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The development of laser ablation inductively coupled plasma quadrupole tandem mass spectrometry
(LA-ICP-Q-MS/MS) opens new opportunities to rapidly date a variety of hydrothermal minerals. Here
we present in situ Lu-Hf and Re-Os dates for hydrothermal apatite and molybdenite, respectively. We fur-
ther report the first in situ Lu-Hf dates for bastndsite, dolomite, and siderite, and assess their potential for
constraining ore deposit geochronology. For method validation, we report isotope-dilution Lu-Hf dates
for apatite reference material Bamble-1 (1102 + 5 Ma) and calcite reference material ME-1
(1531 = 7 Ma), enabling improved accuracy on matrix-matched calibration for LA-ICP-MS/MS Lu-Hf dat-
ing. The new methods are applied to the Vulcan Iron-Oxide Copper-Gold (I0CG) prospect in the Olympic
Reaction-cell ICP-MS Cu-Au Province of South Australia. Such deposits have been difficult to accurately date, given the general
In-situ geochronology lack of reliable mineral geochronometers that are cogenetic with I0OCG mineralisation. Hydrothermal
Lu-Hf apatite Lu-Hf dates and molybdenite Re-Os dates demonstrate that mineralisation at Vulcan largely
Re-Os occurred at ca. 1.6 Ga, contemporaneous with the world class Olympic Dam deposit. Our data also indi-
Iron Oxide Copper Gold cates that the Lu-Hf system in apatite is more robust than the U-Pb system for determining the timing of
Metal fluids primary apatite formation in an I0OCG system. We further demonstrate that dolomite can retain Lu-Hf
growth ages over an extended time period (>1.5 billion years), providing constraints on the timing of pri-
mary ore mineral crystallisation during brecciation and IOCG mineralisation. Finally, late Neoproterozoic
(ca. 589-544 Ma) and Carboniferous (ca. 334 + 7 Ma) Lu-Hf dates were obtained for texturally late Cu-
bearing carbonate veins, illustrating that the carbonate Lu-Hf method allows direct dating of Cu remobil-
isation events. This has important implications for mineral exploration as the remobilised Cu may have
been transferred to younger deposits hosted in Neoproterozoic sedimentary basins overlaying the

Olympic I0CG province.
© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A robust geochronological framework is crucial to develop
effective strategies for mineral exploration, particularly in ancient
geological terranes with complex evolutionary histories. In this
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regard, dating of hydrothermal mineral assemblages within a
deposit is often desired to directly determine the timing of ore for-
mation. Given the wide variety of potential sources of mineralising
fluids and mechanisms for metal precipitation (McCuaig et al.,
2010), establishing synchronicity between mineral precipitation
from a fluid and a given geological event (e.g. magmatism or fault
movement) can be an important step in determining the genesis of
mineral deposits. Although other lines of evidence (such as
petrology and mineral or whole-rock chemistry and isotopic data)
can be used to infer the origin of a mineral deposit, this can be
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complicated if multiple fluid-generating events have affected the
region (e.g. multiple magmatic intrusions). Even when mineral
deposit genesis is well constrained, this may not tell the full story.
For instance, mineral deposits can undergo a variety of post-
formation events that may affect their preservation potential, such
as metamorphism and hydrothermal activity (Bastrakov et al.,
2007; Duuring et al., 2010; Hall et al., 2018; Glorie et al., 2019a,
b; Ehrig et al., 2021). Additionally, as the global demand for metals
rises, the minerals industry is increasingly searching for economic
mineralisation under cover (e.g. Reid, 2019) and within cover
sequences (e.g. Leach et al., 2005). It can be challenging to fully
understand deeply buried mineral deposits due to the lack of out-
crop and reliance on drill core samples. Understanding the timing
of potential remobilisation events might dictate if exploration
efforts should be focussed on primary basement (hypogene) vs
remobilised (supergene) equivalents.

Zircon is the most commonly dated mineral (Faure and
Mensing, 2005), and is capable of providing robust age constraints
on a variety of geological processes, including mineral deposits
(e.g. Claoué-Long et al., 1990; Campbell et al., 2014; Zhai et al,,
2022). However, zircon cannot always be relied upon when dating
mineral deposits as it is not commonly observed in cogenetic con-
text with ore minerals (e.g. no zircon was identified in any of the
samples analysed in this study). This is likely due to the generally
low solubility of zircon in most crustal fluid compositions, and
hence limited hydrothermal transport of zirconium (Wilke et al.,
2012). Consequently, other mineral geochronometers must be
explored to place temporal constraints on the mineralisation his-
tory of ore deposits.

Uranium-Pb dating has been applied to a variety of other min-
erals that can form in hydrothermal systems, such as apatite and
titanite (Chew et al., 2014; Spandler et al., 2016; Cherry et al.,
2018; Glorie et al., 2019b), Fe-oxides (Ciobanu et al., 2013;
Courtney-Davies et al., 2020), monazite (Cherry et al., 2018; Cave
et al., 2022), xenotime (Rasmussen et al., 2007) and potentially car-
bonates (Roberts, 2020). There are, however, some complications.
Firstly, although Fe-oxides can occasionally be dated (Ciobanu
et al., 2013; Corriveau et al., 2016; Courtney-Davies et al., 2020;
Skirrow, 2022), the most abundant mineral amenable to radiomet-
ric dating in IOCG deposits is often apatite (e.g. Cave et al., 2018).
However, apatite has a relatively low closure temperature for Pb
volume diffusion (~450 °C; Cherniak et al., 1991; Cochrane et al.,
2014) and is susceptible to resetting during fluid interactions
(e.g. Harlov et al., 2005; Glorie et al., 2019b). Although many I0CGs
are thought to form at temperatures lower than ~450 °C (e.g.
Corriveau et al., 2016; Skirrow, 2022), post-formational heating
and/or fluid-induced dissolution-recrystallisation may disturb the
isotopic U-Pb system. Secondly, many ore deposits contain high
absolute concentrations of Pb and minerals such as apatite, titanite
and carbonates can incorporate significant volumes of this non-
radiogenic Pb cargo into their crystal structure during formation
(Chew et al., 2014; Roberts and Walker, 2016). Consequently, Pb
isotope ratios can be strongly dominated by common Pb, leading
to large uncertainties in U-Pb age calculations, and potentially
negating the utility of U-bearing minerals that have propensity
to accommodate Pb. Lastly, traditionally dated minerals will not
necessarily occur in every mineral assemblage within a deposit,
and hence it is beneficial to have access to a wide range of datable
minerals to best constrain mineralogically diverse domains.

The development of novel laser ablation geochronological tech-
niques using reaction-cell mass-spectrometry (LA-ICP-MS/MS)
(e.g. Hogmalm et al., 2019; Simpson et al., 2021) has enabled direct
in situ Lu-Hf and Re-Os dating of a variety of hydrothermal miner-
als such as apatite, fluorite, molybdenite and carbonates within
cogenetic context of ore minerals (Gillespie et al., 2022; Simpson
et al., 2022; Glorie et al., 2023, 2024b; Tamblyn et al., 2024). In
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contrast to traditional bulk-dissolution approaches (e.g. Scherer
et al., 2001; Selby and Creaser, 2001; Barfod et al., 2003; Maas
et al., 2022), the novel laser-ablation approach requires minimal
sample preparation and has the potential to quickly and efficiently
obtain direct, spatially resolved, age constraints for hydrothermal
minerals. Consequently, multi-mineral LA-ICP-MS/MS geochronol-
ogy provides a new avenue to complement U-Pb dating, and may
be able to provide a more robust temporal framework for
hydrothermal processes (e.g. Glorie et al., 2024b).

The Olympic Cu-Au Province in the Gawler Craton in Southern
Australia (e.g. Reid, 2019) provides a natural laboratory to test
the application of in situ Lu-Hf and Re-Os analysis to obtain a
detailed geochronological framework for the timing of IOCG min-
eralisation and potential remobilisation. The Olympic Cu-Au Pro-
vince hosts a variety of mineral deposits and prospects, including
the world class Olympic Dam iron oxide copper gold (IOCG)
deposit, as well as major deposits such as Carrapeteena and Promi-
nent Hill (Hand et al., 2007; Skirrow et al., 2007; Reid, 2019). The
timing of IOCG mineralisation in the Olympic Cu-Au Province has
been extensively studied and is broadly synchronous with the
intrusion of the ~1.59 Ga Hiltaba Suite and its extrusive equiva-
lent, the Gawler Range Volcanics (GRV) (Johnson and Cross,
1995; Skirrow et al., 1999; Skirrow et al., 2007; Reid, 2019). How-
ever, recent studies at Olympic Dam have indicated the presence of
multiple events that have modified the deposit to varying extents,
spanning from original deposit formation at ca. 1.6 Ga to the ca. 0.5
Ga Delamerian Orogeny (e.g. Ehrig et al., 2021; Maas et al., 2022).
Given this protracted record of deposit modification, a detailed
geochronological framework is essential for understanding pri-
mary Cu ore formation and subsequent remobilization events to
promote effective mineral exploration.

In this paper, we apply the in situ Lu-Hf method (Simpson et al.,
2021) to apatite and carbonate minerals that are in textural equi-
librium with primary Cu mineralisation in the Vulcan I0CG pro-
spect. Vulcan is located ~30 km northeast from the Olympic
Dam deposit within the Olympic Cu-Au Province (Fig. 1) and has
been explored through multiple drilling campaigns.

