Electronic Supplement 1—Analytical methods for 40Ar/39Ar analyses


1 Sample selection and sample preparation 
Samples were selected from region with interesting structural history to address the problem in question—to accurately determine the timing of Delamerian deformation events in units proximal to the Kanmantoo Mine. For geochronology purposes, mineral separation was undertaken in the mineral separation laboratory at the Research School of Earth Sciences. Key portions of the samples were cut out on the trim saw based on the structure/event to be dated. This selected portion of the rock was then crushed and sieved in a standard manner. Micas (biotite or white mica) as the key mineral targets were difficult from phyllite (sample 2746269) and two-mica schist (sample 2746272) due to their fine-grained nature and biotite-white mica intergrowths which were difficult to separate out. Therefore, for these two samples, biotite-white mica composites were chosen. On the contrary, pristine white micas were obtained for samples 2746268, 2746270 and 2746271. These mineral fractions were separated from the mixture at increasing amperage from 0.25A to 1A, carefully handpicked to >99% purity under a binocular microscope and finally packed in aluminium foils for neutron irradiation. For all samples, grain size fraction of 420-275 microns was separated out to get the best quality coarser grains possible.  

Mineral separation
When dealing with mineral separation, sample contamination is a big problem. To avoid this, samples are handled one at a time and all equipment was cleaned entirely after each sample handling. Samples are prepared in a quite (i.e., not windy) environment where there is a minimal chance of spilling or blowing samples away. Samples are handled over clean copier paper, and paper is changed after each sample. Use of compressed air (from the compressor, not can) is undertaken to clean all equipment in separation stages followed by final cleaning with ethanol to keep all equipment dirt and dust free in preparation stages.

Sample preparation is a multi-stage process:

Stage 1: Sample crushing
The most pristine sections of the sample with no evident weathering or staining are selected and trimmed from the rock using trim saws (if required), and crushed.

Stage 2: Sample drying
Crushed and deslimed (washed) samples is dried in open air or under mild lamp on paper plates. It is sometimes necessary to stir up samples to get them to dry faster. 

Stage 3: Sample sieving
Samples are sieved using manual and/or automated sieve shaker for desired grain sizes (all grains have been sized between 420-250μm) for ~10-15 minutes. Each fraction size obtained in the sieving process was packed separately.

Stage 4: Paper concentration/shaking
This step is undertaken after running a hand magnet over the entire sample fraction to get rid of any magnetic minerals that would obstruct the magnetic separation (Stage 5). The object of this technique is to isolate flat particles/platy minerals (e.g., micas) and to get rid of most of the quartz and feldspars in the sample. The process involves putting a small amount of sample on a copier paper and shaking it slowly at an angle. This leads the ‘round’ particles to preferentially roll off the paper. This is an iterative process and leads to effective separation of ‘round’ minerals from ‘platy’ ones.

Stage 5: Magnetic separation/Frantzing
This step separates the magnetic minerals (biotite/hornblende) from non-magnetic (muscovite/quartz/potassium feldspar) based on their magnetic susceptibility. The 420-250μm sample fraction was first subjected to 0.25A current to separate biotite/hornblende from the sample, followed by separation at 1.0A to separate muscovite from quartz and/or potassium feldspar and/or mixture. All the fractions were packed separately.

Stage 6: Heavy Liquid separation
Potassium feldspar separation from a mixture of non-magnetic entities obtained at 1.0A requires density-based separation. In this process, Tetrabromoethane (TBE) heavy liquid (specific density 2.97g/cm3) was diluted with distilled water to achieve a density of 2.6 g/cm3 to separate quartz (specific density 2.65g/cm3) from potassium feldspar (2.56g/cm3). The process involves separation of ‘heavy’ and ‘light’ aliquots from a mixture through density separation in a separating funnel. The samples are thoroughly washed in an ultrasonic bath following separation to remove any excess heavy liquid on the grains, and dried under the lamp after rigorous washing with distilled water.

