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In situ gamet Lu-Hf geochronology has the potential to revolutionise the chronology of petrological and tectonic processes,
yet there is a paucity of well-characterised reference materials to account for laser-induced matrix-dependant elemental
fractionation. Here, we characterise two reference gamets GWA-1 (Lu ~ 7.0 pg g') and GWA-2 (Lu ~ 8.5 pg g™') for in
situ gamet Lu-Hf geochronology. Isochron ages from isotope dilution Lu-Hf analyses yield crystallisation ages of 1267.0
+ 3.0 Ma with inifial '7®Hf/'77Hf, of 0.281415 -+ 0.000012 (GWA-1), and 934.7 + 1.4 Ma with '7®Hf/'”7Hf, of
0.281386 + 0.000013 (GWA-2). In situ Lu-Hf analyses yield inverse isochron ages up to 10% older than the known
aystallisation age due to matrix effects between gamet and reference glass (NIST SRM 610) under different instrument
tuning conditions. This apparent age offset is reproducible for both materials within the same session and can be readily
corrected fo obtain accurate ages. Our results demonstrate that GWA-1 and GWA-2 are robust reference materials that
can be used to correct for matrix-analytical effects and also to assess the accuracy of in situ Lu-Hf gamet analyses across a
range of commonly encountered gamet compositions.

Keywords: in situ Lu-Hf geochronology, garnet geochronology, garnet reference material, LAICP-MS/MS, gamet isotope
geochemistry.
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Deciphering the Earth's tectonic evolution has been a
repeated goal in Earth science as it connects the lithosphere to
the atmosphere, hydrosphere and  biosphere  (Cawood
et al 2013, 2022, Cawood 2020, Mulder et al 2021,
Spencer 2022, Spencer et al. 2022). When approaching this
challenge, quantifying the pressure-temperature-fime  (P-T-)
history of metamorphic rocks is critical for reconciling thermal
regimes throughout deep time (Brown and Johnson 2018,
Holder et al 2019, Cawood 2020, Palin et al 2020).

Gametis of maijor relevance due to its ability to faithfully frack
P-T- conditions in its major and trace element composition, and
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Sm-Nd, LuHf and U-Pb isofopic systems (Pollington
and Baxter 2010, Baxter and Scherer 2013, Smit et al 2013,
2014, Baxter et al 2017, Millonig et al 2020, Tamblyn
et al 2021, Ribeiro et al 2022, 2023, Simpson et al 2023,
Kaempt et al 2024, Shu et ol 2024). Gamet Sm-Nd and Lu-Hf
geochronology has been widely deployed to address tectono-
metamorphic questions for decades, commonly through isotope
dilution (ID) ono|ysis, requiring garnet selection, digesﬁon, and
isotope separation via ion-exchange chromatography. Such
techniques offer high analytical precision at the expense of
time-consuming laboratory processes, and this approach may
lead to mixed ages in cases of polymetamorphic garnets
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recording multiple growth stages. Microdrilling specific gamet
zones is an effective approach to avoid mixed textural domains
(Po||ington and Baxter 2010, Tual et al 2022), yet this
labour-intensive method typically requires cm-sized gamet
grains that may not be present across all samples of interest.
In situ gamet geochronology via laser ablafion-inductively
coupled plasma-mass spectrometry (LAICP-MS) provides o
rapid, spatially resolved allemative to conventional gamet
geochronology that has been developed for the U-Pb and
Lu-Hf systems (Seman etal 2017, I\/\i||onig etal 2020, Simpson
et al 2021, Wu et al 2023, Shu et al 2024). These rapid
techniques open new possibilities for the investigation of P-T-t
conditions leading to gamet growth (Tamblyn et al 2021,
Ribeiro et al 2022, 2023, Gaidies et al 2023, Simpson
etal 2023).

In situ measurement of Lu-Hf in gamet has become a key
technique to resolve the timing of gamet formation and
tectonic processes, however we note the lack of charac-
terised reference materials RMs; i.e, gamet with well-defined
reference ages determined by isotope dilution Lu-Hf
analysis) that are required to evaluate data quality and
analytical factors such as matrix-dependence, long-term
reproducibility, and uncertainty on isochron ages. Some of
the most commonly used have inferred ages from other
minerals and chronometers (e.g, Hégsbo gamet, Simpson
et al 2021), or from multi-session Lu-Hf isochron dates
(Glorie et al. 2024). Developing well-characterised garet
RMs would advance in situ Lu-Hf gamet geochronology,
bolstering a technique that may greatly enhance our ability

to better constrain tectonometamorphic processes.

In this paper, we introduce two new gamet reference
materials (GWA-1 and GWA-2) for in situ Lu-Hf geochro-
nology via LA-ICP-MS/MS. We provide detailed microstruc-
tural, chemical and isotopic characterisation of both RMs.
In situ garnet Lu-Hf isotopic data were obtained in two
laboratories and compared with isotopic data obtained
through conventional solution ID  Lu-Hf analysis via
multi-collector coupled plasma-mass spectrometry (MC-ICP-
MS), providing the crystallisation age of each material. The
materials comprise metamorphic garnet from a Mesoproter-
ozoic psammitic gneiss in the Albany-Fraser Orogen
(south-eastern Western Australic; GWA-1) and igneous
garnet from a Neoproterozoic pegmatite in the Capricomn
Orogen (northern Western Australia; GWA-2).

Sample context

The garet materials analysed in this study are from
two legacy samples held in the collection of the

Geological Survey of Western Australia’s  (GSWA),
including o pegmatite (GSWA 190667, Wingate
et al 2011) and a psammitic gneiss (GSWA 182431,
Wingate et al. 2016). Zircon U-Pb isotopes measured
via sensitive high-resolution ion microprobe of these rock
samples are available in the GSWA's electronic portal
GeoView.WA (https://geoview.dmp.wa.gov.au/geoview/?
Viewer=GeoView). Hereatter, garnet from the psammitic
gneiss (GSWA182431) will be referred as GWA-1, and
those from the pegmatite (GSWA190667) as GWA-2.

The psammitic gneiss (GWA-1) was sampled from the
Gwynne Creek Gneiss, Arid Basin, which occurs in
the northeastern part of the Albany Fraser Orogen
(southeast Western Australia, Figure 1). The Gwynne Creek
Gneiss is well exposed along the creek, and is dominated
by psammitic and pelitic gneiss (Spaggiari et al 2014).
The rock is a medium-grained and quartz rich paragneiss
with layering 10-30 cm thick (Figure 2a). It is interbedded
withmedium-grained semi-pelitic gneiss that includes thin
layer-parallel leucosomes and biotite-rich layers locally
with gamet and pegmatite veins (Wingate et al. 2016).
The rock is composed of plagioclase, quartz, garet (3-4%
by vo|ume), biotite and hornblende, with minor andalusite,
apatite, fitanite, zircon and opaque phases. Garnet grains
are up to 2-3mm in dicmefer, euhedral to subhedroL and
dispersed throughout the rock together with epidote,
biotite and + homblende. Zircon in the sample is
characterised by 1681-1450 Ma detrital cores and
metomorphic zircon rims with low Th/U ratios (median of
001), yielding a weighted mean 2°’Pb/?°°Pb age of
1299 £8 Ma (N = 10, MSWD = 0.7; Figure 2b)
(Wingate et al. 2016).