The Lu-Hf system has been demonstrated to be more resistant
to isotopic resetting in apatite and calcite compared to the U-Pb
system, due to its higher closure temperature (e.g. Barfod et al.,
2005; Gillespie et al., 2022; Maas et al., 2022; Simpson et al.,
2022; Glorie et al., 2024b). Hafnium is relatively immobile in many
hydrothermal fluids (Brugger et al., 2016), and is not readily incor-
porated into common hydrothermal minerals, such as apatite
(Barfod et al., 2005; Glorie et al., 2022) and carbonates (e.g. calcite
and siderite; Maas et al., 2022; Simpson et al., 2022). We assess the
advantages and limitations of Lu-Hf compared to U-Pb dating in
hydrothermal apatite and validate the laser-ablation Lu-Hf
chronometer in apatite and calcite against the conventional
isotope-dilution method. We further explore the potential for laser
ablation Lu-Hf dating to constrain the timing of other hydrother-
mal carbonate minerals that are commonly found in IOCG deposits
(dolomite, siderite, and bastndsite). In addition, we test the in situ
Re-0s method (Hogmalm et al., 2019), which was recently refined
by Tamblyn et al. (2024), to constrain the timing of hydrothermal
molybdenite formation in the Vulcan prospect.

2. Geological setting

The Vulcan IOCG prospect covers nearly 12 km? (Fig. 2) and, like
other IOCG deposits in this region, is covered by Neoproterozoic to
recent sedimentary units. Copper mineralisation is hosted within
hematite-dominated brecciated and hematite-altered rocks, with
textures and paragenetic evolution similar to other IOCG prospects
and deposits in the region (Reeves et al., 1990; Reid et al., 2013).
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Fig. 1. Simplified geological map of the Gawler Craton, showing the location of mineral deposits and prospects (including Vulcan). The inset shows the position of the Gawler
Craton in relation to the rest of Australia and Australia’s major crustal blocks (after Reid, 2019). The dashed line shows the outline of the Olympic Cu-Au Province.

age. Conventional (solution-based) Re-Os dating of molybdenite
that formed in association with hematite breccias at Vulcan
yielded an age of 1586 + 8 Ma (Reid et al., 2013). Hence, alteration
and mineralisation appear at least partly contemporaneous with
the main ore stage at Olympic Dam (e.g. Johnson and Cross,
host rocks difficult. Regionally, the basement consists of the ca. 1995; McPhie et al., 2011; Ciobanu et al., 2013; Cherry et al., 2018).
1850 Ma Donington Suite granite, a metasedimentary succession Olympic Dam has undergone a complex evolution since forma-
deposited at ca. 1750 Ma (Wallaroo Group), and younger Hiltaba tion, responding to many regional tectonic events, such as the
Suite granites that intruded at ca. 1590 Ma (Reid et al., 2013; Musgrave Albany-Fraser Orogney associated with Rodinia con-
Reid, 2019). The Vulcan prospect is hosted by the siliciclastic Wal- struction at ca. 1200-1100 Ma, the ca. 800 Ma break-up of Rodinia,
laroo Group metasediments, quartzofeldspathic granite (U-Pb zir- and the ca. 515-490 Ma Delamerian Orogeny (e.g. Huang et al.,
con 1743 + 7 Ma; Reid et al.,, 2013; Reid, 2019), granitic gneiss, 2015; Cherry et al., 2018; Ehrig et al., 2021; Maas et al., 2022).
pegmatite, and undeformed to highly deformed mafics of unknown For instance, based on U-Pb dating of uraninite, Pb isotopes in sul-

Gravity and magnetic data suggest the alteration system is poten-
tially similar in size to Olympic Dam, but under a significantly
thicker (ca. 900 m) blanket of sedimentary cover (compared to
ca. 350 m at Olympic Dam). The rocks at Vulcan are heavily brec-
ciated and extensively altered, making identification of the original
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Fig. 2. L(a) Geological map showing the location of the Vulcan IOCG prospect relative to Olympic Dam and Carrapateena. (b)Pseudo-colour residual gravity image of the
Vulcan I0CG prospect showing the location of drill holes (from Reid et al., 2013). Drill hole names are abbreviated from full names (i.e. VUD0019 becomes 019).

phides, and bulk U/Pb ratios, Ehrig et al. (2021) argued that a sig-
nificant ‘upgrading’ event occurred at ca. 700-500 Ma, up to a bil-
lion years after initial mineralisation at Olympic Dam. This event
likely involved an influx of U, but may also have been associated
with an increase in metals such as Cu.

Although monazite and xenotime U-Pb dates of ca. 1450-
1400 Ma have been recorded for the Acropolis and Oak Dam East
prospects within the Olympic Cu-Au Province (Davidson et al.,
2007; Cherry et al., 2018), a systematic geochronological frame-
work that includes potentially younger mineral assemblages in
the Olympic Province is currently lacking in publicly accessible lit-
erature. Glorie et al. (2023) recently dated ca. 502 Ma Cu remobil-
isation in fluorite-calcite veins within Stuart Shelf sedimentary
cover sequences over the Olympic Cu-Au Province, which is
broadly contemporaneous with the upgrading event identified at
Olympic Dam (Ehrig et al.,, 2021). However, the significance of
the spectrum of radiometric dates obtained in the Olympic Cu-
Au Province for metal endowment and redistribution is yet to be
fully appreciated. Given the limited previous geochronological
work at the Vulcan prospect, it remains unclear if the alteration
and mineralisation history occurred in a single stage at ca.
1590 Ma as recorded by conventional molybdenite Re-Os dating
(Reid et al., 2013), or is a complex multi-stage system similar to
that recorded at Olympic Dam.

3. Samples and petrographic descriptions

Hematite breccias at Vulcan consist of fine grained ‘milled’
breccias, as well as massive ‘steely’ hematite breccias. Both breccia
types have similar mineralogy; hematite with minor to abundant
magnetite, pyrite, carbonate minerals (mostly dolomite, siderite
and ankerite), as well as minor apatite, chalcopyrite, quartz and
chlorite. In rare cases, molybdenite and/or bastndsite are present
in the matrix. Minor late veins cut across both fine-grained brec-
cias and massive steely hematite. These veins are mostly carbonate
and occasionally quartz-dominated, and commonly have visible
chalcopyrite crystals present within them.

Samples were collected from three drill cores from the Vulcan
prospect (Fig. 2). The majority of samples are from drill core
VUDO0O019 (drilled in 2021), however a sample from VUDOO7 (the
highest Cu grade drill core) and VUD0017 were also collected in
order to determine whether the geochronological framework is
reproducible across the deposit. VUD0019 was chosen because it

intersected a significant (ca. 350 m) interval of iron-oxide alter-
ation, ranging from veins and breccias to massive hematite, and
towards the end of the drillhole hematite-magnetite. The interval
is characterised by abundant coarse-grained apatite (up to ~5-
7 mm), bastndsite and molybdenite, and coarse-grained
dolomite-chalcopyrite veins cross-cutting the primary alteration
assemblage. The sample naming scheme refers to the drill core
number and the sample interval in meters (e.g. 019-1263 corre-
sponds to a sample from the 1263-m interval of drill hole
VUD0019).

4. Analytical methods
4.1. Scanning electron microscope

The samples were prepared as 2.5 cm epoxy disks and imaged
using a Hitachi SU38000 scanning electron microscope (SEM). Both
backscattered electron (BSE) imaging and mineral liberation anal-
ysis (MLA) were performed. Maps were acquired with the SEM
operating at 20 kV and a magnification of 90 x .

4.2. LA-ICP-MS/MS analysis

All LA-ICP-MS/MS analyses were conducted at Adelaide Micro-
scopy (The University of Adelaide) using a RESOlution-LR 193 nm
excimer laser ablation system (Applied Spectra), with a S155 sam-
ple chamber (Laurin Technic), coupled to an Agilent 8900x ICP-MS/
MS. N, gas was added after the sample chamber, but before the
plasma, to improve sensitivity (Hu, 2008). In all cases, the ICP
was first tuned without reaction gas in the collision cell, to estab-
lish a robust and consistent plasma (Th/ThO < 0.2%, Th/U of 1.00-
1.05). Following this, tuning was conducted in reaction gas mode
for each application. Settings were then optimised and adjusted
to minimise isobaric interferences on target masses, and to pro-
mote sensitivity on low abundance isotopes (Simpson et al.,
2021). Laser parameters, lens voltages, and ICP-MS/MS plasma
conditions for all methods are detailed in Supplementary Data Text
S1.

4.2.1. In situ U-Pb dating

LA-ICP-MS/MS U-Pb dating was conducted following the
method outlined in Gilbert and Glorie (2020), which uses NHj
gas to remove 2%‘Hg, allowing for interference-free measurement
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of 2°4Pb, A laser beam diameter of 43 pm was used with a fluence
of ca. 3.5 Jjcm? and repetition rate of 5 Hz. All Pb isotopes were
measured ‘on mass’ and U was measured as UNH" (a mass shift
of + 15 amu; Gilbert and Glorie, 2020). A sample-standard bracket-
ing approach was used to correct for drift as well as laser induced
and ICP induced fractionation, with MAD apatite (Thomson et al.,
2012; Chew et al., 2014) and NIST-610 glass used as primary stan-
dards to calibrated the U/Pb and Pb/Pb ratios, respectively (cfr.
Glorie et al., 2019b). 2°2Hg was monitored to demonstrate
interference-free 2°*Pb measurements. Apatite 401 (Thompson
et al., 2016) was used as secondary reference material for accuracy
verification (Supplementary Data Fig. S1). All data processing (e.g.
background subtractions, drift corrections, ratio normalisations,
and trace element abundance calculations) was conducted using
the LADR software (Norris and Danyushevsky, 2018). Age calcula-
tion and isochron plotting was conducted in IsoplotR
(Vermeesch, 2018).