Stage 7: Sample picking/brushing
This is the most tedious step and involves final purification of mineral aliquot to maximum purity possible (e.g., removing chloritized mica from pure mica fraction). The process involves hand-picking any impure/weathered grains from the desired clean and pure mineral fraction using surgical forceps under a binocular microscope.

Stage 8: Final sample packing
The object of this step is to load our pure mineral fractions (weighed and labelled) in small aluminium packets, and set up an assembly line for putting them together for neutron irradiation.

Mineral separation details:
	Sample ID
	
Foil ID
	Target Mineral
	Mass (mg)
	Grain Size (µm)
	Grain image

	2746268
	


N10


	White mica
	7.7
	250-420
	[image: A picture containing white

Description automatically generated]

	2746269
	


N11


	Biotite-white mica composite
	6.6
	250-420
	[image: A picture containing indoor, plate, white, black

Description automatically generated]

	2746270
	


N9


	White mica
	10.8
	250-420
	[image: A close up of the moon

Description automatically generated with medium confidence]

	2746271
	


N12


	White Mica
	6.1
	250-420
	[image: A picture containing outdoor, nature, white

Description automatically generated]

	2746272
	


N13
	Biotite-white mica composite
	7.2
	250-420
	[image: A picture containing indoor, milk

Description automatically generated]


Table A1: Mineral separation details

2 Plots for 40Ar/39Ar data interpretation and visualisation for mineral aliquots analysed in this study 
The various plots utilised for visualising 40Ar/39Ar step-heating data for all samples analysed in this study are provided below for each chapter. 

Plot key: (a) 40Ar* radiogenic plot, (b) Arrhenius plot, (c) Ca/K ratio plot and (d) Cl/K ratio plot 

1. Sample 2746278, white mica- quartz muscovite vein, Backstairs Passage Formation

[image: ]

2. Sample 2746279, biotite-white mica composite- phyllite, Backstairs Passage Formation
[image: ]

3. Sample 2746270, white mica- Boudinaged quartz muscovite vein, Tapanappa Formation
[image: ]

4. Sample 27462701 white mica- Non-boudinaged quartz muscovite vein, Tapanappa Formation
[image: ]

5. Sample 2746272, biotite-white mica composite- two mica schist, Tapanappa Formation
[image: ]


3 Sample irradiation
Irradiation of samples for 40Ar/39Ar analysis was undertaken at the University of California Davis McClellan Nuclear Research Centre, CA, US in Central Facility position of TRIGA reactor without rotation, with 1.0mm of Cadmium shielding in four sample batches as ANU CAN #33, 35, 36 and 38. Complete information on irradiation parameters for each CAN is provided in Table 2.

For each sample prepared, calculated quantity of grains of highest quality were weighed and wrapped in labelled aluminium foils. The sample filled foils were placed into a quartz irradiation canister together with aliquots of the flux monitor/standard- Biotite GA1550. The foil packets of GA1550 standards were dispersed 6-8mm apart throughout the irradiation canister, between the unknown age samples. In addition, packets containing K2SO4 and CaF2 were placed in the middle of the canister to monitor argon isotope production from potassium and other interfering elements (Ca, Cl). The samples to be irradiated are stacked together in a glass tube and irradiated in the core of the reactor. This allows them to receive maximum neutron flux dose during the irradiation process. The samples are packed in aluminium foils as aluminium is essentially ‘transparent’ to neutron flux and allows it to pass through freely.
Thereafter, once the irradiation canister has been returned, and ‘cooled’ to safe radiation levels, the samples are rewrapped in tin foils for analysis involving temperature-controlled furnace step heating diffusion experiments on individual mineral separates under high vacuum, and are loaded into the sample holder attached to the ANU gas extraction system and the Thermo Fisher Argus VI multi-collector mass spectrometer. Tin foil is excellent for step-heating experiments as the melting temperature of tin is lower than the experiment starting point in the furnace and gasses from tin can be pumped away prior to the sample analysis.

