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Abstract 

The timing of final assembly and initiation of subsequent rifting of Rodinia is disputed. New 

rutile ages (913 ± 9 Ma, 900 ± 8 Ma and 873 ± 3 Ma) and published zircon, monazite, 

titanite, biotite, muscovite and xenotime geochronology from the Capricorn Orogen (West 

Australian Craton) reveal a significant early Neoproterozoic event characterized by very low 

to low metamorphic grade, abundant metasomatism, minor leucogranitic and pegmatitic 

magmatism and NW–SE fault reactivation episodes between ca. 955 and 830 Ma. 

Collectively, these are termed the ca. 955–830 Ma Kuparr Tectonic Event. An age range of 

ca. 955–830 Ma is concomitant with the final stages of Rodinia assembly and the initial 

stages of its attempted breakup. Very low- to low-grade metamorphic and structural 

geological evidence favour a distal north–south compressional regime as the driver for 

hydrothermal activity during ca. 955– 830 Ma. Nearby continental collision or accretion from 

the west (e.g., South China and/or Tarim) are ruled out. The cessation of metasomatism and 

magmatism in the West Australian Craton after ca. 830 Ma is concomitant with the 

emplacement of the Gairdner–Amata dyke swarm and associated magmatic activity in South 

China and Laurentia, the inception of the Adelaide Rift Complex and the deposition of the 

Centralian Superbasin. We posit that the cessation of hydrothermal activity in the Capricorn 

Orogen was caused by a tectonic switch from compressional to extensional at ca. 830 Ma. 

Magmatic and hydrothermal fluids were transferred away from the Capricorn Orogen to the 

incipient Adelaide Rift Complex, terminating metasomatism in the West Australian Craton. 
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1 INTRODUCTION 

The assembly and breakup of ancient supercontinents are a focus of the Earth sciences. The 

configuration of supercontinents Pangea and Gondwana are relatively well established 

(Veevers, 2004) but more ancient supercontinents remain strongly debated. This is 

particularly the case with the Meso- to Neoproterozoic supercontinent Rodinia (Cawood et 

al., 2017; Li et al., 2008; Merdith et al., 2017; Wen et al., 2017). The true configuration 

during the final stages of its assembly remains elusive due to a paucity of magmatic rocks on 

which to obtain adequate paleomagnetic and geochronological constraints (Fig. 1). It follows 

that the onset of continental rifting is difficult to decipher because the basal ages of 

sedimentary basins cannot be reliably established. Moreover, extensional events are difficult 

to decode due to the overprinting of orogenic belts by Gondwanan and Pangean tectonism 

(e.g., the Pan–African Orogeny). The above problems mean that both the final assembly of 

Rodinia and its initiation of subsequent rifting are strongly debated. The final assembly is 

thought to have finished by ca. 850 Ma and initial extension is at least recorded by ca. 830 

Ma but individual portions of Rodinia may have started to rift apart as early as ca. 1070 Ma 

(Camacho et al., 2015; Li et al., 2013; Tack et al., 2001). Having both collision and extension 

at the same time is geologically feasible, but the timing overlap makes it difficult to interpret 

these events on geochronological data alone. To better address the dynamics of 

supercontinent assembly and breakup, it thus becomes significant to understand when and 

where collisional/accretionary processes halted and subsequent extensional processes began 

to dominate. 
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Here, we present rutile geochronology and trace element geochemistry of nine samples from 

the Capricorn Orogen in the West Australian Craton, which reveal a series of hydrothermal 

events during ca. 915–870 Ma that has previously only been hinted at in Western Australia. 

Together with previously published ca. 955–830 Ma zircon, monazite, titanite, biotite, 

muscovite and xenotime geochronological data from the Capricorn Orogen, we evaluate the 

relationship and tectonic significance of this metasomatic activity, purported Rodinia 

configurations and the attempted breakup of the supercontinent. Ultimately, our data 

strengthens the argument that collisional and accretionary processes dominated until ca. 830 

Ma, at which point extensional mechanisms began their attempted breakup of Rodinia. 

 

2 GEOLOGICAL BACKGROUND OF THE CAPRICORN OROGEN 

The Capricorn Orogen records a protracted tectonothermal history that amalgamated 

Archean–Paleoproterozoic terranes, welding the Pilbara Craton, Glenburgh Terrane and 

Yilgarn Craton to form the West Australian Craton (Fig. 2; Cawood and Tyler, 2004; Johnson 

et al., 2011b; Johnson et al., 2013). With over one billion years of intracontinental reworking 

and sedimentation spanning most of the Proterozoic, the complex tectonic history of the 

Capricorn Orogen is now subdivided into at least seven distinct tectonothermal events: (i) the 

2215–2145 Ma Ophthalmia Orogeny, which sutured the Glenburgh Terrane to the Pilbara 

Craton (Krapež et al., 2017; Rasmussen et al., 2005), (ii) the 2005–1950 Ma Glenburgh 

Orogeny, which amalgamated the combined Pilbara Craton–Glenburgh Terrane with the 

Yilgarn Craton to form the West Australian Craton (Johnson et al., 2010; Johnson et al., 

2011b; Occhipinti et al., 2004; Sheppard et al., 2004), (iii) the 1820–1770 Ma Capricorn 
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Orogeny, the first of a series of intracontinental reworking events (Sheppard et al., 2010a), 

(iv) the 1680–1620 Ma Mangaroon Orogeny (Sheppard et al., 2005), (v) the 1320–1170 Ma 

Mutherbukin Tectonic Event (Johnson et al., 2011a; Korhonen et al., 2017), (vi) the 1030–

955 Ma Edmundian Orogeny (Martin and Thorne, 2004; Occhipinti, 2007; Occhipinti and 

Reddy, 2009; Sheppard et al., 2007), and (vii) the c. 570 Ma Mulka Tectonic Event 

(Sheppard et al., 2010b; Wingate and Giddings, 2000). Additionally, a poorly defined low-

grade metamorphic event is purported to have occurred during the early Neoproterozoic 

(Johnson et al., 2009; Korhonen et al., 2017; Occhipinti, 2007; Occhipinti and Reddy, 2009; 

Piechocka et al., 2017; Piechocka et al., 2018; Sheppard et al., 2007; Wingate et al., 2011). 

