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Summary of results. Laser ablation ICP–MS in situ apatite geochronology of the base metal and  
copper–gold–bismuth deposits of the Rover field, and the copper–nickel–chromium mineralisation  

of the Bluebush area, Warramunga Province.
by

PG Farias, BL Reno, JA Whelan, and LV Danyushevsky 

SUMMARY

This Record presents isotope and chronologic data collected on apatite at the Australian Research Council Centre of Excellence 
in Ore Deposits at the University of Tasmania. Apatite U–Pb geochronology analyses were carried out from April to June 
2021 in support of Northern Territory Geological Survey’s (NTGS) Resourcing the Territory initiative. Imagery, isotope data 
and interpretations for apatite geochronology were derived from five drill core samples taken from four mineralised sites in 
the Warramunga Province, Northern Territory. Apatite was analysed in order to constrain the timing of mineralisation at the 
copper–gold–bismuth Rover 1 deposit, the copper–silver–lead–zinc Explorer 108 deposit and its satellite lead–zinc–copper 
Curiosity prospect, and the copper–nickel–chromium mineralisation in the Bluebush area.

Two samples from the Rover 1 deposit (BW20PGF127A and BW20PGF094A) yielded apatite with very low U content, 
resulting in unresolvable ages. The Rover 1 mineralisation assemblage includes coffinite and uraninite as accessory phases. 
A possibility is that these accessory minerals fractionated and accumulated most of the available U during mineralisation, 
resulting in U-depleted apatite. 

A sample of chlorite-altered, magnetite–hematite-rich siliciclastic rock (GS19DLH0060A) from the mineralised zone of 
the Curiosity prospect yielded a lower intercept age of 1740 ± 55 (2σ) Ma, interpreted to record the timing of mineralisation 
of this unit. A sample of talc-chlorite-carbonate-hematite-altered rock (GS20PGF133) from the core of the Explorer 108 
orebody yielded a lower intercept age of 1724 ± 77 (2σ) Ma, interpreted to record the timing of base metal mineralisation 
remobilisation. Apatite from the porphyritic actinolite basalt (TC20PGF070) collected in the Bluebush area yielded a lower 
intercept age of 1758 ± 78 Ma (2σ), interpreted to represent the age of the orthomagmatic copper–nickel mineralisation and 
a proxy for the crystallisation age. 

The estimated ages of base metal mineralisation in the Rover field and the orthomagmatic copper–nickel mineralisation 
in the Bluebush area are younger than the ca 1850 Ma gold–copper–bismuth mineralisation of the Tennant Creek mineral 
field, irrespective of the large apatite age uncertainties. However, they are closer in age to that of other mineralisation in the 
region, ie the copper–tungsten mineralisation at the Explorer 27 prospect (1711 ± 8 Ma and 1719 ± 8 Ma Re– Os model ages), 
and the shear-hosted gold-copper-bismuth metallogenic event at Orlando East and Navigator 6 prospects (SHRIMP U–Pb-Th 
monazite ages of ca 1659 Ma).

The rare earth element (REE) composition of apatite from the Curiosity prospect (GS19DLH0060A) and Explorer 108 
(GS20PGF133) are alike and characterised by light rare earth elements (LREE) enrichment over heavy rare earth elements 
(HREE). However, differences in Eu/Eu* anomaly values and relative LREE and HREE abundances outlines two different 
apatite groups: group 1 has a concave REE pattern and negative Eu/Eu* anomaly; and group 2 has positive Eu/Eu* anomaly, 
higher common lead and higher LREE and HREE. Apatite in group 2 is associated with sphalerite (zinc) and galena (lead), 
whereas apatite in group 1 is hosted in a chlorite-biotite-rich domain (GS20PGF133). Apatite in the Bluebush sample 
(TC20PGF070) also yielded two different REE patterns: an apatite group with a flat REE pattern and negative Eu/Eu* 
anomalies, and a second group associated with mineralisation, characterised by lower REE content and positive- to near-
positive Eu/Eu* anomalies. It is interpreted that the apatite with positive Eu/Eu* anomaly and overall lower REE content 
formed under hydrothermal influence (Curiosity and Explorer 108) or local mineral assemblages (sulfide-allanite-epidote in 
Bluebush). The apatite with negative Eu/Eu* anomaly and overall larger REE content represents earlier phases of mineralisation 
(for Curiosity and Explorer 108; group 1) or magmatic apatite (Bluebush), which are chronologically indistinguishable from 
the apatite related to mineralisation (group 2).
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INTRODUCTION

This Record presents isotopic data collected from 
apatite analysed at the Australian Research Council 
Centre of Excellence in Ore Deposits (CODES) at the 
University of Tasmania. Apatite was analysed from five  
mineralised core samples collected from four locations in 
the Palaeoproterozoic Warramunga Province of central 
Australia (Figure 1): sample GS20PGF133 from the 
Explorer 108 silver–lead–zinc–copper deposit in the Rover 
field; sample GS19DLH0060A from the nearby Curiosity 
lead–zinc–copper prospect; samples BW20PGF127A and 
BW20PGF094A from the Rover 1 copper–gold–bismuth 
deposit in the Rover field; and sample TC20PGF070 from 
the Bluebush area copper–nickel–chromium prospect. 
A summary of LA-ICP-MS samples and results from 
this study is presented in Table 1; sample locations are 
shown in Figure 1. Dating of apatite was undertaken 
in order to constrain the timing of mineralisation. This 
report documents the petrologic context and the isotope 
data collected from apatite, as well as chronologic 
interpretations.

The Rover field hosts three major deposits with defined 
mineral resources: Rover 1, Explorer 142 (both hosting 
copper–gold–bismuth mineralisation), and Explorer 108 
(silver–lead–zinc–copper). Curiosity, is a satellite prospect 
with lead–zinc–copper mineralisation located 1.3 km 
southeast of the Explorer 108 deposit. Recent work by 
Valenta et al (2020) and Farias et al (2021) summarises 
the current understanding of the three main deposits. The 
copper–gold–bismuth mineralisation in the Rover field is 
similar to that of the Tennant Creek mineral field (Huston 
et al 2020) but is hosted in the younger Ooradidgee Group 
(Cross et al 2021). The Bluebush area lies between the 
Rover field and Tennant Creek mineral field, and hosts a 
potentially mineralised gravity and magnetic anomaly. 

There are no previous radiometric ages from any of the 
Rover field deposits or the Bluebush area. The reported 
new apatite chronologic data aim to address this gap by 
providing constraints on the timing of mineralisation in the 
Rover field and Bluebush area.

ANALYTICAL PROCEDURES AND DATA 
PRESENTATION

Apatite location and imaging

Apatite was located in situ in polished mounts from thin 
section billets using the Mineral Liberation Analyser 
(MLA) at the Central Science Laboratory (CSL) of 
the University of Tasmania. This technique creates a 
high-resolution backscattered electron (BSE) image 
of the polished mount, and identifies individual apatite 
grains using a combination of relative BSE intensity 
and subsequent X-ray analysis. Apatite searches were 
performed on polished mounts coated with 20 nm of 
carbon using a FEI Quanta 650 tungsten-filament MLA 
equipped with a Bruker Quantax Esprit 1.9 EDS system 
with two XFlash 5030 SDD detectors. MLA software 
version 3.1 and the method SPL_Lt were used to locate 
apatite in the samples. BSE images were collected using 

an accelerating voltage of 20 keV, a spot size 7.3 μm, an 
EDS amplification time of 6.4 µs, a total X-ray intensity 
of 60 000 cps, and a dead time of 32% (on quartz). BSE 
contrast and brightness were adjusted on silver and 
epoxy. A resolution of 1024 × 800 pixels was used at 150× 
magnification resulting in a pixel size of 1.76 × 1.76 µm2.

Isotope analysis

Isotope analyses were performed at CODES using an 
Agilent 7900 quadrupole inductively coupled plasma 
mass spectrometer (ICP–MS), coupled with a 193 nm 
Coherent Ar-F gas laser and the Resonetics S155 ablation 
cell. Table 2 lists the laser ablation ICP–MS operating and 
data acquisition parameters. The downhole fractionation, 
instrument drift, and mass bias correction factors for 
Pb/U and Pb/Th ratios on apatite analyses were calculated 
using two analyses on the primary apatite standard (OD 
306 of Thompson et al 2016), and one analysis on each of 
the secondary apatite standards. Primary and secondary 
apatite standards were analysed at the beginning of each 
analytical session and after every 12th unknown analysis 
(roughly every 30 minutes) using the same spot size and 
conditions as used on the unknown samples. Secondary 
standards include McClure Mt (Schoene and Bowring 
2006), Durango (McDowell et al 2005), and 401 apatite 
(Thompson 2016). The correction factor for the 207Pb/206Pb 
ratio was calculated using analyses on large spots (32 µm) 
on the NIST610 glass standard analysed after every 30 
unknowns and corrected using the values recommended 
by Baker et al (2004). Trace element abundances in 
apatite were calibrated on the NIST610 glass standard 
using values of Jochum et al (2011), with secondary 
standard corrections based on the compositions of glass 
standards BCR-2G and GSD-1G (GeoReM preferred 
values; http://georem.mpch-mainz.gwdg.de/). The OD306 
apatite and the NIST610, BCR-2G, and GSD-1G glass 
standards were analysed at the beginning, end, and every 
60 minutes throughout the analytical session. Table 3 
lists the preferred age of reference standards used in 
this Record; Table 4 lists the chronologic results for the 
apatite reference standards.

