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Minister’s foreword
On behalf of the Northern Territory Government, I welcome you to Alice Springs, and to the 
21st Annual Geoscience Exploration Seminar (AGES). 

The Northern Territory’s (NT) resources sector has had a strong year, with record 
mineral production and increasing minerals exploration activity, driven particularly by gold, 
zinc, copper and lithium. Onshore petroleum activity is on an upward trajectory, with the 
recommencement of shale gas exploration in the Beetaloo Sub-basin and expansion of onshore 
gas production in central Australia. 

The Territory’s economy relies on a strong and diverse resources sector, underpinned 
by a vibrant exploration industry that can sustain the sector into the future. The four-year, 
$26 million Resourcing the Territory initiative, now approaching its half-way point, is the 
largest Northern Territory Government initiative ever undertaken to develop the mineral and 
petroleum potential in the Territory.  It is designed to establish the Territory as a preferred 
destination for exploration investment, and provide high quality data and information to 

support informed exploration decision-making and lead to the discoveries of the future.
This year’s AGES will highlight some of the exciting results of work being undertaken by the NT Geological Survey and 

its partners, which is successfully highlighting new areas of prospectivity for minerals and petroleum across the Territory. 
The resources sector, both in exploration and production, creates jobs, helps build our regions, grows wealth for 

Territorians, and contributes to improving essential infrastructure. With the help of better technology and information 
being applied to both new and existing resources there is an increasing recognition of the significant untapped resource 
potential of the Territory.  This gives us all confidence that the best years of the Territory’s resources sector lay ahead of us.

I hope you enjoy your time in Alice Springs and at AGES 2020. I trust you will find the conference informative and 
useful, and that it will help you identify new opportunities for exploration and discovery in the Territory.
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The Territory’s year in review: record mineral production, a gold-driven exploration resurgence, and 
shale gas drilling resumption
Ian Scrimgeour 1

Introduction

This year was a period of growth in the Northern Territory's 
resources sector: record levels of mineral production, 
increasing mineral exploration expenditure, a substantial 
increase in onshore gas production, and a resumption 
of shale gas exploration. There were increases in gold 
exploration in the Pine Creek Orogen and Tanami Region, 
and a substantial new interest in the copper-gold potential 
of the Barkly Tableland area on the back of new pre-
competitive geoscience over that area.

According to the Australian Bureau of Statistics (ABS), 
mineral exploration expenditure in the Territory in 2018–19 
financial year was $131.9 million, up 21% on the 2017–18 
expenditure of $109.3 million (and up 68% on the 2016–17’s 
figure of $78.4 million). This is the highest amount for a 
financial year since 2011–12. (Figure 1). The proportion 
of exploration expenditure in the Territory that is in 
greenfields areas declined from 51% to 38%, close to the 
national average of 39%. 

In addition to ABS exploration statistics, the Northern 
Territory Geological Survey (NTGS) collects statistics on 
the admissible exploration expenditure on exploration leases 
reported by industry to the Department of Primary Industry 
and Resources (DPIR). This shows that expenditure reports 
submitted during 2019 (which may relate to activity in 2018 
and/or 2019) totalled $73.4 million, a 47% increase from the 
previous year. Of expenditure reported to DPIR in 2019, 
27% ($17.9 million) was in the McArthur Basin, 26% ($17.4 
million) in the Pine Creek Orogen, 25% ($16.6 million) in the 

Arunta Region and 11% ($7.1 million) in the Tanami Region. 
(Figure 2a). The bulk of tangible on-ground expenditure 
(excluding overheads and desktop studies) was for base 
metals (46%; $20.6 million), gold (25%; $11.5 million), and 
lithium (15%, $6.7 million; Figure 2b). Reported expenditure 
on drilling on exploration licences increased 144% from $9.9 
million in 2018 to $24.1 million in 2019. Exploration reported 
on mining leases in 2019 totalled $111.3 million, up 83% from 
2018, including $61.8 million on drilling.

At the end of 2019, there were 777 granted non-extractive 
mineral exploration licences (compared with 838 at the end of 
2018) and 576 outstanding exploration licence applications. 
Many of these applications (451) are on aboriginal freehold 
land. During 2019, 184 applications were received (up from 
179 in 2018), 90 granted and 247 licences ceased (up from 
157 in 2018). The area of the Territory covered by granted 
exploration tenure remains at around 11%; the area covered 
by applications sits around 16%.

At the end of 2019, in the onshore Territory and coastal 
waters, there were 46 granted petroleum exploration 
permits, 3 retention licences and 5 production licences. 

Mineral exploration and production highlights

Figure 3 shows selected mineral exploration highlights for 
2019. In the following summary of exploration and mining 
results during 2019, all mineral resources are assumed to 
have been reported in accordance with the JORC or NI43-
101 codes. Where resource categories are not listed, readers 
are directed to the original sources for this information. 
Most material cited here has been sourced from company 
websites, news releases and stock exchange announcements. 
As a result, details of exploration by some private and other 
non-listed companies that do not report publicly could not 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).