However, the cause of these Neoproterozoic ages is still a matter of speculation because their 

significance is not systematically interpreted in unison.  

 

3 METHODOLOGY 

3.1 Sample selection and preparation 

Rutile grains in a total of 24 samples were dated and geochemically characterized in a 

regional study of the Capricorn Orogen between 2014 and 2017 (Plavsa et al., 2018). In this 

study, four of the 24 rutile samples are presented because only these four samples yielded 

reliable Neoproterozoic ages, an age bracket that has previously been poorly reported in 

Western Australia. Five other samples in the Capricorn Orogen (184160, 184161, 152526, 

144898, 168937; see locations Fig. 2) may have also experienced Neoproterozoic 

tectonothermal events. However, the high percentage of common Pb in all rutile analyses 

from these five other samples did not yield concordant ages nor statistically reliable discordia 
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intercepts. An explanation for why only these samples show Neoproterozoic ages are 

evaluated in the discussion. For a full compendium of all rutile samples analyzed from the 

2014–2017 Capricorn Orogen campaign, including those not presented here, see Plavsa et al. 

(2018). 

Heavy mineral separates and thin sections for the selected samples were obtained from the 

Geological Survey of Western Australia (GSWA). From the four rutile samples presented in 

this study, one heavy mineral separate (sample 187403) was hand-picked and mounted in 

epoxy resin. The other three samples (70747, 190607 and 190608) were cut and sent for thin 

section preparation. To ensure a highly polished surface necessary for electron backscatter 

diffraction (EBSD), all four samples were finished with a 0.06 μm colloidal silica suspension 

polish for 3–4 hours in a NaOH solution (pH = 10) on a Vibromat II polisher. Finally, all 

samples were carbon coated. 

3.2 Rutile imaging 

TiO2 phases were imaged using backscatter electron (BSE) on a Tescan MIRA3 field 

emission gun scanning electron microscope (FEG-SEM) at the John de Laeter Centre, Curtin 

University, Perth. The operating conditions include an accelerating voltage of 20 kV, 12–27 

nm spot size and 14–20 mm working distance. TiO2 phases were identified by EBSD on the 

same instrument. Full analytical procedures and operating conditions used for rutile imaging 

are found in Plavsa et al. (2018).  

3.3 In situ U–Th–Pb and trace element analysis 
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U–Th–Pb isotopic and trace element measurements were made using a laser ablation split 

stream (LASS) at the University of California, Santa Barbara and at Curtin University, Perth 

between 2014 and 2017. A brief overview of operating conditions is given here; for a detailed 

outline of the LASS instrumentation and techniques, see Kylander-Clark et al. (2013). The 

operating conditions included spot sizes of 23–35 µm, laser fluences of 3–5 J cm-2, laser 

pulses of ~100 ns and repetition rates of 4–5 Hz. The total acquisition time was 75 seconds, 

including 40 seconds of background signal collection, 20 second sample ablation and 15–17 

second washout period. The sample surface was cleaned by firing two laser shots prior to 

each analysis in order to remove surface contamination. The ablated material was carried by 

He gas and subsequently mixed with Ar prior to input into the plasma. 

During both analytical sessions, the set-up for carrying out U–Pb isotopic measurements was 

kept the same in order to ensure consistency between the two laboratories. The U–Pb 

measurements were carried out on the multicollector (MC-ICP-MS) consisting of 12 Faraday 

cups equipped with 1011 ohm resistors and four ETP discrete-dynode ion counters. The 238U 

and 232Th were measured using the Faraday cups and the 206Pb, 207Pb, 208Pb and 204Pb + Hg 

were measured on the ion counters. Post-acquisition data processing including calculations of 

U–Pb isotopic ratios and their uncertainties were carried out using Iolite software (Paton et 

al., 2011). Precision on individual analyses can be variable and largely depends on the 

concentration of U, Pb and Th, with lower concentrations yielding predictably lower 

precision. Mass-bias and instrumental drift corrections were carried out using the common 

standard-sample-standard bracketing method, with typical run consisting of a suite of NIST 

glass, matrix-matched internal standards and multiple rutile reference materials at the 

beginning and end of the run, with internal standards (Rutile R10) analysed throughout the 
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run, typically after 9 analyses of unknown grains. Up to 120 unknowns were commonly 

analysed in one run and the entire suite of samples was analysed during continuous 

acquisition over three days. To monitor the accuracy of the LASS method, multiple rutile 

reference materials were analysed during the entire analytical session. The primary standard 

used for standard-sample bracketing is rutile R10 from Gjerstad, South Norway (Luvizotto et 

al., 2009). Reference standards treated as unknowns during the analytical session to test the 

accuracy of the method include Suguluk-4 from Trans-Hudson Orogen, Canada (Bracciali et 

al., 2013), PCA-S207 from East Lake Athabasca region, Canada (Bracciali et al., 2013), rutile 

from weakly retrogressed high pressure eclogite in the NW part of Gurskøy, Norway (9826J; 

Kylander-Clark, 2008), R13 and R19 (Luvizotto et al., 2009; Zack et al., 2011) and Windmill 

Hill Quartzite (WHQ; Clark et al., 2000; Taylor et al., 2012). The uncertainty is typically 

<2% for majority of the standards analyzed and demonstrates the validity of the adopted 

analytical method.  

Trace element concentrations for the reference materials and samples were measured 

simultaneously on an Agilent 7700x quadrupole ICP-MS. NIST and BHVO glasses were 

used as a calibration reference materials for concentration determination and to correct for 

any instrumental drift, mass bias and elemental fractionation. Internal standardization was 

done stoichiometrically assuming 100% TiO2 (i.e. 59.94% Ti). Rutile standard R10 was 

monitored within each run along with the other reference materials (R13, R19, PCA, SUG, 

9826J and WHQ). Measured trace elements include 49Ti (internal standard), 27Al, 28Si, 43Ca, 

51V, 52Cr, 55Mn, 56Fe, 59Co, 60Ni, 63Cu, 90Zr, 93Nb, 95Mo, 118Sn, 121Sb, 178Hf, 181Ta and 182W 

(elements in italics were only measured at the Curtin University LASS lab). Post-acquisition 

data processing was carried out using Iolite software (Paton et al., 2011) along with 
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concentration calculations using normalized sensitivity equations of Longerich et al. (1996). 