4.2.2. In situ Lu-Hf dating

Lu-Hf dating was conducted in 4 analytical sessions, following
protocols in Simpson et al. (2021) and Simpson et al. (2022). For
apatite and bastndsite, laser diameters of 43-120 pm were used,
with a repetition rate of 10 Hz and fluence of ca. 3.5 J/cm?. For
dolomite and siderite, a laser diameter of 257 pm was used, with
a repetition rate of 10 Hz and a fluence of ca. 10 J/cm?. The Lu-Hf
method relies on reacting Hf with NH3 gas, with the reaction of iso-
baric Lu and Yb isotopes being negligible. Hf reacts to form multi-
ple reaction products, with gas flows tuned to promote formation
of HfNH)(NH,)(NHs)3 (+82 amu). Both Lu and Yb preferentially
react with one more H than Hf, with Lu(NH)(NH;)(NH3)3 forming
at a rate of 0.003% (relative to Lu measured on mass) and Yb(NH)
(NH3)(NH3)3 forming at a rate of ~0.00003% (relative to Yb mea-
sured on mass) (Simpson et al., 2021). Yb(NH)(NH,)(NHs3)3 was
not monitored, as the production is not high enough to affect the
calculated ratios and is usually below detection limits. '”°Lu was
measured as a proxy for 176Lu, and '7®Hf was measured as a proxy
for 177Hf, assuming natural abundances. Additionally, a small cor-
rection (less than 1% for all samples) was applied to account for
the interference of Lu(NH)(NH,)(NH3); on Hf(NH)(NH,)(NHs)z.
Although we note that this correction was not significant for any
sample analysed in this study, it was applied to all samples for con-
sistency. Analyses included 30 s of background collection followed
by 40 s of ablation. The following isotopes were measured, with
dwell times in milliseconds in parentheses: 2’Al(2), *Ca(2), 4’Ti
(2), 57Fe(2), 8851.(2)‘ 89+83y(2)' 90+83Zr(2), 14O+15Ce(2), 146Nd(2),
1475]]](2), 172Yb(5), 175LU(10), 175+82Lu( 100)' 176+82Hf( 200)'
178+82Hf( 150). For detailed descriptions of the method, the reader
is referred to Simpson et al. (2021 and 2022).

Data reduction was conducted in LADR (Norris and
Danyushevsky, 2018) with a sample-standard bracketing approach
used to calculate isotope ratios. The isotope ratios were first nor-
malised to NIST-610, and subsequently corrected for laser-
induced, matrix-dependant elemental fractionation using a
matrix-matched reference material (MCRM). This correction is
similar to that used in calcite U-Pb (Roberts et al., 2017) and mica
Rb-Sr (Glorie et al., 2024a) geochronology, and relies on applying a
correction factor derived from the percentage offset between the
reference and measured isochron age. For the apatite Lu-Hf analy-
ses, OD306 apatite (U-Pb, 1597 + 7.1 Ma; Thompson et al., 2016)
was used as MCRM and Bamble-1 apatite and HR-1 apatite were
used as secondary reference materials to demonstrate accuracy.
Although the Lu-Hf age of both reference materials is well con-
strained by long-term reproducible LA-ICP-MS/MS dates
(Bamble-1 = 1098 + 5 Ma and HR-1 = 344 + 2 Ma; Glorie et al.,
2024b), independent conventional Lu-Hf age constraints are desir-

Geoscience Frontiers 15 (2024) 101867

able for accuracy verification. For the carbonate samples, MKED-1
calcite was used as MCRM and ME-1 calcite as secondary reference
material. For MKED-1, the reference age is derived from cogenetic
titanite (TIMS U-Pb, 1517.3 + 0.32 Ma; Spandler et al., 2016;
Simpson et al.,, 2022). The age of the ME-1 reference calcite is
assumed to be the same as a titanite U-Pb age of 1530 + 11 Ma
from the same deposit (Duncan et al., 2011; Simpson et al.,
2022). However, similar to the apatite reference materials,
isotope-dilution Lu-Hf dates were not available at the time of LA-
ICP-MS/MS method development. In this work, we present
isotope-dilution  inductively-coupled-plasma  multi-collector
mass-spectrometry (ID-ICP-MCMS) Lu-Hf dates for both Bamble-
1 apatite and ME-1 calcite (see section 4.3). Calculated LA-ICP-
MS/MS dates for all reference materials can be found in Supple-
mentary Data Fig. S1. Inverse isochron dates and/or weighted
means dates (where initial Hf is negligible; Simpson et al., 2022;
Glorie et al., 2024b) were calculated in IsoplotR (Vermeesch,
2018) using the '"Lu decay constant of 1.867 x 107'! Myr!
(Scherer et al,, 2001; Soderlund et al., 2004). In some samples
where the initial '77Hf/”SHf ratios of all analyses were low, the iso-
chron was anchored to the default initial 7Hf/!””Hf ratio of 0.28
29 £ 0.003 in IsoplotR (Vermeesch, 2024). All isochrons were calcu-
lated as a maximum likelihood function (including overdispersion
where relevant) and the reported uncertainties include propagated
external uncertainties on the decay constant and the calibration
reference material (MCRM).

4.2.3. In situ Re-Os dating

In situ Re-Os isotope analysis followed the method described in
Tamblyn et al. (2024). A laser fluence of ca. 3.5 ]/cm? and a repeti-
tion rate of 5 Hz were used and the laser beam diameter was set at
43 pm or 67 um (and 100 pm for the Q-Molyhill reference mate-
rial) to achieve high sensitivity while keeping the detector in pulse
detection mode. The in situ Re-Os method uses a gas mixture of
CH, in He in the reaction cell, optimised to promote '37*14QsCH3
reaction, while suppressing interference of !87*!“ReCH}
(Hogmalm et al., 2019; Tamblyn et al., 2024). However, an interfer-
ence correction is required as ~1.16% of the '8’Re reacts with CH,4
in our analytical setup. The interference correction subtracts the
proportion of reacted Re on mass 201 amu, based on the measured
185+14Re cps for each analysis and assuming the natural !8°Re/'8"Re
isotopic abundance (1.674), corrected for mass bias based on the
measured '8°Re/!®"Re ratio in NIST-610 (0.867% in this session).
185Re was measured as a proxy for '’Re assuming natural isotopic
abundances. Analyses included 30 s of background collection fol-
lowed by 40 s of ablation. The following isotopes were measured,
with dwell times in milliseconds in parentheses: 34S(2), ®>Mo(2),
185Re(20), '85*14Re(50), 187*140s(150), 89*140s(150). For detailed
descriptions of the method, the reader is referred to Hogmalm
et al. (2019) and Tamblyn et al. (2024).

Data reduction was conducted in the LADR software (Norris and
Danyushevsky, 2018) using Q-Molyhill molybdenite as the primary
reference material for the Re/Os ratio calculations with an ID-TIMS
18705 [187Re ratio of 0.044699 + 0.000166, corresponding to a
weighted mean Re-Os date of 2624 + 5 Ma (Tamblyn et al.,
2024). The '8%0s/'870s ratios were calibrated to synthetic sulphide
standard NiS-3 (Gilbert et al., 2013), assuming natural isotopic
abundances. Secondary reference molybdenites MDQO0252 and
MDQO0221 from the Merlin deposit were used for accuracy verifica-
tion with ID-TIMS Re-Os dates of 1520 + 3 Ma and 1523 = 6 Ma,
respectively (Babo et al., 2017; Tamblyn et al., 2024). All Re-Os
dates were calculated in IsoplotR (Vermeesch, 2018) using the
187Re decay constant of 1.6668 = 0.0034 x 10~'! Myr~! (Kosler
et al. 2003).
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4.3. Isotope dilution Lu-Hf geochronology for apatite and carbonate
reference materials

Lutetium-Hf isotope analysis for the Bamble-1 apatite and ME-1
calcite reference materials was conducted at the University of
Cologne, Germany. Given the challenging low Hf concentrations
(<10 ppb) and extremely high Lu/Hf ratios (>400) in these materi-
als, a modified analytical method from that described in Miinker
et al. (2001), Sprung et al. (2010) and Maas et al. (2022) was
applied. The powdered samples (up to 2 g) were dissolved in 6 M
HCl at room temperature (carbonates) and 120 °C (apatites and
carbonates after initial dissolution), respectively. A 75Lu-'8%Hf
mixed spike optimized for materials with high Lu/Hf ratios was
added prior to sample digestion (same spike as used for the origi-
nal decay constant determination in Scherer et al.,, 2001). The
spiked samples underwent 24 hr of sample:spike equilibration,
promoted by heating and sonication. Prior to column chemistry,
the sample solutions were dried down and taken up in 3 M HCl.
The solutions (ca. 10 mL total) were loaded in 3 N HCIl onto
Eichrom Ln Spec column 1 of Miinker et al. (2001) and Bast et al.
(2015), where Lutetium (in 6 N HCI) and, after 4 reservoirs of rins-
ing in 6 N HCl and 1 reservoir in 1 N HNOs-1% H,0,, an impure Hf
cut (in 2 N HF) was collected from this step. Subsequently, the Hf
cut in 2 N HF was directly loaded on HFSE column 2 (BIORAD
AG-1-X 8) of (Miinker et al., 2001), followed by rinses in 4 mL
2 N HF, 10 mL 0.5 N HCI/0.5 N HF and elution of a virtually
HREE-free Hf in 3 x 4 mL 6 N HNOs-0.2 N HF. For some cases,
Eichrom Ln Spec column step 1 was repeated for further clean-
up of the Hf cut (Sprung et al., 2010). The procedural blanks mea-
sured in the sample runs were 13 pg and 78 pg for Lu while 9 pg
and 15 pg for Hf ('7SHf/'77Hf assumed as 0.28216), respectively.
This Hf blank was insignificant for apatite (0.4-0.9 mol%), but sig-
nificant for carbonate (2.6-5 mol%).