The pegmatite (GWA-2) was sampled from a rare
earth element-bearing granite pegmatite, which is part of
the Thirty-Three Supersuite, Gascoyne Province, Capricorn
Orogen (northern Western Australia, Figure 1) (Wingate
et al 2011). The Thirty-Three Supersuite comprises ~ 420
km? of leucocratic granite plutons and pegmatites
localised at the central part of the Gascoyne Province
(Piechocka et al. 2017). The rock is composed of quartz,
muscovite, lepidolite, £ garnet (~ 3-4% by volume), and
locally contains tourmaline with feldspar megacrysts
(Figure 2c). Garnet grains are up to 4 mm in diameter,
euhedral, and generally associated with mica aggre-
gates including muscovite and lepidolite (Wingate
et al 2011). Zircon U-Pb ages revealed a xenocryst
component spanning 2522-1700 Ma. Magmatic zircon
grains define a weighted mean 2%”Pb/?°°Pb age of 938
+4 Ma (N = 15 MSWD = 1.5 Figure 2d) (Wingctfe
et al 2011).
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Figure 1. Simplified tectonic map of Western Australia (adapted from GSWA 2022) indicating the location of
samples GSWA 182431 (GWA-1; -29.4088, 124.9479) and GSWA 190667 (GWA-2; -24.6296, 116.3652).
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Figure 2. Field photographs and zircon U-Pb dates of samples GSWA182431 (a, b; adapted from Wingate
et al. 2016) and GSWA190667 (¢, d; adapted from Wingate et al. 201 1). Uncertainties are stated at the 2s level of
confidence. Weighted means for samples GSWA182431 and GSWA190667 were calculated using the 2°¢Pb/238U

and 2°7Pb/296Ph ages, respectively.

Methods

Gamet from both samples were microstructurally,
chemically, and isotopically characterised using an array
of high-spatial resolution techniques. Internal microstruc-
tures were assessed through electron backscatter diffrac-
tion (EBSD) mapping. Major element composition was
quantified via X-ray elemental mapping, and also spot
analysis using an electron probe microanalyser (EPMA).
Spatial variation of trace elements was investigated
through LAJICP-MS mapping. Garnet Lu-Hf isotopes were
obtained via solution ID MC-ICP-MS and in situ LAICP-
MS/MS. The in situ chemical and isotopic techniques were
employed on polished rock pieces mounted in 1-inch
epoxy round mounts.

Microstructural analysis

Crystal-plastic deformation may affect trace element and
isotope mobility (Reddy et al 2007, 2009, Timms et al 2011,
Papapavlou et al 2017, Ribeiro et al 2020, Gordon
et al 2021). Accordingly, the gamet grains were subjected to
electron backscatter diffraction EBSD analysis. The EBSD data
were collected with a TESCAN Clara field emission scanning
electron microscope (coupled to an Oxford Symmetry EBs
defector) atthe John de Laeter Centre, Curtin University, Australia.
The samples were polished on a Buehler VibroMet Il for 4 h
using a 0.05-pm colloidal silica solution prior to data collection.
Athin carbon coatwas applied to mitigate charging (~ 2.5 pm
thickness). Analytical conditions included 20 kV acceleration
vollage, 1 nA beam current, 20 mm working distance, 70°
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sample tilt, 30 ms exposure time and 3 pm step-size. EBSD data
were processed using AZtecCrystal v2.1.

Garnet chemistry

Two garnet grains from each sample were selected for
spot chemical analysis, and one garnet grain per sample
was chosen for detailed X-ray elemental mapping in order
to identify potential chemical zoning. Major element data
were acquired at the Central Science Laboratory, University
of Tasmania, on a JEOL JXA-8530F Plus field-emission
electron probe microanalyser with five wavelength dispersive
spectrometers, which operated at an accelerating voltage of
15 kV, beam current of 30 nA and beam diameter of 2 pm.
The calibration set-up included analysing crystals LIFL for Min
and Fe, PETL for Ca and Ti, TAPL for Na and Mg, and TAP for
Al and Si, with Ka lines being used for all elements. The
major elements were calibrated against natural and
synthetic RMs such as synthetic rutile for Ti, natural thodonite
for Mn, natural jadeite for Na (all P&H Developments, UK),
Hematite Harvard H92649 for Fe, Plagioclase Lake County
NMNH1 15900 for Al, wollastonite (UTas in house) for Ca,
and Olivine MongOL Sh11-2 for Mg and Si.

Peck and background counting times were 10 s for N,
20 s for Si, Ca and Ti, 30 s for Al and Mg, and 60 s for Mn
and Fe. The background correction method was linear off-
peak for Al, Ca, and Fe, and exponential for Si, Mg, Ti, Mn,
and Na. Unknown and reference material intensities were
corrected for dead time. The matrix correction method was
PAP with the LINEMU mass absorption coefficient dataset.
Garnet sfructural formulae were calculated using MinPlot

(Walters 2022) using 12-equivalent oxygens.

X-ray elemental maps were acquired with the same
spectrometer settings as described above by stage scanning
at a dwell fime of 50 ms per pixel with a beam current of 80
nA and beam diameter of 2 um. Peak intensity maps were
acquired and the mean atomic number method with
calibration curves acquired on reference materials was used
for background correction. The RMs described above were
used for map quantification. Background-corrected X-ray
elemental maps were produced using the XMapTools
platform (Lanari et al 2014). The complete chemical dataset
is presented in online supporting information Appendix S1.

Trace element mapping

Garnet trace element mapping was performed via LA-

ICP-MS at CODES An0|yticc1| Laboratories foci|ity, University

of Tasmania. The analyses were conducted on a RESOLution
193 nm SE excimer laser ablation system connected to an
Agilent 7900 quadrupole mass spectrometer. The sample
ablation was performed in He atmosphere flowing (at 0.35 |
min") and combined with Ar carrier goss (at 1.05 | min™")
after ablation. The entire grain area was covered by a raster
of parallel ablation lines. A square laser beam of 12 pm was
used with a 12 pm s rastering speed. The following
isotopes were measured: 2°Ng, 24I\/\g, 27, 29i, 3P, 43Cq,
45g¢ 497, 51y 53C, S5Mn 57Fe, ©67n ©9Ga, 8%, 7
1185y, 1990, 140Cg, 140Nd, 475m, 153y, 17Gd, 19%Dy,
172Yb, 175Lu, ]78Hf, 2OsPl:), 232Th and 238U, Totall sweep time
was equal to 0.39 s with dwell times for individual masses
varying between 2 ms for major elements and 20 ms for Lu
and Hf. Ablation was carried out using a laser frequency of
10 Hz and laser fluence of approximately 3.5 J cm™. NIST
SRM 612 was used as the primary RM for initial
quantification and instrument drift correction, and Gs-1G
and BCR-2G were used as secondary RMs. Quantification
was performed using 2’Al as the internal standard element,
and normalising all measured cations to 100% m/m oxide
total. The LADR software (Norris and Danyushevsky 2018)
was used to determine conversion factors with final image
processing done with an in-house developed Python script.
Trace element maps were constructed using the XMapTools
platform (Lanari et al. 2014).

