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Summary of results. Re–Os molybdenite dating of the Mount Hardy deposit, Aileron Province. 

SUMMARY

This Record details rhenium–osmium (Re–Os) geochronology for molybdenite associated with pegmatites and quartz 
veins at the Mount Hardy deposit, MOUNT DOREEN2, in the Aileron Province of the Arunta Region. Two molybdenite 
samples were collected from mineralised diamond drill cores DDH-6 and 13MHDDH002 respectively, one from a pegmatite 
(MD16MVM078) and the other from a pegmatite-related quartz vein (MD15MVM001).  

Molybdenite was dated to determine an absolute age for pegmatite emplacement and to provide an indication of the timing 
of copper mineralisation at the deposit. Both drillholes intercept copper mineralisation, but the molybdenite analysed is not 
directly associated with copper in the drill core. However, in other intervals of the same drill core and in outcrop, veined 
copper mineralisation is spatially associated with pegmatite intrusions with similar mineralogy and textural relationships to 
those described in this Record. Previous workers also report that some pegmatites are copper-bearing, and that fluid inclusion 
data from mineralised veins indicate the involvement of magmatic-hydrothermal fluids. Although an irrefutable link between 
pegmatites and veined copper mineralisation at the Mount Hardy deposit cannot yet be established, the close spatial association 
of the veins, pegmatites and mineralisation, together with the absence of clear cross-cutting relationships between veins and 
pegmatite, suggest that the copper mineralisation has a similar timing to at least one generation of pegmatite. In the absence 
of evidence for other intrusive bodies, we interpret that there is a likely genetic link between at least one phase of pegmatite 
intrusion and the veined copper mineralisation.  

The molybdenite Re–Os model ages produced from aliquants were 1817.4 ± 8.7 Ma for MD16MVM078 and 1799.9 ± 7.8 Ma 
for MD15MVM001. We interpret these ages to represent magmatic crystallisation ages of the host pegmatites. The Re – Os 
molybdenite model age of 1799.9 ± 7.8 Ma from MD15MVM001 is consistent with the magmatic crystallisation age of the 
nearby Ngadarunga Granite (1803 ± 6 Ma); however, the Re–Os molybdenite model age from MD16MVM078 is older than 
any previously reported magmatism in MOUNT DOREEN. The link between pegmatites and regional felsic magmatism 
is poorly constrained; it is likely that both pegmatites correspond to a significant episode of felsic magmatism between 
ca 1.82 –1.79 Ga. These chronology results illustrate the need for further work to constrain the timing and nature of the 
magmatic events and their relationship to mineralisation in MOUNT DOREEN. We estimate that copper mineralisation at 
the Mount Hardy deposit formed between 1.82 and 1.79 Ga; the specific connection between pegmatite emplacement, quartz 
veining and copper mineralisation remain unclear. 

2 Names of 1:250 000 and 1:100 000 scale mapsheets are shown in all capitals and small capital letters respectively, eg MOUNT DOREEN, 
YUENDUMU.
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Two phases of quartz and pegmatite-related veins are noted 
(Grainger 1968), one of which is mineralised. A younger set 
of unmineralised quartz veins and pegmatites cross-cut the 
foliation in the host metasedimentary rocks of the Lander 
Rock Formation. At depth, drilling intersected hypogene 
mineralisation as chalcopyrite, pyrite and occasional 
galena within quartz veins. Tetrahedrite or enargite may 
also be associated with copper sulfides (Grainger 1968). 
The mineralisation generally forms stringer or boxwork 
veins. Highest copper grades occur directly above the water 
table (about 15 m depth) where primary sulfides have been 
oxidised; chalcocite and native copper have been reported 
in drill holes at this zone (Grainger 1968). Analyses of 
drilling and surface samples indicate that mineralisation at 
the Mount Hardy deposit is enriched in copper and silver 
(≤ 4%  Cu and ≤ 68 ppm Ag) with lesser lead, zinc and gold 
(Grainger 1968). 