Lutetium and Hf isotopes were measured on a Thermo-Finnigan
Neptune MC-ICPMS equipped with a standard nickel sampler and
H-type skimmer cones as well as two 10712 Ohm Faraday detectors
to record the '7°Lu and '77Hf signals. Hafnium fractions were mea-
sured in 0.56 N HNOs-0.2 N HF and aspirated via a PFA nebulizer
and Cetac Aridus 2 desolvator (uptake rate 0.1 mL/min). Interfer-
ences from HREE were negligible due to the excellent separation
of Hf from HREE in the 2-column procedure and due to the sub-
stantial enrichment of radiogenic '7®Hf in the samples. Mass bias
and spike stripping corrections were done offline, using a !7°Hf/'”’-
Hf ratio of 0.7325 for internal normalization and all Hf isotope data
are given relative to a value of 0.282160 for the Miinster AMES
standard that is isotopically indistinguishable from JMC-475
(Miinker et al., 2001). Lutetium isotope dilution runs were done
as described in Lagos et al. (2007). Resulting isochron dates were
calculated in IsoplotR (Vermeesch, 2018), using the "°Lu decay
constant of 1.867 x 107! (Scherer et al., 2001; Soderlund et al.,
2004). For the ME-1 sample, cogenetic diopside (dissolved in
6 mL HNOs-HF) was included in the sample-set to provide an ini-
tial Hf isochron anchor. For Bamble-1, no other cogenetic mineral
phases were available and a default IsoplotR anchor ('7®Hf/'77Hf =
0.2829 £ 0.003) was used to calculate the isochron age (Vermeesch,
2024). However, given the highly radiogenic nature of the sample,
the choice of anchor within the range of all plausible terrestrial
bulk rock compositions makes no difference to the calculated date.

5. Results
5.1. Mineral liberation analysis

Fig. 3 displays the MLA maps for the analysed samples, includ-
ing photos of the corresponding hand samples to give the MLA
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maps context. For coarse-grained dolomite samples 019-1263
and 019-1574, no MLA map was obtained, as mineralogy is visible
to the naked eye. Consequently, only hand sample photos have
been included for these samples.

Petrographic descriptions are listed in Table 1. In general, the
drill core consists of highly altered brecciated quartz-feldspatic
gneiss and interlayered mafic rocks. Common textures include
massive hydrothermal Fe-oxide (both hematite and magnetite)
forming in association with siderite and/or dolomite, pyrite, apa-
tite, chlorite, sericite, molybdenite, quartz + chalcopyrite (samples
019-1315, 019-1354, and 019-1414; Fig. 3). The breccias are clast-
supported with variable but generally fine-grained matrix miner-
als. Fragments of hydrothermal Fe-oxide are included in the fine-
grained breccia sample 017-1210, indicating that brecciation
post-dates hydrothermal Fe-oxide formation. However, in many
instances, fragments within breccia consist of older breccia, indi-
cating more than one cycle of alteration and brecciation. Numerous
late, cross-cutting veins occur, which appear to post-date breccia-
tion and hydrothermal Fe-oxide formation. Of particular interest
are chalcopyrite-bearing dolomite veins, which may record remo-
bilisation of primary Cu mineralisation.

5.2. Geochronology

The radiometric dates are summarised in Table 2, and associ-
ated plots are displayed in Fig. 4 (ID-ICP-MCMS), Fig. 5 (apatite
LA-ICP-MS/MS), Fig. 6 (carbonate LA-ICP-MS/MS) and Fig. 7
(molybdenite LA-ICP-MS/MS). All analytical data are included in
Supplementary Data Table S1 (ID-ICP-MCMS) and Supplementary
Data Table S2 (LA-ICP-MS/MS). All plots and dates were calculated
in IsoplotR (Vermeesch, 2018). Age uncertainties are presented at
2SE level (expanded to account for data scatter if MSWD is great
than expected for a single population; Vermeesch, 2018). Uncer-
tainties for the MCRM used for matrix-offset calibration are prop-
agated to all LA-ICP-MS/MS Lu-Hf dates. For all dating systems,
decay constant uncertainties are propagated to the reported age
uncertainties.

5.2.1. Isotope-dilution Lu-Hf geochronology results for secondary
reference materials

The ID-ICP-MCMS Lu-Hf data for the secondary apatite and car-
bonate reference materials are presented as normal isochrons
based on the '7®Lu/'”’Hf and '7SHf/'”’Hf ratios and their 2c
uncertainties.

Bamble-1 apatite

Two apatite aliquots contained ca. 17 ppm Lu and ca. 0.01 ppm
Hf, resulting in '7°Lu/!7”Hf ratios of ca. 2400 and 2800. Given the
highly radiogenic nature of the Hf (7°Hf/!””Hf = ca. 50 and 60),
the choice of a realistic initial Hf anchor has little effect to the iso-
chron age calculation. We used a '7®Hf/!”’Hf anchor of 0.282 * 0.
001, encompassing nearly the entire range of terrestrial bulk rock
ratios. The resulting Lu-Hf isochron date was calculated as 1102.
1 £ 5.4 Ma (MSWD = 0.19). This is in excellent agreement to a pre-
viously published multi-session weighted mean LA-ICP-MS/MS Lu-
Hf date of 1097.0 + 5.3 Ma (Glorie et al., 2022, 2024b) and the LA-
ICP-MS/MS results obtained in this study (1100 + 14 Ma and
1104 £ 14 Ma).

ME-1 calcite

Two calcite aliquots contained ca. 4 ppm Lu and ca. 0.004 ppm
Hf, corresponding to '7Lu/!”Hf ratios of 2104 and 636, respec-
tively. Similarly as for the apatite, the Hf is highly radiogenic (176-
Hf/'7Hf = ca. 18.7 and 61.3). Cogenetic diopside was used as an
anchor for the isochron regression with a measured 7%Lu/!”’Hf
ratio of 0.2195 + 0.0004 and a '7®Hf/'””Hf ratio of 0.288215 + 0.0
00017. The resulting Lu-Hf isochron date was calculated as 1531.
1+ 7.4 Ma (MSWD = 0.04), which is in excellent agreement with
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Fig. 3. Sample photographs and SEM mineral liberation analysis (MLA) mineral maps displaying the mineralogy and textures of the dated samples. Red boxes or circles on the
drill core photos correspond to SEM MLA map locations. As samples 019-1263 and 019-1574 are coarse grained, they were not MLA mapped. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

a cogenetic titanite U-Pb date of 1530 = 11 Ma (Duncan et al., 2011)
and with a previously published multi-session weighted mean LA-
ICP-MS/MS Lu-Hf date of 1538 + 9 Ma (Simpson et al., 2022).

5.2.2. In situ apatite u-pb and Lu-Hf geochronology results for Vulcan

The U-Pb geochronology data are presented on 3D isochrons in
Tera-Wasserburg concordia plots based on the 238U/2%pb, 207-
Pb/2°6Pb, 294Pb/?°°Pb ratios, their 26 uncertainties and uncertainty
correlations. The isochrons are presented both as free regressions
and anchored to Stacey and Kramers (1975) initial Pb ratios, where
relevant. The measured U-Pb date (3D isochron, anchored to Stacey
and Kramers, 1975) for secondary reference material 401 (526 + 3.
4 Ma) is in excellent agreement with the reference age of
525 + 8 Ma (Thompson et al., 2016) (Table 2; Supplementary Data
Fig. S1). The LA-ICP-MS/MS apatite Lu-Hf data are presented as
inverse isochrons, based on the 7®Lu/!7®Hf and ””Hf/7®Hf ratios,
their 2c uncertainties and uncertainty correlations. All apatite
Lu-Hf dates have been calibrated for laser induced matrix-
dependant fractionation against the OD-306 apatite MCRM. The
measured in situ Lu-Hf dates for secondary reference materials
Bamble-1 (session 1: 1100 + 14 Ma; session 2: 1104 + 14 Ma)
and HR-1 (session 1: 344 + 4 Ma; session 2: 342 + 8 Ma) are in
excellent agreement with expected values by ID-ICP-MCMS

(1102 = 5 Ma; Section 5.2.1) and LA-ICP-MS/MS (344 + 2 Ma;
Glorie et al., 2022), respectively (Table 2; Supplementary Data
Fig. S1).