Calculation parameters for ANU irradiation CANs are as follows:

ANU IRRADIATION CAN#33
Flux monitor: GA1550 @99.18±0.142Ma (intercalibration from Spell and McDougall, 2003)

(36Ar/37Ar)Ca correction factor: 			1.9359E-04
(39Ar/37Ar)Ca correction factor: 			8.3979E-04
(40Ar/39Ar)K correction factor:			2.7126E-02
(38Ar/39Ar)K correction factor:			1.1165E-02
(38Ar)Cl/(39Ar)K correction factor:			8.0802E-02
Ca/K conversion factor			1.90
Discrimination factor			1.00042±0.093%
Lambda 40K			5.5305E-10
Total irradiation power			18.00MW
Irradiation date			10-12 July-2019
Irradiation shielding			Cadmium 1.0mm

ANU IRRADIATION CAN#35
Flux monitor: GA1550 @99.18±0.142Ma (intercalibration from Spell and McDougall, 2003)

(36Ar/37Ar)Ca correction factor: 			2.3222E-04		
(39Ar/37Ar)Ca correction factor: 			6.1622E-04		
(40Ar/39Ar)K correction factor:			2.4612E-02		
(38Ar/39Ar)K correction factor:			1.1662E-02		
(38Ar)Cl/(39Ar)K correction factor:			8.0285E-02
Ca/K conversion factor			1.90			
Discrimination factor			1.00461±0.188%
Lambda 40K			5.5305E-10
Total irradiation power			12.00MW
Irradiation date			19-20 Dec-2019
Irradiation shielding			Cadmium 1.0mm

Table A2: ANU CAN# irradiation details

4 40Ar/39Ar step-heating experiments 
The ANU Argon-lab setup is fully automated, including the interaction between laser, furnaces, the sample chamber, extraction line, mass spectrometer and data collection. The major components of the lab include—the mass spectrometer, ThermoFisher Argus VI and the extraction line with dual individual temperature-controlled furnaces. The controlling thermocouples are placed inside the furnaces for better temperature control and are calibrated by measuring melting temperature of 6 different metals and observing the phase change from solid to liquid. This ensures that same temperature is recorded by the thermocouple and the sample that is being analysed.

40Ar/39Ar step-heating methodology
A temperature-controlled furnace step-heating technique was employed to extract argon isotopes from the samples upon their progressive heating during temperature increments in the experiment until 100% release of 39Ar was achieved. The flux monitors grains were analysed by fusing them using a CO2-continuous-wave laser, releasing all argon isotopes at once. The gas released from both, the samples and the flux monitors were analysed in the ThermoFisher ARGUS VI mass spectrometer. The samples were wrapped in aluminium foil for irradiation purposes and then rewrapped in tin foil upon return following neutron irradiation. The furnace was degassed between samples for 15 minutes to avoid any possible contamination. At the end of each heating step the released gas is exposed to three different Zr-Al getters for 10 minutes that removes active elements. The purified gas is then isotopically analysed in the mass spectrometer. Cleaning of the sample is a vital step in 40Ar/39Ar analyses and this includes prolonged heating of a sample (up to ~12 hours) at lower temperatures (~400°C) to thoroughly clean the sample and expel any extraneous argon, thus ensuring good quality results. In addition, the ANU Argon lab has dual furnaces which are independently run—thus a sample can be in the pre-cleaned stage in one furnace, while another sample can be analysed simultaneously in the other furnace, allowing these long periods of cleaning to be possible and making the lab very efficient in its working.
All samples in this study were analyses with 30 steps for micas and 42 steps for potassium feldspar (including isothermal cleaning steps for potassium feldspar only), and temperature increments rising from 450°C to 1450°C. The dating technique is adapted from McDougall and Harrison (1999) and described in Forster and Lister (2009). Isochron and weighted mean or fusion ages are considered the most reliable conventional methods of age interpretation. This assumption may hold true for a sample with only one age. Isochron ages are meaningless for a sample that may preserve distinct age domains, and weighted mean ages result in producing an average age of all the different ages within a sample. Step-heating experiments interpreted using the method of asymptotes and limits of Forster and Lister (2010) assists in identification of distinct ages within a sample by identifying upper limits, lower limits and intermediate asymptotes in age spectrum of a mineral. This approach is crucial when dealing with poly-deformed samples.