At the Mount Hardy deposit, the Lander Rock Formation 
is intruded by both barren and mineralised pegmatites 
and mineralised quartz veins (Kiek 1941, Grainger 1968, 
Scrimgeour 2013). The age of mineralisation in the 
Mount Hardy copper district therefore is younger than 
the Lander Rock Formation. The Lander Rock Formation 
generally comprises interbedded pelitic and psammitic 
metasedimentary rocks interpreted to have turbiditic 
origins (Donnellan 2008). The exact age for deposition of 
the Lander Rock Formation is poorly constrained. SHRIMP 
U – Pb zircon dating of several samples from across the 
Aileron Province yield maximum depositional ages 
ranging between ca 1869 –1858 Ma with a dominant zircon 
age population from ca 1880–1840  Ma (Donnellan 2008, 
Scrimgeour 2013 and references therein). In the Tanami 
Region, the Killi Killi Formation (considered a correlative of 
the Lander Rock Formation) is overlain by a tuff unit which 
has a magmatic crystallisation age of 1838 ± 5 Ma (Cross 
and Crispe 2007). Combined, this chronology suggests that 
the Lander Rock Formation was likely deposited around 
1840–1830 Ma (Donnellan 2008).

The age of felsic magmatism in MOUNT DOREEN 
is broadly interpreted to have occurred during three 
apparent episodes of magmatic activity (eg 1810 –1780 Ma, 
1780 –1760  Ma and 1590 –1560  Ma; Scrimgeour 2013). 
However, it is not well understood how these magmatic 
episodes relate to the Mount Hardy mineralisation and 
other base metal and tungsten prospects nearby (eg Young 
et  al 1995, Claoué-Long and Edgoose 2008, Scrimgeour 
2013, Kositcin and McGloin 2017). Re–Os molybdenite 
dating at the Mount Hardy deposit from this study provides 
an opportunity to constrain the timing of pegmatite 
emplacement, hydrothermal fluid flow, and by inference, 
copper mineralisation. 

This Record documents the sampled locations, 
geological context, mineral descriptions, and the relevant 
analytical data; it also includes a brief discussion and 
interpretation of the isotopic data. The sampled location is 
shown in Figure 2; Table 1 lists a summary of the results.  

ANALYTICAL PROCEDURES

Re–Os molybdenite dating

The Re–Os chronometer for dating molybdenite is a robust 
and reliable chronologic tool (Stein et al 2001 and references 
therein). Re–Os is a closed isotopic system in molybdenite 
during high-grade metamorphism and deformation, even 
under granulite facies conditions (Bingen and Stein 2003). 
It is particularly useful in terranes that have experienced 
multiple hydrothermal, magmatic and metamorphic 
episodes. The Re–Os molybdenite system has reportedly 
lower closure temperatures in some examples (at least 
~550°C; eg Suzuki et  al 2001) compared to more 
traditional U–Pb mineral chronometers (~800 – 600°C; 
eg zircon, monazite, titanite, baddeleyite; Schaefer 2016). 
However, more recent studies have demonstrated that 
closure temperatures for the molybdenite Re–Os system 
are likely to be higher (~800 °C; Bingen and Stein 2003, 
Selby et  al 2004). In addition, unlike commonly dated 
minerals, molybdenite can be a useful chronometer in 
polymetamorphosed and deformed terranes because 
molybdenite is not typically complicated by overgrowths 
that are common in minerals like zircon, monazite and 
xenotime (Stein et al 2001). In addition, the Re–Os system 
in molybdenite is not commonly susceptible to chemical 
and thermal disturbances, providing an advantage over 
the Rb–Sr, K–Ar and Ar–Ar isotopic systems (Stein et al 
2001).

Sample preparation and analysis

Molybdenite was separated by metal-free crushing, 
followed by gravity and magnetic concentration methods 
as described by Selby and Creaser (2004). Samples 
MD15MVM001 and MD16MVM078 used aliquants 
containing 20 mg and 11 mg of molybdenite respectively. 
The 187Re and 187Os concentrations in molybdenite were 
determined by isotope dilution mass spectrometry using 
Carius-tube, solvent extraction, anion chromatography 
and negative thermal ionization mass spectrometry 
(ID – NTIMS) techniques. A mixed double spike containing 
known amounts of isotopically enriched 185Re, 190Os, and 
188Os was used (Markey et al 2007). Isotopic analysis was 
carried out on a ThermoScientific Triton mass spectrometer 
by Faraday collector. Total blanks for Re and Os are less 
than 3 picograms and 2 picograms respectively, which 
are insignificant for the Re and Os concentrations in 
molybdenite. The molybdenite powder HLP-5 (Markey et al 
1998) was analysed as a standard; an average Re – Os date 
of 220.7 ± 0.2 Ma (1σ uncertainty, n=5) was obtained over a 
period of one year. This Re–Os date is statistically identical 
to that reported by Markey et al (1998) of 221.0 ± 1.0 Ma. 
All uncertainties in the new data are quoted at 2σ level; 
this covers all known analytical uncertainty, including 
uncertainty in the decay constant of 187Re. 