The precision on individual analyses is dependent on the spot size (approximately 1.2% better 

on average for 35 μm spot size) and the concentration of analyte element in the sample. 

Typical precision on individual analyses obtained during the analytical session are >5% for 

elements <10 ppm, 3–5% for elements between 10 and 100 ppm and typically <3% for 

elements >100 ppm. Uncertainties on individual spot measurements are cited at 2σ level and 

include the internal uncertainties associated with counting statistics only. For the analyses 

performed at Curtin University, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th and 238U were 

measured on the Agilent quadrupole, allowing for reliable calibration of the concentrations of 

these elements. The U and Pb concentrations for samples run at Santa Barbara are 

approximations only as they could not be robustly compared to known standards. 

Results were filtered for reliability by concordance, common Pb and mineral inclusions. 

Analyses are considered concordant if they overlap with a 207Pb/206Pb vs. 238U/206Pb 

concordia curve (Spencer et al., 2016). Concordant dates and mildly discordant analyses 

(<10% discordance) tend to have 206Pb/208Pb ratios >10, whereas more strongly discordant 

dates have 206Pb/208Pb ratios <20. As rutile does not favor the incorporation of Th, any 208Pb 

can be reasonably assumed to have been inherited as common Pb except in the rare instances 

where Th is above detection limit (Zack and Kooijman, 2017). A 206Pb/208Pb cut-off value of 

10 corroborates with empirical constraints in rutile from Zack et al. (2011). Therefore, 

analyses with 206Pb/208Pb<10 were considered unreliable. Due to the high number of 

discordant analyses, common Pb corrections such as those presented in Zack et al. (2011) 

were not applied. For concordant analyses, common Pb as indicated by 208Pb is below 

detection limit for >90% of analyses. Analyses where inclusions of silicate minerals (mostly 
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quartz) and/or zircon, apatite, monazite and ilmenite were observed under BSE were filtered 

out of the dataset. All ages are presented as 238U/206Pb ages and uncertainties reported in the 

text are quoted at 2σ. 

Zr-in-rutile temperatures were calculated from the LASS data using the method of Tomkins 

et al. (2007) at pressures of 4 kbar. This pressure is consistent with the metamorphic 

pressures in assemblages where rutile is stable during the ca. 1210–1170 Ma stage of the 

Mutherbukin Tectonic Event (see discussion for link to the Mutherbukin Tectonic Event; 

Korhonen et al., 2015; Korhonen et al., 2017). 

Full isotopic and trace elemental data set for the samples is given in supplementary Table A. 

 

4 RESULTS 

4.1 Sample descriptions and petrographic characterization 

Sample 70747 is a metasiltstone unit from a shear zone within the 2005–1970 Ma Dalgaringa 

Supersuite at the southern margin of the Gascoyne Province (Fig. 2). The main assemblage 

consists of quartz (40–45%) and chlorite (55–60%), with trace garnet and accessory rutile and 

zircon. Microgranular quartz (0.5–1 mm) and chlorite define the foliation in the rock. Rutile 

forms euhedral to subhedral individual grains or fine-grained anhedral aggregates 

occasionally up to ~300–400 µm in size within the chlorite-rich domains. They are 

commonly twinned, brown in colour and can be up to ~300–500 μm in size. The long axes of 

rutile grains are parallel to the foliation, suggesting they formed contemporaneously with the 

main fabric-forming event. Under BSE, rutile is mostly homogeneous but some zonation is 
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occasionally present (Fig. 3a; supplementary Fig. A). Sub-micrometre oriented ilmenite 

needles occur in a majority of grains, while some of the grains are deformed as evidenced 

twin plane bending (Plavsa et al., 2018). 

Sample 187403 is a quartzite from the Mumba Psammite unit of the 2240–2125 Ma Moogie 

Metamorphics and it is located within the Mutherbukin Zone (Fig. 2). The entire sample was 

crushed for mineral separation, thus a complete petrographic report is not available. Electron 

backscatter diffraction (EBSD) revealed that rutile was the only TiO2 phase in the sample 

(Plavsa et al., 2018). The rutile textures and luminescence under BSE are quite variable. Most 

common are homogeneous moderately to highly bright grains (Fig. 3b). Homogeneous less 

bright rutile grains are also present (supplementary Fig. B) as well as oscillatory zoned rims 

around moderately bright to bright grains (supplementary Fig. B). Some rutile grains show 

oscillatory zoning with Fe-rich cores (approaching ilmenite compositions) and Fe-poor rims 

(Fig. 3c; supplementary Fig. B). Grains with patchy brightness are also found, where the 

brighter patches correspond to regions enriched in W and Nb (supplementary Fig. B). 

Sample 190607 and 190608, collected adjacent to each other, are pelitic gneisses from the 

1840–1810 Ma Leake Springs Metamorphics (Fig. 2). Both samples comprise quartz, 

cordierite, fibrolite (sillimanite), chlorite, green biotite, feldspar and accessory muscovite, 

rutile and zircon. Quartz is polygonal, and biotite is mostly randomly oriented and interstitial 

to other major components. Large (up to 1.5mm) elongate cordierite grains contain inclusions 

of biotite, quartz, rutile and zircon grains with typical pleochroic halos. Cordierite rims are 

commonly embayed and replaced fibrolite–chlorite intergrowths. Rutile occurs as elongate 

prismatic, euhedral grains up to 500 µm in size, and in some cases rimmed by ilmenite. In 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Page 12 

 

 

 

BSE images, rutile has homogenous brightness, and no zoning was observed (Fig. 3d; 

supplementary Fig. C, D). The textural features (sharp boundaries, euhedral habit) and the 

absence of zoning suggest that rutile is in equilibrium with the coexisting minerals.  