Sample 019-1315

Forty apatite targets were selected in sample 019-1315 for U-Pb
geochronology. The majority of analyses (28/40) are dominated by
the presence of Pb-inclusions that define multiple arrays in the
Tera-Wasserburg plot. When only considering the relatively clean
apatite signals, a U-Pb isochron lower intercept date of
1593 + 69 Ma (MSWD: 0.93, N = 12) was obtained, with an initial
206ph/294ph ratio of 24.8 + 8.1 and an initial 2°’Pb/?°Pb ratio of
15.2 £ 2.4 (Fig. 5, Table 2). These initial Pb compositions are signif-
icantly different from the Stacey and Kramers (1975) ratios for
early Mesoproterozoic apatite, and thus anchoring to Stacey and
Kramers (1975) initial Pb was not preformed.

The apatite Lu-Hf inverse isochron date for this sample is
1576 + 62 Ma (MSWD: 0.82, n = 29), with an initial '7SHf/'”’Hf
of 0.282 + 0.004. One analysis was removed due to poor signal
quality.

Sample 019-1354

Thirty-eight apatite targets were selected in sample 019-1354
for U-Pb geochronology. Thirty-one of these analyses were domi-
nated by Pb-bearing inclusions. Considering only the relatively



Table 1

Summary and petrological descriptions of analysed samples. Mineral abbreviations (in alphabetical order): anh: anhydrite, ap: apatite, ba: barite, bast: bastndsite, chl: chlorite, cpy: chalcopyrite, dol: dolomite, hem: hematite, kspr: K-

feldspar, mag: magnetite, moly: molybdenite, py: pyrite, qtz: quartz, ser: sericite, sid: siderite, sph: sphalerite.

Sample name Sample description minerals Petrographic description Dating methods
019-1263 Late dol vein with cpy Dol, cpy Late cross-cutting dol vein with large euhedral cpy and dol crystals forming in void. Dol Lu-Hf
019-1315 Massive mag and pyr Mag, py, ap, sid, cpy, The sample consists of massive Fe-oxide hydrothermal matrix with py, ap, cpy and sid +/- chl. Py occurs in matrix ~ Ap U-Pb,
alteration. Evidence of Cu chl with cpy filling fractures. Ap Lu-Hf
indicates cpy is present. Ap occurs intergrown with both py and cpy, as well as separate grains within the matrix.
The sample is magnetic, indicating that the Fe-oxide is mostly mag. Rare bladed Fe-oxides are present and form
around blocky mag crystals.

019-1354 Banded hem (compositional Hem, sid, chl. py, ap, This sample contains matrix of Fe-oxide-sid/chl around py crystals with cpy on edges/cracks. Ap U-Pb, Ap Lu-Hf
layering.) assay data cpy Py can be divided into two textures. The first py texture occurs as a ~1 cm nearly euhedral grain, surrounded by sid.
indicates elevated Pd This py grains show cpy forming along fractures and along grain edges. Ap, ch and hem form in association with the

surrounding sid. The sid is in turn surrounded by a hem-sid-chl matrix. The second type of py occurs as ragged
masses filled with many small ap inclusions, and hosted within hem-sid-chl-ap matrix. Cpy also occurs on its own as
a ragged grain within the hem-sid-chl matrix.

Fe-oxides show both bladed and blocky textures, possibly indicating original mag partly converted to hem.

019-1414 Fe-oxide with disseminated Hem, sid, cpy, Ap, qtz,  The sample consists of ~100 — 200 pm circular features that have hem cores which are surrounded by sid, which are  Ap Lu-Hf
cpy dol, chl then rimmed by hem. They are further surrounded by cpy with minor ap, qtz, and chl. As both ap and cpy wrap the

circular sid-hem features, they are interpreted to be cogenetic. The sample is devoid of py.

019-1416 Carb-py vein cutting Dol, hem, cpy, chl, ap,  This sample consists of a dolomite-siderite vein with a large chalcopyrite grain. The vein cuts hematite-chlorite- Moly Re-Os
layered hydrothermal sid siderite/dolomite with large chalcopyrite crystals as well as apatite and minor molybdenite (molybdenite appears
breccia part of the hematite-cpy-ap-chlor-siderite assemblage). Sample appears to contain no pyrite.

019-1450 Dolomite vein with high This sample consists of hydrothermal dolomite vein in fairly typical hematite dominated hydrothermal matrix. Moly Re-Os
Moly Dolomite likely postdates matrix. The matrix consists of hematite-chlorite-pyrite-apatite with minor moly. The

dolomite has a rim of quartz and Kspar that contains inclusions of chalcopyrite and barite.

019-1552 carbonate vein cutting Dol, cpy, hem, Ap, chl,  This sample is a ~2 cm wide dol vein containing cpy. The vein cross cuts typical (of VUD019) ‘steely’ hem matrix =~ Dol Lu-Hf
hydrothermal matrix/ py (inferred to be hem-py-ap-sid.)
breccia

019-1574 Similar to 019-1552 Dol, cpy Sample contains dol veins (with cpy and reddish qtz) cutting/fracturing ‘steely’ hem breccia that contains py + cpy. Dol Lu-Hf

019-1616 Carbonate vein cutting Dol, Cpy, chl, moly Sample consists of dolomite vein cutting Fe-oxide matrix. Hand sample vein is associated with chalcopyrite (but this Moly Re-Os
hydrothermal matrix/ is not evident in the polished rock block). Matrix consists of hem (non-magnetic), ap, chl, dol, moly. Ap and moly
breccia appear to form in similar areas of the matrix.

019-1758 Sample contains extremely  Chl, bast, ser, qtz, cpy,  The sample consists of a breccia with extensively hydrothermally altered clasts. The matrix is fine-grained bladed = Bast Lu-Hf,
high LREEs. Breccia clasts hem, anh, moly, py bast, ser, and hem with euhedral moly flakes occurring in some sections. Clasts are generally heavily altered to chl Moly Re-Os
surrounded by with some ser and qtz. A few heavily fractured py grains occur. One sample shows a clast consisting of qtz with anh,
hydrothermal matrix. cpy, and bladed hem forming in voids. This sample appears to contain no phosphates, and bast is the only carbonate

mineral.
Fe-oxide is hematite. Texturally, shows large bladed crystals and fractured blocky crystals

019-1846 Carbonate vein cross- Dol, qtz, ser This sample shows highly altered (ser?) and brecciated host rock with a cross-cutting large dol-qtz vein. No sign of Dol Lu-Hf
cutting altered foliated rock mineralisation present.

007-1143 Brecciated and altered rock  Hem, py, ap, chl, dol Carbonate and py clasts in hem hydrothermal matrix. Breccia contains clasts of cpy. Matrix contains many ap grains, ~Ap Lu-Hf
with bladed hem including a cluster of large grains.

017-1210 Hydrothermal breccia. Dol, sid, hem, py, qtz, This sample shows the boundary between coarse breccia, and hydrothermal matrix similar to that observed in Dol and Sid Lu-Hf

Ap, chl, cpy

VUDO019; hem-carb-chl (but with dol instead of sid). The hydrothermal breccia includes both clasts and crystals, and
dolomite and siderite form euhedral to subhedral crystals. Based on the hand sample, the hem-dol-chl hydrothermal
matrix fragment consists of a large (>2 cm) fragment within the breccia. Ap occurs throughout. Py occurs along the
boundary between large hem-dol-chl fragment and coarse breccia. A single clast of cpy is surrounded by qtz was
observed. Additionally, the block is cross-cut by a late (but very thin ~100 pm wide) dol + cpy vein.

Fe-oxide in clast supported breccia is a mixture of early magnetite mostly replaced by haematite.

ID 30 pUby W ‘aL10]9 S ‘uosduis Y
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Table 2
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Summary of geochronological data obtained for the Vulcan prospect and for reference materials. Reference dates are from ' Thompson et al. (2016), ? Glorie et al. (2022) and >
Tamblyn et al. (2024). The ID Lu-Hf data were obtained in this work (Fig. 4).

Sample Mineral Method Age (Ma) 2SE (Ma) MSWD N
019-1315 apatite U-Pb 1593 69 0.93 12
019-1315 apatite Lu-Hf 1576 61 0.82 29
019-1354 apatite U-Pb 1639 64 2.2 7
019-1354 apatite Lu-Hf 1631 57 1.1 14
019-1414 apatite Lu-Hf 1602 49 1.1 40
007-1143 apatite Lu-Hf 1593 26 0.98 29
019-1263 dolomite Lu-Hf (SES 1) 544 20 1.1 29
Lu-Hf (SES 2) 544 25 0.6 14
019-1552 dolomite Lu-Hf 553 16 1.0 23
019-1574 dolomite Lu-Hf 589 48 0.51 19
019-1758 bastndsite Lu-Hf 1214 58 0.78 32
019-1846 dolomite Lu-Hf 334.2 74 0.97 20
017-1210 dolomite Lu-Hf 1572 36 1.2 21
017-1210 siderite Lu-Hf 1485 76 14 15
019-1416 molybdenite Re-Os 1609 22 0.87 5
019-1450 molybdenite Re-Os 1596 23 0.43 4
019-1616 molybdenite Re-Os 1572 11 14 24
019-1758 molybdenite Re-Os 1586 9 1.4 55
Name Mineral Method Session Age 2SE MSWD N Ref. age 2SE (Ma) Ref.
(Ma) (Ma) Method
401 apatite U-Pb 20/01/22 526 4 1.7 28 525 8 LA U-Pb !
Bamble-1 apatite Lu-Hf 24/01/22 1100 14 1.8 27 1102 5 ID Lu-Hf
24/03/22 1104 14 0.65 23
HR-1 apatite Lu-Hf 24/01/22 344 4 0.46 27 344 2 LA Lu-Hf 2
24/03/22 342 8 0.32 12
ME-1 calcite Lu-Hf 13/04/22 1524 19 0.66 28 1531 7 ID Lu-Hf
18/04/22 1535 19 0.97 23
MDQ0252 moly. Re-Os 04/03/22 1526 8 0.79 24 1520 3 ID Re-0s®
MDQ0221 moly. Re-Os 04/03/22 1519 9 0.66 24 1523 6 ID Re-0s®
31 Bamble-1 Apatite g-| ME-1 Calcite
Age = 1102+ 5Ma Age = 1531 £ 7 Ma
81 Hf, = 0.28179 £ 0.00099 @+ Hf,=0.281851 £ 0.000037
MSWD: 0.19,n=3 MSWD: 0.04,n=3
o
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Fig. 4. Isotope-dilution Lu-Hf isochrons for the Bamble-1 apatite and ME-1 calcite reference materials, obtained by solution analyses using MC-ICPMS. Ellipses show 2c

uncertainties.