Each analysis began with a 30 s blank gas measurement 
followed by a further 30 s of analysis time when the laser 
was switched on. Apatite was ablated using 29 µm spots 
at 5 Hz and an energy density of ~2 J/cm2. A flow of He 
carrier gas at a rate of 0.35 l/min carried particles ablated 
by the laser out of the chamber to be mixed with Ar gas 
and carried to the plasma torch. Isotopes analysed were: 
23Na, 31P, 43Ca, 51V, 56Fe, 88Sr, 139La, 140Ce, 141Pr, 146Nd, 
147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 
175Lu, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U, 
with each element being measured every ~0.25 s, with 
longer counting time on the Pb and U isotopes. Element 
abundances in apatite were calculated according to the 
method outlined by Kosler (2001) using 43Ca as the internal 
standard element, assuming stoichiometric proportions 
and using the NIST610 standard reference material to 
standard correct for mass bias and drift. For more details 
on analytical and data processing methods see Halpin et al 
(2014).

http://georem.mpch-mainz.gwdg.de/
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Figure 1. Regional geological map of the Northern Territory showing location of samples used for apatite U–Pb chronology.
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Electron probe micro analysis (EPMA)

Identification of the major element composition of 
apatite was carried by EPMA analyses at CODES. 
This non-destructive technique works by focusing an 
electron beam and collecting the X-ray photons emitted 
by analysed mineral. The resulting X-ray spectra was 
used to calculate the elemental composition by energy 
dispersive X-ray spectrometry (EDS) and wavelength 
dispersive spectrometry (WDS). Compositional analyses 
were acquired on a JEOL JXA-8530F Plus field emission 
electron microprobe equipped with 5 wavelength 
dispersive spectrometers. EDS spectra were acquired 
and processed using a Thermo Pathfinder Pinnacle 2.5 
EDS system with UltraDry Extreme 30 mm2 solid-state 
detector. Operating conditions were 40 degrees take-off 
angle, and a beam energy of 15 keV. The beam current was 
10 nA, and the beam diameter was 5 µm. Elements were 
identified using EDS for P Kα and Ca Kα, and using WDS 
analysing crystals LiFL for Mn Kα, Fe Kα, and Nd Lα; 
PETL for Cl Kα, Sr Lα, and S Kα; PETJ for K Kα, La Lα, 
and Ce Lα; TAPL for As Lα, Si Kα, Na Kα, Mg Kα, and Al 
Kα; and LDE1L for F Kα. The standards used were:

• Orthoclase P&H (D2) for K Kα 
• Celestine SrSO4 P&H (A16) for S Kα and Sr Lα 
• Fluor-Apatite P&H (D11) for Ca Kα and P Kα 
• Gallium arsenide GaAs P&H (A17) for As Lα 
• Hematite Harvard (F3) for Fe Kα 
• Tugtupite Astimex (K18) for Cl Kα 
• Anorthoclase Kakanui, NMNH 133868. 

The counting time was 10 s for Na Kα, Mg Kα, Al Kα, 
Si Kα, and K Kα; 20 s for Cl Kα, F Kα, Mn Kα, and As 
Kα; 30 s for S Kα and Nd Lα; 40 s for Sr Lα, La Lα, Ce 
Lα and Fe Kα; and 60 s for Ca Kα and P Kα. Unknown 
and standard intensities were corrected for dead time. 
Standard intensities were corrected for standard drift 
over time. Interference corrections were applied to F 
for interference by Ce, and to As for interference by 
Mg. Oxygen was calculated by cation stoichiometry and 
included in the matrix correction. Oxygen equivalent 
from halogens (F/Cl/Br/I) was subtracted in the matrix 
correction. The exponential or polynomial background fit 
was utilized.

Details on standards and further technical parameters 
are presented in Appendix 3, together with the EPMA raw 
data.

Table 1. Summary of samples and apatite U–Pb geochronology results. Sample coordinates are referred to the Map Grid of Australia 1994 
(MGS94), Zone 53. Uncertainties on ages are quoted at the 95% confidence level.

Sample ID Deposit or prospect Mineralisation Easting
(mE)

Northing
(mN)

Age ± 2σ
Ma)

GS19DLH0060A Curiosity lead-zinc-copper 324725 7794857 1740 ± 55

GS20PGF133 Explorer 108 lead-zinc-copper 324630 7795780 1724 ± 77

BW20PGF094A Rover 1 copper-gold-bismuth 359600 7787602 Not resolved

BW20PGF127A Rover 1 copper-gold-bismuth 359480 7787720 Not resolved

TC20PGF070 Bluebush copper-nickel 393750 7809700 1758 ± 78

Table 2. LA–ICP–MS operating and data acquisition parameters.

LA–ICP–MS operating parameters

Laser system coherent Ar–F gas laser

Laser wavelength 193 mm

Laser mode spot analysis

Nominal pulse width c 20 ns

Repetition rate 5 Hz

Spot size (diameter) 29 µm

Fluence 2 J/cm2

Ablation cell Resonetics S155

Ablation cell gas flow rate 
(He)

0.35 l/min

Tubing for gas flow nylon 6

Laser beam focus fixed at sample surface

ICP-MS Agilent 7900 quadrupole ICP-MS

Interface cones cones for X lenses

Detector type dual mode electron multiplier 

Detector mode pulse counting for signals
<3.5 Mcps (Pb and U isotopes)

Detector vacuum 1.00E-05 Pa

Argon gas flow rate 1 l/min

Plasma 14 l/min

Auxiliary 0.8 l/min

Sample 1.05 l/min

RF Power 1350 W

Extract 1 1 V

Extract 2 -80 V

Data acquisition and processing

Isotopes measured 23Na, 31P, 43Ca, 51V, 56Fe, 88Sr, 139La, 140Ce, 
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 
202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 
235U and 238U

Samples per peak 1

Acquisition mode peak jumping

Integration type counts per second

Mass resolution 300

Oxide production rate <0.15% ThO/Th

Analysis duration c 90 s

Blank 30 s

Ablation 30 s

Washout 21 s
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DATA REDUCTION AND PRESENTATION

Data are calculated and depicted using the IsoplotR 4.2 
(Vermeesch 2018), KableExtra (Zhu et al 2021), ggplot2 
3.3.5 (Wickham 2016) and moments (Komsta and 
Novomestky 2015) packages in R 4.0.3 (R Core Team 
2020) running in RStudio 1.4.1717 (RStudio Team 2020). 
The R notebooks containing the R codes and data used for 
age calculations and production of all plots are included in 
Appendix 1 and compiled in Appendix 2; a subset of the 
relevant diagrams are included as Figures 6, 12 and 17 
in this Record. The data used for age calculations are in 
Appendix 3. Apatite 207Pb/206Pb, 206Pb/238U, and concordia 
ages are error-weighted averages calculated using the 
weighted average function in IsoplotR (Vermeesch 2018); 
lower intercept ages are calculated with the maximum 
likelihood algorithm of Ludwig (1998) using IsoplotR 
(Vermeesch 2018). 

In this Record, an individual determination of time 
calculated from a single high-precision isotope analysis 
is referred to as a date; a normally distributed population 
of individual dates interpreted to record a single mineral 
growth or recrystallisation event is referred to as an age 
(cf Martin et al 2007, Baldwin and Brown 2008, Reno 
et al 2012). Uncertainties on individual dates calculated 
from single isotope analyses are presented at a 1σ level; 
uncertainties on age calculations are presented at a 
95% confidence level (see Vermeesch 2018 for details); 
uncertainties on isotope and chemical data are presented 
at a 2σ level. No common lead corrections are made on 
the data in this Record. Mineral abbreviations are after 
Whitney and Evans (2010). Sample locations refer to 
the GDA94 datum and Map Grid of Australia Zone 53 
projection.

GEOLOGICAL SETTING

The Warramunga Formation and correlative Junalki 
Formation and Woodenjerrie beds are the oldest rocks in the 

Warramunga Province, being deposited before ca 1860 Ma2 
(Compston and McDouglas 1994, Compston 1994, 1995, 
Ahmad and Munson 2013, Donnellan 2013, Maidment et al 
2013). The Warramunga Formation has no exposed base; 
outcrop is confined to the Tennant Creek goldfield in the 
central and northern Warramunga Province. The formation 
is composed mostly of weakly metamorphosed turbiditic 
greywacke, locally tuffaceous, with lesser siltstone, shale 
and argillaceous ironstone (referred in the literature to as 
‘haematitic ironstone’; Donnellan 2013; Huston et al 2020 
and references therein). 

The Warramunga Formation and its equivalent sequences 
were affected by the tectono-magmatic ca 1860– 1850 Ma 
Tennant Event (Donnellan and Johnstone 2004). This event 
resulted in extensive syn- to post-tectonic magmatism 
(Tennant Creek Supersuite) and regional D1 shortening, 
expressed as the east- or east-northeast-trending upright F1 
folds and low-grade metamorphism (Maidment et al 2006, 
Donnellan 2013). The ca 1850–1840 Ma Tennant Creek 
Supersuite (Wyborn et al 1998) comprises mainly granitic 
intrusions with lesser granodiorite, tonalite, felsic porphyry 
and dolerite, as well as extrusive felsic volcanic rocks 
(Donnellan 2013). The Tennant Event folded and thrust the 
sedimentary sequences and ultimately exhumed the entire 
package, resulting in an angular unconformity between the 
pre-Tennant Event rocks (Warramunga Formation, Junalki 
Formation and Woodenjerrie beds) and the overlying 
volcano-sedimentary successions of the Ooradidgee Group 
(Donnellan 2013). 

The Ooradidgee Group comprises dominantly volcanic 
(and volcaniclastic) rocks intercalated with sedimentary 
sequences that vary upward from deep-water to sublittoral/
littoral and finally fluviatile facies (Donnellan 2013). 
Donnellan (2013) recognised three volcanic episodes in the 
Ooradidgee Group. The oldest, at ca 1850 Ma, is represented 
by the Monument and Yungkulungu Formation, and the 

2 Ages reported here are SHRIMP U–Pb zircon ages unless 
otherwise indicated

Table 3. The preferred age of reference standards used in this Record.

Reference 
material Reference LA–ICP–MS 

lower intercept ±2σ ID–MC–ICP–MS
lower intercept ±2σ TIMS

207Pb/235U ±2s 40Ar–39Ar ±2σ

Durango McDowell et al 2005 31.44 0.18

OD306 Thompson et al 2016 1544.8 23.5 1596.7 7.1

401_apatite Thompson et al 2016 506.2 8.1 530.3 1.5

McClure_
Mountain

Schoene and Bowring 
2006; Thompson et al 

2016

516.3 9 523.51 2.09

Table 4. Summary of chronologic results for apatite reference standards; *primary standard.

Reference material Lower intercept

Standard Age
(Ma) ± (1σ) n MSWD pfit

207Pb/206Pb
at t0

±
(1σ)

Durango* 31.93 0.58 23 1.8 0.012 0.838 (anchored) 0.58

OD306 1595.87 3.20 52 0.14 1 0.113 0.026

401_apatite 525.70 5.68 23 0.87 0.64 0.340 0.189

McClure_Mountain 542.87 6.58 23 1 0.4 0.949 0.054
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mafic Edmirringee Volcanics; a second bimodal event at 
ca 1840 Ma, represented by the Epenarra Volcanics and the 
Bernborough Formation; and a third event, at ca 1814 Ma, 
represented by the Treasure Volcanics. The Davenport 
Event resulted in the folding of Ooradidgee Group and 
most likely overprinted the Tennant Event deformation in 
the Warramunga Formation (Donnellan 2013). This phase 
of deformation is broadly coeval with emplacement of the 
ca 1710 Ma Devils Suite (Blake et al 1987, Donnellan 2013) 
and tectonism and magmatism in the Aileron Province 
(eg McGloin et al 2020). Two phases of concentric folding 
overprint the Ooradidgee and Hatches Creek groups (Blake 
et al 1987): a first folding event that resulted in northwest-
trending folds; this was superimposed by a second event 
with northeast-trending folds.