4.2 U–Pb Geochronology 

Rutile in sample 70747 yielded concordant to strongly discordant ages (Fig. 4). Concordant 

ages span between ca. 1200 and 900 Ma, with a peak at ca. 920 Ma (Fig. 4, supplementary 

Fig. E). 

Rutile grains from sample 187403 yielded a variety of textures and a large proportion of 

concordant analyses, with most textures yielding both concordant and discordant analyses 

(Fig. 4). Patchy and zoned rutile did not yield concordant ages because of high common Pb 

and domain mixing, respectively. Concordant analyses range in 238U/206Pb dates between ca. 

1200 and 850 Ma, with the largest population towards the younger end at ca. 900–850 Ma 

(green analyses in Fig. 4). A small peak also exists at ca. 1100 Ma. An inverse relationship 

exists between concordant grain date and BSE brightness. Individual rutile grains do not yield 

different age populations, with the exception of two grains. However, discordant, oscillatory 

rims around concordant bright to moderately-bright cores are common (Fig. 3b).  

Rutile from sample 190607 and 190608 yielded a majority of concordant to mildly discordant 

dates (<10% discordance) spanning in the range of ca. 1160–850 Ma, with peaks at ca. 1100 

and 900 Ma (Fig. 4). Both samples yielded similar age spectra. Given that 190607 and 

190608 were from the same sampling site, their similar age distributions are not surprising. 

Five other samples yielded U–Pb age spectra that could also record ages between ca. 1200 

and 850 Ma (supplementary Fig. F). None of these samples yield concordant dates nor are 
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discordia intercepts statistically-consistent with a single population. It is possible that a 

similar spread of dates between 1200 and 850 Ma is present in some or all of these samples. 

However, the incorporation of variable proportions of common-Pb in rutile inhibits further 

interpretation of the data. 

4.3 Trace element geochemistry 

All four samples are classified as metapelitic rocks as opposed to metabasic rocks when using 

a log(Cr/Nb) discriminator for rutile (Fig. 5) (Triebold et al., 2007; Zack et al., 2004). This 

confirms petrographic observations at the meso- and micro-scale. 

All samples show remarkably consistent Zr concentrations, which translate to homogeneous 

Zr-in-rutile temperatures that are consistent irrespective of age (Fig. 6). Sample 70747, 

190607 and 190608 have consistent Zr-in-rutile temperatures even for analyses that are 

strongly discordant (Fig. 7). Sample 70747 has a weighted mean Zr-in-rutile temperatures for 

all analyses of 532 ± 7 °C (MSWD = 0.20, p = 1; Fig. 7). Sample 190607 and 190608 have 

identical Zr-in-rutile temperatures of 580 ± 5 °C (MSWD = 0.60, p = 0.96) and 580 ± 3 °C 

(MSWD = 0.35, p = 1), respectively (Fig. 7). Sample 187403 shows similarly homogeneous 

Zr-in-rutile temperatures for concordant and mildly discordant (<10% discordance) analyses, 

whereby the concordant data yield a weighted mean of 648 ± 3 °C (MSWD = 0.35, p = 1). 

Strongly discordant analyses have significantly lower and heterogeneous Zr-in-rutile 

temperatures, which are predominantly from analyses on patchy rutile grains and those 

forming rims around brighter grains (Fig. 7). 

In samples 70747, 190607 and 190608, rutile has a relatively low abundance of cations other 

than Ti. All samples contain less than 6% trace element, with the exception of a few analyses 
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with high Al that are presumably due to inclusions. For measured elements in these three 

samples (V, Fe, Nb, Ta, Cr, W and Al), there is no age-dependent chemical variation. This in 

in marked contrast to concordant analyses from sample 187403, which shows strong age-

dependent chemical variation in Fe, Nb, Ta, W and Al but not V or Cr (Fig. 8). The relatively 

higher concentrations of Fe, Nb, Ta and W accounts for the higher luminescence of rutile 

grains in BSE images. Iron shows a ~2:3 wt % relationship with Nb (R2 = 0.88; Fig. 8), 

corresponding to a ~1:1 atomic of Fe to Nb. There is also decoupling between Nb and Ta at 

high Nb concentrations (>6%) to markedly higher Ta concentrations. 

 

5 DISCUSSION 

5.1 Explanation of ~300–350 Myr spread of concordant rutile ages 

All four samples show a significant spread of rutile U–Pb ages between ca. 1200 and 850 Ma 

that are probably not geologically reasonable with a ~300–350 Myr geological event. 

Petrographic, geochemical and geochronological data indicate that samples 70747, 190607, 

190608 and the pre-900 Ma grains in sample 187403 formed in a distinct process to the post-

900 Ma grains in sample 187403. 

Petrographic observations from samples 70747, 190607 and 190608 show that rutile formed 

adjacent to phyllosilicates (biotite or chlorite, Fig. 3), suggesting rutile formation from the 

breakdown of these phases. Luvizotto and Zack (2009) have shown that rutile formation from 

biotite breakdown occurs during prograde metamorphism at medium-grade conditions in 

metapelitic rocks. The presence of garnet in sample 70747 further supports a medium-grade 

metamorphic event. Irrespective of age, the consistently low concentrations of cations other 
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than Ti in rutile from samples 70747, 190607 and 190608 supports the notion that rutile from 

these samples formed at the same time (Fig. 8). Within individual samples, the remarkably 

consistent and high Zr-in-rutile temperatures (550–650 °C; Figs. 7, 8) further supports the 

interpretation that all rutile grains crystallized under the same conditions. (Ewing et al., 2015; 

Kooijman et al., 2010)The simplest explanation for the homogeneous and relatively high Zr-

in-rutile temperatures is that all rutile grains crystallized at or before ca. 1200 Ma (recorded 

by red analyses, Fig. 4) and that a subsequent event at ca. 920 Ma caused partial (grey 

analyses, Fig. 4) to complete (green analyses, Fig. 4) Pb-loss and age resetting. Given that the 