The carefully designed step-heating schedule for the samples results in the production of uniformly populated diffusion experiments, where schedules can be altered to suit different sample types. Such a setup leads to the production of data where distinct age domains can be identified within one sample or even one single grain. Crucial information can be lost if the schedule is poorly defined e.g., if the starting temperatures are too high or too few steps are used. It is important to note that laser-step heating experiments do not have direct temperature control and thus, diffusion parameters cannot be calculated; or furnace fusion technique where a sample is fused or too few steps are done leads to loss of all vital information. 
For each temperature nominated in the heating schedule, two isothermal measurements steps are performed. The first step is a ‘cleaning’ step since the change in temperature may further crack the sample and/or burst fluid inclusions, thereby discordantly releasing additional volatiles. In terms of age calculation, cleaning steps can be ignored, for they are often discordant. This can be seen by comparing the ratio of 39Ar/40Ar of the two isothermal duplicates as shown in Figure 1. The line drawn through the measurement step intersects the y-intercept at atmospheric composition and x-axis intercept provides with an isochron ‘apparent age’. The discordance observed in step ‘n’ and ‘n-1’ in Figure 1 can be explained through the position of 40Ar and 39Ar in the crystal lattice, where 39Ar is hosted in the crystal lattice while 40Ar is not and this causes major differences in diffusion behavior of the two isotopes.

[image: ]
Figure 1: York plot displaying 2 steps of an isothermal sequence.

Once the sample has been analysed, data reduction is undertaken where the measured isotopic abundances are corrected for system backgrounds, mass discrimination, radioactive decay, atmospheric contamination and interfering nuclear isotopes. Furnaces and extraction lines are always degassed thoroughly between samples to avoid any possible contamination.

5 Data Reduction procedures 
Discrimination factors for isotopes are analysed using air, using the 40Ar/36Ar atmospheric ratio of 298.5. Isotopes are measured using Faraday cups involving 51 cycles of 10 minutes each for every isotope. 40K abundances and decay constants are those of Renne et al. (2011). Stated precisions for 40Ar/39Ar ages include all uncertainties in the measurement of isotope ratios and are quoted at the one sigma level and exclude errors in the age of the flux monitor/standard GA1550 (99.18 ±0.142 Ma; Renne et al., 2011). The calculated age for the standard is based on the intercalibration value between GA1550 and Fish Canyon Sanidine age reported in Spell and McDougall (2003). The reported data is corrected for system backgrounds, mass discrimination, fluence gradients and atmospheric contamination. GA1550 standards are dispersed throughout the irradiation canister package amongst the unknown age samples. Once analysed, the measured data is employed to a achieve a linear best fit was then used for the calculation of the J-factor and J-factor uncertainty.
The amount of neutron flux received by each sample (and flux monitors) is different as significant neutrons are absorbed by samples when converting 39K to 39Ar. Thus, each sample receives a different neutron flux dose and has a different J-factor. Flux monitors are stacked between samples of unknown age (8 foils) to measure the J-factor received by them. Mathematically, their J-factor is determined by fusing them with laser in the mass spectrometer which is then plotted on a graph, where a line of best fit is put through the J-factors obtained from dispersed flux monitors foils in the irradiation cannister. If a flux monitor’s J-factor shows a significant offset from the line of best fit, that particular analyses is discarded. J-factor is a dimension-less parameter called ‘irradiation parameter’. Determination of J-factor requires the age of the standard (flux monitor) to be measured and the 40Ar/39ArK ratio obtained from the standard. 
J= (exp𝑡) − 1/ 40Ar*/39ArK
This J-value is then used in equation to determine the age of the unknown sample by employing the value of J and 40Ar/39ArK measured on the unknown sample. Thus, the flux monitor is employed as a ‘neutron dosimeter’, allowing for the determination of J. 
6 Mass spectrometer setup and procedures
Samples and standards were analysed in the Argon Laboratory at the Research School of Earth Science, The Australian National University, Canberra, Australia using a Thermo Fisher ARGUS-VI multi-collector mass spectrometer (Table 3).