Stratigraphic Unit Sample No Target 
mineral

MGA94 
zone

Easting 
(mE)

Northing 
(mN)

Interpreted mineralisation 
model age (Ma)

Quartz vein in unnamed pegmatite MD15MVM001 molybdenite 52K 766491 7552939 1799.9 ± 7.8
Unnamed pegmatite MD16MVM078 molybdenite 52K 766405 7552941 1817.4 ± 8.7

Table 1. Summary of molybdenite Re–Os model ages from MD15MVM001 and MD16MVM078.
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Figure 2. Location of the Mount Hardy deposit and drillholes DDH-6 and 13MHDDH002, where rock samples MD15MVM001 and 
MD16MVM078 were collected.  
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SAMPLES ANALYSED

Molybdenite-bearing pegmatite-related quartz vein, 
Mount Hardy deposit (MD15MVM001)

Sample information

NTGS Sample ID: MD15MVM001
Collector: Matt McGloin
1:250 000 mapsheet: MOUNT DOREEN (SF52-12)
1:100 000 mapsheet: Yuendumu (5253)
Region/Province: Aileron Province, Arunta Region
Grid Reference: MGA94 Zone 52, 766491mE 7552939mN
Drill hole: DDH-6 (Bureau of Mineral Resources, Geology 
and Geophysics)
Azimuth: 153°
Declination: -45°
Depth: 88.4 m
Lithology: molybdenite-bearing quartz vein in pegmatite 
selvage 
Geochronology target: molybdenite

Interpreted model age summary

1799.9 ± 7.8 Ma

Sample details and lithological characteristics 

Molybdenite was sampled from ¼ diamond drill core from 
drillhole DDH-6 at the 88 m depth interval. Blueish-purple 
coloured, coarse-grained molybdenite was collected from 

a quartz vein within the selvage of a sheared quartz–
muscovite pegmatite (Figure 3a). Muscovite is sericitised 
in places. This pegmatite (~30 cm wide) intrudes 
quartz–muscovite schist of the Lander Rock Formation 
(Figure  3b). Hematite staining around the molybdenite-
bearing zone indicates oxidation of minor copper and iron 
sulfides. 

Figure 4 shows a simplified geological log of drillhole 
DDH-6, which was drilled to test the downward extent of 
surface mineralisation (Grainger 1968). Molybdenite was 
collected from a few metres below a zone of moderate 
chalcopyrite–pyrite mineralisation (average grade of 
0.48% Cu) hosted in quartz veins at 81 – 84 m depth (Grainger 
1968). Messenger (1990) reports 1.4% Cu with ≤3 ppm Ag 
between 28 and 28.3 m. Minor galena was also reported. 
In the shallower oxide zone of DDH-6, two mineralised 
intervals contain minor malachite mineralisation (16–20 m 
at 0.45% Cu and 27–32  m at 0.46% Cu). The host rocks 
generally comprise foliated mica schist (Figure 4) with 
sericite, andalusite and locally, chlorite and garnet. The 
host succession is intruded by quartz veins, aplite and 
pegmatite (Figure 4). All, including the mineralisation, 
have subsequently been sheared with some veins weakly 
brecciated (Grainger, 1968). The shearing locally results in 
chloritisation of the host rocks. 

Model result

The Re–Os isotopic data for this sample are reported in 
Table 2. ID–NTIMS analysis of molybdenite from sample 
MD15MVM001 yielded a model age of 1799.9 ± 7.8 Ma (2σ). 

Mol

a b

schistpegmatite selvage

A17-528.ai

Figure 3. Photo of ¼ diamond drill core from DDH-6 (width of drill core is approximately 3 cm). (a) Dry core showing close-up of coarse-
grained molybdenite (Mol) from sample MD15MVM001 hosted in quartz–muscovite pegmatite with minor quartz veinlets. (b) Wet core 
showing the intrusive contact between this pegmatite and quartz-muscovite schist of the Lander Rock Formation. The contact appears to 
have been slightly transposed by deformation. 

Sample Re (ppm) ± 2σ 187Re 
(ppm)

± 2σ 187Os
(ppb)

± 2σ Model age 
(Ma)

± 2σ  
(Ma)

MD15MVM001 83.06 0.24 52.19 0.15 1589.0 1.0 1799.9 7.8

MD16MVM078 39.61 0.14 24.90 0.09 765.4 0.5 1817.4 8.7

Table 2. Summary of Re-Os age determinations; ppb = parts per billion, ppm = parts per million. All uncertainties are 
quoted at the 2 sigma level of precision.