Zr-in-rutile temperatures recorded in the samples overlap with the Pb closure temperature to 

Pb in rutile at ~550–650° C (Ewing et al., 2015; Kooijman et al., 2010), the ca. 1200 Ma ages  

could record either a crystallization event at this time or a cooling event shortly after 

crystallization (red analyses in Fig. 4). As Zr is much more resistant to diffusion in rutile than 

Pb (Cherniak, 2000; Cherniak et al., 2007), Pb was able to (partially) diffuse out of the rutile 

lattice during a low-grade Neoproterozoic metamorphic or hydrothermal event, but Zr 

remained immobile except for strongly discordant grains. One final piece of evidence 

supports the notion that at least two events are responsible for the observed ~300–350 Myr 

spread of concordant dates, one at or prior to ca. 1200 Ma (red analyses, Fig. 4) and a second 

at ca. 900 Ma (green analyses, Fig. 4). The ‘concordant’ dates between ca. 1200 and 900 Ma 

(grey analyses, Fig. 4) are potentially subtly discordant. For sample 70747, it is possible to 

plot each of the concordant dates on statistically reliable discordia lines (Fig. 4). Although 

this is not possible to do with single discordia lines for samples 190607/190608 (and 

187403), the data spread still presents a strongly linear trend. The above evidence indicates 

that a medium-grade metamorphic event at upper greenschist/lower amphibolite facies 
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conditions produced rutile from the breakdown of phyllosilicates at or prior to ca. 1200 Ma 

and was reset by a lower-grade metamorphic or hydrothermal event at ca. 900 Ma. 

Geochemical and geochronological data paints a different picture for the genesis of ca. 870 

Ma rutile in sample 187403. Sample 187403 shows a strong age-dependent enrichment in Nb, 

Ta, W and Fe but only for analyses with dates younger than 900 Ma (Fig. 8). The extremely 

high Nb–Ta–W–Fe concentrations in post-900 Ma rutile in sample 187403 are incompatible 

with the breakdown of phyllosilicates. The implication here is that sample 187403 

neocrystallized post-900 Ma rutile in the presence of hydrothermal fluids rich in Nb, Ta, W 

and Fe. The culprit for the source of these fluids is probably the same as those recorded by a 

suite of ca. 900 Ma Be-Ta-Nb-bearing leucogranites and W-skarns in the Mutherbukin Zone 

(Johnson et al., 2009; Piechocka et al., 2017). Importantly, the leucogranites were dated by 

U–Pb monazite because zircon only yielded xenocrystic dates (Piechocka et al., 2017). Co-

crystallization of both zircon and quartz with rutile are necessary to buffer Zr and Si, 

respectively, to obtain a robust Zr-in-rutile temperature (Tomkins et al., 2007). Without these 

phases, most Zr will enter rutile and yield Zr-in-rutile temperatures that may be 200 °C 

higher than the real crystallization temperatures (Cabral et al., 2015). Crystallization 

temperatures of ~450 °C (i.e., ~200°C lower than the 650 °C Zr-in-rutile temperatures) are 

compatible with pegmatite crystallization temperatures and probably a much more realistic 

estimate of the temperature conditions at ca. 900 Ma (Thomas et al., 2000). Although the Zr-

in-rutile temperatures of the pre-900 and post-900 Ma rutile grains are conspicuously similar, 

we suspect this is fortuitous. Rather, we attribute the post-900 Ma rutile grains to a 

hydrothermal event unrelated to the earlier pre-900 Ma grains and also unrelated to samples 

70747, 190607 and 190608. 
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We calculate the age of the hydrothermal event in each sample using their youngest analyses, 

within error, that are interpreted to have experienced complete Pb-loss (Fig. 4, 9). There is a 

natural break in analyses in each sample, interpreted as the division between partial and 

complete Pb-loss (Fig. 4). The calculated ages for samples 70747, 190607/190608 and 

187403 are 913 ± 9 Ma (MSWD = 0.98, p = 0.42), 899 ± 8 Ma (MSWD = 1.08, p = 0.37) and 

873 ± 3 Ma (MSWD = 1.06, p = 0.34), respectively (Fig. 9). These calculations highlight 

that, within uncertainty, there are at least two separate hydrothermal events recorded by 

rutile, one at ca. 910–900 Ma and the other at ca. 870 Ma. 

5.2 Causes of ca. 1200–870 Ma metamorphic and hydrothermal events in the 

Capricorn Orogen 

The above interpretation of the rutile age and geochemical data argues for several distinct 

rutile crystallization events: at or before ca. 1200 Ma, between 1200 and 920 Ma, at ca. 910–

900 Ma, and at ca. 870 Ma. These are systematically discussed below. 

The event at or before ca. 1200 Ma is probably the best characterized in the region and is 

known as the 1320–1170 Ma Mutherbukin Tectonic Event (Johnson et al., 2011a; Korhonen 

et al., 2015; Korhonen et al., 2017). Previous work in the region by Korhonen et al. (2017) 

revealed the 1320–1170 Ma Mutherbukin Tectonic Event occurred at two stages, from ca. 

1320–1270 Ma and ca. 1210 to 1170 Ma. The latter experienced peak metamorphic 

temperatures of 550 °C to >650 °C, which corroborates with the consistent 550–650°C Zr-in-

rutile temperatures obtained in the ca. 1200 rutile grains and the 1200–900 Ma rutile grains 

that experienced partial Pb-loss. The decreasing Zr-in-rutile temperatures from sample 

187403 to 190607/190608 to 70747 is probably a reflection of increasing distance to the 
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highest-grade metamorphism in the centre of the Mutherbukin Zone (Figs. 2, 6). Therefore, 

the ca. 1210–1170 Ma stage of the Mutherbukin Tectonic Event can explain initial 

crystallization of the ca. 1200 Ma rutile grains.  

The presence of one or more intervening events between the Mutherbukin Tectonic Event 

and the hydrothermal events at 910–900 Ma is possible on the basis of the difficulty in 

constructing statistically reliable discordia intercepts. The culprit for an intervening event 

could well be the 1030–955 Ma Edmundian Orogeny (Occhipinti and Reddy, 2009; 

Piechocka et al., 2017; Sheppard et al., 2007). Alternatively, an unknown event at ca. 1120–

1080 Ma may also be implicated, for which there are a significant number of spots in all four 

samples. 

