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ABD1KAU1

We present “°Ar/*?Ar ages and boron isotopes of tourmalines from a quartz-tourmaline
intrusion cross-cutting the Hadean detrital-zircon-bearing metasedimentary rocks from the Mt.
Alfred and Brooking Hills localities of the Illaara Greenstone Belt, Western Australia. Concordant
40Ar/Ar plateau ages on the tourmalines at Mt. Alfred give a weighted mean age of 2935 + 9 Ma
(20). These results are the first reported Archean “°Ar/*Ar ages directly obtained on tourmaline,
and provide a minimum depositional age for this sequence, placing constraints on the depositional
timing of detrital Hadean zircons to between 2935 + 9 Ma and c.a. 3250 Ma (youngest detrital
zircon age in sequence). This is the last known occurrence of abundant detrital Hadean zircons
having been directly deposited in a sedimentary sequence, and thus suggests that most Hadean
zircon sources have been exhausted by this time. The 2935 = 9 Ma tourmalines occur within a
quartz-tourmaline intrusion with associated stratiform layers and veins, inferred to have grown
during a hydrothermal fluid circulation event. A younger generation of tourmalines from the
Brooking Hills, 30km south of Mt. Alfred yielded concordant *°Ar/3°Ar plateau ages with a
weighted mean age of 2624 + 16 Ma. These tourmalines occur within and along the margins of
post-kinematic quartz veins, parallel to the foliation fabric and marks the end stage of high
temperature tectono-thermal events within the Illaara Greenstone Belt. The retention of 2935 £ 9
Ma tourmaline ages within the Illaara Greenstone Belt shows that the K/Ar system of tourmaline
remained closed throughout repeated upper-greenschist metamorphic events (~ 450°C) between the
ages of c.a. 2930 to 2630 Ma by opposition to muscovite recording plateau ages of ~ 2.6 Ga. This is
in agreement with an approximate Ar closure temperature between ~534—628°C experimentally

determined in this study.

1.0 INTRODUCTION AND GEOLOGICAL SETTING

Tourmaline is a common detrital and hydrothermal mineral, and is abundant in many rock types
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tnrougnout the worla (DUtrow and Henry, ZUl1). Lhe robust nature OI tourmaline allows IOr tne
retention of distinct boron isotopic signatures and integration of fluid inclusions, useful for many
studies into the host environment of B-rich fluids and determination of P-T paths of the tourmaline
host rocks (van Hinsberg et al., 2011; Marschall and Jiang, 2011). Boron isotopic signatures within
tourmaline are also commonly used in many studies to help constrain the hydrothermal fluid
sources, and potential depositional environment of source rocks (Harraz and El-Sharkawy, 2001).
While incredibly useful when used with other minerals to provide age constraints, tourmaline has
yet to be a commonly used directly-dated mineral.

Successful dating studies on tourmaline are scarce, with two recent studies using the
40Ar/*°Ar technique on young c.a. 300-400 Ma tourmalines (Bea et al., 2009; Martinez-Martinez et
al., 2010). For successful dating via the argon technique, there has to be enough potassium
incorporated into the crystal structure to measure radiogenic argon (McDougall and Harrison,
1999). Tourmaline incorporates very small amounts of K, <0.05 weight %, within its structure
during crystal formation within the crystallographic X-site. The low energy electron capture decay
of ¥K to 4°Ar produces very little energy, and hence negligible lattice damage to the crystal
structure, hindering the formation of fast transport diffusion pathways for quick argon migration or
loss. Obtaining meaningful argon results on tourmaline requires avoiding growth zones, inclusions,
altered zones, and obtaining tourmaline from rocks that haven't been heated above the closure
temperature. The closure temperature of Ar in tourmaline is not well constrained and has yet to be
experimentally determined, however it is suspected to be higher than hornblende; c.a. 550°C
(McDougall and Harrison, 1999) based on comparison of K/Ar ages of tourmaline, hornblende and
muscovite (Andriessen et al., 1991).

The Yilgarn Craton of Western Australia, the source of the tourmalines for this study, is
composed of linear, N-S-trending belts of 3000 to 2900 Ma and 2700 to 2650 Ma greenstones

separated by late Archaecan monzogranite and higher-grade terranes of granitic gneiss such as the
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INarryer lerrane in tne Nw (Figure 1). Ureenstone belts within the central and north-western part o1
the Yilgarn Craton include lenses of metamorphosed sandstone, some of which have yielded detrital
zircons with ages in excess of c.a. 4300 Ma at Mt. Narryer and Jack Hills (Trail et al., 2013),
Maynard Hills (Nelson, 2002; Wyche et al., 2004), and Mt. Alfred (Nelson, 2005; Thern and
Nelson, 2012). These detrital zircons have been extensively studied (Trail et al., 2013), however,
their precise depositional timing is currently not well constrained, with a wide range of maximum
depositional ages for the sedimentary units they are found within (Rasmussen et al., 2010; lizuka et
al., 2011), and no firm minimum depositional ages.

This study aims to: (i) obtain “°Ar/3°Ar ages on separated Archean tourmalines and
investigate their boron isotopic makeup to provide insight into the geological environment they
formed within, (ii) determine the diffusion characteristics of Ar within tourmaline crystals and (iii)

assess the availability of Hadean zircon sources in the geological record (i.e. Hadean terranes).

2.0 SAMPLE SELECTION AND FIELD RELATIONS

Sample sites at the Brooking Hills, Mt. Alfred within the Illaara Greenstone Belt are composed of
metamorphosed sedimentary rocks, including banded iron formations (BIFs) and rhythmites,
metasandstones, metapelites and greenschists. Outcrops have N—S trending planar-foliation fabrics
that are aligned parallel to the Edale and Evanston shear zones. Tourmalines were separated from
four samples collected near the sample sites of Mt. Alfred (sample labels 'MA') and the Brooking
Hills (sample labels 'BH') shown in Figure 1 (inset Mt. Alfred and Brooking Hills simplified
geological sketch maps). Samples MAOS, MAO8 and MA24 were collected east of Mt. Alfred
within the central northern Illaara Greenstone Belt. Samples BHO1, BH04 and BHO5 were
collected at the northern extension of the Brooking Hills, within the centre of the Illaara Greenstone

Belt.
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Z.1 dampie VIAUD
Muscovite sampling site MAOS (S 28°50.678” E 119°59.965”) consists of a fine to medium-grained
greenish-white quartzite with minor muscovite/fuchsite laths. The mica laths are aligned to a 4cm

thick bedding parallel foliation on the eastern margin of this 20 m-thick outcrop.

