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Abstract

Accessory minerals like zircon, rutile and monazite are routinely studied to inform about the tim-
ing and nature of geological processes. These studies are underpinned by our understanding of the 
transfer processes of trace elements and the assumption that the isotopic systems remain undisturbed. 
However, the presence of microstructures or Pb-bearing phases in minerals can lead to the alteration 
of the Pb isotopic composition. To gain insight into the relationship between Pb isotopic alterations 
from inclusions and microstructures, this study focused on inclusions from an ultra-high-temperature 
metamorphic rutile. The studied inclusions are submicrometer monazites, a common mineral rich in 
Pb but normally not present in rutile. The sample is sourced from Mt. Hardy, Napier Complex, East 
Antarctica, an ultra-high-temperature (UHT) metamorphic terrane. By applying correlative analyti-
cal techniques, including electron backscatter diffraction mapping, transmission electron microscopy 
(TEM), and atom probe tomography, it is shown that monazite inclusions are often in contact with 
low-angle boundaries and yield no preferred orientation. TEM analysis shows the monazite core has a 
mottled texture due to the presence of radiation damage and nanoclusters associated with the radiation 
damage defects that are rich in U, Pb, and Ca. Some monazites exhibit a core-rim structure. The rim 
yields clusters composed of Ca- and Li-phosphate that enclose Pb nanoclusters that are only present 
in small amounts compared to the core, with Pb likely diffused into the rutile-monazite interface. 
These textures are the result of two stages of Pb mobility. Initial Pb segregation was driven by volume 
diffusion during UHT metamorphism (2500 Ma). The second stage is a stress-induced recrystalliza-
tion during exhumation, leading to recrystallization of the monazite rim and trace element transport. 
The isotopic signature of Pb trapped within the rutile-monazite interface constrains the timing of Pb 
mobility to ca. 550 Ma.
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Introduction

Rutile (TiO2) is a common accessory mineral that is stable 
at mid- to lower-crustal metamorphic conditions (Clark et al. 
2019; Dachille et al. 1968; Harley 2016). Zr-in-rutile geother-
mometry and rutile U-Pb geochronology are increasingly used 
to provide temperature and time constraints on the evolution of 
metamorphic terranes (Clark et al. 2018; Kooijman et al. 2010; 
Meinhold 2010; Smye and Stockli 2014; Watson et al. 2006; 
Zack et al. 2004a). Mineral inclusions in rutile are geologically 
significant, with inclusions of corundum in rutile providing 
constraints on growth mechanisms (Daneu et al. 2014), while 
the molar fraction of Zr-bearing mineral inclusions can be used 
to re-integrate Zr concentrations for the estimation of peak 

metamorphic temperatures (Mitchell and Harley 2017; Pape 
et al. 2016). The ability of rutile to trap and isolate inclusions 
from retrograde metamorphic overprints and fluid alteration 
events may allow inclusion assemblages in rutile to be used 
to characterize metamorphic conditions in ultrahigh-pressure 
(UHP) and ultrahigh-temperature (UHT) metamorphic terranes 
(Hart et al. 2016, 2018).

Despite the uses of inclusion analyses, the presence of small 
(<1 µm diameter) inclusions in rutile has the potential to compro-
mise compositional and isotopic analysis of the host mineral by 
common techniques, such as laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS), which analyzes 
significantly larger volumes than the inclusion volume. Little 
is currently known about the geochemistry of sub-micrometer 
mineral inclusions or how their presence and composition may 
affect the analysis of the host. In part, this reflects the difficulty 
in measuring the trace element and isotopic compositions of such 
small inclusions. Furthermore, there is little information regard-
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