Isotope dilution Lu-Hf geochronology

In order for a material to be considered as a certified
and well-characterised reference material, state-of-the-art
techniques need to be employed to establish its chemical,
isotopic and physical properties (May et al. 2000). In the
geochronology field, determining the age of such reference
materials is essential, as it provides a baseline for the isotopic
measurements of additional reference materials  and
unknowns (samples). Similar to zircon U-Pb reference
materials  (eg, Wiedenbeck et al 1995 Slama
et al 2008), the determination of gamet reference Lu-Hf
ages requires isofope dilution techniques such as isofope
separation via chromatography (Minker et al 2001, Sprung
et al 2010) and isofopic measurement via MC-ICP-MS (e.g.,
Scherer et al 2001, Baxter and Scherer 2013, Smit
et al 2013, Baxter et al. 2017). In this study, we employed
such techniques to determine the reference Lu-Hf ages of
GWA:-1 and GWA-2, essential to further evaluate the gamet
Lu-Hf isotopic data collected via LAICP-MS/MS.

Whole rock and three gamet aliquots of GWA-1 and
GWA-2 were selected for solution ID Lu-Hf geochronology
to constrain the crystallisation ages of the potential
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reference gamets. The samples were analysed at the
Pacific Centre for Isotopic and Geochemical Research,
Department of Earth, Ocean, and Atmospheric Sciences,
The University of British Columbia. Gamet fractions and
whole-rock powders were transferred to 15-ml screw-top
PFA vials. The gamet grains were washed twice with de-
jionised water, bathed in 1 mol " HCl ot room
temperature for 1 h, rinsed again and mixed with @
high-Lu/Hf  176Lu-18°Hf  tracer. Gamet samples were
digested through repeated addition of concentrated HF,
HNO3 and HCIO,4, and 6-mol I HCl, each step followed
by evaporation to dryness. The powders were mixed with a
low-Lu/Hf '76Lu-18Hf tracer and were digested by the
same procedure in an attempt to avoid co-dissolution of
zircon that may sequester inherited Hf. After digestion, all
samples were dried, re-dissolved in 6 mol I HCl, diluted
to 3 mol I'' HCl using de-ionised H,O, and cenfrifuged in
10-ml polypropylene tubes. The centrifuged solutions were
separated from any undigested residue and were loaded
onto polypropylene columns containing a 1 ml of BioRad©
n resin bed and subjected to REE-HFSE (rare earth
element-high field-strength element) separation chromatog-
raphy following the procedures of Minker et al (2001)
and Sprung et al (2010). The Lu and Hf isotope analyses
were undertaken with a Nu Instruments Plasma | multi-
collector ICP-MS instrument. For Lu determinations, isobaric
interference of '7®Yb on '7®lu was corrected using an
exponential '7Yb/''Yb-""*Yb/'" b relationship  as
calibrated  through replicate analyses of NIST SRM Yb
solution standards (Blichert-Toft et al 2002). Instrumental
mass bias was assumed to follow an exponential law and
was corrected applying '7Hf/'”’Hf = 07325 and
173vb/V7 Wb = 1.1296 (Vervoort et al. 2004). The isobaric
interferences of '®Ta and "®°W on '8°Hf were corrected
by measuring '®'Ta/'"7Hf and '83W/!”7Hf, and applying
mass bias based on '7?Hi/'7Hf. Instrumental drift was
corrected by assuming linear time dependence. The
176Hf/7Hf values are reported relative fo those of ATI-
475, an in-house-developed Hf isotope RM that was made
from the original Hf metal ingots from which the
international reference solution JMC-475 was produced
("7Hf/'77Hf = 0282160, Vervoort and Blichert-Toft 1999).
Replicate analyses of ATI-475 at mass fractions bracketing
that of samples showed '76Hf/'””Hf "external reproduc-
ibility" to be 25 pg g™ or better during the course of our
measurement session. Total procedural Hf blanks were
consistently below 10 pg. Lu-Hf isochron ages
were calculated using lsoplofR (Vermeesch 2018) using
the '7°lu decay constant of Scherer et al (2001) and
Soderlund et al (2004). All uncertainties are presented at 2
standard deviation (2s) level. The ID Lu-Hf isotopic data are
presented in Table 2.

In situ Lu-Hf geochronology

Curtin University: In situ Lu-Hf geochronology was
performed at the John de Laeter Centre GeoHistory Facility,
Curtin University, Australia. Data collection was performed
across three measurement sessions, which are specified in
the dataset presented in Appendix S2. In situ Lu-Hf
measurements were carried out on gamet GWA-1 and
GWA-2 grains mounted in 1-inch? polished epoxy mounts.

The analytical set-up involved a RESOlution 193 nm ArF
excimer laser with a Laurin Technic S155 sample cell
coupled to an Agilent 8900 triple quadrupole ICP-MS/MS
using NHz/He reaction gas in the reaction cell (20% NHz in
He pre-mixed gas). This configuration enabled measurement
of Lu and Hf isotopes following the approach of Simpson
et al (2021). The laser, gas flow and mass spectrometer set-
up are summarised in Table 1. A ‘squid’ mixing device
(Laurin Technic) was used to smooth the aerosol pulses
between the laser and mass spectrometer. Gamet samples
were ablated using a fluence of ~ 3.5 J cm™, repetifion rate
of 10 Hz and a circular laser beam of 130 pm (sessions one
and two) and 193 pm (session three). A low flow of N (4 ml
min”') was added to the carrier gas before the ICP forch to
enhance sensitivity (Hu et al 2008). Instrument tuning was
performed using NIST SRM 610 glass in single quadrupole
(no-gas mode) to optimise plasma conditions, minimise
oxide interferences and maximise '7°Lu sensitivity using
circular laser beam of 64 pm (sessions one and two) and 50
pum (session three). After shifting to MS/MS mode, the ICP-MS
was tuned for maximise sensitivity for Hf reaction products
using NHz/He before each session. In order to test the
importance of flushing the reaction cell with high NHz/He
flow rate prior to tuning and analysis, we tested three set-ups
to evaluate the Hf conversion rate and instrument sensitivity.
Session one was conducted without reaction cell flushing
prior to analysis. Session two and three were carried out after
flushing the reaction cell with the reaction gas (20% NHjz in
He pre-mixed gas) with a high flow rate (> 95% in the mass
flow controller) for 0.5 and 2.0 h, respectively.