5 NTGS Record 2017-014 

Molybdenite-bearing pegmatite, Mount Hardy deposit 
(MD16MVM078)

Sample information

NTGS Sample ID: MD16MVM078
Collector: Matt McGloin
1:250 000 mapsheet: MOUNT DOREEN (SF52-12)
1:100 000 mapsheet: Yuendumu (5253)
Region/Province: Aileron Province, Arunta Region
Grid Reference: MGA94 Zone 52, 766405mE 7552941mN 
Drill hole: 13MHDDH002 (TNG Limited)
Depth: 111.8 m
Azimuth: 150°
Declination: -50°
Lithology: molybdenite-bearing pegmatite 
Geochronology target: molybdenite

Interpreted model age summary

1817.4 ± 8.7 Ma

Sample details and lithological characteristics 

Molybdenite was sampled from ¼ diamond drill core  from 
drillhole 13MHDDH002 at the 111 m depth interval. Purple-
blue coloured, coarse-grained molybdenite was collected 
from the selvage of a quartz–muscovite pegmatite. Quartz 
and K-feldspar are graphically intergrown and  were 
subsequently sheared (Figure 5). Figure  6 illustrates a 
schematic cross-section of drillhole 13MHDDH002 showing 
the major lithological units and zones of mineralisation. 
Drillhole 13MHDD002 intercepted several zones with high-
grade copper (0.5 to 4%) between depths of 59.7 and 120 m 
(Wetherley 2013). Mineralisation is associated with quartz 
vein stringers ≤  20 cm wide, occuring as chalcopyrite and 
pyrite with rare bornite and native copper. Some veins intrude 
schists of the Lander Rock Formation. In several zones, 
mineralised veins are sheared and the stringer veins show 
evidence for vug and fracture infill (Wetherley 2013). Assay 
data indicate the sampled interval contains 260 ppm Mo but 
no elevated Cu, Pb or Ag (Wetherley 2013). This geochemistry 
is consistent with that of sample MD15MVM001.
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Figure 4. Geological cross section including drill hole DDH-6, Mount Hardy deposit, showing interpreted lithology and mineralisation. 
The blue star indicates approximate position of molybdenite sampled in this study (adapted from Grainger 1968).
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Figure 5.  Wet ½ diamond drill core from 
13MHDDH002, Mount Hardy deposit. 
Disseminated, coarse-grained, purple–
blue-coloured molybdenite (Mol) can 
be seen in the top left of the image. This 
molybdenite (sample MD16MVM078) is 
hosted in a quartz–muscovite pegmatite 
that, although sheared, still preserves a 
graphic intergrowth texture. Width of 
the drill core is approximately 6 cm. 

Figure 6. Geological cross section including drill hole 13MHDD002, Mount Hardy deposit, showing interpreted lithology and zones of 
mineralisation. The blue star indicates approximate position of molybdenite samples (adapted from Wetherley 2013).
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Model result

The Re–Os isotopic data for this sample is reported in 
Table 2. ID–NTIMS analysis of molybdenite from sample 
MD16MVM078 yielded a model age of 1817.4 ± 8.7 Ma (2σ). 

INTERPRETATION OF ISOTOPIC DATA

The molybdenite Re–Os model ages for samples 
MD15MVM001 and MD16MVM078 are ca 1.80 and 
ca 1.82  Ga respectively. These ages are interpreted to 
represent magmatic crystallisation ages and the timing of 
pegmatite emplacement. The two Re–Os model ages are 
broadly similar but outside of analytical uncertainty. This 
suggests at least two phases of pegmatites were emplaced 
over a ca 35 million year period. 

Felsic magmatism in MOUNT DOREEN is generally 
thought to correspond to three main time periods 
(Young et al 1995, Scrimgeour 2013): (i) the 1803 ± 6 Ma 
Ngadarunga Granite (Claoué-Long and Edgoose 2008); 
(ii)  ca 1.78–1.76 Ga Carrington Suite (eg a biotite 
granite of this suite near Mount Hardy with a magmatic 
crystallisation age of 1779 ± 7 Ma; Young et al 1995); and 
(iii) the ca 1.57 –1.53 Ga Southwark Suite (eg the Yarunganyi 
Granite at 1567 ± 11 Ma; Young et al 1995). Outcrop of all 
these intrusions is mapped within the vicinity of the Mount 
Hardy deposit. Based on the map of Young et al (1995), the 
closest examples of these magmatic units to the deposit are 
~5 km north, west and east (Southwark Suite), ~7 km south 
(Carrington Suite) and ~12  km southeast (Ngadarunga 
Granite).

