Needle Feature Whole needle |Matrix Whole needle |Matrix
V7 twin <3-40>/70° 13194322 196742769
V9 twin <3-41>/70° 16881223 16651222 23331975 218611092
V1 15791187 15391184 30051547 28591618
Vredefort V2 Host 14504187 26471780
V3 1633+251 2591+968
V4 Neoblast 17494286 16114276 31011674 2519+1088
V5 Host 16841200 24111777
M1 Host 1275469
M2 Twin-grain boundary [1319+45
Santa Fe -
M3 Twin 1391483 1329481 14951549
M4 Twin 12741100 1213498 18761574
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