The Warramunga Province has a history of exploration 
for and production of copper–gold–bismuth mineralisation 
from ironstone-hosted deposits in the Tennant Creek mineral 

field. Ironstones occur within the ca 1860 Ma Warramunga 
Formation (Figure 1). By comparison, the Rover field 
and Bluebush area, located 80 km and 30 km southwest 
of Tennant Creek Township respectively, are entirely 
covered by the 70–200 m thick Wiso Basin such that the 
basement stratigraphy is poorly understood. Recent work in 
collaboration with the Sustainable Minerals Institute of the 
University of Queensland (Gunter et al 2020a–c, Valenta 
et al 2020) and with Geoscience Australia (GA) under the 
Exploring for the Future initiative (eg Hackney et al 2020 
and Huston et al 2020), indicates that large areas of the 
Rover field and Bluebush area comprise basement rocks 
of the Ooradidgee Group with only minor Warramunga 
Formation (and equivalents: Huston et al 2020). This is in 
contrast to previous interpretations that the mineralisation 
in the Rover field was hosted entirely in Warramunga 
Formation (Donnellan 2013, Walters 2017, Leggo et al 
2019). 
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SAMPLES ANALYSED

GS19DLH0060A (Curiosity prospect)

Sample information

Sample ID: GS19DLH0060A
Collector: David Huston
1:250 000 map sheet: GREEN SWAMP WELL (SF 53-13) 
1:100 000 map sheet: Billiatt (5558)
Province/region: Warramunga Province
Grid reference: 324725mE 7794857mN
Drillhole: MXCURD002
Azimuth: 270°
Declination: -60°
RL: 285 m
Depth (sampled interval): 474.40–474.47 m
Formal name: Ooradidgee Group
Lithology: chlorite- and apatite-rich, massive magnetite–
hematite rock with lead–zinc–copper mineralisation 
Mineral analysed: apatite

Interpreted age summary

Base metal mineralisation/remobilisation at 1740 ± 55 Ma 

Sample context

Sample GS19DLH0060A consists of mineralised core from 
drillhole MXCURD002, located at the Curiosity copper– 
lead–zinc prospect in the western margin of the Rover field, 
Warramunga Province (Figure 1). The Curiosity copper–
lead–zinc prospect is located ~90 km southwest of Tennant 

Creek and the outcropping Tennant Creek mineral field 
(Donnellan 2013, Leggo et al 2019 and references therein). 
Curiosity is a satellite prospect of the Explorer 108 silver–
lead–zinc–copper deposit, located ~1.3 km northwest; 
they both share similar base metal mineralisation and host 
stratigraphy (Burke 2015, Leggo et al 2019, Huston et al 
2020, Valenta et al 2020, Farias et al 2021). 

Drillhole MXCURD002 was drilled as part of the NTGS 
Geophysics and Drilling Collaborations (GDC) programme 
(Round 7, 2014–2015) in order to test an induced polarisation 
(IP) anomaly above a magnetic peak (Burke 2015). The 
drillhole was analysed by HyLoggerTM (Smith 2015) and 
re-logged, and sampled by Huston et al (2020). After 244 m 
of covering Wiso Basin sedimentary rocks, MXCURD002 
intersected three units of volcaniclastic rocks and sandstone/
siltstone: an upper unit, from 244 m to 354.5 m, of fine-
grained, foliated quartz–sericite±feldspar volcaniclastic 
sandstone with 3–5%, lenticular, very fine-grained sericitic 
clots up to 20 mm long with quartz eyes and smaller felsite 
clasts; a middle interval, from 354.5 m to 442.2 m, of sericitic, 
medium- to very coarse-grained volcaniclastic rocks with 
1–5%, 1–3 mm quartz eyes and feldspar phenoclasts; and a 
lower interval, from 442.2 m to 590 m (EOH), of massive to 
moderately bedded, very fine- to medium-grained sandstone 
and siltstone. This lower unit hosts the mineralisation (Leggo 
et al 2019, Huston et al 2020).

The base metal mineralisation in drillhole 
MXCURD002 occurs between 473.5 m to 485.2 m and 
grades 4.86% Zn, 3.73% Pb, 0.24% Cu, 33 g/t Ag, and 
1.02 g/t Au (Burke 2015). Pyrite is the dominant sulfide, 
occurring as disseminated grains and massive to semi-
massive strata bounded domains (Figure 2). Magnetite 
is abundant (20–30%), typically as disseminated, fine-

PyPy

CcpCcp

GnGn

Mag1-HemMag1-Hem

CbCb

PyPy

CcpCcp

GnGn Mag-HemMag-Hem

Qtz-Hem boudinQtz-Hem boudin

sulfide in fracturessulfide in fractures

PyPy CcpCcp
GnGn
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250 µm500 µm

10 mm

b c

a

A22-044.ai

Figure 2. Sample GS19DLH0060A. 
(a) Photograph of half drill core
showing the semi-massive, fine-to
medium-grained pyrite band wrapping
a brecciated quartz boudin (with sulfide
stringers along internal fractures) and a
folded, fine- to medium-grained, semi-
massive pyrite–sphalerite–galena vein
on the top right side of the picture. The
yellow circle shows the location of the
analysed probe. (b) Photomicrograph of
granular pyrite (pale creamy) domain
adjacent to a chlorite-rich domain
containing disseminated grains of
magnetite, the larger of which show
partial replacement by galena (whitish)
and chalcopyrite (yellow). Plane-
polarised reflected light; field of view
2 mm across. (c) Photomicrograph
showing detail of large, subhedral
magnetite grain replacing carbonate
(darker grey), galena (pale silvery grey),
chalcopyrite (yellow) and fine grained
hematite (pale bluish grey), with an
adjacent pyrite aggregate at upper left
(pale creamy). Plane-polarised reflected
light; field of view 1 mm across.
Cb = carbonate, Ccp = chalcopyrite,
Gn = galena, Hem = hematite, Mag =
magnetite, Py = pyrite, Qtz = quartz.
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grained, 20–100 µm, euhedral to-subhedral grains 
(magnetite1) and lesser (2–5%) porphyroblasts of up to 
2 mm (magnetite2; Figure 2b-c). Magnetite1 and magnetite2 
are partially altered to hematite. Magnetite2 seems to 
replace dolomite grains locally (Figure 2c). Galena, 
sphalerite and chalcopyrite are composited and typically 
associated with paragenetically later carbonate veins 
and stringers. Calcite, dolomite, chlorite, talc and locally 
quartz are common gangue minerals. At depth, some 
metres below the main mineralisation, there are copper-
rich carbonate–quartz stringers and veins. These veins 
are composed of agglomerated chalcocite and bornite with 
minor chalcopyrite and pyrite. Sample GS19DLH0060A 
represents the upper section of the mineralised interval. 

The entire mineralised horizon is weakly sheared and 
folded, resulting in competent magnetite-hematite-rich and 
pyrite-rich microlithons or boudins with sphalerite–galena–
chalcopyrite in the boudins necks and sheared borders. 

The alteration assemblage at Curiosity is dominated 
by chlorite (Mg-chlorite), magnetite partially replaced by 
hematite, quartz, and locally talc-chlorite-carbonate-rich 
zones. The hyperspectral data (shortwave infrared) indicate 
high levels of phengite on top of the main mineralised 
horizon (Smith 2015). Huston et al (2020) interpreted a 
much wider alteration footprint in drillhole MXCURD002 
based on the whole-rock geochemistry that indicates sericite 
and chlorite–talc enrichment across the entire intersected 
basement; this suggests that the alteration footprint at 
Curiosity extends well beyond the known mineralisation.

The petrology of sample GS19DLH0060A represents 
a metasomatic replacement assemblage with irregular 
sheared and folded domains of fine- to medium-grained 
Mg-chlorite with magnetite2, disseminated base metals and 
talc, granular pyrite domains, magnetite1-rich domains, 
and locally vein-like masses of base metal sulfides. The 
magnetite1-rich domains form boudins with sphalerite- 
and galena-rich masses in the boudins edges and necks. 
Subhedral magnetite2 commonly shows replacement 
by carbonate and base metal sulfides. Much magnetite 
shows minor replacement by hematite. Pyrite also forms 
semi-massive granular aggregates and disseminations; 
it is paragenetically later than magnetite, and commonly 
enclosed by talc-rich aggregates. Base metal sulfides 
(chalcopyrite, Fe-poor sphalerite, lesser galena) form 
irregular to vein-like masses (commonly as composites) that 
are interstitial to (and paragenetically later than) magnetite 
and pyrite, and are commonly hosted in chlorite. 

There is no diagnostic relict of the protolith, and the 
rock is considered to represent the product of intense 
hydrothermal replacement. The protolith probably 
experienced considerable hydrothermal influx of Mg, Fe, S, 
CO2, Cu, Pb and Zn, occurring under oxidising conditions 
(eg presence of magnetite and paragenetically later Fe-poor 
sphalerite and hematite). 

The middle volcaniclastic unit of drillhole 
MXCURD002 was dated by Huston et al (2020). SHRIMP 
U–Pb analyses of magmatic zircon yielded a weighted 
mean age of 1849.3 ± 4.2 Ma, which is likely to be similar 
to the emplacement age and age of the host succession. 
The lower unit, which hosts the mineralisation, yielded a 
maximum depositional age of 1849.4 ± 3.4 Ma (Cross et al 

2021, Farias et al 2021). These ages support the hypothesis 
that the host rock of the mineralisation at Curiosity is part 
of the Ooradidgee Group, most likely the siliciclastic facies 
of the Yungkulungu Formation.

Apatite description

The MLA map indicates ~3% apatite content in the sample 
(Figure 3). Apatite grains are between 5–40 µm with a few 
cases of grains or agglomerates up to 150 µm. The grains 
are equant to slightly elongate with 1:1–2 aspect ratios. They 
are in equilibrium with the chlorite–magnetite–hematite 
hosting assemblage. Most of the apatite grains have silicates 
and galena inclusions in their cores and show zonation in 
cathodoluminescent images (CL). The CL images reveal 
anhedral to subhedral bright CL cores and dark rims or 
mantles. The size of the CL zones are typically less than 
the 29 µm spot size of the laser bean and thus unresolvable 
using this method. 