2.2 Sample MAO8
Tourmaline sampling site MAO8 (S 28°50.590° E 120°00.020°) consists of a multi-textural
assemblage of three contrasting types of tourmaline-bearing rock. The first type is a major, 3x6
meter elongate-along-strike massive hydrothermally-derived intrusion of quartz-tourmaline rock
consisting of approximately 25% tourmaline (50400 um crystals) and 75% quartz, cross-cut by
many quartz veins. The second type is distributed along the margins of this intrusion and
throughout the bedding planes along strike of the outcrop consisting of lathes of up to 100%
tourmalines, as well as recrystallized tourmaline phenocrysts up to 4—10 cm in length and 1-4 cm
wide (Figure 2a,b). Some of these form large boudinaged masses elongated along the shearing
fabric. The third textural type occurs as 2—5 cm thick quartz-tourmaline blocks (~30% tourmaline,
70% quartz) with 3—5 mm bedding parallel layers that may be related to tectonic shearing. These
are boudinaged between layers of siliciclastic metasedimentary rocks as well as some quartz veins.
Tourmalines of the first type are not aligned with the foliation fabrics at sample site MAO8
(Figure 2c), whereas the last two types are commonly aligned or elongated within the foliation
fabric and folding, and exhibit new growths of acicular elongate 1 cm-long crystals commonly

fragmented and deformed around quartz-tourmaline boudinages within the marginal quartz veining.

2.3 Sample MA24
Tourmalines from sample site MA24 (S 28°50.395” E 120°00.042’) form a parallel outcrop about 75

meters to the south of the massive quartz-tourmaline vein at site MAOS, and are composed primarily
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0T MM 10 cm S1Z€ StratlIorm tourmaline layers (Figure 2a). Lhese layers appear tnrougnout the It
Alfred locality, and are often 1-2 cm in size and elongated parallel to the foliation fabric. The
sample site for samples MA24 principally composed of siliciclastic sedimentary rock that contains
alternating fine-grained quartz and quartz-tourmaline layers on a mm to cm scale. These

tourmalines are often aligned with the foliation fabric and are between 0.3—0.5 mm in size.

2.4 Samples BHO1, BH04 and BHO0S

Samples BH01/04 (S 28°56.681” E 120°00.040’; Figure 2e) and BHO5 (S 28°56.699” E 120°00.021°)
were collected from near the Brooking Hills (sample labels “BH”) in the central part of the Illaara
Greenstone Belt from small, 1 to 2 cm wide stratiform quartz-tourmaline veins. Samples are
referred to herein as ‘metasedimentary rocks’, but all have undergone at least greenschist to mid-
amphibolite facies metamorphism and nearly all original sedimentary features have been lost due to
shearing and late stage metamorphic recrystallization, and is compounded by growth of
metamorphic minerals such as muscovite and fuchsite.

An example of this is shown in Figure 3, which shows an overview field photo with
shearing fabric and a quartz-tourmaline stratiform vein (centre). The inset close-up photo shows the
quartz vein which lies parallel with the siliciclastic metasedimentary rock ‘bedding’ plane (label
‘a’) with growth of tourmalines (1.0—3.0 mm) on the margins of this quartz vein (labels ‘b’ and ‘c’).
Similar “edge” growth of tourmalines is also displayed along the margins of sample site MAOS,
where large (mm to cm), acicular crystal growths have formed within fresh quartz veining during
later stage Si0, fluid circulation. These tourmaline growths are often aligned with the foliation
fabric and ‘bedding’ planes as seen in the siliciclastic metasedimentary rock units. This veining
along pre-existing quartz-tourmaline stratiform veins suggests that fluid flow was enhanced along

these, likely weaker foliation fabric planes.
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3.0 ML 1 HUDD
3.1 Sample Preparation

Approximately 5kg of sample was crushed via a conventional jaw-crusher and disc mill to reduce
fragment size, sieved through a 500pum mesh to standardize grain size, and processed over a Wilfley
table to remove the bulk of the quartz and produce 250 grams of heavy mineral separates. The
resulting material was processed through heavy liquid and magnetic separation to separate out the
bulk of the zircons from other heavy minerals present in the samples. These were then sieved into
size fractions of >200um, >100pum, and <100um, respectively, and tourmalines were picked from
the largest fraction.

Tourmalines were separated for 4°Ar/*°Ar analysis by manually separating the cleanest
sample into a c.a. 20 mg aliquot. After hand picking the cleanest tourmaline crystals (without
obvious inclusions, cracks, or core-rim zones) with an optical microscope, the selected tourmalines
were leached in diluted HF for one minute and then thoroughly rinsed with distilled water in an
ultrasonic cleaner. Tourmalines from the massive vein (sample MAOS8) and stratiform veins
(samples MA24 and BH04) were mounted in epoxy resin discs and polished to about a third of the
way through the surface of each grain for boron isotopic analysis on a Cameca IMS S5fE7 ion
microprobe. After thorough cleaning, drying, and gold coating, the mount was imaged by reflected
and transmitted optical light in order to discern the most obvious cracks, inclusions, cores, and other

structures prior to analysis.