Data reduction was performed in lolite 4 (Paton et al
2011) using an in-house data reduction scheme after
Ribeiro et al (2023). The NIST SRM 610 g|oss was used as
the primary RM with assumed '7®Lu/""”Hf and '7°HI/!77HE
compositions  of 0.1379 £00050 and 0282122
4+ 0000009 (Nebel et al 2009; all uncertainties quoted
as 2s). The following isotopes were measured (+' refers to
mass-shifted isotopes), with dwell fimes in milliseconds (ms)
between brackets: 27 Al (5), “*Ca (5), #/Ti (5), 87Y (5), 7°Zr (5),
140C4 (5), V72yb (10), 172+82yh (30), 751y (10), 175+82Ly
(10), '76*82Hf (150) and '78*+32Hf (150).
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Table 1.
Analytical conditions for in situ garnet Lu-Hf via LA-ICP-MS/MS at the GeoHistory Lab (Curtin University) and
at Adelaide Microscopy (University of Adelaide)

Curtin University University of Adelaide
Laser ablation system Session 1 | Session 2 Session 3 Session 1
Ablation cell RESOlution-LR Arf excimer laser RESOlution-LR Arf excimer laser
Laser wavelength (nm) 193 193
Pulse width (ns) 20 20
He flow rate (I min") 320 350
N, flow rate (ml min™") 4 4
Fluence (J em™) 3.5 3.5
Repetition rate (Hz) 10 10
Ablation duration (s) 40 40
Background duration (s) 40 30
Laser beam diameter (um) 50 and 64 - NIST SRM 610/612 130 and 193 - Garnet 30 and 67 - NIST SRM 610/612 43

and 100 (Hégsbo), 173 (Gamets)

Sampling mode Static spot ablation Static spot ablation
Plasma
RF power (W) 1500 1500 1500 1350
Sampling depth (mm) 50 47 50 4.5
Nebuliser gas (Ar, | min™") 10 10 1.0 1.0
Lenses
Extract 1 (V) -17.0 -18.0 -25.1 -6.0
Extract 2 (V) -250.0 -250.0 -250.0 -170.0
Omega bias (V) -150.0 -150.0 -130.0 -105.0
Omega lens (V) 6.0 7.0 9.9 100
Q1 entrance (V) -50.0 -250 40 -150
Q1 exit (V) 0.0 0.0 1.0 -50
Cell focus (V) 20 19 19 20
Cell entrance (V) -1100 -100.0 -128.0 -130.0
Cell exit (V) -70.0 -70.0 -75.0 -80.0
Deflect (V) 6.5 6.8 6.5 6.0
Plate bias (V) -60.0 -63.0 -55.0 -80.0
Qi
Q1 bias (V) 0.0 -0.1 -0.1 -10
Q1 pre-filter bias (V) -100 -100 -100 -100
Q1 post-filter bias (V) -100 -100 -100 -100
Collision cell
He flow rate (ml min™") 10 10 1.0 1.0
3rd gas (NH3) flow rate (%) 20% 20% 20% 30+
OctP bias (V) -30 -3.1 -20 -50
Axial acceleration (V) 20 20 2.0 20
OctP RF (V) 180 180 180 180
Energy discrimination (V) -7.0 -20.0 -13 -15
Wait time offset (ms) 2 2 2 2

Symbols: *NH3 supplied as 20% NHj in He (Curtin University); **NH3 supplied as 10% NH3 in He (University of Adelaide).

The Lu-Hf isochron ages were calculated using the evaluate the accuracy of the '7eLu/'""Hf and
inverse isochron regression (Li and Vermeesch 2021) in V7oHf/177Hf  measurement  results, which  returned
lsoplotR (Vermeesch 2018) with '7°Lu decay constant 176Lu/"7Hf of 0.1390 + 0.0030 (N = 49, mean + 2SF)
after Scherer et al (2001) and Séderlund et al. (2004). and "7OHI/V7HE of 02819400009 (N = 49, 2s).
Inverse isochron ages and analytical uncertainties are These results agree within uncertainty with the reference

stated at the 2s level of confidence (95% confidence). values of 01346 + 00033 and 0.282100
NIST SRM 612 glass was used as a secondary RM to 4+ 0.000038 (Nebel et al 2009).
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Table 2.

Solution ID Lu-Hf chemical and isotopic data for GWA-1 and GWA-2

Aliquot Lu (ng g') Hf (ng g") 176Lu/1 77 HE 2s (abs) V76HE/177 HE 25 (abs)
Gamet GWA-1

Gt-1 775 1.03 1.069000 0.003000 0.307037 0.000015

Gt-2 706 2.98 0.335800 0.000800 0289438 0.000013

Gt-3 6.09 137 0.630100 0.001600 0296499 0.000016

WR-1 1.00 1.35 0.105300 0.000300 0.283940 0.000012
Gamet GWA-2

Gt-1 8.56 022 5.504000 0.014000 0.378136 0.000022

Gt-2 8.68 022 5.577000 0.014000 0.379527 0.000024

Gt-3 8.48 035 3.461000 0.009000 0.342425 0.000018

WR-1 035 1.69 0.029160 0.000070 0281899 0.000013

Uncerainties are presented at 2 standard deviation (absolute value; abs). Gt and WR refer respectively to gamet and whole-rock aliquots.

University of Adelaide: In situ Lu-Hf geochronology
was conducted in a single measurement session at
Adelaide Microscopy, The University of Adelaide, Australia,
using mounted garmet GWA-1 and GWA-2 grains in
polished epoxy mounts. The analyses were carried out
using an identical hardware set-up as above: RESOlution-
[R 193 nm Arf excimer laser ablation system, connected to
an Agilent 8900 triple quadrupole ICP-MS/MS via a squid
mixing device. Analytical conditions followed Simpson
et al (2021) and Glorie et al (2024), using NHz/He as
the reaction gas (10% NHz in He pre-mixed gas). The
NHz/He gas line was flushed at a high flow rate for
several hours prior to tuning and analysis. The gamet
samples were ablated using a fluence of approximately
3.5 J cm™, repefition rate of 10 Hz, and a circular laser
beam of 173 pm. A low flow of Ny (4 ml min™") was
added fo the carrier gas before the ICP torch to enhance
sensitivity (Hu et al. 2008). NIST SRM 610 was used as the
primary RM for '72Lu/"7°Hf and '78Hf/'7éHE  ratio
calibrations (Nebel et al 2009) and was analysed at
two spot sizes (30 pm and 67 pm) to measure '7°Lu in
both pu|se and cmc1|ogue detector modes (G|orie
et al 2024). The cross-over count rate (e, pulse limit x
PA factor) for 75y was 481 x 10° counts per second
(cps) in this measurement session. Additional laser, gas flow

and mass spectrometer settings are summarised in Table 1.