Electron probe micro analyses were done to characterise 
the bulk composition of the apatite and potential differences 
between CL zones. The EPMA results show that the apatite 
in GS19DLH060A is fluorapatite [Ca5(PO4)3F], with average 
39.2 wt% Ca and 4.05 wt% F. The core and mantle of CL 
zoned apatite does not show differences in major elements 
composition, only a small difference in P content (average 
17.8 wt% P in the core and 18.1 wt% P in the mantle). 
Cathodoluminescent and EPMA analyses were done on 
a thin section, which is different from the thick section 
(probe) used for apatite U– Pb geochronology. 

Apatite is hosted in two different petrographic settings: 
i) in magnetite1-rich boudins as disseminated, mostly 
euhedral to subhedral, 10–30 µm grains; and ii) in the 
chlorite–sulfide-rich cleavage domains at the edge of the 
boudins as 20–100 µm, semi-massive agglomerates of 
subhedral to anhedral grains.

Analytical results

Fifty-three analyses were carried out on apatite grains 
representative of the different petrographic settings 
described above (Figure 4). Forty-two were excluded 
due to representing phases other than apatite (PO4 <55% 
or >57%), or having low uranium (238U <0.1 ppm), high 
common lead (204Pb >1 ppm) and/or anomalously high Fe 
values (56Fe >5000 ppm). These data are not discussed 
further. The remaining 11 analyses are from nine apatite 
grains (Figure 4–5). 

The analyses used for age calculation are from apatite 
hosted in interstitial chlorite in magnetite1 cluster domains. 
These apatite grains have 238U concentrations that range from 
0.15–53.45 ppm, with variable 204Pb values (0– 0.38 ppm). The 
trend in the Tera–Wasserburg diagram reflects the influence 
of common lead versus radiogenic lead (Figure 6a). An 
isochron fit though this array yields a lower intercept age of 
1740 ± 55 Ma [n = 11, MSWD = 4.7; p(χ2) = 3e-6], and an 
initial 207Pb/206Pb ratio of 0.973 ± 0.010 (Figure 6a).

The REE pattern (Figure 6b) shows a typical apatite 
composition, with LREE enrichment over the HREE (Chu 
et al 2009). There are two different populations based on 
REE patterns, characterised by: (i) GdN/LuN spanning 
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quartz
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Figure 3. MLA image of the 
analysed mount. Note the chlorite-
rich domain and semi-massive 
magnetite domains. Sphalerite (Zn), 
galena (Pb) and chalcopyrite (Cu) 
are present in both domains.

Figure 4. High-resolution BSE 
image of GS19DLH0060A polished 
mount used for MLA analysis 
(Figure 3). The relative brightness of 
the greyscale image is a function of 
mean atomic weight in an individual 
pixel, with brighter areas reflecting 
higher, mean atomic weights. The red 
and green circles show the location of 
the apatite grains that yielded reliable 
dates; the red have positive Eu/Eu* 
anomalies; the green have negative. 
The white circles are the rest of the 
analysed apatite grains. The labels 
correspond to spots ID (SpotNo 
column in Data; Appendix 1 
(Apatite_U-Pb_TE_all).

GS19DLH0060A

39 40

42

34–35

31

32
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16.6–38.4 and positive Eu/Eu* anomalies; and (ii) GdN / LuN 
ranging between 3.5–6.6, negative Eu/Eu* anomalies, and 
higher LREE (La to Nd: mostly 1000–10000 ppm) and 
HREE (Tm to La: 100–1000 ppm). 

Interpretation

Sample GS19DLH0060A represents a metasomatic 
replacement assemblage with irregular sheared and 
folded domains of fine- to medium-grained Mg-chlorite, 
talc, magnetite–hematite, dolomite, pyrite, chalcopyrite, 
sphalerite, and galena, with apatite and accessory quartz. 

The intense hydrothermal replacement left no diagnostic 
relict of the protolith. 

The unaltered host of the mineralisation in Curiosity 
does not contain the apatite noticed in this sample, thus the 
apatite, as well as the majority of the mineral assemblage in 
the sample, are the product of replacement associated with 
mineralisation. Furthermore, most of the apatites failed to 
yield reliable dates as many of the inclusions in the apatite 
grains are galena, one of the ore minerals; therefore, the apatite 
is most likely coeval with mineralisation. The apatite grains 
from which the age is estimated contain various amounts of 
common lead, possibly due to interaction with lead-rich fluids 
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Figure 5. Reflected light photomicrographs (showing the LA–ICP–MS pits), high-resolution BSE and MLA images of the eleven grains 
that yielded reliable dates. The labels correspond to spots ID.
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during mineralisation. For these reasons, the 1740 ± 55 Ma 
represents the best estimate for the age of mineralisation at 
Curiosity. This estimated age is younger than the ca 1847–
1851 Ma gold–copper–bismuth mineralisation of the Tennant 
Creek mineral field (Fraser et al 2008). The MSWD >1 
indicates dispersion of dates; therefore, the weighted average 
age should be considered with caution.

The analyses with highest amount of common Pb are 
also the ones with positive Eu/Eu* anomalies (Figure 6a). 
The apatite grains with positive Eu/Eu* anomalies are 
present in the same petrographic setting as the apatite with 
negative Eu/Eu* anomalies; therefore, the different REE 
patterns cannot be linked to specific petrographic settings. 

Magmatic apatite REE patterns typically have negative 
Eu/Eu* anomalies, reflecting the redox state of the magma 

and feldspar fractionation (Kirkland et al 2018, Bromiley 
2021). Positive Eu/Eu* anomalies cannot be produced 
by fractionation processes and most likely reflect a 
magma/fluid source with positive Eu/Eu* anomaly bulk 
composition (Chu et al 2009, Kirkland et al 2018). In some 
cases, this REE feature is associated with the highest 
grades of mineralisation (eg Olympic Dam IOCG deposit; 
Krneta et al 2017). Cao et al 2011 associated slightly 
negative to positive Eu/Eu* anomalies in apatite with 
strongly oxidising conditions of the mineralising fluids. 
For those reasons, the differences in the REE content may 
represent a shift in the fluid physicochemical conditions 
during mineralisation; however, the details of such change 
remain obscure due to the low number of successful 
analyses. 
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Figure 6. (a) Tera–Wasserburg concordia 
diagram of apatite analyses from 
GS19DHL0060A with lower intercept 
age. The error ellipses are colour-coded 
based on the Eu/Eu* anomaly values. 
(b) REE diagram of spots in (a) colour-
coded based on the Eu/Eu* anomaly. 
Note that the analyses with largest 
amount of common Pb have positive 
Eu/ Eu* anomaly values.
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GS20PGF133 (Explorer 108 deposit)

Sample information

Sample ID: GS20PGF133
Collector: Pablo Farias
1:250 000 mapsheet: GREEN SWAMP WELL (SF 53-13) 
1:100 000 mapsheet: Billiatt (5558)
Province/region: Warramunga Province
Grid reference: 324630mE 7795780mN
Drillhole: NR108D024
Azimuth: 270°
Declination: -60°
RL: 287.9 m
Depth (sampled interval): 292.20–292.35 m
Formal name: Ooradidgee Group
Lithology: talc-chlorite-carbonate-magnetite altered 
siliciclastic (?) rock with intense lead–zinc mineralisation 
Mineral analysed: apatite

Interpreted age summary

Base metal remobilisation at 1724 ± 77 Ma

Sample context

Sample GS20PGF133 represents the main mineralisation 
of the Explorer 108 copper–silver–lead–zinc deposit, 
located in the Rover field of the Warramunga Province 
(Figure 1). The Explorer 108 deposit and the nearby 
copper–lead–zinc Curiosity prospect (sample 
GS19DLH0060A) are located in the western margin of 
the Rover field, ~90 km southwest of Tennant Creek and 
the outcropping Tennant Creek mineral field (Donnellan 
2013, Leggo et al 2019 and references therein). The Rover 
field in this area is covered by ~200m of Wiso Basin 
sedimentary rocks. The mineralisation in Explorer 108 is 
hosted within a sequence of moderately folded, felsic to 
intermediate volcanics and interlayered clastic sediments, 
which are considered to be part of the Ooradidgee Group 
(Valenta et al 2020). Burke (2015) defined two main clastic 
packages across the deposit stratigraphy: upper and lower 
clastic units of sandy siltstone, separated by a 100–150 m 
thick, felsic volcanic unit (Figure 7). Dolostone layers are 
typically in the base of the upper unit and are correlated 
with the silver–lead–zinc mineralisation. Savage (2020) 
interpreted this dolostone to be the product of intense 

Figure 7. Explorer 108 deposit section 
77957801mN from Leggo (2019).
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stratabound alteration related to a hydrothermal event 
that post-dated diagenesis.

The host package in Explorer 108 is folded by D1 upright 
north-northwest-trending asymmetrical folds with east 
vergence (Vanderhor 2007). The mineralisation is focused 
in shear zones parallel to the axial planar foliation, which 
are part of a D2 event (Burke 2015). 

The mineralisation in Explorer 108 is characterized 
by irregular narrow domains of veins and semi-massive 
sulfides (sphalerite and galena) within dolomite-rich units 
and, to a lesser extent, the underlying felsic volcanic unit. 
The mineralisation is associated with chlorite, talc, silica, 
magnetite, and hematite (Burke 2015). The best grades are 
in east-dipping chlorite- and hematite-rich horizons at the 
base of the dolostone near the contact with the underlying 
felsic volcanic unit. There are also high-grade zones up 
to 20–30 m thick that are dolomite-poor and chlorite-rich 
at the same dolostone base contact position (Burke 2015). 
Mineralisation is also present in the form of stringers of 
semi-massive galena and sphalerite in sub-vertical, chlorite-
rich foliated zones (Leggo et al 2019). In addition, scattered 
copper mineralisation in the form of bornite crystals within 
vugs is located in the basal layers of the Wiso Basin. 

Alteration at Explorer 108 includes dolomite, chlorite, 
magnetite, hematite, talc, and silica (Leggo et al 2019). The 
association of high-grade mineralisation with chlorite-rich 
shear zones and boudinaged silica-dolomite suggests that 
the mineralisation has been remobilised after dolomite was 
formed (Valenta et al 2020). 