clean apatite signals, a U-Pb isochron lower intercept date of
1650 + 109 Ma can be obtained (MSWD = 2.5, n = 7), with an 2°-
Pb/?°4Pb ratio of 13.9 #+ 15.0 and an initial 2°’Pb/2°*Pb ratio of
13.9 £ 5.0. When anchored to the Stacey and Kramers (1975) initial
Pb composition, a U-Pb isochron lower intercept date of
1639 + 64 Ma is produced (MSWD = 2.2, n = 7) (Fig. 5, Table 2).

The apatite Lu-Hf inverse isochron date for this sample is
1631 £ 57 Ma, with an initial '7SHf/!””Hf of 0.279 + 0.006 (MSWD:
1.1, n = 14). No analyses were excluded.

Sample 019-1414

Due to the dominance of Pb-bearing inclusions in all but one of
the thirty-one time-resolved laser ablation signals for this sample,
an apatite U-Pb date could not be obtained.

The inverse isochron Lu-Hf date of the apatite from this sample
is 1602 + 49 Ma, with an initial '7SHf/"”’Hf of 0.278 + 0.008
(MSWD: 1.1, n = 40). No analyses were removed.

Sample 007-1143

The U-Pb data for sample 007-1143 is strongly contaminated by
Pb inclusions and no U-Pb age could be calculated.

The Lu-Hf date for the apatite from this sample is 1593 + 26 Ma,
with an initial 7®Hf/7”Hf of 0.283 + 0.040 (MSWD = 0.98, n = 29).
One analysis was removed due to poor signal quality.

5.2.3. Carbonate Lu-Hf geochronology results for Vulcan

Carbonate U-Pb geochronology was not attempted given the
very low U and high common-Pb concentrations in each sample.
The LA-ICP-MS/MS calcite Lu-Hf data are presented as inverse iso-
chrons, based on the 75Lu/!7®Hf and '7’Hf/!7Hf ratios, their 2
uncertainties and uncertainty correlations. All carbonate dates
have been calibrated for laser induced matrix-dependant fraction-
ation against the MKED-1 calcite MCRM. The measured in situ Lu-
Hf date for secondary reference material ME-1 (session 1:
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Fig. 5. Apatite U-Pb and Lu-Hf isochrons. U-Pb data is presented as Tera-
Wasserberg concordia plots, and Lu-Hf data is presented as inverse isochron plots.
Each row shows U-Pb data and Lu-Hf data from the same sample. Ellipses show 2
uncertainties. Age uncertainties are 2SE. Pbg and Hfy refer to (respectively) the
initial 2°7Pb/?°Pb and '77Hf/'7SHf ratios calculated from each isochron (Y-
intercepts). Fe-Pb-rich inclusions were used to filter the U-Pb dataset (refer to
Supplementary Data Figs. S3 and S4).

1524 + 19 Ma; session 2: 1535 + 19 Ma) is in excellent agreement
with the expected value from ID-ICP-MCMS (1531 + 7 Ma; this
work) (Table 2; Supplementary Data Fig. S1).

Sample 019-1263

The dolomite vein from sample 019-1263 yields highly radio-
genic Hf compositions. Given these highly radiogenic "®Hf/'”7Hf
compositions, the isochron was anchored to '7SHf/!”7Hf; = 0.2829

+ 0.003 (Vermeesch, 2024), producing inverse Lu-Hf isochron

dates of 544 + 20 Ma (session 1, MSWD = 1.1, n = 29) and
544 + 25 Ma (session 2, MSWD = 0.6, n = 14). One analysis was
removed in each session due to poor signal quality.

Sample 019-1552

Similar to sample 019-1263, dolomite sample 019-1552
required an initial Hf anchor due to highly radiogenic Hf isotope
compositions. The resultant anchored inverse isochron produced
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Fig. 6. Carbonate Lu-Hf inverse isochrons (blue = dolomite, orange = siderite,
yellow = bastndsite). The isochron regressions for samples 019-1263 and 019-1552
have been anchored to an initial '7®Hf/'”Hf of 0.2829 + 0.003 (Vermeesch, 2024).
Ellipses show 26 uncertainties. Age uncertainties are 2SE. Pby and Hfy refer to
(respectively) the initial 2°’Pb/?2°°Pb and '7’Hf/'’®Hf ratios calculated from each
isochron (as Y-intercepts). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

a Lu-Hf date of 553 + 16 Ma (MSWD = 1.0, n = 23). Two analyses
were removed due to poor signal quality.

Sample 019-1574

Dolomite sample 019-1574 contained inclusions with signifi-
cantly higher '77Hf/'7 Hf ratios than observed in the previous sam-
ples. Consequently, rather than anchoring the dolomite Lu-Hf data
to an assumed initial 1””Hf/”SHf value, these inclusions were used
in the isochron regression. A resultant date of 589 + 48 Ma, with an
initial 176Hf/'”7Hf ratio 0.283 # 0.003 (MSWD = 0.51, n = 19) was
produced. One analysis was removed in each session due to poor
signal quality.

Sample 019-1846

Dolomite sample 019-1846 produced an anchored inverse iso-
chron Lu-Hf date of 334.2 + 7.4 Ma (MSWD = 0.97, n = 20). No data
points were excluded.
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Fig. 7. Weighted mean molybdenite Re-Os dates and their 2SE uncertainties, calculated from the '870s/'®’Re ratios and their 26 uncertainties. There was no common Os

detected in any analysis.

Sample 017-1210

Both siderite and dolomite were analysed from sample 017-
1210. Similar to sample 019-1574, both the dolomite and siderite
isochrons for this sample are anchored to inclusions.

The dolomite from this sample produced a Lu-Hf inverse iso-
chron date of 1572 + 36 Ma, with an initial '”®Hf/!””Hf ratio of 0.
284 + 0.003 (MSWD = 1.2, n = 21). One analysis was removed in
each session due to poor signal quality.

Siderite from sample 017-1210 yields a Lu-Hf inverse isochron
date of 1485 + 76 Ma with an initial 7®Hf/!””Hf ratio of 0.277 % 0.
007 (MSWD = 1.4, n = 15). One outlier was removed due to poor
time-resolved signal quality.

Sample 019-1758

Bastndsite from sample 019-1758 produced a Lu-Hf inverse iso-
chron date of 1214 + 58 Ma with an initial 7®Hf/!””Hf ratio of 0.
280 £ 0.003 (MSWD = 0.78, n = 32). No data was removed from
the isochron.

5.2.4. LA-ICP-MS/MS Re-Os results for Vulcan

Given the absence of initial Os in the analysed samples, the Re-
Os dates are presented as weighted means based on the '870s/'87-
Re ratios and their 2o uncertainties. The measured in situ Re-Os
dates for secondary reference materials MDQ0252 (1526 * 8 Ma)
and MDQO0221 (1519 + 9 Ma) are in excellent agreement with ref-
erence values from ID-TIMS (1520 £ 3 Ma and 1523 + 6 Ma, respec-
tively; Tamblyn et al., 2024) (Table 2; Supplementary Data Fig. S2).

Samples 019-1416 and 019-1450

Two small molybdenite occurrences were sampled in close
proximity (35 m) to each other. For both samples, only five and
four Re-Os isotope analyses could be performed. The weighted
mean Re-Os dates for both samples are consistent within uncer-
tainty: 1609 = 22 Ma (MSWD = 0.87) for sample 019-1416 and
1596 + 23 Ma (MSWD = 0.43) for sample 019-1450.
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Sample 019-1616

At total of twenty-six Re-Os isotope analyses were conducted
for sample 019-1616, of which two were excluded due to poor sig-
nal quality and low Re concentrations. The resulting weighted
mean Re-Os date is 1572 + 11 Ma (MSWD = 1.4).

Sample 019-1758

For sample 019-1785, fifty-six Re-Os isotope analyses were con-
ducted, of which one was removed due to poor signal quality (low
Re). The resulting weighted mean Re-Os date is 1586 + 9 Ma
(MSWD = 1.4).