All data were processed in LADR (Norris and Danyush-
evsky 2018) using a customised data reduction workflow
that calculates error correlations from the raw isotopic ratios
for each analytical sweep. Isotope ratios were calculated by
averaging the isotopic ratios of each sweep in the analysis,
and subsequently normalising to the NIST SRM 610 primary
RM to correct for matrix independent instrument mass bias
and diift. Samples with '"°Lu count rates < 4.81 Mcps were
calibrated to NIST SRM 610 ratios measured in pulse mode

and above this value, the Lu/Hf rafios were calibrated to
NIST SRM 610 ratios in analogue mode (Glorie et al. 2024).
The following isotopes were measured (+' refers to mass-
shiffed isotopes), with dwell times in milliseconds between
brackets: 27Al(2), 3Ca(2), 47 +°Ti(2), >3Cr(2), >>Mn(2), >’Fe
(2), 885(2), B9+83y(Q) 90+837,(0) 140+15C4(n) 146N (D)
147Sm(2), 172Yb(5), ]75LU(]O), ]75+82LU(]OO), 176+82Hf
(200), '78+8214f(150). Titanium, Sr, Zr, Ce and Yb signals
were monitored for inclusions of titanite/rutile, apatite, zircon,
monazite and xenofime, respectively. Given down-hole
fractionation is not observed in the applied Lu-Hf method
(Simpson et al 2021), no down-hole fractionation correc-
tions were applied.

The Lu-Hf ages were calculated using inverse isochron
regression (i and Vermeesch 2021) in lIsoplotR (Ver-
meesch 2018), based on the matrix-corrected
17614/V70Hf and V77HE/17OHf isotopic ratios, their 2SE
uncertainties, the calculated error correlations, and the
decay constant after Scherer et al. (2001) and Saderlund
et al (2004). Reported uncertainties are within 95%
confidence intervals. Lu-Hf ages are presented both
before and after calibration for laser-induced elemental
fractionation, with the latter being calibrated to Hégsbo
gamet (Simpson et al. 2021, 2023, Glorie et al. 2024).
For the calibrated Lu-Hf ages, the uncertainty on the
measured Hgsbo inverse isochron age was propagated
to each sample in quadrature. BP-1 garnet (monazite U-
Pb reference age of 1745414 Ma) and Heftietiern
garet (multi-session gamet Lu-Hf isochron age of
9303+ 1.4 Ma) were measured as secondary RM
(Simpson et al 2023, Glorie et al 2024). Matrix-
corrected against Hégsbo garnet data yielded an inverse
isochron age of 1746 £8 Ma (N = 32, MSWD = 1.3)
for BP-1, and 930+ 2 Ma (N = 24, MSWD = 1.1) for
Heftietiern garnet.
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Error propagation

Error propagation should consider the random uncer-
tainties  (analytical uncertainties  derived from  counting
statistics, RM calibration and drift), as well as systematic
uncertainties derived from matrix-matched correction and
the long-ferm (multi-session) variance of isotope ratios (i,
intra-session reproducibility) (Horstwood et al 2016). The
propagated analyfical uncertainties are calculated within
both lolite and LADR, and inter-session reproducibility has
recently been demonstrated to be relatively small (~ 0.1%
relative standard deviation; Glorie et al 2024), the
uncertainty on the matrix-matching correcfion needs to be
included to provide a minimum esfimate of the total age
uncertainty. The relative uncertainty of the '7®Lu/'"”Hf ages
of the matrix-matched RM should be quadratically propa-
gated to the sample isochron age uncertainties for each
session (Equation 1):

et al 2020). The gamet core is depleted in Sc, V, Ga, Y, Yb
and Lu relative to the rim and cracks (Figure 4¢). The
preservation of unmodified growth zoning suggests rapid
cooling, consistent with the thermal evolution of the Albany-
Fraser Orogen (Kirkland et al 2011, Scibiorski et al. 2015,
2016), and unaffected by any subsequent high-femperature
meromorphic overprint (> 650 °C) (Caddick et al 2010).
Lutetium mass fraction follows the zoning pattem of heavy
rare earth elements (HREE), with variable mass fractions from
~2ug g’ inthe core to ~ 15 pg g in the rim. Hafnium
mass fraction is very low across the whole garnet (be|ow
detection limit of a regu|c1r quqoirupo|e instrument), with
higher mass fraction along cracks up to ~ 1.5 pg g™'. From
these textural observations we infer a single gamet growth
stage.

X-ray elemental maps of a ~ 1 mm diameter for GWA-2
indicate a diffuse texture between core and rim in the Fe-

Total age uncertainty = \/Somp|e age uncertainty? (%) 4+ RM age uncer‘rointyfcser(%) +RM age uncedoiniy?D(%) (1)

Results

Garnet microstructures, major and trace elements

Gamet GWA-1 grains are mostly subhedral, containing
small zircon, quartz and apatite inclusions, and are commonly
crosscut by sefs of random fractures across the whole grain
(Figure 3a). GWA-1 lacks evidence of widespread intracrystal-
line deformation as indicated by the low textural misorientation
map (Figure 3a), with domains of increased relative misorienta-
tion associated with fractures and cracks (Figure 3b). GWA2 is
mostly euhedral and inclusion- and fracture-free, also lacking
evidence of crystal-plastic deformation in the textural component
map and profile (Figure 3¢, d). In summary, neither GWA-1 nor
GWA-2 show signs of crystal-plastic deformation.

X-ray elemental maps (represented in % m/m) of a
~1mm diameter GWA-1 gamet indicate a diffuse
chemical variability core and rim with a smooth decrease
in Fe, Mn and increase in Ca, Mg from core to rim
(Figure 4a). GWA-1 is dominated by almandine (Xaim
~ 0.64-0.62; from core to rim) and grossular (Xg,s ~ 0.30-
0.31), with minor pyrope (Xp,, ~0.02-0.01) and spessartine
(XSps ~001) composition (Figure 4b). The maijor element
zoning is inferprefed to reflect intragrain diffusion during
prograde metamorphism in response to Rayleigh fraction-
ation (Caddick et al 2010, Lanari and Engi 2017, Rubatto

Mg-Mn maps, whereas the Ca map displays a sharp
distinction between the inner core outer, core and rim zones
(Figure 5a). The core is dominated by relatively high Fe-Mg
contents, decrectsing towards the garnet rim with concom-
itant increasing Ca-Mn confents. GWA-2 is composed of
almandine (X ~ 0.58-0.50; from core to rim) and
spessartine (X5p5~0.37—0.47), with low pyrope (Xp,—p ~
0.04-002) and neg|igib|e Xars contents (below 0.1)
(Figure 5b). The diffuse core-rim transition and the Xam-
Xsps-Kprp profile shapes may reflect intragrain diffusion
during rapid cooling in response to Rayleigh fractionation
(Caddick et al 2010, Rubatto et al. 2020). Trace element
maps of GWA-2 display great complexity between cores
and rims (Figure 5c). The gamet core shows well-defined
oscillatory zoning with comparatively lower Y, Zr and Lu
contents and higher V and Ga. The core-rim transition is
defined by a sharp increase in Y, Zr and Lu. Anomalous
regions with high Ti and Zr in the inner-core are also evident,
and Ti, Y, Zr and Lu concentrated in well-defined domains
parallel to the core-rim boundary akin to asymmetric quarter
mats microstructures. Lutetium mass fraction varies from core
(~10pg g')torim (~ 120 ug g ™), with significantly higher
mass fraction (up to ~25 g g') in quarer mats
microstructures. The transition core-rim is depleted in Hf
(below detection limit of a regular quadrupole), with Hf up to
~ 10 pg g in the rim. Although the major element zoning,
especially Fe-Mg-Mn, imply a single gamet growth stage,
the trace element zoning highlights chemical complexity in
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Figure 3. Band contrast and textural component maps (relative to the white-cross reference) and associated textural
component profiles across GWA-1 (A-A’) and GWA-2 (B-B’).

this gamet growth processes involving rare earth element
supply and uptake during magmatic evolution (e.g., Devoir

et al 2021).

