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A B S T R A C T   

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 an-
alyses. 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 μm) 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 in-
clusions 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 
206Pb/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 μm), 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.   

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., 
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2013), the longer range effect of fluid alteration beyond the recrystal-
lisation 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 et al., 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 experi-
mental and nanoscale studies (Turuani et al., 2022; Grand’Homme et al., 
2016; Harlov et al., 2005, 2011). 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; 
Budzyń et al., 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)PO4) is 
comparatively stable in fluid-mediated settings (Budzyń and Sláma, 
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 dis-
solution–reprecipitation (Budzyń and Sláma, 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; Schaltegger et al., 
2005; Li et al., 2013), metasedimentary metamorphic rocks (Rasmussen 
et al., 2011), Sn–W, gold, base metal, iron, and uranium hydrothermal 
deposits (Rasmussen et al., 2009, 2016; Aleinikoff et al., 2012), and 
sedimentary rocks, as either a detrital phase or diagenetic overgrowths 
on zircon (McNaughton et al., 1999; Rasmussen, 2005). The high acti-
nide 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 geochrono-
logical 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 micro-
scopy (TEM), and atom probe tomography (APT). 

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) (Fig. 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 meta-
morphism 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 (Carr 
et al., 2000; Stott et al., 1991). 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 207Pb*/206Pb* and 206Pb*/238U 
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 207Pb*/206Pb* and 
206Pb*/238U ages of 999.7 ± 0.3 Ma and 997.9 ± 0.3 Ma, respectively. 

3. Methods 

3.1. Scanning electron microscopy 

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. 

3.2. 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 O2

− ion beam 
diameter was put through a ~ 30 μm Kohler aperture to produce ellip-
tical spots of ~10 × 7 μm 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 194Y2O+, 204Pb+, background (204Pb+ + 0.0145 AMU 
offset), 206Pb+,207Pb+,208Pb+,238U+, 248ThO+ and 254UO+ (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 [206Pb*/238U age = 489.9 ± 0.5 Ma; 
207Pb*/206Pb* age = 491.8 ± 1.2 Ma; U = ~900 ppm; Th = ~ 800 ppm]. 
SQUID3 software was used to calibrate Pb/U and Th/U using floating 
robust regressions through ln (206Pb+/238U+) vs ln (254UO+/238U+) for 
MG-1 (Bodorkos et al., 2020). Sessions 1 and 2 yielded calibration 
constants of 0.0052 ± 1.1% (1σ, MSWD = 1.4, p = 0.11) and 0.0076 ±
0.9% (1σ, MSWD = 1.3, p = 0.17), respectively. Common Pb was cor-
rected 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 (ΣREE = 12–22% 

Fig. 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; Van De Ker-
ckhove, 2016. 
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wt%), a correction of 206Pb/238U ratios is required to account for matrix 
differences between the reference material and unknowns. For ln 
(206Pb+/238U+) vs ln(254UO+/238U+), correction coefficients of fU =
6.93%, fTh = 3.23%, fΣREE = 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 is 
not homogeneous in U and Th, a ± 500 ppm uncertainty on both ele-
ments was incorporated, as in Fletcher et al. (2004), typical of the 
variation on primary reference material MG-1. 

The ΣREE required for the matrix correction on 206Pb*/238U 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 en-
ergy, and 100 nA beam current. The electron beam diameter was set to 3 
× 3 μm spot size. Drake and Weill glasses and USNM phosphates from 
the Smithsonian institute were used as standards for instrumental cali-
bration. The unknown values are produced using the Probe for EPMA© 
software package (Probe Software®). The elements were acquired using 
analysing crystals LiFH for Ho lβ, Yb lα, Lu lβ, Eu lα, Tb lα, Tm lα, LiF for 
Er lα, Nd lα, Sm lα, Gd lα, Dy la, PETJ for U mb, Zr lα, Y lα, P kα, Ca kα, Th 
mα, and TAP for Si kα. For Y lα, P kα, Ca kα, Lu lβ, Eu lα, Tb lα, Tm lα, Nd 
lα, Sm lα, Gd lα the on-peak count times were 20 s. For Er lα, Yb lα, Ho lβ, 
Dy lα on-peak count times were 30 s, U mb, Th mα - 60 s, Zr lα – 80 s and 
Si kα – 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 kα and U mβ, slope for Tb lα, and linear for all other elements. Un-
known 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 ΣREE are 
propagated in quadrature to the measured internal error on 
206Pb*/238U. 