3.2 YAr/3°Ar Tourmaline and Muscovite Analysis

Samples were loaded into 5 large wells of one 1.9 cm diameter and 0.3 cm depth aluminium disc.
These wells were bracketed by small wells that included GA1550 biotite used as a neutron fluence
monitor for which an age of 99.77 + 0.11 Ma was adopted, and a good in-between grain

reproducibility has been demonstrated (Renne et al., 1998, 2010). The discs were Cd-shielded (to
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minimize undaesirapble nuclear Interrerence reactions) ana irragaiated 1or 2> nOurs 1n the Hamilton
McMaster University nuclear reactor (Canada) in position 5C. The mean J-values computed from
standard grains within the small pits range from 0.0026752 + 0.0000040 (0.15%) to 0.0026644 +
0.000054 (0.20%) determined as the average and standard deviation of J-values of the small wells
for each irradiation disc. Mass discrimination was monitored using an automated air pipette and
provided a mean value of 1.00646 £+ 0.00238 per dalton (atomic mass unit). The correction factors
for interfering isotopes were (3?Ar/*’Ar)Ca = 7.30x10-4 (= 11%), (C°Ar/37Ar)Ca = 2.82x10-4 (+ 1%)
and (*°Ar/*°Ar)K = 6.76x10-4 (+ 32%).

YOAr/°Ar analyses were performed at the Western Australian Argon Isotope Facility
(WAAIF) at Curtin University, operated as part of the John De Laeter Centre for Isotope Research.
The laser package samples were step-heated using a 110 W Spectron Laser System, with a
continuous Nd-YAG (IR; 1064 nm) laser rastered over the sample for 1 minute to ensure
homogeneously distributed temperature. The gas was purified in a stainless-steel extraction line
using a GP50 and two AP10 SAES getters and a liquid nitrogen condensation trap. Ar isotopes were
measured in static mode using a MAP 215-50 mass spectrometer (resolution of c.a. 450; sensitivity
of 4x107'* mol/V) with a Balzers SEV 217 electron multiplier mostly using 9 to 10 cycles of peak-
hopping. The data acquisition was performed with the Argus program written by M.O. McWilliams
and ran under a LabView environment. The raw data were processed using the ArArCALC
software (Koppers, 2002) and the ages have been calculated using the decay constants
recommended by (Renne et al., 2010). Blanks were monitored every 3 to 4 steps and typical *°Ar
blanks range from 1x107'® to 2x107'¢ mol. Our criteria for the determination of plateau are as
follows: plateaus must include at least 70% of 3°Ar. The plateau should be distributed over a
minimum of 3 consecutive steps agreeing at 95% confidence level and satisfying a probability of fit
(P) of at least 0.05. Plateau ages are given at the 2¢ level and are calculated using the mean of all

the plateau steps, each weighted by the inverse variance of their individual analytical error. Mini-
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plateaus are aerined similarly except tnat tney Inciude between dU% and /U% OT ~“Ar. Integrated
ages (20) are calculated using the total gas released for each Ar isotope. Inverse isochrons include
the maximum number of steps with a probability of fit >0.05. The uncertainties on the “°Ar*/*°Ar
ratios of the monitors are included in the calculation of the integrated and plateau age uncertainties,
but not the errors on the age of the monitor and on the decay constant (internal errors only, see

discussion in (Min et al., 2000)).

3.3 40Ar/3Ar Tourmaline Diffusion

No experiment data currently exist to assess the diffusion kinetic of argon in tourmaline, hence the
true closure temperature of this mineral is still unknown. The closure temperature of tourmaline is
suspected to be higher than hornblende; ca. 550°C (McDougall and Harrison, 1999) based on
comparison of K/Ar ages of tourmaline, hornblende and muscovite (Andriessen et al., 1991).
Andriessen et al., (1991) illustrates the high blocking temperature of these minerals but is semi-
quantitative. Here, we carried out argon temperature-controlled diffusion experiments in order to
better assess the diffusion parameter and closure temperature of tourmaline.

Five tourmaline samples, Mt Alfred site MAO08 (2935 + 9 Ma), and multiple Brooking Hills
tourmaline sites (BH03, BH05, BHO5S and BHO04), all similar to site BHO4 (2624 + 16 Ma), were
used for argon diffusion experiments. We took 1 aliquot for each sample except for MAOS, where
we used multiple aliquots. Each sample included 100-200 grains of stubby to equant ~100-200 pm
diameter (often fragmented) crystals that were picked to avoid fragments affected by alteration or
that contained inclusions or tourmaline core. Samples were placed in a copper foil package for the
furnace run diffusion experiment.

Data reduction procedures are the same as the tourmaline laser section (as above). However,
in contrast to other sample from which a laser was used, these samples were step-heated in a double

vacuum high frequency Pond Engineering furnace. The gas was purified in a stainless-steel
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extraction line using two Ar1U ana one Uru SAED geters and a 11quid nitrogen conaensation trap.
Extraction temperatures were measured using a Pond Engineering thermocouple. Each extraction
step last 10 minutes including 2 minutes for ramping up the temperature and 8 minutes in a steady
state at the desired temperature. Each step was followed by a drop of temperature of 150°C during
mass spectrometer analysis. Ar isotopes were measured in static mode using a MAP 215-50 mass
spectrometer as described for the laser experiments. For the diffusion calculation, we use 3°Ar as
diffusant. 37Ar has been also used as a diffusant for Ca-rich mineral; e.g., Plagioclase; (Cassata et
al., 2009), however, in the present case for two of three experiments (BHO04diff and MAO08diff),
37Ar could not be used as it had completely decayed away at the time of the diffusion measurements
that were done more than 6 months after the laser dating analyses. Hence, no age could be extracted
from the diffusion analyses as 37Ar is required to correct for Ca interferences on mass 3°Ar and ¥Ar.
To illustrate the reproducible degassing behaviour of tourmaline, we plotted the results as degassing
curves (Figure A.1). We used the fraction of 3°Ar and the duration of each step to calculate the D
value using equation 5.29 in McDougall and Harrison (1999). For each sample, -Ln(D) vs. 10000/T
values were plotted in an Arrhenius plots (Figure 4). The two diffusion parameters, namely
activation energy (E,) and pre-exponential diffusion factor (D,), were extracted from the array
defined by the data in the Arrhenius plot, until the experiment reached a temperature where the
crystals break down and start to melt. We used a crystal size radius of 100 um and a spherical
geometry for the calculation, which approximate well the true shape of the broken crystals (Figure
2). Error on the y-axis intercept (Dy) and slope (E£,) are calculated using a robust regression (Isoplot
v3.7; (Ludwig, 2003)) since the scatter in individual data along the regression line is much larger
than the uncertainty on individual measurement. Closure temperatures for each sample have been
calculated using the formulation of Dodson (1973) and for comparison purposes using a cooling
rate of 10 °C/Ma. Uncertainties for each sample were calculated using a Monte Carlo simulation