1 Northern Territory Geological Survey, GPO Box 4550, 
Darwin NT 0801, Australia
Email:  ian.scrimgeour@nt.gov.au
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Figure 1. Mineral exploration 
expenditure statistics for the Northern 
Territory since 2000. The solid blue line 
represents annual mineral exploration 
expenditure, calculated quarterly, from 
ABS figures. The green bars represent 
claimed expenditure on exploration 
leases as reported to DPIR. The filled 
area represents gold exploration 
expenditure according the ABS. 
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be included. Mineral production statistics for the Territory 
for 2018–19 collected under the Mineral Titles Act are listed 
in Table 1. This shows mineral production was a record 
$4.92 billion in 2018–19. 

Gold and copper-gold

Pine Creek Orogen
Kirkland Lake Gold Ltd (Kirkland Lake) conducted a 
substantial exploration campaign during 2019 across their 

Figure 2. Summary of admissible exploration expenditure 
reported to DPIR during 2019 broken down by (a) geological 
region and (b) primary commodity of interest. Note that 
exploration reported during 2019 may have occurred during either 
2018 or 2019. 

a

b

Commodity Unit of 
quantity

2018-2019 1,4,5

Quantity 
produced 2

Quantity 
sold 

Quantity sold
($) 3

Metallic minerals

Bauxite tonnes 12,012,109 12,115,790 $516,826,898

Gold 6 grams 857 0 $0

Gold dore 7 grams 16,370,546 16,380,216 $930,136,662

Iron ore tonnes 0 0 $0

Manganese tonnes 6,411,285 6,589,739 $2,265,350,512

Mineral sands 
concentrate tonnes 24,830 24,830 $5,371,780

Lead concentrate tonnes 20,366 11,950 $15,089,974

Zinc concentrate tonnes 159,352 151,893 $223,276,499

Zinc lead 
concentrate tonnes 453,541 461,529 $712,839,816

 Metallic minerals 
value $4,668,892,141

Gemstones

Diamonds carats 2,844 2,951 $623,032

Gemstones carats 0 0 $0

Mineral specimens kilograms 470 420 $76,090

Gemstones value $699,122

Non-metallic minerals 8

Crushed rock tonnes 1,323,443 1,091,181 $25,966,841

Dimension stone tonnes 0 4 $459

Gravel tonnes 318,555 285,972 $3,160,473

Sand tonnes 276,353 265,142 $6,877,617

Soil tonnes 71,434 48,360 $796,894

Garnet sands tonnes 5,840 505 $158,280

Limestone tonnes 2,268 $34,986

Quicklime 9 tonnes 27,123 27,651 $7,249,009

Vermiculite tonnes 0 0 $0

Non-metallic 
minerals value $44,244,559

Energy minerals

Uranium oxide tonnes 2,094 1,398 $210,674,724

Total minerals 
value $4,924,510,546

Explanatory Notes
1. Fiscal year is 1st July to 30th June.
2. Data is from production returns lodged by operators under statutory 
obligations.
3. $ Amount for Quantity Sold is in AUD and is the gross amount paid to the 
operator.
4. Data has been rounded and autosum applied.
5. Data is correct as at 06 September 2019 and may be subject to revision due 
to late lodgements and/or receipt of superior data. 
6. Pure gold (100% ); does not include gold reported as gold dore.
7. Average metallic content of reported gold dore is 91.9% gold and 8.1% 
silver.
8.  Average sales values have been applied to some non-metallic minerals if 
this information was not supplied.
9. Quicklime is derived from limestone. Processing input and output data is 
deemed operator commercial-in-confidence.

Table 1. 2018–19 mining production statistics for the Northern 
Territory

Base metals
46%

Gold
25%

Lithium
15%

Uranium
6%

Others
8%

McArthur Basin
27%

Pine Creek Orogen
26%

Arunta Region
25%

Tanami Region
11%

Georgina Basin 5%

Tennant Region 3%

Amadeus Basin 3%

A20-008.ai
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Territory projects in the Pine Creek Orogen. The Cosmo 
Deeps operations (Figure 4) remained officially suspended 
through 2019 following cessation of mining in mid-2017, 
although underground development continued to progress 
at the Lantern deposit at Cosmo, and the mill at Union Reefs 
was restarted in late 2019 with 8733 oz of gold produced to 
the end of 2019. The Mineral Resource at the Cosmo mine 
at the end of 2018 was 0.67 Mt at 5.0g/t Au. Total combined 
Mineral Resources for all of Kirkland Lake’s Territory 
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3m @ 26.3 g/t Au

Kirkland Lake Gold – Gandy’s Hill Au
3m @ 16.1 g/t Au

Vimy Resources – Angularli U
Maiden resource
0.91 Mt @ 1.3% U3O8

PNX Metals – Hayes Creek 
Au-Zn-Ag-Cu-Pb
Iron Blow:
85.2m @ 11.87% Zn, 4.19 g/t Au,
1.94% Pb, 309 g/t Ag, 0.49% Cu