The Re–Os molybdenite model age of 1799.9 ± 7.8 Ma 
for MD15MVM001 is consistent with the magmatic 
crystallisation age of the nearby Ngadarunga Granite. 
However, the Re–Os molybdenite model age for 
MD16MVM078 (1817.4  ±  8.7  Ma) is older than any 
previously reported magmatism in MOUNT DOREEN. 
Although a direct link between pegmatites at the Mount 
Hardy deposit and local felsic magmatic activity cannot 
be confirmed, it is likely that both sampled pegmatites 
are related to a significant episode of felsic magmatism in 
this part of the Aileron Province between ca 1.82–1.76 Ga 
(based on the available regional age data). 

The lack of a clear spatial link between the Mount 
Hardy pegmatites and these local felsic intrusions does not 
necessarily mean that the new molybdenite ages are not 
geologically meaningful. Many felsic intrusive outcrops 
in MOUNT DOREEN remain undated. The pegmatites’ 
relative ages, based on field relationships with host rocks 
and deformation, remain uncertain or speculative largely 
because of a lack of outcrop in some areas (see Young et al 
1995). 

Estimates on absolute ages and interpretations for 
local magmatism have changed over time; there may be 
unknown felsic magmatic activity that corresponds to the 
oldest new pegmatite ages reported here from the Mount 
Hardy deposit. Two pertinent examples demonstrate that 
felsic magmatism in MOUNT DOREEN is likely to be 
more complicated than previously recognised. In the 
first example, previous SHRIMP U – Pb zircon dating 
of the Ngadarunga Granite, a strongly peraluminous 

garnet-bearing S-type granite, yielded a magmatic 
crystallisation age of 1880  ±  5  Ma (Young et  al 1995). 
This was subsequently revised to an emplacement age 
of 1803 ± 6 Ma (Claoué-Long and Edgoose 2008) based 
on the re‑interpretation of field relationships between the 
granite and metasandstone of the Lander Rock Formation, 
and on results from new analyses of inherited zircons in 
the granite and metamorphic zircon in the metasandstone. 
Zones of partial melting of the metasedimentary rocks 
of the Lander Rock Formation around the margins of 
Ngadarunga Granite suggest a contact effect when 
the granite was intruded into the metasedimentary 
succession. This, together with the Lander Rock 
Formation depositional age of ca 1840 – 1830  Ma, and 
the presence of abundant granite inherited zircons of the 
same age, indicate that the original age interpretation was 
not geologically possible. 

In the second example, the previously undated Wabudali 
Granite, exposed in western MOUNT DOREEN and in 
southeast MOUNT THEO, was interpreted on the basis 
of field relationships to have widely disparate potential 
magmatic crystallisation ages of either ca 1730 – 1710 Ma 
or ca 1570–1530 Ma (Young et al 1995, Scrimgeour 2013). 
New SHRIMP U–Pb zircon dating of this granite yielded 
a magmatic crystallisation age of 1586 ± 4 Ma (Kositcin 
and McGloin 2017). This is slightly older than one of the 
previous estimated ages; the new results suggest a broader 
episode of felsic magmatism during that period. 

These two examples outlined above illustrate a need 
for further work to constrain the timing and nature of the 
magmatic events and their relationship to mineralisation in 
MOUNT DOREEN. 

Although a direct link between the copper mineralisation 
and sampled pegmatites and veins at the Mount Hardy 
deposit cannot be irrefutably established, there is a close 
spatial association between the pegmatites, veins and 
copper mineralisation evident in outcrop and drill core. 
Moreover, the absence of clear cross-cutting relationships 
between veins and pegmatites supports a similar timing 
for copper mineralisation and at least one phase of 
pegmatite emplacement. The fact that some previously 
mined pegmatites at surface were copper-bearing (Kiek 
1941) supports this interpretation. Unpublished fluid 
inclusion data on mineralised quartz veins also indicates a 
magmatic-hydrothermal origin for copper mineralisation 
at the deposit (A. Wygralak pers comm 2017), which is 
consistent with the proposed pegmatite link. We therefore 
estimate that copper mineralisation at the Mount Hardy 
deposit formed between ca 1.82–1.79 Ga, a period related 
to felsic magmatism.  
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