run on Quantum XL™ software (Scibiorski et al., 2015). This approach allows for the complete
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propagation oI uncertainties on e€ach value (such as variable grain size€) and minimises error
correlations. The simulation consisted of 10,000 random trials using a triangular distribution. The
generated uncertainties were then used for the calculation of the average measured closure

temperature.

3.4 Ion Microprobe Boron Isotopic Analysis

Secondary ion mass spectrometry (SIMS) analyses were undertaken using a Cameca IMS 5fE7 ion
microprobe located on the Hawkesbury Campus of the University of Western Sydney. Sample
surfaces were conductively coated with a 35 nm thick layer of gold using a Leica EM SCD005
sputter coater. Boron isotopic analyses were performed using an O, primary ion source operated at
10 keV and with a secondary-ion extraction potential of 5 keV, providing a net primary ion impact
energy of 15 keV at an incidence angle of 24.6 degrees normal to the sample surface. The
secondary ion mass spectrometer slits were set to obtain a mass resolving power to 500 (10% of
peak height) and an energy window of 50 keV, with no sample energy offset. The magnetic field of
the mass spectrometer was sequentially stepped to direct the species '°B+ and "B+ into an electron
multiplier to determine their count rates. The analytical data were processed using CONCH

(Nelson, 2006) to obtain means and uncertainties.

4.0 RESULTS

4.1 Tourmaline “°Ar/**Ar Geochronology

Selected “°Ar/*°Ar age data, presented in Figure 5 (full data SI Table A to K) show two well-defined
plateau ages for sample MAOS laser packages 1 and 2 (Figure 5a, b), and a plateau for the diffusion
run within the furnace (Figure 5c; SI Table A and B). The two tourmaline multi-grain laser package
YOAr/*Ar plateaus, with ages of 2936 + 21 Ma (probability P=0.08) and 2941 + 19 Ma (P=0.09),

show a consistency between duplicate sample runs where >75% radiogenic 3°Ar is represented in
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tne plateau. k/Ca vs. total “’Ar ana LUK Vvs. Total “”Ar plots are consisient between our two
aforementioned age plateaus (Figure 5a, b). CI/K only has values over ~0 for the first few steps of
both analyses. These steps likely relate to argon released from surficial cracks and were not
included within the age plateaus. The essentially nil values of CI/K also indicates a lack of ClI rich
fluids that can be potentially associated with excess argon (Baxter et al., 2002). K/Ca shows very
consistent values for the age steps incorporated into the plateau age, indicating a lack of Ca-rich
inclusions within our tourmaline. Six single-grain tourmaline step-heating experiments (Figure 5,
and more in SI Table C-H) yield indistinguishable albeit less precise ages, suggesting that no
inherited grains are present. Overall uncertainties for these are higher due to their low K contents
(commonly 0.05 weight %) making it hard to date single crystals. The K/Ca ratios (SI Table A-J)
show that the tourmaline crystals have relatively homogeneous compositions.

A single-grain analysis of one of the MA24 'stratiform' tourmalines resulted in a plateau age
of 3047 + 128 Ma (P=0.16; SI Table H), within analytical uncertainty of the age of 2935 + 9 Ma
obtained on tourmalines from sample MAOS.

Individual large (c.a. 0.5-1 mm) tourmalines from Brooking Hills (BHOS5) yielded younger
ages than those of sample MAOS8. Three individual grains were analysed by “°Ar/3°Ar step-heating,
producing two plateau ages of 2617 = 26 and 2628 + 20 Ma (shown in SI Table I and J). The
average weighted mean age of these two analyses is 2624 = 16 Ma (P=0.50). These tourmalines are
generally larger than those from sample MAOS, and have grown on the margins of late-stage quartz

veins, often parallel to shearing fabric.

4.2 Argon Diffusion in Tourmaline
In addition to the age data presented in this paper, we present diffusion data for six furnace
experiments. The Arrhenius plots (Figure 4) show that the 3°Ar data usually yield two arrays of data

with two distinct slopes before the breakdown of the tourmaline crystals. The shallow array only
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1ncluaes a Iew o OI the total gas, nas a shallow slope and SNOwS Very 1ast aiftusivity at low
temperature (<<50°C). We interpret these data as indicating very fast release of argon by cracks and
defects and coming from any potassium located in low retentive cation sites, and will not be
consider further in this study. The second array of data points includes most of the gas of each
experiment, results a much steeper slope, and forms the age plateau. This is interpreted to be the
release of Ar from the X-site within the tourmaline structure. Furnace data yielded £, (activation
energy) values ranging from ~505-815 KJ/mol and D, (pre-exponential diffusion factor) average
values ranging from ~1.65x10'3 to ~6.95x1027 cm?/s for crystals with an average radius of 100 + 25
um. From those values, we can calculate individual closure temperatures ranging from 492 + 93 to
637 = 61 Ma. To support our diffusion data we compared degassing profiles for other minerals with
closure temperatures close to the range we propose for tourmaline (hornblende and biotite) (Figure
6a). We then modelled the expected degassing curves using average £, and D, values in the
literature and using the ArArDiff algorithm (Jourdan and Eroglu, 2017). These synthetic curves
(Figure 6b) are very similar to the ones we observed in the laboratory, with tourmaline showing the
narrowest degassing peak at ~850°C, similar to biotite, but noticeably lower than hornblende around

1100—1200°C. These temperatures should not be mistaken for closure temperatures.