Explorer 108 has inferred and indicated category mineral 
resources of 11.9 Mt at 11.1 g/t Ag, 2.0% Pb, and 3.2% Zn 
for a contained 4.25 Moz of silver, 385 000 t of zinc, and 
237 000 t of lead, using a 2.5% combined Pb– Zn cut-off 
grade. It also has a smaller indicated category mineral 
resource of 5.7 Mt at 0.36% Cu for 20 300 t of contained 
copper, using a 0.1% Cu cut-off grade (JOCR 2012; Leggo 
et al 2019). According to (Burke 2015), the Explorer 108 
deposit and Curiosity prospect share characteristics with 
sediment-hosted massive sulfide deposits (SHMS), and 
are comparable to a Mount Isa-style mineralisation model. 
These deposits share the following features: regional feeder 
structures; granites that drive convection cells along these 
structures; lodes of copper, lead and zinc; and large volumes 
of iron in the form of pyrite.

Sample GS20PGF133 was collected from a cored 
intersection of base metal mineralisation at 292.2 m 
in drillhole NT108D024. The petrology of this sample 
represents a talc-carbonate-quartz-sulfide rock interpreted 
to be the product of intense hydrothermal replacement. 
The protolith is largely obscured, with few local examples 
of inferred former chlorite-talc-biotite-quartz-bearing 
siliciclastic rock (Figure 8 a–b). The rest of the sample 
is dominated by one or more of fine- to medium-grained 
carbonate (eg dolomite), talc, quartz and Fe-poor sphalerite 
within which there are no relict textures or indications of 
prior protolith material; mineral assemblage could represent 
the products of total hydrothermal replacement and/or 
infill. Textures in quartz and carbonate infer syn-tectonic 
recrystallization has occurred; the talc-rich domains, which 
locally grade into small zones with considerable chlorite and 
trace biotite, are commonly weakly to moderately foliated. 

Sphalerite-rich domains tend to be elongate in the plane of 
the foliation and are largely enclosed in and intergrown with 
talc and carbonate, and lesser quartz, chlorite, and biotite 
(Figure 8c and 9). Disseminated magnetite, along with 
minor pyrite, galena and trace chalcopyrite, are commonly 
enclosed in sphalerite (Figure 8c). The sphalerite is clearly 
a Fe-poor, translucent type but commonly has dark rims and 
replacement zones, which are tentatively interpreted as due 
to ultrafine chalcopyrite inclusions (chalcopyrite disease) 
and not to an increase in sphalerite Fe content. Much of 
the disseminated magnetite shows minor replacement by 
hematite (Figure 8d). The presence of low-Fe sphalerite, 
magnetite, and hematite implies that the rock crystallised 
under rather oxidising conditions; the mineral assemblage 
also indicates formation under biotite-grade metamorphic 
conditions (middle greenschist facies) and with considerable 
CO2 flux. 

Apatite description

The MLA map indicates <1% apatite content in the sample 
(Figure 9). Apatite grains are between 20–50 µm with a 
few up to 100 µm. The grains are equant to slightly elongate 
with 1:1–2 aspect ratios. They are in equilibrium with the 
chlorite-magnetite-hematite-biotite hosting assemblage. 
Around 20% of the apatite grains have silicates and galena 
inclusions in their core, and show zonation in CL images. 
The CL images reveal subhedral- to euhedral bright CL 
cores and darker rims or mantles. The analyses are from 
the darker rims; the inclusion-rich cores were avoided in 
the analysis process. The CL and BSE images of individual 
grains that yielded reliable dates are depicted in Figure 10; 
the remaining images can be found in Appendix 3. 

Most of the apatite, together with sphalerite, galena, 
and talc, is hosted in the space between quartz-dolomite 
boudins or microlithons (Figure 9). A lesser amount of 
apatite is found within the boudins and locally in chlorite-
biotite domains.

Analytical results

From the original 52 apatite targets across the different 
petrographic settings, 40 were excluded due to representing 
phases other than apatite (PO4 <55% or >57%), or having 
low uranium (<0.1 ppm 238U and <0.002 ppm 235U), high 
lead (204Pb >1 ppm) or anomalous high Fe (56Fe >5000 ppm) 
values. These data are not discussed further in this report. The 
remaining 12 analyses are from 11 apatite grains (Figure 11). 

The analyses used for age calculation have uranium 
(238U) concentrations ranging from 0.14–179.9 ppm, with 
variable 204Pb (0.043–0.961 ppm). The resulting trend in 
the Tera–Wasserburg diagram reflect the influence of the 
common lead over the radiogenic lead (Figure 12a). An 
isochron fit though this array yields a lower intercept age 
of 1724 ± 77 Ma (n = 13, MSWD =  1.5; p(χ2) = 0.12) and an 
initial 207Pb/206Pb ratio of 0.972±0.011 (Figure 12a).

The REE pattern (Figure 12b) shows that the apatites 
have a typical REE content with LREE enrichment over 
the HREE (Chu et al 2009). There are two distinctive 
populations based on REE patterns, characterised by: (i) 
negative Eu/Eu* anomalies, GdN/LuN of ~8 and a flat LREE 
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pattern; and (ii) positive Eu/Eu* anomalies, with GdN/LuN 
spanning 23.04–184.2, larger common lead content, and 
LREE (LaN to NdN: mostly 100–1000) and HREE (Tm to 
La: 1–50) that are one order of magnitude lower than (i) 
(Figure 12b).

Interpretation

Sample GS20PGF133 represents talc-carbonate-quartz-
sulfide rock interpreted to be the product of intense 
hydrothermal replacement and deformation. Most of the 

apatite is associated with the sphalerite and galena located 
in the zones between competent quartz-carbonate boudins 
(eg boudins necks). Few apatites are hosted in chlorite-
rich domains and within the boudins (Figure 11). As with 
sample GS19DLH0060A, the apatite in GS20PGF133 
is restricted to the mineralised zones and in many cases 
contains galena inclusions, hence it is a coproduct of the 
mineralising event. 

Sample GS20PGF133 has clear evidence of 
deformation that overprinted mineralisation and 
potentially remobilised the base metals and apatite into 
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Figure 8. Microphotographs and drill core picture of alteration 
and mineralisation in Explorer 108. (a), (b) and (c) are of sample 
GS20PGF133 from drillhole NR108D024. (a) Intergrowth of 
sulfides (mostly sphalerite, but with pyrite at upper left, black) 
with quartz (upper), carbonate (pale grey-brown) and talc (bright 
colours). Crossed-polarised, transmitted light. (b) Relict detrital 
quartz grains in a totally reconstituted matrix of fine grained 
quartz, dark chlorite (locally foliated) and traces of carbonate 
and talc. Crossed-polarised, transmitted light. (c) Photograph of 
half drill core showing the fabric and mineralisation of sample 
GS20PGF133. Strong penetrative anastomosed foliation marked 
by talc-chlorite overprinting mineralisation, and carbonate–
quartz–jaspilite boudins or lithons with sphalerite-rich zones 
in between. Black half arrow marks the plunge direction of 
the drill hole (270°) and ‘TS’ marks the location of the sample 
used for petrology and geochronology. (d) Sphalerite (mid-grey) 

containing irregular masses of galena (silvery), part of a subhedral grain of pyrite (pale cream at right), tiny grains of chalcopyrite 
(yellow at left), and a single grain of magnetite (slightly brownish grey, left of centre). Plane-polarised, reflected light. (e) Sphalerite 
(right) bordering a magnetite aggregate (left, slightly paler and with brown tint), showing local replacement by hematite (pale blue-grey) 
and galena (silvery). Plane-polarised, reflected light. Cb = carbonate, Ccp = chalcopyrite, Chl = chlorite, Dol = dolerite, Gn = galena, 
Hem = hematite, Jas = jasper, Mag = magnetite, Py = pyrite, Qtz = quartz, Sph = sphalerite, Tlc = talc. 
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the boudins necks (Figure 11 and 13). For these reasons, 
the 1726 ± 85 Ma represents the best estimate of base 
metal remobilisation and is a good proxy for the time 
of deformation. The estimated age of mineralisation in 
Explorer 108 is slightly younger than the mineralisation 
in Curiosity (1740 ± 55 Ma ) but is within analytical 
uncertainties. The base metal mineralisation at 
both deposits is younger than the ca 1847–1851 Ma 
gold–copper–bismuth mineralisation of the Tennant 
Creek mineral field (Fraser et al 2008). As with 
GS19DHL0060A, the MSWD >1 indicates dispersion 

of dates; therefore, the weighted average age should be 
considered with caution.

The apatite composition is similar to the apatite in 
GS19DHL0060A. In GS20PGF133, apatite is found in two 
settings: (i) hosted in a distinct chlorite-rich domain, and 
(ii) in close association with sphalerite and talc (Figure 13). 
We found no explanation for the positive Eu/Eu* anomaly 
and lower LREE and HREE content of apatite (ii), but the 
close association with mineralisation suggests that apatite 
(ii) may represent hydrothermal apatite, whereas apatite (i) 
is the pre-mineralisation relic.
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Figure 9. MLA image of the analysed mount GS20PGF133.
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Figure 10. High-resolution BSE (left column), CL (centre column) and reflected light (right column) images of analysed apatite 
grains in GS20PGF133. Labels refer to last three digits of the spot or analysis ID (continued on next page). 
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Figure 10. (Continued from previous page). High-resolution BSE (left column), CL (centre column) and reflected light (right column) 
images of analysed apatite grains in GS20PGF133. Labels refer to last three digits of the spot or analysis ID.



17 NTGS Record 2022-003

2 mm

targeted apatite

apatite used for age (+ Eu/Eu* anomaly)

apatite used for age (- Eu/Eu* anomaly)

Figure 13

292

293

294

297

303

304

309

313

330

331

332

A22-052.ai

Figure 11. High-resolution BSE image of GS20PGF133 mount with apatite locations. The red and green circles show the location of the 
apatite grains that yielded reliable dates; the red have positive Eu/Eu* anomalies; the green have negative. The white circles are the rest of the 
analysed apatite grains. Location labels refer to last three digits of the spot or analysis ID.