Mass Spectrometer:			Thermo Fisher Argus VI
Detector Type:			Faraday Cups only x5
Calibrations:				3 levels (Zero Offset, Gain and Cross Calibration)
Peak Centring			Once for every measurement @H2 (40Ar)
Measurement Cycles:		51 cycles on all detectors
[image: ]Extrapolation Method:		Exponential extrapolation and uncertaintyTable 3: Detector Calibration Values


The calculation parameters:
Lambda 40K	(Renne et al 2011)	5.5305E-10
Lambda 39Ar (Kondev et al 2017)	1.9798E-02
Lambda 37Ar (Kondev et al 2017)	7.0548E-06
Lambda 36Cl (Kondev et al 2017)	6.2985E-09
Flux Monitor		GA1550 @ 99.18 ± 0.142 Ma

Atmospheric Argon correction ratio:
40Ar/36Ar	(Lee et al 2006)	298.57
40Ar/38Ar	(Lee et al 2006)	1,583.52

Flux monitor and decay constant:
The age of the flux monitor (GA1550=99.18Ma) is based on intercalibration from Spell and McDougall (2003), and the potassium decay constant (Lambda40K=5.5305E-10) is based on the reported values in Renne et al. (2011).

Representative air shot and blanks measurements:
The discrimination factor was calculated by analysing five air shots analysis on either side of sample analysis and the calculation of the 1amu was used for the discrimination factor. Table 4 shows an example of the analysed air shots.

	Date
	40Ar ± %err
	38Ar ± %err
	36Ar ± %err
	1amu ± %err
	Reported Value

	22-Mar-2021
	1,888.868
	0.010
	1.154
	1.855
	6.370
	0.264
	1.00173
	0.142
	1.002161 ± 0.106%

	22-Mar-2021
	1,884.422
	0.010
	1.156
	1.618
	6.367
	0.318
	1.00219
	0.167
	

	22-Mar-2021
	1,876.490
	0.009
	1.149
	1.568
	6.325
	0.324
	1.00158
	0.170
	

	22-Mar-2021
	1,880.001
	0.009
	1.157
	1.600
	6.374
	0.301
	1.00304
	0.159
	

	22-Mar-2021
	1,876.307
	0.007
	1.184
	1.519
	6.341
	0.298
	1.00227
	0.158
	


Table 4: Air Shots and Mass Discrimination Factor

The blank measurements are undertaken with different temperatures schedule between 300°C and 1450°C, depending on the degassing behaviour and previous blank measurement results. The degassing and blank measurement procedure continues until the ratios of 40Ar, 38Ar and 36Ar drop to atmospheric ratios, and 39Ar and 37Ar drop below detectable levels. The entire procedure of degassing and blank measurements is repeated at the end of a set of samples. Blank measurements are conducted in-between samples that belong to a set, with reduced steps at 300°C, 1300°C and 1450°C to check isotope levels. In addition, the mass of each sample is calculated so that the volume of gas released from each step overwhelms the volume of gas that may occur in the blank. Table 5 is a representative sequence of measured blank values recorded during a monitoring process. Background levels are measured and subtracted from all analysis, laser and furnace. These are measured for the reactions and uncertainties of (36Ar/37Ar)Ca, (39Ar/37Ar)Ca, (40Ar/39Ar)K, (38Ar/39Ar)K and (38Ar)Cl/(39Ar)K, and are calculated prior to sample analysis.