4.3 Muscovite “°Ar/>*’Ar Geochronology

YOAr/*Ar dating of muscovite from Mt Alfred (MAO5) and Brooking Hills (BHO1) both yielded
well defined plateaus ages of 2601 + 11 Ma (P = 0.38) and 2606 + 11 Ma (P = 0.88) respectively,
based on >90% of ¥Ar in the plateaus (Figure 7). The consistent nature of the plateaus means that it

is very unlikely that they are the product of excess argon that can plague muscovite.

4.4 SHRIMP U-Pb Zircon Geochronology

Zircons from sample MAO8, found in lower abundance than the surrounding siliciclastic
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metaseaimentary rocks, are rounded ana pitteda, consistent with a aetrital origin ana tneir oeing
inherited from the intruded metasedimentary rocks. A summary of ages obtained on 19 zircons are
shown in the Wetherill diagram and Gaussian summation probability plots in (Figure 8; data table
SI Table N). Zircon analyses, while few, form a main concordant age group consisting of 6 analyses
at 3623 + 10 Ma, as well as a semi-discordant group of 2 analyses at 3726 + 2 Ma and the youngest

nearly-concordant analysis of 3272 + 2 Ma (Figure 8).

4.5 Boron Isotopes

Boron isotopic results for samples MA24, MAO8 and BH04 are shown in Figure 9 (more info in SI
Table O) outlining different fields for the formation of tourmaline. The bulk of the analyses on all
three samples have a 3''B variation between -4.0%o 6''B to 1.0%0 8!'B. Sample MA24 has a broad
peak and many analyses below -2.0%o 8''B, sample MAO8 shows a bi-modal distribution above and
below -4.0%0 3''B which mostly relates to cores (enriched 8''B) and rims (depleted 8''B), and
sample BH04 shows a simple population ranging from -4.0%o 6''B to 2.0%0 6''B.

Tourmaline core analyses, as evidenced from SEM microstructural imaging and SIMS,
show that some cores have lower 8!'B values compared to the bulk of the tourmalines. These cores
may be linked with “°Ar/*°Ar late stage heating steps that show ~5-10% 3°Ar around c.a. 3050—
3100 Ma. It has yet to be determined whether these cores are in fact detrital and picked up during
intrusion, or whether they are formed from an earlier fluid fluxing event. Most of the tourmalines
fall within the carbonates and evaporites field, and the decompression and prograde field of

tourmaline formation. All analyses are enriched in heavy boron !'B relative to the continental crust.

5.0 DISCUSSION
5.1 Tourmaline Age and Characteristics

Age summary
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Uur results Snow that tourmaline 1S a good candidate mineral 1I0r “VAL/Z’Ar geocnronology when
proper care is taken to pick only inclusion-free grains. We obtained 9 concordant plateau ages for
tourmaline from Mt Alfred, resulting in a weighted mean age of 2935 = 9 Ma (P = 0.57). The
younger generation of tourmaline at Brooking Hills yielded two plateau ages with a weighted mean

of 2624=16 Ma (P=0.50).

Diffusion parameters

The diffusion experiments produced a range of E, (~505-815 KJ/mol) and D, (~1.65x10" to
~6.95x10%7 cm?/s) values that are highly correlated, producing a range of values that result in linear
regression line. Using a combination of correlated, uncorrelated and average values we calculated
similar, yet discordant, weighted mean closure temperature values. The best first estimate of the
closure temperature is through a weighted mean of the measured experimental temperatures coupled
with the associated uncertainties generated through Monte Carlo simulations. This calculation
produces a closure temperature range of 534-628°C with a mean of ~580°C (95%; MSWD =4.9; P
= 0.0; n = 7); calculated using the largest uncertainty for each individual measurement, and for a
cooling rate of 10°C/Ma. However, the mean closure temperature should only be used as a semi-
quantitative value as the data presented here are discordant as indicated by a very low P-value and
high MWSD, so those are just the first steps in precisely measuring the diffusion parameters of
tourmaline for various compositions and types of tourmalines. The reason for the discordance
between results is not clear. Is there a natural variation of closure temperature due to the structure of
tourmaline, or perhaps affected by fast diffusion pathways? There is also the problem of
dehydroxylation during in vacuo experiments which can lead to erroneous data and will be

addressed in the next section.

The problem of structural change and dehydroxilation in hydrous minerals.
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whnen undaergoing Incremental heating analysis In vacuo, nyarous minerals are partcularly
vulnerable to phase transformations which can affect the release of gas from the mineral and thus its
diffusion kinetics (Lee et al., 1991; Harrison et al., 2009; Cassata and Renne, 2011; Ren and
Vasconcelos, 2019). Structural changes means that one may not be measuring the kinetics of
volume diffusion of a particular crystal but of a modified version of such a crystal. Dehydroxilation
(the loss of the hydroxyl group OH during heating) causes an important phase change in hydrous
minerals such as tourmaline and occurs under vacuum at relatively low extraction temperatures of a
few hundreds of degrees Celsius and between 600 and 900°C at atmospheric pressure (Gonzalez-
Carreno et al., 1988). For comparison, the bulk of the gas extraction of the tourmaline samples
analysed in this study occurs between 800 and 900°C, most certainly above the dehydroxylation
temperature of tourmaline. In natural geological settings at elevated lithostatic pressure, however,
those minerals will stay well below the dehydroxilation temperature during most metamorphic
episodes, thus the diffusion parameters measured in the laboratory will most likely not be applicable
to the original mineral and thus limit their applicability to thermal history reconstructions (Harrison
et al., 2009; Ren and Vasconcelos, 2019). A better approach to measure the diffusion parameters of
a hydrated mineral is to conduct hydrothermal diffusion experiments to allow the crystal structure to
stay stable at higher temperature (e.g.; Harrison et al., 2009). Such an approach was unfortunately
not feasible during the course of this study. Thus, dehydroxylation might be in fact the cause of the
scatter in the diffusion parameters and closure temperature measured in this study (Gaber et al.,
1988).