18NTGS Record 2022-003 

10

100

1000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

0.6

0.8

1.0

1.2

Eu/Eu*

el
em

en
t /

 c
ho

nd
rit

e 
(P

al
m

e 
an

d 
Jo

ne
s 

20
03

)

b

a

GS20PGF133

0 1 2 3 4

0.
2

0.
4

0.
6

0.
8

1.
0

 

2000

3000

4000

5000

1

2

3

4

5

6

7

8

9

10

11

12

13

0.
4

0.
6

0.
8

1.
0

1.
2

Eu/Eu*

age = 1723.5 ± 39.1 | 76.6 Ma (n = 13)
(207Pb/206Pb)o = 0.972 ± 0.011 | 0.021
MSWD = 1.5, p(χ2) = 0.12

20
7 P

b/
20

6 P
b

238U/206Pb
A

22
-0

53
.a

i
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BW20PGF094A (Rover 1 deposit)

Sample information

Sample ID: BW20PGF094A
Collector: Pablo Farias
1:250 000 mapsheet: BONNEY WELL (SF 53-02)
1:100 000 mapsheet: Chaluba (5657)
Province/region: Warramunga Province
Grid reference: 359600mE; 7787602mN
Drillhole: WGR1D011
Azimuth: 010°
Declination: -60°
RL: 295.9 m
Depth (sampled interval): 476.4–476.5 m
Formal name: Ooradidgee Group
Lithology: apatite-rich massive magnetite with chalcopyrite-
pyrite veins
Mineral analysed: apatite

Interpreted age summary

Unresolvable age. Unsuccessful age estimation due to 
low-U apatite. 

Sample context

Sample BW20PGF094A represents the main mineralisation 
in the Rover 1 copper–gold–bismuth deposit, located in 
the Rover field of the Warramunga Province (Figure 1 ). 
Rover 1 (Leggo et al 2019; Valenta et al 2020) is a high-
grade gold–copper (-silver–bismuth–cobalt) deposit hosted 

in ironstone and hematitic shales and covered by ~100 m 
of Wiso Basin sedimentary rocks (Leggo et al 2019). This 
deposit is interpreted to be a variant of IOCG-type deposits.

The host stratigraphy is mainly turbiditic sequences of fine-
grained shales, mudstones, and greywackes interlayered with 
hematite-rich sediments to argillaceous banded iron formation 
(BIF) and cherts. Minor felsic dykes, and volcaniclastic and 
tuffaceous units were identified in the northern parts of the 
deposit (Leggo et al 2019). Leggo et al (2019) interpreted the 
host stratigraphy to be part of the Warramunga Formation. 
However, in the more recent interpretation (Valenta et al 
2020), the host stratigraphy for Rover 1 is considered to be the 
low-magnetic Ooradidgee Group.

The main mineralised lodes are hosted within a sheared, 
antiformal hinge zone. The shear zone is steeply south-
dipping (Figure 7 in Leggo et al 2019). The deposit was 
affected by later tectonism, mostly reflected in brittle faults 
dislocating the orebody. Leggo et al (2019) suggested that the 
competency contrasts between the finely bedded siltstones, 
shales, and BIFs and the more massive sandstones and 
greywackes played an important role in forming structural 
traps for mineralizing fluids. The bulk of the mineralisation is 
not within the magnetite-quartz ironstones but rather in their 
peripheral and lower stringer zones where it is focused in 
brittle structures and breccia. The main lode minerals, apart 
from magnetite and hematite, are chalcopyrite, bismuthinite, 
and gold with abundant pyrite (Leggo et al 2019). Gold is 
present in copper–bismuth-rich zones accompanied by 
chlorite and pyrite as veinlets; typically gold values increase 
in stockwork zones below the massive magnetite-rich 
ironstone. Copper is in the form of chalcopyrite, which occurs 
mostly in the lower margin of the massive quartz-magnetite 
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Figure 13. BSE (left) and MLA (right) images of part of the mount GS20PGF133 with details of the mineral paragenesis of analysed 
apatite. In the BSE image, the red and green circles show the location of the apatite grains that yielded reliable dates; the red have positive 
Eu/ Eu* anomalies; the green have negative. The white circles are the rest of the analysed apatite grains. Location labels refer to last three 
digits of the spot or analysis ID.
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zone. Bismuthinite mineralisation is associated with gold and 
to a lesser extent, copper.

The mineral resource estimate (indicated and inferred 
category) for Rover 1 in 2012 was 6.9 Mt at 1.74 g/t Au, 2.07 g/t 
Ag, 1.2% Cu, 0.14% Bi, and 0.06% Co, containing 386 000 oz 
of gold, 459 000 oz of silver, 83 000 t of copper, 9400 t of 
bismuth and 4100 t of cobalt (JORC 2012; Leggo et al 2019).

Sample BW20PGF94A was collected from a cored 
intersection of mineralisation at 476.4 m in drillhole 
WGR1D011; it represents an interval of massive magnetite 
with interstitial chalcopyrite and pyrite, with accessory 
apatite and quartz (MLA image; Appendix 2). The 

copper mineralisation is in the form of vein chalcopyrite, 
composited with pyrite and quartz, and as interstitial 
chalcopyrite within the massive magnetite. The interstitial 
chalcopyrite is accompanied by apatite, which was the 
targeted phase for geochronology. 

Analytical results

Age estimation for sample BW20PGF094A were not 
possible due to low-U apatite. Isotopic data, R-script and 
imagery (BSE, grain-scale BSE and CL, mount MLA) are 
provided in Appendix 1, 2 and 3 respectively.

BW20PGF127A (Rover 1 deposit)

Sample information

Sample ID: BW20PGF127A
Collector: Pablo Farias
1:250 000 mapsheet: BONNEY WELL (SF 53-02)
1:100 000 mapsheet: Chaluba (5657)
Province/region: Warramunga Province
Grid reference: 359480mE; 7787720mN
Drillhole: WGR1D002-5
Azimuth: 010°
Declination: -60°
RL: 295.76 m
Depth (sampled interval): 560.45–560.60 m
Formal name: Ooradidgee Group
Lithology: sheared and chlorite-altered quartz-magnetite-
apatite-pyrite-rich rock with copper–gold–bismuth 
mineralisation
Mineral analysed: apatite

Interpreted age summary

Unresolvable age. Unsuccessful age estimation due to 
low-U apatite. 

Sample context

Sample BW20PGF127A represents the deeper gold-rich 
mineralisation in the Rover 1 copper–gold–bismuth 

deposit (Figure 1). This gold-rich zone is located 
~50 m downhole below the main massive magnetite–
chalcopyrite (copper-rich) orebody in drillhole 
WGR1D002-5. The sample is strongly altered by chlorite 
and magnetite; the quartz is disaggregated, forming 
fractured boudins where part of the chalcopyrite, 
bismuthinite and gold accumulates (MLA image; 
Appendix 2). Chlorite is widespread; it is interstitial 
to pyrite–magnetite–hematite and typically forms 
pressure shadows on disaggregated magnetite–hematite. 
Late pyrite is fine-grained and mostly euhedral against 
chalcopyrite, bismuthinite, and gold, which are all 
texturally paragenetic and locally abundant in shear 
zones. In this sample, the gold is composited with 
bismuthinite and locally chalcopyrite and coffinite; all 
are aligned with the S-C fabric of the shear zone. The 
MLA image shows details on a second weak foliation 
that overprints the shear zone and remobilised part of the 
chlorite, carbonates, gold and chalcopyrite. This later 
foliation is also noticed in parallel fractures on the more 
competent massive magnetite microlithons.

Analytical results

Age estimations for sample BW20PGF127A were not 
possible due to low-U apatite. Isotopic data, R-script and 
imagery (BSE, grain-scale BSE and CL, mount MLA) are 
provided in Appendix 1, 2 and 3 respectively.

TC20PGF070 (Bluebush)

Sample information

Sample ID: TC20PGF070
Collector: Pablo Farias
1:250 000 mapsheet: TENNANT CREEK (SE 53-14)
1:100 000 mapsheet: Kelly (5658)
Province/region: Warramunga Province
Grid reference: 393750mE; 7809700mN
Drillhole: TDD01
Azimuth: 000°
Declination: -60°

RL: 303 m
Depth (sampled interval): 531.35–531.50 m
Formal name: Ooradidgee Group
Lithology: Chlorite-carbonate-epidote-altered porphyritic 
actinolite basalt with weak copper–nickel–chromium 
mineralisation 
Mineral analysed: apatite

Interpreted age summary

Basalt crystallisation age and copper–nickel–chromium 
mineralisation at 1758 ± 78 Ma
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Figure 14. MLA of part of the TC20PGF070 mount with details of the mineral and sulfide paragenesis in the mineralised zone of the mount. 
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Sample context

Drillhole TDD01 was drilled by Territory Uranium Company 
as part of the NTGS GDC program (Page 2010). The drillhole 
was designed to test a gravity and magnetic anomaly in the 
Bluebush area, located 30 km southwest of Tennant Creek 
(Figure 1). The Bluebush area is considered an important 
link between the Tennant Creek mineral field and the Rover 
field as it coincides with interpreted crustal-scale structures 
(Sippl 2016) and has potential for nickel–chromium–copper 
mineralisation (Page 2010). The drillhole was analysed by 
HyLoggerTM (Smith and Huntington 2010) and re-logged and 
sampled by Farias (2021) as part of a NTGS–GA collaboration 
project to improve understanding of the regional geological 
framework and resource potential of the Rover field and 
more broadly, the Warramunga Province. Drillhole TDD01 
intersected high-magnesium, porphyritic actinolite basalt 
with minor schistose meta-greywacke and quartz–sericite 
(– muscovite) phyllite (Farias 2021). 

Nickel mineralisation was reported in this drillhole 
by Page (2010): 1 m at 2100 ppm from 369 m, and 7 m at 
2185 ppm, including 1 m at 3200 ppm from 376 m. Petrology 
studies for TDD01 revealed that mineralisation consists of 
pentlandite strongly associated with pyrrhotite, typically 

with flame-like exsolution texture within pyrrhotite 
(Figure 3c in Farias 2021). Pentlandite is also found as 
disseminated grains or aggregates with chalcopyrite and 
pyrite (Figure 14). Sphalerite and galena are also observed 
in contact with pyrrhotite. Sulfide textures suggest that the 
zinc–lead mineralisation represents a later epigenetic event 
that overprints the primary orthomagmatic nickel–copper 
sulfide mineralisation (Farias 2021). 