Lead-loss events at ca. 910–900 Ma and ca. 870 Ma are not well constrained in the Capricorn 

Orogen. The Pb-loss events could be attributed to the final stages of the Edmundian Orogeny. 

Although traditionally the Edmundian Orogeny was bracketed between 1030 and 955 Ma, a 

younger pegmatite at ca. 940 Ma (Wingate et al., 2011) and a monzogranite at ca. 900 Ma 

(Piechocka et al., 2017) may also be implicated. The first phase of the Edmundian Orogeny 

comprises greenschist- to amphibolite-facies metamorphism, deformation, metasomatism and 

magmatism between ca. 1030 and 990 Ma (Sheppard et al., 2007). The second phase involves 

very low to low-grade metamorphism, magmatism, metasomatism and re-activation of NW–

SE trending structures since ca. 955 Ma (Korhonen et al., 2017; Piechocka et al., 2017; 

Sheppard et al., 2007). On this basis, Piechocka et al. (2017) considered dividing the 

Edmundian Orogeny into an early, medium-grade metamorphic stage and a later, 

predominantly hydrothermal stage. Alternatively, the ca. 910–900 Ma and ca. 870 Ma events 
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are unrelated to the Edmundian Orogeny. In this scenario, the post-955Ma hydrothermal 

activity and emplacement of leucogranites and pegmatites are a product of distinct 

metasomatic events. 

We support the division of the Edmundian Orogeny into two phases (Piechocka et al., 2017) 

but propose that the second phase is equivalent to the ‘Kuparr Tectonic Event’ of Cutten and 

Johnson (2018). The difference in ages between all these hydrothermal events may simply be 

the availability of fluids for different major structural discontinuities at different times. 

Several other geochronometers support this interpretation (Fig. 10). Monazite and xenotime 

geochronology of rare earth element-bearing pegmatites and Th-rich leucogranites yielded 

ages between ca. 955 and 900 Ma (Piechocka et al., 2017). 40Ar/39Ar dating of biotite and 

white mica along structural discontinuities across the entire Gascoyne Province yielded ages 

that were also in the range of 955–830 Ma (Occhipinti, 2007; Occhipinti and Reddy, 2009; 

Piechocka et al., 2018). Preliminary in situ U–Th–Pb monazite and xenotime ages from low-

grade Edmund Group slates within the Ti Tree Syncline also yielded ca. 900–850 Ma ages 

(cf. Johnson et al., 2009). Recent orogen-scale titanite petrochronology also identified several 

sites where recrystallized titanite was reset by metasomatism at 955–830 Ma (Olierook et al., 

in review). Finally, recent K–Ar dating of clay mineral-bearing fault gouges in the Edmund 

Basin also yielded ages in this period (Cutten and Johnson, 2018). So, rather than a localized 

event only recorded by rutile, there is clearly a broader hydrothermal overprint that is 

recorded by seven different minerals (monazite, titanite, rutile, biotite, muscovite, xenotime 

and clay minerals) all along the Gascoyne Province. All these hydrothermal events are 

adjacent to lithospheric-scale or major NW–SE to ENE–WSW structural discontinuities that 

are inferred to have played a significant role in channelling fluids from the lower crust/mantle 
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to the upper crust (Fig. 2). Using the term proposed by Cutten and Johnson (2018), we 

attribute all these hydrothermal events to the 955–830 Ma Kuparr Tectonic Event but note 

that metasomatism probably occurred in several distinct stages associated with structural re-

activation. On the basis of currently available geochronological data, the 955–830 Ma Kuparr 

Tectonic Event may be subdivided into four distinct episodes at ca. 955–940, 920–900, 880–

865 and 830 Ma (Fig. 10). However, we note that there are relatively little published data, so 

these subdivisions may be obscured by the relatively few samples in this age range to date. 

A question that is raised from the above considerations is why ca. 910–900 and 870 Ma rutile 

ages are only present from these four samples when an additional twenty rutile samples from 

the Capricorn Orogen did not identify such an age population. There are five key factors that 

distinguish the four samples from other samples. First, hydrothermal activity is concentrated 

around re-activated faults, shear zones and fractures. Samples distal from major faults did not 

experience any hydrothermal fluids necessary for the crystallization or Pb-loss of rutile 

grains. Second, Neoproterozoic rutile is found exclusively in psammitic to pelitic rocks. The 

breakdown of biotite or chlorite appears to have been a key factor for forming rutile during 

the Mutherbukin Tectonic Event prior to ca. 1200 Ma. Even sample 187403 – defined as a 

quartzite – probably previously contained phyllosilicates on the basis of the trace elements in 

rutile. Third, these four samples are located in the central Gascoyne Province. All samples 

collected in other psammitic or pelitic units further south, north or east failed to yield rutile 

with Neoproterozoic dates because the Mutherbukin Tectonic Event was restricted to the 

Paradise to Limejuice Zones of the Gascoyne Province and the western Edmund Basin (Fig. 

2; Johnson et al., 2011a; Korhonen et al., 2017; Olierook et al., in review). Fourth, more than 

twenty additional samples (mostly granitoids) that were collected and analyzed in the 
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regional Capricorn Orogen study contained titanite as the main Ti-bearing phase as opposed 

to rutile because of a higher Ca content in these samples (Olierook et al., in review). Lastly, 

several samples that did yield rutile from metapelitic rocks in the central Gascoyne Province 

and western Edmund Basin failed to yield any concordant dates (supplementary Fig. F). 

5.3 Implications for assembly or breakup of Rodinia  

The question remains what the tectonic drivers were for the hydrothermal activity during the 

955–830 Ma Kuparr Tectonic Event. This period is crucial in Earth history as it marks a time 

when Rodinia was at maximum packing but immediately prior to extensional episodes that 

led to eventual breakup of the supercontinent (Li et al., 2013; Lyu et al., 2017; Xu et al., 

2016). Below, we explore the options for linking the Kuparr Tectonic Event to the final 

stages of assembly and the initial stages of rifting of Rodinia. 