Another structural change that have been observed during heating of tourmaline is a tightening of
the crystal structure or from de-boronization which both occurs above 950°C (Wang et al., 2018;
Deer et al., 1997, pg 584). However, since most of the argon is released in between 800 and 900°C
(Fig. 6a), this process alone does not affect our ability to measure the Ar kinetics in tourmaline.

In conclusion, the range of £, and D, values measured in this study should be taken as informative
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ana semi-quanuratve and not 10 be used IOr precise tme-temperature nistory reconstruction anda
future work in the form of hydrothermal experiments should be carried out to refine the diffusional
properties of argon in tourmaline. Nevertheless, we believe that these values are not far off from the

true diffusion values of tourmaline for reasons that will be given in the following discussion.

Support for the approximate Ea and D0 values calculated in this study

Muscovite-bearing quartzite sampled in close proximity (<100 m) to the 2.9 Ga tourmaline-bearing
samples underwent the same temperature conditions as tourmaline, yet yielded two well-defined
plateau ages of 2601 + 11 and 2606 + 11 Ma much younger than tourmaline. This region underwent
several upper-greenschist to mid-amphibolite facies (~450°C) events between 2.6 and 2.9 Ga, with a
thermal peak at c.a. 2730 Ma (Nelson, 2001; Chen et al., 2003, 2004), with muscovite giving
consistently younger ages across the region (Jourdan et al., 2014). This evidence, coupled with no
evidence for Cl-rich fluid potentially carrying excess argon (CI/K = ~0; Fig. 5a, b) and the flat
nature of the age spectra lacking any significant indication of 4°Ar loss at 2.6 Ga (Fig. 5), lends
support to the closure temperature of tourmaline being significantly above ~450°C, the closure
temperature of muscovite (Harrison et al., 2009) and estimated peak metamorphic conditions
(Nelson, 2001) hence compatible with a value >530°C.

Fig. 6a shows degassing curves measured in the laboratory for tourmaline, biotite and
hornblende whereas Fig 6b shows similar curves as modelled using the algorithm ArArDIFF
coupled with E, and D, values either measured in this study (tourmaline) or from literature based on
hydrothermal experiments (hornblende and biotite; recalc. by Scibiorski et al., 2015). Fig. 6 shows
that the measured and synthetic curves are approximately in the right location compared to each
other lending additional support for our diffusion values. Tourmaline modelled curve predicts that
tourmaline should release most of its gas between c.a. 700 and 900°C, in comparison with

laboratory heating experiments showing an actual narrower temperature range between 800 and
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YUU~L. LNIS S1gNT aiscrepancy may 1n ract mdicate that the closure temperature oI tourmaline mignt
be located toward the higher temperature portion of the 534-628 °C range calculated in this study.
More work is also required to determine if this value is composition dependent as observed
for feldspar (Cassata and Renne, 2013). Nevertheless, our experiments give a good indication on the
Ar retention propriety of tourmaline with a closure temperature somewhat around 500-600°C,
making tourmaline a highly Ar-retentive mineral that can be used for “°Ar/*Ar dating and
thermochronology. Lastly, those values should not be surprising as tourmaline is known for its

extremely low diffusion rate for other elements (Marschall and Jiang, 2011).

Implications for thermochronology of tourmaline

The preliminary diffusion data presented in this study suggest that tourmaline is a very
retentive mineral, probably similar to amphibole (550°C; McDougall and Harrison, 1999) and
orthopyroxene (OPX: ~620°C; Cassata et al., 2011) and osumilite (~620°C; Blereau et al., 2019).
Such a high closure/retention temperature, in particular if confirmed to be the standard for all types
of tourmaline, makes this crystal ideally suited for studying the high-temperature thermochronology
of tourmaline-bearing rocks that are present in a large range of settings (Dutrow and Henry, 2011).
In particular, since tourmaline is more likely to grow during the prograde P-T history because of
the exhaustion of boron liberation before peak metamorphism (van Hinsberg et al., 2011), 4°Ar/*°Ar
dating may provide information on the prograde history of a rock provided that the system stays
below ~580°C. Peak upper-greenschist to mid-amphibolite grade (~450-550°C) thermal events
throughout the Illaara Greenstone Belt at c.a. 2730 Ma (Nelson, 2001; Chen et al., 2003, 2004) have
thus not reset the 2935 + 9 Ma tourmaline ages, in agreement with the upper range of the closure

temperature calculated in this study.

5.2 Tourmaline Ages Significance
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Lne olaer Zy3> = Y IVia tourmaline age appears to be unusual 1n tnat there are no aated rocks or tis
age within the Illaara Greenstone Belt or in the immediate surrounding area (within ~50km) (Figure
10). In contrast, the Yilgarn Craton as a whole has a number of granitic and volcanic rock
occurrences that are close to, or part of, the Yilgarn basement, with ages between c.a. 2960-2920
Ma measured using U-Pb zircon geochronology (labelled on Figure 1, inset Yilgarn Craton). In
particular, the western part of the Murchison Domain has a 2960-2920 Ma Golden Grove Group,
that is composed of granites and komatiitic and tholeitic basalts (Wang et al., 1998; Mole et al.,
2013; Ivanic et al., 2012). To the south of the Illaara Greenstone Belt is the Penneshaw Formation, a
c.a. 2930-2938 Ma formation (Campbell and Hill, 1988) consisting of amphibolites, massive to
pillowed basalts, and a minor component of sedimentary and felsic volcanic rocks (Nelson, 1997),
and may represent a fragment of the Yilgarn basement, underlying the 2720 Ma Kambalda
Sequence (Kositcin et al., 2008). Some porphyritic micro-granite sills have also been dated within
the Southern Cross Greenstone Belt at 2934 + 7 Ma (Mueller and McNaughton, 2000), and the Lake
Johnston Greenstone Belt at 2921 = 4 Ma (Joly et al., 2010). The existence of rocks within the
basement of the Yilgarn Craton of similar ages to these tourmalines show that the rocks within the
[llaara Greenstone Belt, and throughout the Yilgarn were thermally active during this period -
facilitating hydrothermal activity.