Sample TC20PGF070 was collected from drillhole 
TDD01 to constrain the time of basalt crystallisation and 
mineralisation. The sample represents a chlorite–epidote–
carbonate–K-feldspar-altered, porphyritic actinolite basalt. 
The texture is clearly porphyritic with 45–50%, 0.5– 2 mm, 
fresh euhedral actinolite phenocrysts and 35–40%, 0.5– 1 mm, 
relatively fresh euhedral albite phenocrysts in a fine-grained 
amphibole–plagioclase–chlorite groundmass. Most of the 
actinolite phenocrysts have patchy cores of hornblende and 
augite (Figure 15). Locally, there are interstitial and patchy 
chlorite, epidote (with allanite cores) and calcite zones with 
iron–nickel–chromium sulfide mineralisation; and a late 
calcite–k-feldspar veinlet that overprints the mineralisation 
(Figure 14). Apatite and titanite occur as accessory phases in 
the basalt groundmass and in the chlorite–epidote–sulfide-
rich domains (Figure 14).   
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Apatite description

The MLA map indicates <1% apatite content in the sample. 
Apatite grains in the matrix are between 20–80 µm, with a 
few cases of grains-agglomerates up to 150 µm. The grains 
are subhedral to euhedral and in textural equilibrium with 
the plagioclase-chlorite-amphibole hosting assemblage. The 
apatite in the sulfide-rich zones (Figure 14) ranges between 
10–50 µm in size and is subhedral with no indication of 
textural disequilibrium with the host. Many of the dated 
apatite grains in the sulfide-rich zone are in contact or 
included in pentlandite, pyrite or chalcopyrite. No SEM 
or CL images at the grain-scale have been taken for this 
sample; therefore, it is not possible to assess for zoning of 
secluded inclusions.

Analytical results

Fifty-nine analyses were carried out on apatite grains in 
the groundmass and in the chlorite–epidote mineralised 
domains. Thirty-nine analyses were excluded due to 

representing phases other than apatite (PO4 <55% or >57%), 
or having low uranium (238U <0.1 ppm), high common 
lead (204Pb >1 ppm) and/or anomalously high Fe values 
(56Fe >5000 ppm). These data are not discussed further. 
The remaining 20 analyses are from 19 apatite grains 
(Figure 16).

The analyses used for age calculation have 238U 
concentrations that range from 0.11–0.84 ppm, with 
variable 204Pb values (0.015–0.075 ppm). The resulting trend 
in the Tera–Wasserburg diagram reflect the influence of the 
common lead over the radiogenic lead (Figure 17a). An 
isochron fit though this array yields a lower intercept age of 
1758 ± 78 Ma (n = 20, MSWD = 1.7; p(χ2) = 0.033), and an 
initial 207Pb/206Pb ratio of 0.968±0.015 (Figure 17a).

There are two different populations based on REE 
patterns (Figure 17b): group (i) is characterised by a flat 
REE pattern (LaN/LuN spanning 0.03–0.3), with negative 
Eu/Eu* anomalies; group (ii) is characterised by lesser 
amounts of REE, LREE depletion over HREE (LaN/LuN 
ranging between 0.75–1.9), and five positive- to near-
positive Eu/ Eu* anomalies (Figure 17b). Group (i) is 

Figure 15. MLA image of mount TC20PGF070 with location of analysed apatite. The yellow and green circles show the location of the 
apatite grains that yielded reliable dates; the black circles are the rest of the analysed apatite grains. Labels indicate spot number.
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Figure 16. High-resolution BSE image of TC20PGF070 mount with apatite locations. The green, yellow and pink circles show the location 
of the apatite grains that yielded reliable dates. The white circles are the rest of the analysed apatite grains. Labels indicate spot number.

almost exclusively located in the less altered part of the 
mount, while group (ii) is in the chlorite-epidote-sulfide 
altered zone. 

Interpretation

Sample TC20PGF070 represents a weakly copper–nickel–
chromium mineralised, porphyritic actinolite basalt. Apatite 
is disseminated across the relatively fresh groundmass 
and in the mineralised domains. The 1758 ± 78 Ma result 
represents the best estimate of the copper–nickel–chromium 
mineralisation age and the basalt cooling age (time at which 
the rock cooled below ~600°C, assuming no dissolution 
and/or recrystallization of the apatite grains; Kirkland et al 
2018). This cooling age is a good approximation for the 
basalt crystallisation age. As with the other samples, the 
MSWD >1 indicate dispersion of dates; therefore, the age 
should be considered with caution.

The apatite composition in the mineralised domain 
is different from that of the fresher groundmass, located 
some millimetres away (Figure 16). This suggests 
that physicochemical conditions are variable at the 
mm-scale within the same sample. As with the samples 

in Curiosity and Explorer 108, the apatite with positive 
Eu/Eu* anomalies and lower REE content is linked to 
mineralisation. A possibility is that the allanite-epidote, 
which are spatially associated with copper–iron–nickel 
sulfides and apatite, fractionated the available REE (due to 
the larger partition coefficient, if compared with apatite; 
Pearce 2021) and resulted in REE-depleted apatites. The 
allanite influence in other accessory phases is a well-
known mechanism (Papapavlou 2017; Garber et al 2017; 
Regis et al 2012). Hydrothermal apatite with positive Eu/
Eu* anomalies and depleted LREE and HREE have been 
described in the Olympic Dam IOCG ore system (Krneta 
et al 2017). The primary magmatic apatite (with typical 
negative Eu/Eu* anomalies) was altered by later copper-
bearing, oxidising and alkaline fluids that resulted in 
the high-grade copper mineralisation and apatite with 
positive Eu/Eu* anomalies. In addition to the previous 
mechanisms, there is apatite coupled substitutions of 2Ca2+ 
by REE3+ + Na+ (Wang 2015). This substitution mechanism 
could explain the relatively lower REE content of apatite 
associated with mineralisation as apatite grew with 
available Ca (intimately associated with mineralisation / 
alteration), thus leaving less space for REE intake.
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Figure 17. (a) Tera–Wasserburg 
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anomaly values. (b) REE diagram of 
spots in (a) colour-coded based on the 
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Figure 18. Graphic summary of ages and major mineralising and magmatic events from the Tennant Creek mineral field and the apatite 
ages for the Rover field from this study. 

DISCUSSION AND CONCLUSION

The estimated age of the base metal mineralisation in 
Explorer 108 (1724 ± 77 Ma) and Curiosity (1740 ± 55 Ma) 
is within error of the age of the orthomagmatic copper–
nickel–chromium mineralisation (1758 ± 78 Ma) of the 
Bluebush area (Figure 18). Even though there are large 
uncertainties associated with the apatite U–Pb ages in 
all these mineral systems, the results suggest that these 
mineralising events are younger than the ca 1847–1851 Ma 
gold–copper–bismuth mineralisation of the Tennant 

Creek mineral field (Fraser et al 2008). However, the 
mineralisation ages determined in his study are closer to 
that of other Tennant Creek mineral field mineralisation, 
ie the copper–tungsten mineralisation at the Explorer 27 
prospect (1711 ± 8 Ma and 1719 ± 8 Ma Re– Os model 
ages; McGloin and Creaser 2019), and the shear-hosted 
Au-Cu-Bi metallogenic event of Orlando East and 
Navigator 6 prospects (SHRIMP U– Pb-Th monazite ages 
of ca 1659 Ma; Skirrow et al 2019); as well as to that of the 
ca 1710 Ma Devils Suite magmatism (Figure 18; Blake 
et al 1987, Donnellan 2013).



26NTGS Record 2022-003 

ACKNOWLEDGEMENTS

We thank Charles Verdel (NTGS) for his review of this 
Record. We also thank Castile Resources for allowing access 
to drill core and sampling. We acknowledge and thank the 
Aboriginal Traditional Land Owners responsible for this area.

REFERENCES

Ahmad M and Munson TJ (compilers). 2013. Geology and 
mineral resources of the Northern Territory. Northern 
Territory Geological Survey, Special Publication 5.

Baker J, Peate D, Waight T and Meyzen C, 2004. Pb isotopic 
analysis of standards and samples using a 207Pb–204Pb 
double spike and thallium to correct for mass bias with a 
double-focusing MC–ICP–MS. Chemical Geology 211, 
275–303.

Baldwin JA and Brown M, 2008. Age and duration of 
ultrahigh-temperature metamorphism in the Anápolis–
Itauçu Complex, Southern Brasília Belt, central Brazil 
– constraints from U–Pb geochronology, mineral rare 
earth element chemistry and trace-element thermometry. 
Journal of Metamorphic Geology 26(2), 213–233.

Blake DH, Stewart AJ, Sweet IP and Hone IG, 1987. 
Geology of the Proterozoic Davenport Province, central 
Australia. Bureau of Mineral Resources, Australia, 
Bulletin 226.

Bromiley GD, 2021. Do concentrations of Mn, Eu and Ce 
in apatite reliably record oxygen fugacity in magmas? 
Lithos 384/385: 105900. https://www.sciencedirect.com/
science/article/pii/S0024493720305351.

Burke R, 2015. Curiosity drill program – CORE Drill 
Collaboration Final Report. Northern Territory 
Geological Survey, Open File Company Report 
CR2015-0008.

Cao M, Li G, Qin KZ, Seitmuratova E and Liu Y, 2011. Major 
and trace element characteristics of apatites in granitoids 
from Central Kazakhstan: Implications for petrogenesis 
and mineralization. Resource Geology, 62, 63–83.

Chu MF, Wang KL, Griffin WL, Chung SL, O’Reilly SY, 
Pearson NJ and Iizuka Y, 2009. Apatite composition: 
tracing petrogenetic processes in Transhimalayan 
granitoids. Journal of Petrology 50(10), 1829–55.

Compston DM, 1994. The geochronology of the Tennant 
Creek Inlier and its ore deposits, Northern Territory. 
PhD thesis, Australian National University, Canberra.

Compston DM, 1995. Time constraints on the evolution 
of the Tennant Creek Block, northern Australia. 
Precambrian Research 71, 315–346.

Compston DM and McDougall I, 1994. 40Ar/39Ar and 
K –  Ar age constraints on the Early Proterozoic Tennant 
Creek Block, northern Australia, and the age of its 
gold deposits. Australian Journal of Earth Sciences 41, 
609– 616.

Cross A, Huston D, and Farias PG, 2021. Summary of 
results. Joint NTGS-GA geochronology project: 
Rover mineral field, Warramunga Province, January-
June 2020. Northern Territory Geological Survey,  
Record 2021-003. 

Donnellan N and Johnstone A, 2004. Mapped and 
interpreted geology of the Tennant Region (First 

Edition). 1:500 000 scale. Northern Territory Geological 
Survey, Darwin.

Donnellan N, 2013. Chapter 9 - Warramunga Province: in 
Ahmad M and Munson TJ (compilers). ‘Geology and 
mineral resources of the Northern Territory’. Northern 
Territory Geological Survey, Special Publication 5.