Solution ID Lu-Hf geochronology

The ID Lu-Hf measurements in GWA-1 indicate bulk
gamet Lu and Hf mass fractions are between 6.09-7.75 pg
g and 1.03-298 pg g, respectively. The isotopic ratios
obtained for the three GWA-1 aliquots, along with the
whole-rock fraction, yielded a Lu-Hf isochron age of 1267.0
£30 Ma (MSWD = 1.5) and an initial "7°Hf/""7Hf; of
02814154 0000012 (Figure 6a). This gamet age is
consistent with cooling after Albany-Fraser Orogen Stage |
(Clark et al. 2000, Kirkland et al 2011), and with the
youngest zircon grains within this sample (Figure 2a).

GWA:-2 vielded bulk gamnet Lu and Hf mass fractions
betwveen 848-868 pg g' and 022-169 ug g,
respectively. Three GWA-2 aliquots and the whole-rock
fraction yielded a gamet Lu-Hf isochron age of 934.7 £ 1.4
Ma (MSWD = 17) and '7°Hf/!”7Hf; of 0281386 +
0000013 (Figure 6b), consistent with the zrcon

arystallisation age of 938 £ 4 Ma (Figure 2a). These ages
reflect the formation of pegmatite bodies in the Capricom
Orogen in response to the Kuparr tecfonic event (955-830
Ma) (Olierook et al. 2019).

In situ Lu-Hf geochronology

For the Curtin dataset, GWA-1 Lu-Hf data from session
one yie|o| an uncorrected (i.e, calibrated against NIST SRM
610 only, and not calibrated for laser-induced matrix
dependant elemental fractionation) inverse isochron age of
1317 £32 Ma (24% uncertainty) and '76Hf/'"7Hf of
0.2803 +0.0095 (N = 42, MSWD = 0.9, Figure 7a), with
a positive offset of 4.0% from the ID Lu-Hf age. The results
from session two define an uncorrected inverse isochron age
of 1381 +26 Ma (1.9% uncertainty) and '7°Hf/'"7Hf; of
0.2802 +0.0061 (N = 42, MSWD = 0.9, Figure 7b), with
age positive offset of 9.0% compared with the ID Lu-Hf. The
Lu-Hf data from session three yield an uncorrected inverse
isochron age of 1257 +18 Ma (1.4% uncertainty) and
V7OHt/177HE of 02768 £ 00069 (N = 47, MSWD = 1.2,
Figure 7¢), showing an age offset of -0.8% and demon-
strating good fit with the ID Lu-Hf isochron age considering
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Figure 4. Chemical and microstructural characterisation of GWA-1. (a) X-ray elemental maps; (b) Chemical profile

(A-A") based on the garnet end-members content; (c) Trace element maps.

uncertainties. The GWA-1 data collected at the University of
Adelaide vyield an uncorrected inverse isochron age
of 1314+ 15 Ma (1.1% uncertainty) and '7°Hf/'"7Hf of
02827 £00013 (N = 38, MSWD = 1.3, Figure 7d),
indicating a positive offset of 3.7% from the ID Lu-Hf age.

For the Curtin dataset, GWA-2 Lu-Hf data from session
one yield an uncorrected inverse isochron age of 973 4 28
Ma (30% uncertainty) and '7eH/'7HE of 02869 +
00082 (N = 43, MSWD = 0.7, Figure 8a), and positive
age offset of 4.0%. The results from session two define an
uncorrected inverse isochron age of 1029 +£25 Ma
(uncertainty of 2.4%) and '7éHI/'7HE of 02793 +
0.0035 (N = 44, MSWD = 1.1, Figure 8b), indicofing
positive age offset of 10% from the ID Lu-Hf age. Session
three yield an uncorrected inverse isochron age 940 + 14

Ma (1.5% uncerToinTy) and 176Hf/177Hﬂ of 02822 +
00022 (N = 48, MSWD = 1.1, Figure 8c), and positive age
offset of 0.5% indicating good agreement with the 1D Lu-Hf
isochron age considering uncertainties. The data collected at
the University of Adelaide yield an uncorrected inverse
isochron age of 965+£12 Ma and (1.3% uncertainty)
V7OHt/177HE of 02869 4+ 0.0029 (N = 44, MSWD = 09,
Figure 8d), indicating an positive offset of 3.2%. We note that
despite the core-rim distinct Lu-Hf mass fractions and trace
element pattern, all in situ Lu-Hf data defined statistically
robust single isochrons, demonstrating that both textural
domains are in isotopic equilibrium.

In summary, GWA-1 and GWA-2 results consistently
yield older inverse isochron ages with an offset up to 10%
(depending on andlytical conditions) compared with the 1D
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Figure 5. Chemical and microstructural characterisation of GWA-2. (a) X-ray elemental maps; (b) Chemical profile

(B-B’) based on the garnet end-members content; (c) Trace element maps.

Lu-Hf crystallisation age, with uncertainties below 3.0% and
achieving a best uncertainty of ~ 1.1%. Nevertheless, we
note that both RMs present similar age offsets within the
same session, suggesting that the offset is predictable and
correctable (Simpson et al 2021).

Discussion

Matrix and analytical effects

Isochron age offsets for in situ Lu-Hf geochronology
have been aftibuted to matrix effects arising from

898

differences in ablation characteristics between garnet
samples and the NIST SRM 610 calibration glass (Simpson
et al. 2021). Our results reveal isochron age offsets up to
10% that are variable between sessions, but consistent for
GWA-1 and GWA-2 when both RMs are analysed in the
same measurement session. This age offset consistency
allows the use of characterised RMs to correct for such
effect. Notably, the ages obtained in Curtin sessions two
and three display contrasting offsets of 9-10% and
~0.5%, respectively. Such different results indicate that
variations in ICP-MS tuning conditions lead to differences
in mass bias (e.g., instrumental mass fractionation), as laser-
induced matrix effects can be expected to produce
consistent magnitudes of offsets across multiple analytical
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Gt in reference glass NIST SRM 610, with results from session

0.305- (@) two being significantly higher than the natural '78Hf/!76Hf

isotopic abundance (~ 5.20). Thus, we conclude that aside

from laser-induced matrix effects, instrument tuning condi-

0.300+ tions may also contribute to differences in age offsets, either
'.:E ota positive or negative.