These events are part of, or strongly associated with, a lower greenstone basement that was
the pre-rifted nucleus components of the now disassociated N—S trending greenstone belts
throughout the Yilgarn Craton, including the Illaara Greenstone Belt and the 'basement' siliciclastic
metasedimentary rocks that host the tourmaline intrusion at sample site MAOS8, the similarly aged
stratiform offshoots of this at sample site MA24, and the younger quartz veining-related tourmaline
sample sites BHO4 and BH05. The Hadean zircon-bearing sedimentary rocks were likely associated
with these previously mentioned 2960-2920 Ma greenstone sequences, although it currently cannot

be determined whether they provided the basement to these sequences.
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5.3 Depositional Age Constraints and Implications for Hadean Zircon Source Availability
Stratiform tourmalines occur as post-depositional stratiform layers within the metasedimentary
rocks, and have likely grown during a period of enhanced heating and hydrothermal fluid flow. The
simpler tectonic and metamorphic history of the Illaara Greenstone Belt compared to that of the
Jack Hills has allowed for the determination of a well constrained depositional history. The
40Ar/*Ar tourmaline age of 2935 + 9 Ma, the first Archean tourmaline ever directly dated, provides
a minimum depositional age for the siliciclastic metasedimentary rocks of the Illaara Greenstone
Belt (Figure 10). This age thus constrains the deposition of the original sediments at Mt. Alfred,
which also places constraints on the window of Hadean-zircon-bearing sedimentation and
availability of Hadean grains to between c.a. 2935 Ma and 3250 Ma (Thern and Nelson, 2012).
These metasediments represent the last known occurrence of abundant detrital Hadean zircons
having been directly deposited in a sedimentary sequence. This suggests that most Hadean zircon
sources or Hadean terranes have been destroyed or recycled by this time.

Boron analyses within all tourmaline samples are enriched in heavy boron !'B relative to the
continental crust. The heavy 3!'B signatures between -4.0%o and 2.0%o imply that their fluid source
was likely from volcano-sedimentary rocks in equilibrium with seawater (Garda et al., 2009), and
not derived from the metasedimentary rocks or the continental crust. A non-continental, non-
metasedimentary source of fluids is consistent with volcanic activity in the form of basalts
(including pillow-flows) throughout the Yilgarn Craton between 2960-2920 Ma (Wang et al., 1998;
Campbell and Hill, 1988; Nelson, 1997) and the 2935 + 9 Ma tourmaline age may be related to

formation from heated fluids during a rifting event.

5.4 Late Stage Tourmalines

The tourmalines from the Brooking Hills sample site BHOS5, with an age of 2624 + 16 Ma, are
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signiricantly younger tnan tnose oI sample IVMIAUS. Lhelr 1ormation along tne margins ol quartz
veining, as displayed in (Figure 3), suggests either that (i) late-stage quartz vein fluids were B-rich,
or (ii) they became B-enriched by interacting with the surrounding metasedimentary rocks via
breakdown of local B-rich minerals. Their similar 8!''B isotopic signatures suggests a common
source, or recycling of similar boron rich fluids.

The “°Ar/3°Ar dates obtained for the younger generation of tourmalines correspond to the
timing of quartz veining throughout the Illaara Greenstone Belt during semi-ductile to brittle late-
stage deformation (See Figure 3; (Chen et al., 2004)). Since quartz veins (some with tourmaline
crystallization and some without) cross-cut existing folding and shearing, this age defines the end-
stage of high-temperature (300—400°C) metamorphism within the Illaara Greenstone Belt. These
younger tourmalines show that this mineral is well suited for the assessment of low-temperature
hydrothermal histories during remobilization of B-rich fluids, as revealed by the younger generation
of 2624 + 16 Ma tourmalines identified in this study.

The siliciclastic metasedimentary rocks of the Illaara Greenstone Belt hosting these
tourmalines represent rafts of greenstones that have been separated from a potentially common
proto-terrane nucleus after c.a. 3000 Ma. These were then incorporated into the Yilgarn Craton by
bringing together foreign and neighboring greenstones and associated quartzites between 2935 + 9
Ma (minimum depositional age for common sandstone/quartzites) and 2624 + 16 Ma. Late stage
shearing at c.a. 2624 + 16 Ma (Chen et al., 2003) is synchronous with the younger generation of
tourmaline formation within the margins of quartz veining and defines the end of greenschist
metamorphism and shear zones within the Illaara Greenstone Belt. These two generations of
tourmaline thus constrain the start and end of the major tectono-thermal events within the Illaara

Greenstone Belt.

6.0 CONCLUSIONS
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1) “°Ar/*°Ar tourmaline ages of 2935 + 9 Ma, the first Archean tourmaline ever directly dated,
reveals the minimum depositional age for the siliciclastic metasedimentary rocks of the Illaara
Greenstone Belt. This age constrains the deposition of the original sediments at Mt. Alfred, and
places limits on Hadean-zircon-bearing source rock availability to weathering and deposition to
between 2935 + 9 Ma and 3250 Ma. This is the last known occurrence of abundant Hadean zircons
having been directly deposited in a sedimentary sequence, and thus suggests that most Hadean
zircon sources have been exhausted by this time, and by extension could indicate no more Hadean

terranes after 2935 Ma.

2) The Mt. Alfred Hadean-zircon bearing siliciclastic metasedimentary rocks have a less complex
post-depositional tectonic and metamorphic history than those of the Jack Hills, with a minimum

depositional age of 2935 + 9 Ma, and no major tectono-thermal events younger than 2624 + 16 Ma.