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 spec-
imens 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). 

3.4. 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. 

3.5. Atom probe tomography (APT) 

Atom probe tomography (APT) is an analytical technique that de-
termines 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 de-
tector 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 4000× HR) was operated in laser-assisted mode using a 
UV laser (λ = 355 nm). Temperature and detection rate was kept con-
stant 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 nm3/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 compo-
sition 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) 
(Fig. 6). 

The isotopic composition of U and Pb is measured from a narrow 0.1 
Da (Dalton) range on the 206Pb++ and 238UO2

++ 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 
TmPO3

++. For U – Pb systematics, the 206Pb/238U ratio is calculated using 
the fractionation correction method between the ratio of UO2

++/UO++

and 206Pb++/238UO2
++ for each analysis (Joseph et al., 2021). 

206Pb/238U dates were calculated from the whole specimen and the 
matrix (whole specimen without clusters) using the molecular frac-
tionation correction method (Joseph et al., 2021). 

4. Results 

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 μm) and discontinuous (10–20 μm in length), planar features 
can be observed on the grain surface, with a higher density of features in 
the central portion of the grain (Fig. 2a,b). These planar features have a 
preferred orientation, extending parallel to the long axis of the grain. 
Sub-micrometer porosity is 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 (Fig. 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 (Fig. 2a). The BSE dark domains are often associated with 
larger pores (~ 2–3 μm) compared to the minute pores (< 1 μm) in other 
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areas of the grain. Small (~ 1–2 μm) 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. 

4.2. Sensitive high-resolution ion micro-probe 

SHRIMP analyses from the mottled zone with planar features with an 
average U and Th concentration of ~13,800 ppm and ~ 2400 ppm 
respectively, with a Th/U ratio of ~0.18 to 0.19 (Supplementary 
Table 1, Fig. S1a). 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, com-
mon 204Pb 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 (n = 35) and mixed mottled–BSE dark 
regions (n = 6) yield weighted mean 207Pb*/206Pb* ages of 996.6 ± 6.7 
Ma (all 2σ, MSWD = 1.8, p = 0.002 [slightly over dispersed]), 996 ± 25 
Ma (MSWD = 1.7, p = 0.12) respectively (Fig. 2d; Supplementary 
Table 1). Note that most analyses are slightly reversely discordant, with 
apparently older 206Pb*/238U dates. Such discrepancies are a function of 
using a linear correction to adjust the matrix mismatch between refer-
ence 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 dis-
cussion). A combined weighted mean 207Pb*/206Pb* 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. 

4.3. Transmission electron microscopy 

TEM lamellae from the sample z6413 appeared mostly homogenous 
at low magnification. The high-angle annular dark field (HAADF) im-
ages from TEM shows the atomic number contrast in the sample, in 
which atoms with high atomic number will appear bright. HAADF im-
ages generated from the sample showed different grey contrasts with 
dark spots and bright spherical domains, ~10 nm in size (Fig. 3a). The 
STEM-EDS data indicate that the bright domains show enrichment in Ca 
and Pb, and depleted in Y, P, and O compared to the surrounding xen-
otime (Fig. 3c 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 (Fig. 3b). 

4.4. Atom probe tomography 

The APT mass spectra of z6413 are consistent with the analysis of 
xenotime reference materials (Joseph et al., 2021) (Fig. S2a). Mass peaks 
up to 300 Da are obtained in which the major elements (Y, P) is 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 REEPO3 species. Uranium 
(238U) was present in five peaks 238UO2

++ (135.02 Da), 238UO++ (127.02 
Da), 238UO+++ (84.68 Da), 238UO2

+ (270.04 Da), and 238UO3
+ (286.035 

Da) (Fig. S2). No peaks in the mass spectra could be attributed to 235U. 
206Pb and 207Pb were present as doubly charged and singly charged 
species, with the double-charged species more dominant. No 204Pb was 
detected above the background. The ThPO3

+++ (103.7 Da) peak, which is 
close to the 207Pb++ (103.49 Da) peak, was prominent and could not be 
deconvolved from the 207Pb++ peak (Fig. S2b). Therefore, 207Pb/206Pb 
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 ele-
ments are not homogeneously distributed. The presence of spherical and 
linear features enriched in trace elements was identified. Numerous Ca- 
Pb-rich clusters (Fig. 4a) were found, except in one specimen (M2) 

Fig. 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: yel-
low - 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 in-
clusions precipitated in the boundary of 
altered and unaltered domains and larger 
pores (2–3 μm). d) Terra-Wasserburg dia-
gram SHRIMP results with weighted mean 
207Pb/206Pb age. The error bars are 2σ, with 
the point matches to the colour-coded of 
grain textural domains. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of 
this article.)   
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Fig. 3. a) High Angle Annular Dark Field (HAADF) image of sample z6413 showing bright spherical domains distributed in the xenotime matrix. The location of c 
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-d) These are EDS x-ray element maps collected with the scanning transmission electron microscope (STEM). 

