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Abstract 
Zircon lutetium–hafnium (Lu–Hf) isotope maps are used to characterize lithospheric architecture 
through time, to help understand crustal evolution and mineral system distributions, and play an 
increasingly important role in mineral exploration (Mole et al., 2014, 2019, 2021; Hou et al., 2015; 
Wang et al., 2016; Lu et al., 2022b). Here we present a revised Lu–Hf isotope map of Western 
Australia that updates previously released data (Lu et al., 2021) with 1311 new analyses from 55 
samples, for a total of 14 059 analyses from 778 samples (Figs 1, 2). 

These isotope maps (Fig. 2) are based on Lu–Hf data for dated magmatic zircons from felsic igneous 
rocks, which provide a window into the age and compositional variation of the middle and lower 
continental crust where most felsic magmas are generated (Champion and Huston, 2016). Lu–Hf 
isotope data for zircons from mafic igneous, sedimentary, and metamorphic rocks, and for 
xenocrystic zircons, were not used in constructing the isotope maps. However, their sample-level 
information is included as a separate layer. Spot-level data for all samples are provided as a CSV file. 

Initial 176Hf/177Hf and εHf values of all zircons were calculated using the 176Lu decay constant  
(1.867 × 10-11 a-1) of Söderlund et al. (2004) and the CHUR (CHondritic Uniform Reservoir) value 
[176Lu/177Hf (present day) = 0.0336 and 176Hf/177Hf (present day) = 0.282785] of Bouvier et al. (2008). 
For each analysis, a two-stage depleted mantle model age (TDM2) is calculated, which assumes that 
the parental magma of the zircon was produced from a volume of average continental crust extracted 
from depleted mantle. TDM2 estimates the average age of the crustal source of the igneous rocks. 
Parameters used for calculation of TDM2 include depleted mantle 176Hf/177Hf (present day) = 0.283238 
and 176Lu/177Hf (present day) = 0.03976 (Vervoort et al., 2018), and average continental crust of 
176Lu/177Hf (present day) = 0.012 (Spencer et al., 2020). Crustal residence time (TCR), the difference 
between TDM2 and magmatic crystallization age, is also calculated for each analysis, and provides an 
estimate of the average length of time the source of the igneous rocks resided in the crust.  

Evolution of the Earth’s mantle is a topic of debate in geoscience, including whether mantle depletion 
occurred at 4.56, 4.5 or 3.8 Ga (Griffin et al., 2002; Blichert-Toft and Puchtel, 2010; Kemp et al., 2015; 
Vervoort and Kemp, 2016; Fisher and Vervoort, 2018). The model chosen affects values calculated 
for TDM2 and TCR, particularly for zircons older than 3.8 Ga. Furthermore, the 176Lu/177Hf ratio used to 
model isotopic evolution is an estimate and imparts significant uncertainty to any model age (see 
Vervoort and Kemp, 2016). Therefore, TDM2 and TCR are used here mainly for qualitative comparison 
purposes because gradients in TDM2 and TCR may be more insightful than their absolute values. 
Nevertheless, model ages potentially highlight underlying patterns related to crustal composition and 
structure (Lu et al., 2022b). 

The Lu–Hf isotope data have been filtered to exclude data with U–Pb age discordance >10%, 
176Yb/177Hf >0.2, and ɛHf 1 uncertainty >1.5 epsilon units (Belousova et al., 2010). The median ɛHf(i), 
TDM2 and TCR are then calculated for each felsic igneous rock. The isotope maps were created from 
median TDM2 and TCR values, using the natural neighbour interpolation tool in ArcGIS Spatial Analyst, 
and are presented as both classified (natural breaks classification, Fig. 2a,c) and stretched 
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(Histogram Equalize type, Fig. 2b,d) raster datasets. The spatial interpolation of isotope data shown 
in Figure 2 follows the approach of Champion and Huston (2016), who found that natural neighbour 
interpolation using natural breaks in data values produced isotope maps more consistent with known 
geology than other interpolation methods.  

The model age (TDM2) maps highlight the distinction between Archean cratons (TDM2 >2.6 Ga) and 
Proterozoic orogens (TDM2 <2.4 Ga). Granitic samples from basement rocks beneath the Canning 
Basin show similar TDM2 to those in the Musgrave, Madura and Coompana Provinces, but are different 
to those from the North and West Australian Cratons (NAC and WAC). This suggests the existence 
of a subsurface Proterozoic terrane, the Percival Lakes Province, between the NAC and WAC (Fig. 2a, 
b; Lu et al., 2022b; Zhao et al., 2022). Strong isotope gradients are typically associated with major 
crustal boundaries and are potentially important for localizing mineral systems (Fig. 2; Martin et al., 
2022). 

Some isotope gradients may not be as pronounced in the statewide map as they might be on more 
detailed maps of individual regions. Users should download the isotope data and create their own 
contour maps for particular areas to enhance the isotope gradients in those areas. An example is 
provided for the Archean Yilgarn Craton (Fig. 3), which provides a more detailed image of the 
architecture of the Kalgoorlie–Kurnalpi region, a world-class Archean gold province (Witt et al., 2020). 
It shows that the most juvenile domain developed in the southern Kalgoorlie Terrane and the central 
to northern Kurnalpi Terrane, supporting the existence of northeast-trending basement structures 
suggested by granite geochemistry (Smithies et al., 2018) and previous interpretations of variable rift 
architecture along a cryptic Kalgoorlie Shear Zone (Mole et al., 2019).  