3) A younger generation of tourmalines from the Brooking Hills, show that late stage hydrothermal
quartz-vein fluids remobilized boron and crystallized new tourmalines at 2624 + 16 Ma. This age,
coupled with field relations of quartz-tourmaline veins that cross-cut tectonic shearing fabrics,
defines the age of the final major metamorphic and hydrothermal activity within the Illaara

Greenstone Belt.

4) Diffusion experiments on argon in tourmaline yield an average semi-quantitative closure
temperature of 580 + 47°C. These results suggest that tourmaline is among the most Ar-retentive
minerals, and will retain a crystallization age even after upper-greenschist to mid-amphibolite facies

metamorphic events.
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5) paung tourmaline by the “VAI/’Ar technique OIIers a unique approacn to tne resolution of
complex geological relationships and P-T7 histories within many geological contexts, including

Archean metasedimentary environments, previously closed to geochronological investigation.
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FIGURE CAPTIONS
Figure 1: Map of the Yilgarn Craton, Western Australia, showing the Maynard Hills and Illaara
Greenstone Belts of the Southern Cross Domain with inset maps of the Mt. Alfred (samples MAOS,

MAZ24) and Brooking Hills (samples BH04, BHOS5) sampling localities.

Figure 2: Tourmalines from sample MAOS in an ion-probe mount (A) and as separate grains (B).
(A) Selected grains (lower case a) show terminations and crystal facets. Many grains show fluid
inclusions. Some grains show core and rim overgrowths (c, r). (B) tourmalines as separate grains,
showing surfaces of each grain. Selected grains (lower case b) shows cross-section of a classic
hexagonal-trigonal tourmaline shape. Many grains have been broken or are fragments due to, at
least in part, the crushing and milling during heavy mineral separation. Photomicrographs of sample
MAO8 (C), MA24 (D) and BHO1 (E) under cross-polarized light and at 45°. See online version for

colour.

Figure 3: Tourmaline sample BHOS field photo of quartz-tourmaline stratiform veining with quartz

centre (a) and tourmaline growth on edges of vein (b and c). Geological hammer for scale. See

online version for colour.
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F1gure 4: Arrnenius plots T0or seven rurnace experiments. 1ne rurnace dirrusion experiments suggest
a tourmaline Ar closure temperature of 580°C, with a range of measured closure temperatures

between c.a. 490 to 640°C.

Figure 5: Argon age plateaus for tourmaline sample MAOS laser packages (A) and (B) with CI/K vs.
total 3°Ar and K/Ca vs. total ¥Ar plots. Single grain laser and multi-grain (MG) laser and furnace-
diffusion experiments for Mt. Alfred samples MA0O8 and MA24 and Brooking Hills sample BHO5

represented as weighted averages in (C).

Figure 6: A comparison of degassing profiles for hornblende, biotite and tourmaline, minerals with
similar Tc ranges to what we propose for tourmaline. (A) Degassing curves measured in the lab, (B)

modelled degassing curves.

Figure 7: Argon age plateaus for multi-grain muscovite samples MAOS5 (A) and BHO1 (B) from Mt

Alfred and Brooking Hills respectively.

Figure 8: Zircon populations within sample MAO8. All uncertainties on ages are given at 2c. (A)
Wetherill diagram showing main concordant age group at 3623 + 10 Ma; (B) Gaussian probability

plot. See online version for colour.

Figure 9: Graphs of boron isotopic results for samples MA24, MAO8 and BH04. Histogram in (A)
shows most analyses around 8!' B value of -2.0. Sample MA24 has a broad peak and many analyses
below -2.0, sample MAO8 shows a bi-polar distribution above and below -4.0, and sample BH04
shows a simple population centering around -1.0. Stacked analyses are shown in graph (B), which

shows different fields for the formation of tourmaline. Most of the tourmalines fall within the
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caroonatcs and cvapories T1iCid, Or alSo nc daccompression and prograac TIicld oI tourmaline

formation. All analyses are enriched in heavy boron versus the continental crust.

Figure 10: Geodynamic history of the Illaara Greenstone Belt with igneous zircon probability
histogram on the right (GSWA local dataset compilation) and timeline. Minimum depositional age
constraints shown by the sample MA08 “°Ar/*Ar tourmaline age of 2935 + 9 Ma. Igneous zircon
age peaks correspond with tectono-thermal events (Chen et al., 2003; Chen, Witt, et al., 2001), and
post-kinematic intrusions (Chen et al., 2004). Timing of post-deformation quartz veins with

associated tourmaline (BHOS) is shown as the final event at 2624 + 16 Ma.

SUPPLEMENTARY INFORMATION

Table A—M: “°Ar/*Ar data, K/Ca and inverse isochron plots for each aliquot of tourmaline. Table
A: MAOS8, multigrain aliquot. Table B: MAO08, multigrain aliquot. Table C: MAO8, single grain
aliquot. Table D: MAO08, single grain aliquot. Table E: MAO0S, single grain aliquot. Table F: MAOS,
single grain aliquot. Table G: MAOS, single grain aliquot. Table H: MA24, single grain aliquot.
Table I: BHO1, multigrain aliquot. Table J: BHOS, multigrain aliquot. Table K: MA08, multigrain
diffusion experiment. Table L: MA08, multigrain diffusion experiment. Table M: BH04, multigrain
diffusion experiment. Each table contains multiple tabs that are labeled with their contents including
Y0Ar/°Ar results (Relative abundances), age plateau and inverse isochron.

Table N: Table of SHRIMP analytical results for sample MAOS

Table O: CONCH Generalized report of boron analysis.

Table P-Q: “°Ar/**Ar data, K/Ca and inverse isochron plots for each aliquot of muscovite. Table P:
MAOS5. Table Q: BHO1.

Figure A.1: Selected degassing curves of data from furnace (blue) and laser (red) experiments.

39 Ar/dT represent the amount of gas per temperature (d7) or laser power (d7*) increment.
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