Previous investigations postulated that the post-955 Ma ages in the Capricorn Orogen were 

related to Edmundian Orogeny, despite noting a change from greenschist–amphibolite facies 

to very low/low metamorphic grade (Occhipinti and Reddy, 2009; Piechocka et al., 2017; 

Sheppard et al., 2007). If the switch to lower metamorphic grade between ca. 990 and 955 Ma 

represented cooling and exhumation following a collisional or compressional phase of the 

Edmundian Orogeny, it seems implausibly long for it to last until ca. 830 Ma. Therefore, we 

argue that the driving forces for the Kuparr Tectonic Event were probably distinct to that of 

the earlier, ca. 1030–990 Ma stage of the Edmundian Orogeny. 

Given the very low to low metamorphic grade, it is unlikely that the Kuparr Tectonic Event is 

related to any continental collision or accretion directly adjacent to the West Australian 

Craton. Some models involve the collision of the Yangtze with the Cathaysia Blocks directly 
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adjacent to the West Australian Craton at ca. 870 Ma (Cawood et al., 2013; Cawood et al., 

2017). Given its purported close proximity to the West Australian Craton, it is highly unlikely 

that the Yangtze–Cathaysia collision occurred next to the Capricorn Orogen. Similarly, the 

proposed collision of the Kalahari Craton with the West Australian Craton around this time 

also seem unlikely (Jacobs et al., 2008; Occhipinti and Reddy, 2009). If any continents were 

adjacent to the western margin of the West Australian Craton (in present-day coordinates), 

we argue that their amalgamation was completed during the Edmundian Orogeny or earlier. 

Far-field effects from continental collision(s) occurring with the margin of northern Australia 

(e.g., Tarim; Tang et al., 2016), eastern Australia (e.g., South China; Li et al., 2008) or 

elsewhere are possible (Piechocka et al., 2018). In the West Australian Craton, metasomatic 

activity is present from the southern Pilbara Craton to the Gascoyne Province, right through 

to the northern Yilgarn Craton along structural discontinuities (Fig. 2; Rasmussen et al., 

2007; Rasmussen et al., 2010). Piechocka et al. (2018) argues for a north–south 

compressional event that reactivated these structural discontinuities as these are most 

compatible with dextral strike-slip of NW-trending faults in the north and exhumation in the 

southern part of the Capricorn Orogen (Piechocka et al., 2018). Structural discontinuities in 

Proterozoic orogens around Australia may equally have been reactivated during the rifting 

and eventual breakup of Rodinia and now buried beneath Neoproterozoic and Phanerozoic 

sedimentary rocks (e.g., Maidment et al., 2007). 

An extensional, rift-related origin of the Kuparr Tectonic Event is also plausible. There is 

limited evidence for extensional structures in the Mutherbukin Zone but that is not 

necessarily prohibitive to an extensional system, particularly if these are only far-field effects 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Page 23 

 

 

 

to a broader rift-related structure (Maidment et al., 2007; Sheppard et al., 2007). Similar 

extensional events may also be recorded elsewhere in Australia, perhaps with the opening of 

the Adelaide Rift Complex and the onset of the first sedimentary succession of the Centralian 

Superbasin. At ca. 830 Ma, opening of the Adelaide Rift Complex (Preiss, 2000) and 

extensional-related magmatism of the ca. 830–825 Ma Amata–Gairdner Dyke Swarm 

occurred (Wingate et al., 1998). The onset of deposition in the Centralian Superbasin remains 

relatively poorly constrained. The oldest detrital zircons at ca. 1050 Ma (Heavitree 

Formation; Kositcin et al., 2014) and the underlying Central Desert Dolerite Suite (976 ± 3 

Ma; Wyborn et al., 1998) provide a maximum depositional age of ca. 975 Ma for the 

Centralian Superbasin. More than 1 km above the Heavitree Formation, spilitic volcanic 

rocks at the top of the Bitter Springs Group post-date the negative δ13C anomaly dated at ca. 

810–790 Ma (Klaebe et al., 2017; Schmid, 2017), implying that the Heavitree Formation is 

older than ca. 790 Ma. Given the lack of major disconformities between the Heavitree 

Formation and spilitic volcanic rocks (Maidment et al., 2007), it is unlikely that continuous 

deposition could have lasted for more than ~30–50 Myr for a >1 km succession. Although 

still poorly constrained, deposition of the Centralian Superbasin could have commenced at ca. 

830 Ma, at the end of the Kuparr Tectonic Event. Elsewhere, extensional-related magmatism 

was also occurring in South China and Laurentia – both potentially proximal to Australia – 

marking the onset of attempted Rodinia breakup (Li et al., 2008). Thus, the timing of the 

onset of Rodinia breakup recorded in Australia, South China and Laurentia at ca. 830 Ma 

may be intimately related to the end of the Kuparr Tectonic Event. 

We postulate that the onset of attempted breakup of Rodinia at ca. 830 Ma caused the 

cessation of metasomatic activity at ca. 830 Ma in the West Australian Craton. Structural 
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geological and geochronological evidence favours a north–south compressional regime 

during ca. 955–830 Ma, which would have channelled hydrothermal fluids along structural 

discontinuities and metasomatized the associated rocks (Piechocka et al., 2018). The tectonic 

switch from a compressional to extensional regime at ca. 830 Ma transferred magmatic and 

hydrothermal fluids to the incipient rift (Adelaide Rift Complex), which ceased fault re-

activation in the Capricorn Orogen and associated metasomatism. 