3 0.2951

g In order to obtain reliable in situ gamet Lu-Hf isochron

ages, it is necessary to apply a matrix correction factor

0.290- Gt-2 (MC) 1o the '7®Lu/""®Hf ratio (per analysis) based on the

GWA-1 1(25637\"\(’)"\;2'2:3'\’23) behaviour of garnet reference materials with known

0.285-{WR (THF/TTH), = 0.281415 + 0.000012 references ages determined through ID Lu-Hf (e.g, GWA-

N=4, MSWD =15 1 and GWA:-2). The MCs is calculated based on the

T T
0.2 0.4 0.6 0.8 1.0

uncorrected isochron age (Uncage, My) and the reference

0.384 (b) o2 age from ID Lu-Hf (Ref.ge, My), taking info consideration
) the '°lu decay constant (A, My"') after Séderlund
0.36 et al (2004) (Equation 2). The inverse isochron ages
’ recalculated using the matrix corrected '7®Lu/'"Hf ratios
ots are taken as reliable.
T 0.34- .
R 176 U 1
= lu  [eYncest—]
I MC;= 2
E 0.324 f ]76’_”’ * [eRefage*/{_]:| ( )
We cross-calibrated GWA-1 and GWA-2 to test their
0.30

GWA-2 (GSWA190667)
934.7 £ 1.4 Ma

suitability as RMs to account for matrix correction and
assess secondary age reproducibility. When using the age

WR ("eHIITTHE), = 0.281386 + 0.000013
0.28-/ ‘ ‘ ‘ Nf“' MSWP:1'7 offset observed in GWA-2 as a correction factor (session
0 1 2 3 4 5 specific), GWA-1 vyielded corrected inverse isochron ages
]76Lu/l77Hf

Figure 6. Lu-Hf isochrons of garnets (a) GWA-1 and (b)
GWA-2 from solution ID Lu-Hf isotopic measurement.

Ages and uncertainties are stated at the 95% level of
confidence. Data symbols are larger than the analytical

uncertainties for visualisation purposes.

sessions in the same material, with the same analytical
conditions (Ireland 2004).

Aside from small differences in lenses seftings (omega
bias and lens, Q1 entrance and cell entrance) mostly
affecting gross relative mass sensitivity, the main tuning
differences between sessions two and three are in the
octopole bias and energy discrimination applied to
the reaction cell (Table 1). Our results indicate that the
significont octopo|e bias (-3.] V) and energy discrimination (-
20 V) used in session two likely induced mass bias favouring
the heavier isotopes (e.g., 1784 over ]76Hf). This inference is
supported by the difference in mass bias ('78Hf/'°Hf ratio
of 526 for session two, and 521 for session three) measured

consistent with the crystallisation age for each analytical
session and laboratory (Figure 9a). Similarly, GWA-2 yields
inverse isochron ages consistent with crystallisation age
when corrected against GWA-1 (session specific factor)
(Figure 9b). Irrespective of the reason for such age offsets,
this cross-calibration confirms that both RMs can account
for matrix and instrument effects and can accurately
provide an independent secondary age accuracy check.
Previously, in situ gamet Lu-Hf ratios have been matrix-
corrected against Hégsbo garnet considering the colum-
bite U-Pb age as the inferred gamet Lu-Hf age (Simpson
et al. 2021), and other RMs such as BP-1 and Heftietiern
with multi-session reference ages (Simpson et al 2023,
Glorie et al 2024) were employed for secondary age
check. We assess the reliability of GWA gamet by
correcting known RMs (Hégsbo, BP-1 and Heftietiern)
against GWA-2. The Hégsbo garnet yields an inverse
isochron age of 1022 + 3 Ma (N = 20, MSWD = 1.5),
and the BP-1 and Heftietiern garet yield inverse isochron
ages of 173448 Ma (N = 34, MSWD = 1.3) and 923
+ 2 Ma (N = 24, MSWD = 1.1), respectively. These ages
agree with reference multi-session ages for such RMs
considering propagated uncertainties (Simpson et al.
2023, Glorie et al. 2024), reinforcing that GWA garnet
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Figure 7. Inverse Lu-Hf isochrons of GWA-1 from in situ isotopic measurement of multi-grains. For discussion

purposes, the Lu-Hf ratios have not been matrix corrected. Spot size is specified in the top right corner of each panel.

Data presented in panels a-c were collected at Curtin University (CU), and those collected at the University of

Adelaide are presented in panel d. Ages and uncertainties are stated at the 95% level of confidence.

presented here produce accurate and reliable data
compared with independently published ages.

Importantly, we do not observe any relationship
between matrix effects and the major element chemistry
of GWA-1 (almandine-grossular-bearing) and GWA-2
(almandine-spessartine-bearing). This demonstrates a lack
of end-member composition matrix effects.

Comparison of instrument sensitivity and analyt-
ical uncertainties

One of the critical factors for in situ Lu-Hf measurement is
the sensitivity of the LAICP-MS/MS for accurately measuring
mass-shifted Hf isotope ratios at the highest possible

precision. To test different approaches and improve
instrument  sensitivity, ~ distinct  reaction  cell  flushing
approaches were undertaken for the data collected at
Curtin University (see section In situ Lu-Hf geochronology —
Curtin University). To evaluate the influence of flushing the
reaction cell with high NHz/He flow rate prior to analysis,
we converted the '"?Llu and '"8Hf count rates from the
reference glass NIST SRM 610 to be equivalent to 50 pm
(smallest spot size used) to compare equal ablation volumes.
Session one was conducted without flushing the reaction cell
prior to analysis, yielding mean 731y and '78Hf count rates
of ~2 x10% and ~3 x 10° counts per second (cps),
respectively (Figure 10a, b). Sessions two and three were
carried out after flushing the reaction cell with high NH3/He
for 0.5 h and 20 h, yielding mean 'Ly count rates of
~38x10° and ~ 4.1 x 10° cps (Figure 10a), and mean
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Figure 8. Inverse Lu-Hf isochrons of GWA-2 from in situ isotopic measurement of multi-grains. For discussion

purposes, the Lu-Hf ratios have not been matrix corrected. Specific spot size is specified in the top right corner of

each panel. Data presented in panels a—c were collected at Curtin University (CU), and those collected at the

University of Adelaide are presented in panel d. Ages and uncertainties are stated at the 95% level of confidence.