Fig. 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 in the xenotime matrix; b) close up of apatite inclusion and proximity histogram showing the concentration Ca and Pb in the cluster. 
Error 1σ. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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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 (Fig. 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. %) (Fig. 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. %). (Fig. 4). A positive trend was observed between the 
size of the cluster and the Ca + Pb concentration inside the clusters 
(Fig. 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 be-
tween 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 (Fig. 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 (210×, 0.01 at. % to 0.91 at. %), 
Na (65× 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. %) (Fig. 6b). Ca-Pb-rich clusters are also 
observed in the same specimen. 

Using the MSM method, clusters are isolated from the whole spec-
imen to compute U–Pb ratios. The 206Pb/238U dates of the whole 
specimen including the clusters, ranged from 857 ± 43 Ma to 971 ± 52 
Ma with a weighted mean date of 912 ± 39 Ma (2σ; MSWD = 2.9, 
probability = 0.013 (Fig. 7). The matrix, excluding clusters, yielded 
even younger 206Pb/238U dates of 830 ± 42 Ma to 937 ± 51 Ma with a 
weighted mean age of 863 ± 28 Ma (2σ; MSWD = 2.1, probability =
0.047. (Supplementary Table 2) 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. 

5. Discussion 

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 (Fig. 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 original xenotime and 
are also characterised by the presence of Th-U-rich inclusions and are 
associated with large-scale porosity (2–3 μm; Fig. 2a,c). The depletion of 
U and Th from the BSE dark zones and the presence of U–Th rich in-
clusions are attributed to the process of fluid-assisted coupled 
dissolution-reprecipitation (Putnis, 2009). Based on the above obser-
vations, 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 mini-
mise 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 and Harlov, 
2008; Ondrejka et al., 2016; Budzyń et al., 2018). 

Results from SHRIMP analysis obtained from both altered and 
Fig. 5. Diameter of the apatite inclusions versus Ca + Pb concentration.  

Fig. 6. a) M1 specimen showing distribution of Ca, Pb, Cl, Li, and Na in the 
dislocation; b) Proximity histogram of elements in the dislocation, errors are 1σ. 
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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 un-
altered domain are indicative of Pb mobility within this xenotime crystal 
(Fig. 2d) (Villa and Hanchar, 2017). 

Xenotime is well known for its stability in an active fluid environ-
ment compared to other phosphates such as monazite and apatite 
(Budzyń and Kozub-Budzyń, 2015; Budzyń and Sláma, 2019; Hether-
ington 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; Budzyń and Sláma, 
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 206Pb/238U date from the whole spec-
imen 912 ± 39 Ma and the matrix 863 ± 28 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 2σ with the SHRIMP (996.5 
± 6.3 Ma) (Fig. 2d) and previously published ID-TIMS ages (999.7 ± 0.3 
Ma) (Fig. 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. 

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 po-
tential 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 disper-
sion 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 discor-
dance 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. 

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-Guil-
laume 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 (Fig. 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 consti-
tutes the xenotime matrix. The diffraction data from the TEM high- 
resolution image shows the well-ordered xenotime structure as well as 
a ring pattern (Fig. 3b). The ring patterns form when electron diffraction 
occurs simultaneously from many different grains with different crys-
tallographic 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 (Asadabad 
and Eskandari, 2016; Lind, 1983; Asadi Asadabad and Jafari Eskandari, 
2015). 