6. Discussion
6.1. Evaluating novel geochronometers for dating IOCG mineralisation

6.1.1. Apatite U-Pb vs. Lu-Hf

Apatite U-Pb data produced mostly highly scattered results in
Tera-Wasserburg plots (Fig. 5), interpreted to be largely due to (i)
significant contamination by Pb-bearing inclusions that are likely
Fe-oxides and/or Fe-sulphides given high variability in the down-
hole Fe signals (Supplementary Data Fig. S3) and/or (ii) different
degrees of U and/or Pb loss (e.g. Kirkland et al., 2018b). In more
detail, non-contaminated U-Pb apatite signals tend to cluster or
form linear arrays in Tera-Wasserburg plots (Fig. 5). A linear array
on a Tera-Wasserburg indicates that data points reflect cogenetic
apatite that crystallised with the same initial Pb composition
(Tera and Wasserburg, 1972) as is expected for minerals with sim-
ple histories (i.e. no isotopic disturbances). Conversely, analyses
with significant Fe contamination plot off the main isochron arrays
(Supplementary Data Fig. S3). Consequently, we interpret the Fe-
Pb-bearing inclusions to be a significant source of scatter on the
isochron plots. This could be due to several reasons, including that
the Pb inclusions are not cogenetic with the apatite, that the Pb
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inclusions formed from a Pb reservoir that is significantly different
to the apatite, or that the Pb inclusions have undergone post-
formation Pb (and/or U) mobility. We note that these possibilities
are not mutually exclusive.

Two out of four analysed apatite samples had sufficient
inclusion-free analyses (12/40 for 019-1315 and 7/38 for 019-
1354; Fig. 5, Supplementary Data Table S2), from which U-Pb iso-
chron dates of 1593 + 69 Ma and 1639 + 64 Ma were calculated,
respectively. The Lu-Hf dates for the same samples
(1576 £ 61 Ma and 1631 + 57 Ma, respectively) agree within uncer-
tainty with the U-Pb dates and, although comparably imprecise,
they can be regarded as more robust, given the entire dataset
was used in the Lu-Hf isochron regressions. For the other two apa-
tite samples (019-1414 and 007-1143), no meaningful U-Pb date
could be obtained as all analyses are heavily contaminated by
Pb-bearing inclusions and only produce scattered arrays in Tera-
Wasserburg plots. For these samples, robust and internally consis-
tent inverse isochron Lu-Hf dates of 1602 + 49 Ma and
1593 + 26 Ma, respectively, were produced, illustrating the power
of the Lu-Hf method to derive meaningful isochron dates where
the U-Pb method fails.

The apatite Lu-Hf analyses were applied to the same crystals
and are contaminated by the same inclusions as the U-Pb data.
However, these inclusions did not contain significant concentra-
tions of either Lu or Hf, and consequently do not appear to have
affected the Lu-Hf isotope ratios from which the Lu-Hf dates were
calculated (Supplementary Data Fig. S3). This observation is consis-
tent with the trace element data that suggests most of the inclu-
sions are Fe-bearing phases such as Fe-oxides or Fe-sulphides,
rather than Hf-enriched inclusions such as zircon. All Lu-Hf analy-
ses for a given sample define a single isochron (pass the chi-
squared test; MSWD < expected for a single population; Spencer
et al,, 2016; Fig. 5), indicating negligible isotopic disturbance. We
attribute this to the following reasons. Firstly, Hf is much less
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mobile compared to Pb in most fluids and mineral lattices
(Brugger et al., 2016). Secondly, the 17SHf/!”7Hf ratio of the crustal
reservoir is much less variable (crustal values range from ~0.280 to
0.283, with extreme values of ~0.286 documented; Salters and
Zindler, 1995; Vervoort and Patchett, 1996; lizuka et al., 2015;
Fisher and Vervoort, 2018) relative to 2°7Pb/2°°Pb ratios, which
have expected crustal values ranging from ~1.12 to ~0.835
(Stacey and Kramers, 1975) and can exceed this range significantly
if the initial Pb is derived from the breakdown of a radiogenic Pb-
rich reservoir (e.g. Romer and Wright, 1993; Kirkland et al., 2018a).
The Lu-Hf isotopic system is also less prone to disturbance due to
contamination from inclusions during laser ablation analysis than
the U-Pb system because the most important Hf-bearing mineral
in crustal rocks (zircon) has very low 75Lu/!7”Hf ratios (<0.001).
Therefore, any contamination of apatite by zircon inclusions will
only act to increase the '77Hf/'7SHFf ratio of the measurement
(i.e., pushing the analyses toward the common-Hf, upper intercept
of the isochron), without significantly affecting the resulting Lu-Hf
dates (Fig. 6).

Hence, we demonstrate that the Lu-Hf system has several
advantages over the U-Pb system as applied to dating IOCG sys-
tems. However, we acknowledge that although the apatite U-Pb
dating undertaken in this study was of limited success, this may
not be the case for all mineral deposits. Consequently, we suggest
that double-dating of apatite using the Lu-Hf and U-Pb systems can
produce the most reliable age constraints on apatite crystallisation
and its associated mineralisation.

6.1.2. Carbonate Lu-Hf dating

Lutetium-Hf dating was conducted on dolomite crystals from
two textural types: (i) blocky dolomite within a breccia (sample
017-1210) and (ii) late cross-cutting dolomite veins (samples
019-1263, 019-1552, 019-1574, 019-1846). Dolomite Lu-Hf analy-
sis produced robust isochron dates, with the date for the breccia
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crystals (1572 = 36 Ma) overlapping within uncertainty with the
Lu-Hf dates obtained for apatite from the deposit (between ca.
1576 Ma and 1631 Ma; section 6.1.1). The late cross-cutting veins
produced significantly younger Lu-Hf dates ranging between ca.
589 Ma and 334 Ma (Fig. 6). These are the first published laser
ablation Lu-Hf dates for dolomite, demonstrating that dolomite
Lu-Hf geochronology has the potential to be a useful tool for dating
mineral deposits. However, in absence of age-constrained dolomite
reference materials, the dolomite Lu-Hf dates are calibrated to the
MKED-1 calcite reference material. Although the analyses of calcite
and dolomite were conducted at the same analytical conditions
(e.g. spot size, fluence, repetition rate), there is a possible matrix
mismatch between the calibration material (calcite) and the anal-
ysed samples (dolomite). The effect of this different matrix on the
Lu-Hf age is currently unknown, however, it is likely insignificant
within the uncertainty of the resulting dates acquired in this study,
given the good agreement between the apatite and dolomite Lu-Hf
dates for the breccia samples. Consequently, the ca. 589-544 Ma
and ca. 344 Ma dolomite Lu-Hf dates are considered accurate from
an analytical standpoint.

An additional Lu-Hf date was obtained for siderite crystals that
appear to be petrologically cogenetic with dolomite in sample 017-
1210. This siderite Lu-Hf date of 1485 + 76 Ma is within uncer-
tainty of the dolomite Lu-Hf date of 1572 + 36 Ma. However, while
uncertainties overlap, the siderite is 87 million years younger
when considering the absolute values only. The dolomite and side-
rite both occur as euhedral crystals within the breccia and provide
a nucleation site for breccia matrix magnetite that was subse-
quently replaced by heamatite. Thus, both carbonates formed com-
paratively early in the paragenesis. This is consistent with the
dolomite Lu-Hf date of 1572 + 36 Ma. However, the difference
between dolomite and siderite Lu-Hf dates might indicate, while
the calcite reference material appears a valid calibration material
for dolomite, it is less appropriate for siderite. However, it is
important to emphasise that more data are needed to understand
the accuracy of siderite Lu-Hf dating. More generally, successful
application of both dolomite and siderite Lu-Hf requires elevated
Lu concentrations and/or elevated Hf concentrations in order to
produce good quality data, particularly in the case of siderite,
which appears to incorporate less Lu than the dolomite in this
study— an observation also made by Maas et al. (2022).

We also present the first published in situ bastndsite Lu-Hf date
(1214 + 58 Ma; Fig. 6), calibrated to the MKED calcite reference
material. Similar to siderite, it is important to emphasise that we
currently lack a matrix-matched bastnaesite standard for laser
ablation Lu-Hf analysis, and consequently the accuracy of this date
can be questioned. The bastndsite occurs as fine-grained crystals
that form polycrystalline masses within veins and patches that
are intergrown with molybdenite. The textural relationship with
molybdenite suggests its primary growth age is ca. 1580 Ma. How-
ever, demonstrated matrix-related fractionation (before correction
to a matrix-matched reference material) observed in crystalline
minerals is generally between ca. 2% and 5% for laser ablation
Lu-Hf (Simpson et al., 2021, 2022; Glorie et al., 2023, 2024b). Thus,
while a better understanding of matrix fractionation in bastndsite
is required to fully constrain the true age, any additional correction
is unlikely to shift the acquired age by more than 5%. We do how-
ever recognise that in some cases the analyses of bastndsite repre-
sent ablation across at least several crystals, given the fine grain
size. This multigrain sampling further complicates the interpreta-
tion of the bastnaesite Lu-Hf data. Nonetheless, we tentatively sug-
gest the 1214 + 58 Ma date records a period of hydrothermal
activity and/or metamorphism that affected the Lu-Hf system in
bastndsite, but not the Re-Os system in molybdenite (below).
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6.1.3. Molybdenite Re-Os dating

The new in situ molybdenite dates from Vulcan prospect range
between ca. 1572 Ma and 1609 Ma (Fig. 7). Considering only sam-
ples with > 5 analyses, Re-Os dates are internally consistent with
dates of 1572 + 11 Ma and 1586 + 9 Ma. These dates are in excel-
lent agreement with a published conventional (isotope-dilution
TIMS) Re-Os date of 1586 + 8 Ma for the Vulcan prospect (Reid
et al., 2013). Hence, the new in situ dates and associated calibration
procedures are considered accurate, demonstrating the feasibility
of the in situ Re-Os method to produce robust dates for molybden-
ite with a similar precision to conventional Re-Os geochronology.