784 count rates of ~5x10° and ~6x10° cps
(Figure 10b), respectively. These results indicate an increase
in '7°Lu count rates of ~22% (session two) and ~ 32%
(session three) compared with session one. Since '”Lu is
mostly unreactive to NH3, the increase in Lu sensitivity likely
reflects instrument tuning changes affecting gross relative
mass sensifivity. However, "78Hf count rates increase in
~70% for 0.5 h cell flush (session two), and ~ 100% for 2.0
h cell flush compared with session one. Although the
increase might have been influenced by small instrumental
differences, such a large magnitude increase in count rates is
unlikely to be related to the instrument settings alone. We
posit that flushing the reaction cell promotes an increase in
the reaction efficiency and conversion rate ('78Hf >
]78+82Hf). This increase in instrument sensitivity lowered the
GWA-1 76Ly/""7Hf measured ratio uncertainty (2s) from 9

to 4%, and the '7°Hf/'”"”Hf measured ratio uncertainty from
14 and 6% (Figure 10c). Similarly, the GWA-2 '7Lu/!'"7Hf
and '7éHf/'”7Hf measured rafio uncertainties were reduced
from 5 to 2%, and from 9 to 4%, respecﬁve|y. This substantial
improvement in internal uncertainties improved the inverse
isochron age uncertainty from ~ 3.0% (session one, no
reaction cell flush) to 1.5% (session three, 2.0 h reaction cell
flush). Thus, f|ushing the reaction cell with a high NHz/He
flow rate (> 90% in the mass flow controller #3) for at least 2
h, and tuning the instrument fo maximise sensitivity, are
recommended to improve reaction efficiency, which in tums
reduces the uncertainty for geochronology applications. For
comparison, the measurement session at Adelaide Micros-
copy (see section In situ Lu-Hf geochronology — Curtin
University) was conducted after 4 h of reaction cell flushing

at maximum gas flow rate. Mean count rates for '”°Lu and
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Figure 9. Normalised isochron ages of GWA-1 (a;
corrected by GWA-2) and GWA-2 (b; corrected by
GWA-1). (*) Isochron ages from session three were not
corrected given that the age offset compared with the
ID Lu-Hf age is smaller than the analytical uncertainty.
Ages and uncertainties are stated at the 95% level of

confidence.

1784 measured in NIST SRM 610 and converted to @
comparable 50 pm spot size, were ~ 7 x 10° for 'Ly and
~9 % 10° um for '78Hf.

Common-'7°Hf component (R'7¢)

Given the inifial Hf composition has negligible influence
on age defermination for materials with variable Lu/Hf ratios
and varies lifle over Earth history (Blichert-Toft and
Albaréde 1997, Bizzarro et al. 2003), two-point isochron
dates between an assumed '77H/'7°Hf, and the measured
ratios can be calculated for the gamet Lu-Hf system. In this
confext, we calculate the contribution of common-Hf (R] 76

[%)), assuming a simp|e two component rodiogenic-common

mixing array within single garnet Lu-Hf analysis. The
common-Hf fraction is defined by the distance along
the isochron between the initial '77Hf/!”°Hf ratio (mean
~3.55+0.07) and the rodiogenic component, in inverse
space, calculated via Pythagoras theorem (Equation 3). This
value provides a useful metric to judge the dependence of
the calculoted model age on the assumed initial
V7417761 ratio (ie, low R data has lower age
dependency on the '”7Ht/'7°Hf, and vice versa). The R'7®
considers the ]76|_U decoy constant (X, I\/\y'1) after Soderlund
et al (2004), measured ratios (m), 177Hf/776Hfi (anchored to
3.55 4007, Simpson et al. 2022) and the inverse isochron
age (t Ma).

] 761y 2 77 pHf 2
a1 7)) T
R176 (00): 1— m m

* 100

Based on the in sifu Lu-Hf data from all sessions, the R'7®

index indicate a common-Hf component of GWA-1
between 8-90% with median of 31%, and 28-99%
common-Hf for garnet GWA-2 with median of 63%. The
comparatively lower common Hf component of GWA-1 is
reflected in slightly better inverse isochron age uncertainties
compared with GWA-2 (Figures 7 and 8).

Avadilability of gamet reference materials

At the time of publication of this paper, several 1-inch?
polished mounts with approximately fifteen to twenty grains
(Figure 11a) and additional garnet separates of GWA-1
and GWA-2 (~5 g each) are available for distributions
across laboratories and research institutions. A substantial
amount of rock from each garnet RM (~ 190 g for GWA-1,
and ~ 160 g for GWA-2; Figure 11¢) has been reserved for
rock processing and mineral separation to maintain the
future supply of such materials. Both gamet RMs are
available for distribution upon contact with Dr Bruno Ribeiro

via email (brunowieiraribeiro@curtinedu.au).

Conclusions

In this paper, we demonstrated that almandine-grossular
GWA-1 and almandine-spessarine GWA-2 can be
employed as RMs for in situ gamet Lu-Hf geochronology
via LAICP-MS/MS. The microstructural and  chemical
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Figure 10. '7°Lu and '78Hf count rates (counts per second [cpsl, a, b) and isotopic ratio uncertainties (¢, d) in

response to distinct collision cell flushing approaches with high NH3(,) flow rate prior to analysis. '7°Lu and '72Hf

count rates were measured on the reference glass NIST SRM 610 and normalised to 50-pm spot size to minimise

sampling volume effects. Isotopic ratio uncertainties refer to garnets GWA-1 and GWA-2. Session 1: no flush, session

2: 0.5 h flush, session 3: 2.0 h flush.

characterisation of these gamet indicates that they grew
during a single growth event, consistent with their well-
defined solution ID Lu-Hf isochrons for each material. Garnet
GWA-1 yielded a Lu-Hf ID crystallisation age of 1267.0 +
30 Ma with '7°Hi/'"7Hf, of 0281415 40000012, and
gamet GWA-2 vyielded a Lu-Hf ID crystallisation age
of 9347 £14 Ma with °HI/"/7Hf of 0281386 +
0.000013. In both cases, the ID Lu-Hf age is interpreted to
date the timing of closure to radiogenic Hf diffusion coeval
with gamnet crystallisation.

The in situ inverse isochrons Lu-Hf ages are systfematically
older than the ID crystallisation age, which we interpret is

© 2024 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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due to matrix effects between the NIST SRM 610 calibration
RM and gamet, and to session specific instrumental tuning
(ICP-MS/MS and reaction cell) conditions used to maximise
sensitivity. Correcting for such effects is achieved by applying
a session specific correction factor in the '”Lu/'”®Hf ratio for
both GWA-1 and GWA-2, which behave similarly through-
out each measurement session. Additional matrix effects
associated with the garnet major element chemistry were not
observed. GWA-1 and GWA-2 can yield inverse isochron
ages with uncertainties as low as 1.1%, depending on
instrument sensitivity, but a > 2 h high flow rate flushing of
the reaction cell with NHz/He is recommended prior to
commencing analysis.
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(a) 1-inch? polished epoxy mounts

(b) Garnet separates

GWA-1 (~5g) GWA-2 (~5g)

(c) Rock samples

GWA-1 (~ 190 g) GWA-2 (~ 160 g)

Figure 11. Garnet reference materials currently avail-
able (at the time of publication of this paper). (a) 1-
inch? polished epoxy mounts; (b) garnet separate
fractions with ~ 5 g of each material; (c) rock samples
available for mineral separation (c). The polished
mounts and the garnet separate fractions are available

for distribution.

The well-characterised garnet GWA-1 and GWA-2 are
suitable as secondary RMs for in situ gamet Lu-Hf
geochronology to account for matrix effects and to enable
accuracy checks on inverse isochron ages.
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