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 (Fig. 4a). Clusters in minerals have 
been shown to be enriched domains likely representing crystal defects 
(Valley et al., 2014; Peterman et al., 2016; Fougerouse et al., 2019; 
Verberne et al., 2020) or separate phases (Fougerouse et al., 2016, 2018, 
2021b; Seydoux-Guillaume et al., 2019). In z6413, clusters have com-
bined Ca and Pb enrichments up to 12 at. %, two to three orders of 
magnitude higher than the surrounding matrix. The compositional 

Fig. 7. APT 206Pb/238U weighted mean data of sample z6413. Green colour 
represents the data from whole specimen and brown represents of age of the 
matrix, excluding the clusters. The solid line denotes the weighted mean age 
obtained from the data and the dotted line represent the crystallisation age 
determined by TIMS. The coloured bands represents the uncertainties plotted at 
2σ. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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range of the clusters is correlated with their size, with the smaller 
clusters comprising less Ca and Pb (Fig. 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 (eg: 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 (Devaraj et al., 2014; 
Fougerouse et al., 2016; Reddy et al., 2020; Vurpillot et al., 2000; Tac-
chetto et al., 2021). Thus, all the Ca - Pb clusters observed in the studied 
xenotime grain might therefore represent the same mineralogical 
feature but with a different size distribution. 

Xenotime has a tetragonal crystal structure with PO4 tetrahedra and 
REO8 (Rare earth) polyhedra, in which the RE site is occupied by Y3+

and HREE3+ ions which have similar ionic radii (Y3+ 1.02 Å). In xen-
otime, Ca is incorporated into the crystal structure by 2(REE3+, Y3+) ↔ 
(Th, U)4+ + Ca2+ (cheralite substitution). And in the case of Pb, only a 
negligible amount of Pb is incorporated into the xenotime structure 
during its growth. Both Ca2+ and Pb2+ with ionic radii 1.29 Å and 1.12 
Å, respectively are larger cations compared to the small Y3+ ion (1.02 Å) 
(Ni et al., 1995; Shannon, 1976). 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 [Ca5(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 (Fig. 6). These features show similarities with fission tracks 
commonly observed in apatite (Donelick et al., 2005). However, xen-
otime 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 (Piazolo et al., 2016; Kirkland et al., 2018b; Dubosq 
et al., 2019; 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., 2016; 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. 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., 
2021), and garnet (Tacchetto et al., 2022a). 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 un-
clear whether the enrichment of U is derived from the fluid or diffused 
into the dislocation from the grain itself. The U6+ ion is highly mobile in 
the fluid environment. In a recent publication based on TEM observa-
tions 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 (Budzyń et al., 2023). Contrary to what is expected in 
an apparently homogenous BSE domain, nanoscale analysis shows evi-
dence 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. 

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., 
2016, 2019, 2021). 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 ele-
ments (Utsunomiya et al., 2004; 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., 2016, 2019, 
2021). 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., 2020). In the case of xenotime, no metamict 
xenotime has been observed in nature (Harrison et al., 2019). Experi-
mental studies have proven that a phosphate phase such as xenotime 
have lower critical amorphisation temperature and lower activation 
energy for recrystallisation compared to zircon (Meldrum et al., 1997; 
Lenz et al., 2019; 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; Har-
rison et al., 2019). 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 docu-
mented 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. 
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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 in-
clusions 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. % con-
centration in the matrix. The phase immiscibility model 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 (Kozłowski, 1978; 
Kozłowski and Marcinowska, 2007; London and Kontak, 2012; Phelps 
et al., 2020). Pb diffusion distance during cooling from the crystal-
lisation temperature of the pegmatite is therefore insignificant and 
cannot explain up to ~7 at. % enrichment in the inclusions. Further-
more, from the nanogeochronology 206Pb/238U data of the matrix, 
excluding Ca-Pb-rich clusters, is 863 ± 28 Ma, which is younger than the 
TIMS-derived crystallisation age (Fig. 7). Therefore, the apatite nano-
scale 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 in-
clusions 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 dis-
carded. However, if the clusters formed through a fluid-present alter-
ation 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. 

5.4. Summary and geochronological implications 

The xenotime grain studied in this study is affected by fluid alter-
ation based on textural and nanoscale observations. Geochronological 
SHRIMP U–Pb analyses showed little or no correlation between altered 
and unaltered textures, indicating that the parent-daughter pair was not 
decoupled at the microscale, in agreement with previous studies high-
lighting the stability of xenotime in fluid active settings (Budzyń and 
Sláma, 2019). However, SHRIMP analyses recorded slight over disper-
sion 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 inter-
preted 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 in-
vestigations. However, these inclusions witness a Pb mobility event that 
may cause minor changes in the U–Pb results from conventional ana-
lyses. 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 pre-
served by nanoscale heterogeneities. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2023.121444. 
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