Insights into crustal evolution can be gained by visualizing the variation with age of median zircon 
Hf(i), TDM2 and TCR for both mafic and felsic igneous rocks (Fig. 4). From c. 3600 to 500 Ma, mafic and 
felsic igneous rocks show overlapping zircon Hf(i), TDM2 and TCR, suggesting coupled Lu–Hf isotope 
evolution in mafic and felsic igneous rocks. This is in contrast to the whole-rock Sm–Nd isotope 
record which indicates mafic and felsic igneous rocks from c. 3730 to 2500 Ma have overlapping 
Nd(i), TDM2 and TCR, but since <2500 Ma, mafic rocks generally yield higher Nd(i) and lower TDM2 and 
TCR than felsic rocks at a given age (Lu et al., 2022a). The different pattern between the Lu–Hf and 
Sm–Nd systems suggests that most zircon-crystallizing mafic magmas (e.g. gabbros) have been 
contaminated by continental crust.    

Felsic igneous rocks record sources requiring episodic juvenile mantle input to have occurred at  
c. 3566, 3440, 3300, 3200, 3000, 2800, 2700, 1800 and 1400 Ma, as well as reworking of existing 
crust with TDM2 up to c. 3920 Ma (Fig. 4). Increasing TCR for both mafic and felsic rocks from c. 3600 
to 500 Ma is consistent with secular crustal maturation observed in other isotope systems, such as 
whole-rock Sm–Nd and zircon oxygen isotopes (Fig. 4c; Valley et al., 2005; Lu et al., 2022a,c). 

There are few Lu–Hf data (or whole-rock Sm–Nd and zircon oxygen isotope data) for mafic or felsic 
igneous rocks between 2500 and 2000 Ma (Fig. 4), consistent with the apparent scarcity of rocks of 
this age in Western Australia (Lu et al., 2022a,c). However, xenocrystic zircons of this age are 
common and have mainly heavy δ18O values. This implies that felsic magmatism during this interval 
involved significant reworking of supracrustal materials, and that those magmatic rocks were mostly 
emplaced at depth and not exposed at the surface. This is most likely because the early 
Paleoproterozoic was dominated by orogenic compression, which trapped magmas at deep crustal 
levels (Loucks, 2021; Lu et al., 2022a).  
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Figure 1.  Locations of new and previously released Lu–Hf isotope samples, shown on the 1:2.5 million 

interpreted bedrock geology map  

 

Acquisition of Lu–Hf isotope data by the Geological Survey of Western Australia (GSWA) was funded 
by the Exploration Incentive Scheme (EIS), and conducted using multi-collector inductively coupled 
plasma mass spectrometry (MC-ICPMS) in the Centre for Geochemical Evolution and Metallogeny of 
Continents (GEMOC); the ARC Centre of Excellence for Core to Crust Fluid Systems (CCFS) at 
Macquarie University; and in the Centre for Microscopy, Characterization and Analysis (CMCA) at The 
University of Western Australia. 

How to access 
The data layer is best accessed using GeoVIEW.WA. This online interactive mapping system allows 
data to be viewed and searched together with other datasets, including GSWA and Geoscience 
Australia geochronology data, geological maps, and mineral exploration datasets. The Zircon 
lutetium–hafnium isotope map digital data are also available as a free download from the Data and 
Software Centre via Datasets — Statewide spatial datasets — Geochronology & Isotope Geology — 
Zircon lutetium-hafnium isotope map, as ESRI shape files and MapInfo TAB files. All spot-level zircon 
data are provided as a CSV file. These datasets are subject to ongoing updates as new data are 
generated. 

http://www.dmirs.wa.gov.au/geoview
https://dasc.dmirs.wa.gov.au/
https://dasc.dmirs.wa.gov.au/
https://geodownloads.dmp.wa.gov.au/downloads/Geochron/CSV_hafnium/WAhafnium.csv
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Figure 2.  Lu–Hf isotope maps for zircon samples of felsic igneous rocks in Western Australia. TDM
2 and TCR 

maps are presented as classified (a and c) and stretched (b and d) raster images interpolated by 
natural neighbour interpolation. Symbols show the locations of zircon Lu–Hf samples used for 
isotope mapping. Major crustal boundaries (grey lines) are from Martin et al. (2022) 
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Figure 3.  Lu–Hf isotope maps for zircon samples of felsic igneous rocks in the Yilgarn Craton. TDM

2 and TCR 
maps are presented as classified (a and c) and stretched (b and d) raster images interpolated by 
natural neighbour interpolation. Symbols show the locations of zircon Lu–Hf samples used for 
isotope mapping. Major crustal boundaries (grey lines) are from Martin et al. (2022). Only samples 
older than 2600 Ma are used here to reveal the Archean crustal architecture of the craton 
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Figure 4.  Values of median Hf(i) (a), TDM
2 (b), and TCR (c) vs igneous crystallization age for zircon samples of 

felsic and mafic igneous rocks in Western Australia. Samples on or close to the depleted mantle lines 
in (a) or the TDM

2 = igneous crystallization age line in (b) indicate juvenile mantle input. The Musgrave 
array and Archean Pilbara and Yilgarn source array in (a) is from Lu et al. (2022b) 
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