Farias P, Cross A and Huston D, 2021. The Rover 
field: Insights on stratigraphy, age and base metal 
mineralisation: in ‘Annual Geoscience Exploration 
Seminar (AGES) Proceedings, Alice Springs, Northern 
Territory 20–21 April 2021’. Northern Territory 
Geological Survey, Darwin, 63–74.

Farias PG, 2021. Lithology and petrology of drillhole 
TDD001, Bluebush area, Warramunga Province. 
Northern Territory Geological Survey, Record 2021-006.

Fraser GL, Hussey K, and Compston D M, 2008. Timing of 
Palaeoproterozoic Au–Cu–Bi and W-mineralization in 
the Tennant Creek region, northern Australia: Improved 
constraints via intercalibration of 40Ar/39Ar and U–Pb 
ages. Precambrian Research, 164(1-2), 50–65.

Garber JM, Hacker BR, Kylander-Clark ARC, Stearns 
M and Seward G, 2017, Controls on Trace Element 
Uptake in Metamorphic Titanite: Implications for 
Petrochronology. Journal of Petrology 58, 1031–1057.

Gunter J, Aivazpourporgou S, Gow PA and Valenta RK, 
2020a. Warramunga Province mineral deposit series: 
Rover 1 3D compilation and deposit atlas. Northern 
Territory Geological Survey, Digital Information 
Package DIP 024.

Gunter J, Aivazpourporgou S, Gow PA and Valenta RK, 
2020b. Warramunga Province mineral deposit series: 
Explorer 108 and Curiosity 3D compilation and deposit 
atlas. Northern Territory Geological Survey, Digital 
Information Package DIP 025.

Gunter J, Aivazpourporgou S, Gow PA and Valenta RK, 
2020c. Warramunga Province mineral deposit series: 
Explorer 142 3D compilation and deposit atlas. Northern 
Territory Geological Survey, Digital Information 
Package DIP 026.

Hackney R, Schofield A, Clark A, Doublier M, Murr J, 
Skirrow R, Goodwin J, Cross A, Pitt L, Duan J, Jiang W, 
Wynne P, O’Rourke A, Roach I and Czarnota K, 
2020. Exploring for the Future: Integrated geoscience 
supporting exploration and discovery in the under 
cover Tennant Creek – Mount Isa region: in ‘Annual 
Geoscience Exploration Seminar (AGES) Proceedings, 
Alice Springs, Northern Territory 24–25 March 2020’. 
Northern Territory Geological Survey, Darwin, 34–39.

Halpin JA, Jensen T, McGoldrick P, Meffre S, Berry RF, 
Everard JL, Calver CR, Thompson J, Goemann K and 
Whittaker JM, 2014. Authigenic monazite and detrital 
zircon dating from the Proterozoic Rocky Cape Group, 
Tasmania: Links to the Belt-Purcell Supergroup, North 
America. Precambrian Research 250, 50–67.

Huston DL, Cross A, Skirrow R, Champion D and Whelan J, 
2020. The Tennant Creek mineral field and Rover fields: 
Many similarities but some important differences: 
in ‘Annual Geoscience Exploration Seminar (AGES) 
Proceedings, Alice Springs, Northern Territory, 24–25 
March 2020’. Northern Territory Geological Survey, 
Darwin, 70–82.



27 NTGS Record 2022-003

Jochum, KP, Weis U, Stoll B, Kuzmin D, Yang Q, Raczek I, 
Jacob DE, Stracke A, Birbaum K, Frick DA, Günther D 
and Enzweiler J, 2011. Determination of reference 
values for NIST SRM 610–617 glasses following ISO 
guidelines. Geostandards and Geoanalytical Research, 
[online] 35(4), 397–429.

Kirkland CL, Yakymchuk C, Szilas K, Evans N, Hollis J, 
McDonald B and Gardiner NJ, 2018. Apatite: a U – Pb 
thermochronometer or geochronometer? Lithos 
318 – 319, 143–157.

Komsta L and Novomestky F, 2015. moments: Moments, 
cumulants, skewness, kurtosis and related tests. https://
cran.r-project.org/web/packages/moments/index.html.

Kosler J, 2001, Laser-ablation ICPMS study of metamorphic 
minerals and processes: in Sylvester PJ (editor). ‘Laser-
ablation-ICPMS in the earth sciences; principles and 
applications.’ Mineralogical Association of Canada 
Short Course Handbook 29, 185–202.

Krneta S, Ciobanu CL, Cook NJ, Ehrig K, Kontonikas-
Charos A, 2017. Rare earth element behaviour in apatite 
from the Olympic Dam Cu–U–Au–Ag Deposit, South 
Australia. Minerals 7(8), 135. https://doi.org/10.3390/
min7080135.

Leggo N, Ulrich S and Whishaw A, 2019. Independent 
technical assessment report - Castile Resources Limited 
- Rover and Warumpi projects. CSA Global Report 
R339.2019, Castile Resources Limited Prospectus. 
Australian Stock Exchange announcement: CST, 
12 February 2020 

Ludwig KR, 1998 On the treatment of concordant uranium–
lead ages. Geochimica et Cosmochimica Acta 62(4), 
665–676.

Maidment DW, Lambeck L, Huston DL and Donnellan NC, 
2006. New geochronological data from the Tennant 
Region: in ‘Annual Geoscience Exploration Seminar 
(AGES) 2006. Record of abstracts’.  Northern Territory 
Geological Survey 2006-002, 32–35.

Maidment DW, Huston DL, Donnellan N and Lambeck A, 
2013. Constraints on the timing of the Tennant Event 
and associated Au–Cu–Bi mineralisation in the Tennant 
Region, Northern Territory. Precambrian Research, 
237, 51–63.

Martin AJ, Gehrels GE and DeCelles PG, 2007. The tectonic 
significance of (U,Th)/Pb ages of monazite inclusions in 
garnet from the Himalaya of central Nepal. Chemical 
Geology 244(1–2), 1–24.

McDowell FW, McIntosh WC and Farley KA, 2005. A 
precise 40Ar–39Ar reference age for the Durango apatite 

(U–Th)/He and fission-track dating standard. Chemical 
Geology. 214(3–4), 249–263.

McGloin MV and Creaser RC, 2019. Summary of results. 
Re–Os molybdenite dating of copper and tungsten 
mineralisation in the Tennant Creek mineral field, and 
Hatches Creek and Mosquito Creek tungsten fields, 
Warramunga Province. Northern Territory Geological 
Survey, Record 2019-009.

McGloin MV, Whelan JA, Creaser R, Huston DL and 
Norman M, 2020. New Re-Os age constraints on 
the timing of tungsten and copper mineralisation in 
the Warramunga Province: in ‘Annual Geoscience 
Exploration Seminar (AGES) Proceedings, Alice 
Springs, Northern Territory, 24–25 March 2020’. 
Northern Territory Geological Survey, Darwin, 58– 64.

Page T, 2010. Tennant Creek Bluebush ‘Iron Oxide Copper 
Gold Exploration in Covered Terrain’ (EL 24966), 
The Final Report. Territory Uranium Company Ltd. 
Northern Territory Geological Survey, Open File 
Company Report CR2010-0203.

Papapavlou K, Darling JR, Storey CD, Lightfoot PC, 
Moser DE and Lasalle S, 2017. Dating shear zones 
with plastically deformed titanite: New insights into 
the orogenic evolution of the Sudbury impact structure 
(Ontario, Canada). Precambrian Research 291, 220– 235.

Regis D, Cenki-Tok B, Darling J and Engi M, 2012. 
Redistribution of REE, Y, Th, and U at high pressure: 
Allanite-forming reactions in impure meta-quartzites 
(Sesia Zone, Western Italian Alps). American 
Mineralogist 97, 315–328.

Reno BL, Piccoli PM, Brown M and Trouw RAJ, 2012. 
In situ monazite (U–Th)–Pb ages from the Southern 
Brasília Belt, Brazil: constraints on the high-temperature 
retrograde evolution of HP granulites. Journal of 
Metamorphic Geology 30(1), 81–112.

RStudio Team, 2020. RStudio: Integrated development for 
R. RStudio, PBC, Boston, MA. http://www.rstudio.com/.

Schoene B and Bowring SA, 2006. U–Pb systematics of 
the McClure Mountain syenite: thermochronological 
constraints on the age of the 40Ar/39Ar standard MMhb. 
Contributions to Mineralogy and Petrology. 151(5), 
615–630.

Skirrow RG, Cross AJ, Lecomte A and Mercadier J, 
2019. A shear-hosted Au-Cu-Bi metallogenic event 
at ~1660 Ma in the Tennant Creek goldfield (northern 
Australia) defined by in-situ monazite U-Pb-Th dating. 
Precambrian Research 332. https://doi.org/10.1016/j.
precamres.2019.105402.


	Title page
	Reverse title page
	Summary
	Contents
	Figures
	1.	Sample locations in the Northern Territory
	2.	Drillcore picture and photomicrographs of GS19DLH0060A
	3.	MLA image of GS19DLH0060A
	4.	High-resolution image and apatite / analyses locations in GS19DLH0060A
	5.	Mosaic of photomicrographs, BSE and MLA images of apatite grains and host
	6.	Tera–Wasserburg concordia diagram and REE diagram of apatite GS19DLH0060A
	7.	Explorer 108 deposit cross section
	8.	Explorer 108 microphotographs and drill core picture
	9.	MLA image of the analysed mount GS20PGF133
	10.	BSE, CL and reflected light images of analysed apatite grains in GS20PGF133
	11.	BSE image of GS20PGF133 mount with apatite locations
	12.	Tera–Wasserburg concordia diagram and REE diagram of apatite GS20PGF133
	13.	MLA image detail of GS20PGF133
	14.	MLA image detail of TC20PGF070
	15.	MLA image of mount TC20PGF070 with location of analysed apatite
	16.	BSE image of TC20PGF070 mount with apatite locations
	17.	Tera–Wasserburg concordia diagram and REE diagram of apatite TC20PGF070
	18.	Summary of ages and major mineralising and magmatic events

	Tables
	Appendices

	Introduction
	Analytical procedures and data presentation
	Apatite location and imaging
	Isotope analysis
	Electron probe micro analysis (EPMA)


	Data reduction and presentation
	Geological setting
	Samples analysed
	GS19DLH0060A (Curiosity prospect)
	GS20PGF133 (Explorer 108 deposit)
	BW20PGF094A (Rover 1 deposit)
	BW20PGF127A (Rover 1 deposit)
	TC20PGF070 (Bluebush)

	Discussion and conclusion
	Acknowledgements
	References