	Temperature
	40Ar
	39Ar
	38Ar
	37Ar
	36Ar
	40Ar/36Ar

	300
	641.837
	0.311
	0.364
	ND
	2.109
	304.348

	1300
	3,948.850
	2.673
	2.279
	ND
	12.051
	327.676

	1450
	4,706.622
	11.818
	2.195
	ND
	10.854
	433.620

	300
	414.401
	0.476
	0.238
	ND
	1.315
	315.219

	1300
	1,684.850
	4.432
	0.726
	ND
	3.846
	438.074

	1450
	3,125.272
	1.864
	1.329
	ND
	6.327
	493.938

	300
	390.437
	0.906
	0.226
	ND
	1.270
	307.343

	500
	395.597
	0.774
	0.201
	ND
	1.290
	306.619

	700
	397.296
	0.708
	0.243
	ND
	1.261
	315.132

	900
	436.622
	0.649
	0.246
	ND
	1.426
	306.122

	1100
	597.096
	0.641
	0.371
	ND
	1.910
	312.662

	1300
	649.625
	0.607
	0.403
	ND
	2.100
	309.399

	1450
	1,374.433
	0.664
	0.800
	ND
	4.461
	308.095


Table 5: Example of the blanks measurements during a sequence of blanks where isotopes were being monitored prior to sample analysis (* => Not Detectable). Temperature is °C.

Data reduction software:
The calculations were done with an adapted version of Noble Software (2022, developed and adapted by the Australian National University Argon Laboratory) and all interpretation have been undertaken with eArgon (developed and adapted for ANU Argon Laboratory by G.S. Lister). 

Reported Data:
The reported data have been corrected for system backgrounds, mass discrimination, fluence/flux gradients and atmospheric contamination. GA1550 standards were analysed, and an exponential best fit was then used for the calculation of the J-factor and J-factor uncertainty (Table 6). 

Samples J-Factor, Mass Discrimination, and uncertainties:

	Sample
Name
	J-Factor ± %uncertainty
	Mass Discrimination Factor
± %uncertainty
	Measurement Date

	2746268 (Can#33)
	2.3533E-03
	0.232
	1.00042
	0.093
	19-20 Dec-2019

	2746270 (CAN#35)
	2.2537E-03
	0.287
	1.00461
	0.188
	19-20 Dec-2019

	2746156 (CAN#36)
	2.1765E-03
	0.240
	1.00409
	0.134
	11-12 Aug-2020

	2800739 (CAN#38)
	3.2814E-03
	0.185
	1.00171
	0.089
	23-25 Jun-2021


Table 6: Representative sample details.

40Ar/39Ar isotopic data of the samples are supplied in the Excel Data Tables (Appendix 2), which include details on the heating schedule, Argon isotopes abundances and their uncertainty levels, %Ar*, 40Ar*/39ArK (produced from 39K), Cumulative 39Ar%, calculated age and its uncertainty, Ca/K, Cl/K, J-Factor and its uncertainty. Noting that all the reported uncertainties are at one sigma level and the fractional uncertainties are shown as % in the headings of the appropriate columns of data tables. The components involved in the calculation of the uncertainties have listed in Table 7.

	Uncertainty of:
	Components involved in the calculation

	Isotope Abundances
	Uncertainty of isotope measurement
Uncertainty of Mass Discrimination Factor (except for 39Ar)

	J-Factor
	Uncertainty of 40K Decay Constant 
Uncertainty of Age of the Flux monitor
Uncertainty of Flux monitor isotopes abundances

	Calculated Age
	Uncertainty of Isotopes Abundances
J-Factor value and uncertainty of J-Factor
40K Decay Constant value and uncertainty of 40K Decay Constant             


Table 7: Components involved in the calculation of each uncertainty
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