 

6 CONCLUSIONS 

Rutile ages from three sample locations in the Capricorn Orogen yielded ages of 913 ± 9 Ma, 

900 ± 8 Ma and 873 ± 3 Ma. Petrographic and geochemical observations imply that these 

rutile grains formed as part of hydrothermal activity associated with very low to low grade 

metamorphic conditions. Together with additional geochronological constraints, positions 

adjacent to NW- to ENE-striking structural discontinuities and very low to low grade 

metamorphic conditions, we attribute these rutile ages to the 955–830 Ma Kuparr Tectonic 

Event. This time period is conspicuously important for Rodinia assembly and attempted 

breakup. We rule out a cause from nearby collisional tectonics, such as the collision between 

the Yangtze and Cathaysia blocks. Far-field collisional tectonics are the most plausible 

explanation for hydrothermal activity between 955 and 830 Ma in the Capricorn Orogen, 

although extension is an alternative. The cessation of hydrothermal activity is concomitant 

with the Amata–Gairdner Dyke Swarm and other associates in South China and Laurentia, as 

well as probably concomitant with the onset of deposition in the Adelaide Rift Complex and 

Centralian Superbasin. We propose that the onset of attempted breakup of Rodinia at ca. 830 
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Ma caused the cessation of metasomatic activity in the Capricorn Orogen, further 

constraining the early fragmentation of the supercontinent. 
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Figure Captions 

Fig. 1: Three examples of previously proposed Rodinia reconstructions at ca. 900 Ma that 

show different configurations of Australia (purple), South China/Tarim (yellow) and Greater 

India (blue). (a) Open ocean next to Western Australia with South China central to Rodinia in 

the missing-link model (Li et al., 2008). (b) South China and Greater India (Yangtze and 

Cathaysia Blocks) adjacent to Western Australia (Cawood et al., 2013; Cawood et al., 2017). 

Tarim is placed to the northwest of Australia (Chen et al., 2017; Ge et al., 2014; Tang et al., 

2016). (c) Open ocean next to Western Australia with South China and Greater India 

separated from Rodinia (Merdith et al., 2017). The position of Tarim is uncertain in this 

configuration. Ant = Antarctica (Mawson); C = Cathaysia; Kal = Kalahari; Mad = 

Madagascar; Nth = North; Ra = Rayner; Y = Yangtze.  

 

Fig. 2: Detailed geological map of the Capricorn Orogen, Western Australia, modified from 

Plavsa et al. (2018) annotated with geochronological data from this study and previous 

studies (Korhonen et al., 2017; Occhipinti and Reddy, 2009; Olierook et al., in review; 

Piechocka et al., 2017; Piechocka et al., 2018; Sheppard et al., 2007; this study; Wingate et 

al., 2011). musc. = muscovite 

 

Fig. 3: Examples of most common textures in latest Mesoproterozoic to early Neoproterozoic 

rutile grains in backscatter electron (BSE) images (for a full catalogue of BSE images from 
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all analyzed rutile grains, see supplementary Figs. A–D). (a) Homogenous, moderately bright 

rutile surrounded by chlorite from sample 70747. (b) Homogeneous, moderately bright rutile 

from sample 187403. (c) Homogenous, moderately bright Neoproterozoic core with 

oscillatory zoned rim that contains a significant percentage of common Pb, from sample 

187403. (d) Homogenous, moderately bright rutile adjacent to biotite and quartz.  

 

Fig. 4: Tera–Wasserburg inverse concordia plots for four samples with some concordant 

rutile analyses (see supplementary Table A for data compilation). Key to ellipse color 

interpretations: colorless – discordant; red – original metamorphic rutile, grey – partial Pb-

loss of original metamorphic rutile; green ellipses – complete Pb-loss or new metamorphic 

growth of rutile. 

 

Fig. 5: Log (Cr/Nb) in rutile versus 238U/206Pb age for concordant rutile analyses, illustrating 

the exclusively pelitic affinity of analysed rutile. The Cr/Nb ratio discriminator for rutile is 

from Triebold et al. (2007). 

 

Fig. 6: Zr-in-rutile temperatures versus 238U/206Pb age for concordant rutile analyses, 

illustrating that temperature is independent of age. 

 

Fig. 7: Zr-in-rutile temperatures for all rutile analyses. Temperature is independent of degree 

of discordance for samples 70747, 190607 and 190608 and negligible for mildly discordant 
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analyses in sample 187403. However, strongly discordant analyses from sample 187403 have 

significantly lower Zr-in-rutile temperatures. Also note that 190607 and 190608 have 

statistically indistinguishable weighted mean Zr-in-rutile temperatures, compatible with them 

being sourced from the same locality. Zr-in-rutile temperatures were calculated using the 

method of Tomkins et al. (2007) using a pressure of 4 kbar. 

 

Fig. 8: Trace element concentrations in rutile versus 238U/206Pb age for concordant rutile 

analyses. Note the inset in the Nb versus 238U/206Pb age panel highlights the ~2:3 wt% and 

~1:1 atomic ratio of Fe to Nb. 

 

Fig. 9: Weighted mean of 238U/206Pb dates interpreted to reflect complete Pb-loss or 

neocrystallised rutile during metasomatism. Sample 190607 and 190608 are grouped together 

because they were collected from the same sample site and therefore are interpreted to have 

experienced the same metasomatic history. 

 

Fig. 10: Compilation of ages that are interpreted to belong to the Kuparr Tectonic Event (this 

study; Korhonen et al., 2017; Occhipinti and Reddy, 2009; Olierook et al., in review; 

Piechocka et al., 2017; Piechocka et al., 2018; Sheppard et al., 2007; Wingate et al., 2011). 

Note that mineral crystallization related to hydrothermal activity stops immediately before 

the purported onset of sedimentation in the Centralian Superbasin and Adelaide Rift 
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Complex, and before the emplacement of the Gairdner–Amata Dyke (G-A) dyke swarm. For 

full compilation of ages, see supplementary Table B. 
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Highlights 

 Rutile in the Capricorn Orogen dated at 913 ± 9 Ma, 900 ± 8 Ma and 873 ± 3 Ma 

 New Neoproterozoic series of tectonothermal events at ca. 955–830 Ma: Kuparr Event 

 Metamorphic and structural geology favours distal N–S compressional drivers for 

metasomatism 

 Continent collision of South China or Tarim to West Australian Craton ruled out 

 Cessation of tectonothermal activity at ca. 830 Ma caused by attempted breakup of 

Rodinia 
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