6.2. Implications for the Vulcan IOCG system

The geochronological data from the Vulcan prospect produced
in this study correspond to the timing of primary IOCG mineralisa-
tion across the Olympic Cu-Au Province. Hence, the applied meth-
ods can preserve accurate radiometric dates over a significant
geological time period and have the potential to reconstruct pro-
longed and complex fluid-flow and thermal histories of ore depos-
its. The new dates produced in this study are summarised in Fig. 8
within the context of the geological history of the Olympic Cu-Au
Province.

The majority of samples associated with brecciation and wide-
spread hydrothermal alteration (including all dated apatite) pro-
duce dates of ca. 1.6 Ga. For instance, sample 019-1414, which
has a clear relationship with Cu mineralisation (apatite and chal-
copyrite both wrap around Fe-oxides; Fig. 3), produced an age of
1602 + 49 Ma. Consequently, the primary stage of IOCG alteration
and mineralisation at Vulcan is considered to be time-equivalent
with regional constraints from Olympic Dam (ca. 1590 Ma) and
previous Re-Os molybdenite geochronology from the prospect
(1586 + 8 Ma; Reid et al., 2013). Dolomite from drill core
VUDO17, approximately 4 km to the east of VUDO019, (sample
017-1210), produced an age of 1572 + 36 Ma (Fig. 6), which also
overlaps with the interpreted primary mineralisation age for the
prospect. This sample consists of largely euhedral dolomite crystals
that likely formed early during hydrothermal brecciation, and sug-
gest that brecciation at the deposit occurred soon after massive Fe-
oxide formation. Consequently, the geochronological evidence sug-
gests that widespread hydrothermal alteration occurred at the Vul-
can prospect on a kilometre scale.

The bastndsite date of 1214 + 58 Ma is significantly younger
than the apatite Lu-Hf dates. The closure temperature to volume
diffusion of Lu and Hf is currently unknown for bastndsite, and at
least some of the bastnaesite Lu-Hf data was acquired from multi-
grain ablation. Consequently, it is unclear whether this date repre-
sents a resetting of the Lu-Hf system in bastndsite or a primary
crystallisation age. In the context of southern Australia, the Lu-Hf
age derived from bastndsite overlaps with the 1200-1160 Ma Mus-
gravian Orogeny, a wide transcontinental, high-temperature oro-
genic event recorded in southern central Australia (Myers et al.,
1996; Tucker et al., 2015; Walsh et al., 2015). The Musgravian Oro-
geny reworked the margins of the Gawler Craton (Hand et al.,
2007), and broadly similar ages for REE mineralisation have been
recorded at Olympic Dam (ca. 1.3 Ga; Maas et al., 2011). Preserva-
tion of such an age in bastndsite in this study suggests that a regio-
nal Musgravian-aged hydrothermal event might have also affected
the Vulcan prospect. Therefore, it is possible that there may be an
episode of REE remobilisation at the Vulcan prospect that is not
related to the original (ca. 1590 Ma) IOCG mineralisation. However,
more data is needed to validate this interpretation.

The texturally late dolomite-chalcopyrite veins (Fig. 3) pro-
duced Lu-Hf dates of ca. 589-544 Ma (Fig. 6). These veins cross-
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cut the ~1.6 Ga hematite-siderite-chlorite-apatite-sulphide
hydrothermal matrix (Fig. 3), indicating vein formation post-
dates the primary Cu mineralisation event. Given the clear occur-
rence of Cu in all analysed dolomite veins, we demonstrate that
Cu was remobilised within the Vulcan prospect during the Edi-
acaran. Importantly, these veins are texturally different to the ca.
1574 Ma dolomite crystals, indicating there may be at least two
stages of dolomite formation at Vulcan. Alternatively, the Edi-
acaran dolomite dates may reflect a resetting or ‘closure’ age for
the Lu-Hf system in dolomite. However, there is currently insuffi-
cient understanding of trace element behaviour in dolomite to
assess this possibility.

The age of Ediacaran dolomite veins in the Vulcan prospect
broadly coincides with remobilisation of U and potentially Cu at
Olympic Dam between ca. 0.7 Ga and 0.5 Ga (Fig. 8; Ehrig et al.,
2021). Further evidence for Ediacaran regional fluid-flow in the
Galwer Craton has been found from Cu remoblisation in ca.
0.5 Ga fluorite veins in the cover sequences of the Olympic Cu-
Au Province (Glorie et al., 2023) and resetting of Rb-Sr systematics
of shales in the Adelaide Rift Complex at 586 + 30 Ma (Foden et al.,
2001). Widespread clastic sedimentation also occurred across the
Gawler Craton in response to overfilling of the Petermann Orogenic
foreland in central Australia (Haines et al., 2001). The deposition of
these sediments may have insulated the high-heat producing base-
ment rocks of the Olympic Cu-Au province (McLaren et al., 2003),
further promoting hydrothermal fluid flow (e.g. Oliver et al.,
2006). Existing brecciation at the Vulcan prospect may have facil-
itated greater permeability relative to the surrounding and overly-
ing rocks, allowing for concentrated fluid circulation and
precipitation of veins. In summary, dolomite veining at Vulcan
adds to the record of Ediacaran regional fluid-flow throughout
the Gawler Craton, which was possibly driven by far-field tecton-
ism. The presence of Cu-bearing minerals within the Ediacaran car-
bonate veins at Vulcan (Fig. 3) warrant further investigation into
the extent to which this event has re-mobilised existing Cu miner-
alisation, introduced new Cu into the system, or transported Cu
from basement-hosted ore systems, such as Vulcan, to form the
sedimentary-hosted Cu deposits found in the Adelaidean strata
overlying the Olympic Cu-Au Province (Selley, 2000).

Finally, for one sample a dolomite Lu-Hf date of 334 + 7 Ma was
obtained. This age corresponds with the Mount Eclipse Event (ca.
340-320 Ma; Bradshaw and Evans, 1988; Hand et al., 1999) of
the intracratonic Alice Springs Orogeny. Considered the last event
of the Alice Springs Orogeny, dominant expression of the Mount
Eclipse Event has been constrained to amphibolite facies metamor-
phism and structural reworking in the Aileron Province of central
Australia (Hand et al., 1999). Structural development and reactiva-
tion at that time has been observed in central and northern Aus-
tralia, with southern extension into the Amadeus Basin
(Bradshaw and Evans, 1988; Haines et al., 2001; Nixon et al,,
2022a, Nixon et al., 2022b). While significant structural reactiva-
tion associated with this event has not previously been observed
in southern Australia, typical deformation away from metamorphic
reworking in northern Australia has presented as structural reacti-
vation of weakened basement below cover (e.g. Warramunga Pro-
vince; Nixon et al., 2022a). Analogous reactivation of weakened
basement during this event provides a plausible mechanism for
Carboniferous fluid flow in the Vulcan prospect.

7. Conclusions

We present in situ Lu-Hf dates for hydrothermal carbonates and
apatite along with in situ dates for molybdenite using LA-ICP-MS/
MS. Using two carbonate and apatite reference materials, the Lu-
Hf protocol can be validated against isotope dilution MC-ICPMS

14

Geoscience Frontiers 15 (2024) 101867

dating. The data underscore the application of the new methodolo-
gies in ore deposit studies, allowing the following conclusions:

(i) We present the first in situ Lu-Hf dates for dolomite, siderite
and bastndsite, demonstrating the ability of the Lu-Hf sys-
tem on a range of hydrothermal carbonates to date mineral-
isation processes.

(ii) In addition, we demonstrate that apatite Lu-Hf dating can
provide more robust age constraints on mineralisation pro-
cesses compared to the apatite U-Pb method.

(iii) Apatite and dolomite Lu-Hf dates as well as molybdenite Re-
Os dates indicate widespread hydrothermal alteration and
mineralisation in the Vulcan prospect occurred at ca.
1.6 Ga, consistent with previous constraints on IOCG miner-
alisation within the Gawler Craton (ca. 1595 Ma; e.g.
Skirrow et al., 2007).

(iv) Further work is required to determine Lu-Hf closure temper-
atures, before dolomite, siderite and bastndsite Lu-Hf ages
can robustly be interpreted, however a dolomite date of
1574 £ 39 Ma overlaps with the ca. 1.6 Ga main mineralisa-
tion stage, suggesting that dolomite Lu-Hf isotopes can
potentially preserve primary ages.

(v) New dolomite Lu-Hf dates provide further evidence for
remobilisation of Cu throughout the Olympic Cu-Au Pro-
vince during the Ediacaran, approximately 1 billion years
after primary ore formation. The new geochronometers out-
lined in this study have the ability to provide robust tempo-
ral constraints on metal remobilisation, with potential
implications for developing exploration models for sec-
ondary ore deposits in regional-scale mineral fields such as
the Olympic Cu-Au Province.
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