PNX Metals – Banner
Au-Zn-Ag-Cu-Pb
6m @ 39.5 g/t Au, 5m @ 60.9 g/t Au

KGL Resources –
Jervois Cu-Ag-Au
Reward: 65m @ 3.6% Cu, 98.6 g/t Ag,
0.45 g/t Au; 
Rockface: 17.4m @ 3.59% Cu,
16.g/t Ag, 0.24 g/t Au
 

Thor Mining –
Molyhil W-Mo-Cu
92.6m @ 1.0% WO3, 0.16% Mo,

 0.13% Cu

 

Thor Mining – White Violet W
Maiden resource
0.495 Mt @ 0.22% WO3, 0.06% Cu

 

PNX Metals –
Fountain Head Au
Maiden resource
2.58 Mt @ 1.7 g/t Au

A20-024b.ai

IGO – 
Grapple Au-Ag-Cu-Zn-Pb-Co
11.4m @ 7.9 g/t Au, 20.7 g/t Ag, 

 0.8% Cu, 1.1% Zn, 
 0.5% Pb, 0.1% Co

IGO – Arcee Au
12m @ 3.5 g/t Au

IGO – Grimlock Co-Ni
4m @ 0.6% Co, 0.49% Ni

IGO – Phreaker Cu-Au-Ag
11m @ 1.15% Cu, 0.07 g/t Au,

7.9 g/t Ag

Thor Mining – Samarkand W
Maiden resource
0.245 Mt @ 0.19% WO3, 0.13% Cu

Prodigy Gold – Kroda Au 
9m @ 11.5 g/t Au

Core Lithium – Finniss Li
Updated resource
9.63 Mt @ 1.3% Li2O

Core Lithium – Finniss Li
BP33: 107m @ 1.7% Li2O

Todd River Resources –
Laver Zn-Pb-Cu-Ag
3m @ 11.7% Zn, 1.5% Pb, 0.6% Cu,

39.4 g/t Ag

Todd River Resources –
Gilly North Zn-Cu-Pb-Ag
7m @ 6.3% Zn, 1.4% Cu, 0.1% Pb,

12.6 g/t Ag

Todd River Resources – 
Hendrix Zn-Cu-Pb-Ag
Maiden resource
2.6 Mt @ 6.7% Zn, 0.9% Cu,

1.5% Pb, 35 Ag (g/t)

Emmerson Resources – 
Mauretania Au
22m @ 36 g/t Au;
11m @ 54 g/t Au

Emmerson Resources – 
Jasper Hill Au-Cu-Co
28m @ 5.83 g/t Au, 8.52% Cu,
 0.17% Co
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Figure 3. Map of the geological regions of the Northern Territory showing selected mineral exploration highlights for 2019.

assets contain a total of 3.35 Moz of gold, comprising 
Measured and Indicated Mineral Resources of 22.2 Mt at 
2.5 g/t Au and Inferred Mineral Resources of 18.1 Mt at 
2.6 g/t Au. In December 2019, the company announced that 
they could be in a position to resume commercial operations 
in the Territory by late February 2020.

Drilling and underground development at Cosmo Deeps 
has focused on the Lantern deposit, which was discovered 
in 2017. Drilling reported in 2019 at Lantern comprised 
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47 holes totalling 12 875 m, which targeted the down-
plunge extensions of the Indicated Mineral Resources at 
350–550 m below surface. Highlights included 1.8 m at 
578 g/t Au and 3.1 m at 67.6 g/t Au. Additional diamond 
drilling continued to define the down plunge potential of 
the Lantern deposit beyond 550 m below surface. Drilling 
conducted in 2018 and 2019 includes 50 holes totalling 
23 472 m, with highlights of 7.7 m at 8.8 g/t Au and 0.6 m at 
127 g/t Au. The company reported that the mineralisation 
occurs in close association with a sedimentary dolomitic 
unit, thought to be an altered carbonaceous shale that 
provided an impermeable layer and geochemical reaction 
site to deposit mineralisation. 

At the Liberator prospect, 1 km south of Lantern, 
Kirkland Lake drilled nine diamond drillholes for 4154 m, 
targeting the location where the Cosmo-Howley Anticline 
folds the lower Koolpin Formation stratigraphy. Visible gold 
was noted in carbonate fracture-filled vein breccia; assay 
results are pending.

Kirkland Lake also had two drill rigs active at Union 
Reefs during 2019. Drilling was focused on the Millars 

deposit on the southern (Lady Alice) mineralised corridor, 
with 53 diamond drillholes for 24 539 m. Significant drilling 
intercepts at Millars include 3 m at 26.3 g/t Au, 2 m at 53.4 g/t 
Au, and 0.4 m at 530 g/t Au. The company have announced 
that drilling will continue into 2020 to potentially define 
sufficient Mineral Resources at the Millars deposit to support 
an expanded mine plan. Drilling was also undertaken at 
the Union North deposit, located further to the north on the 
Union Line, ~150 m along strike from the Prospect deposit, 
although no results have been released. 

In November 2019, Kirkland Lake submitted an 
Environmental Impact Statement (EIS) for the Union Reefs 
North decline to access the Prospect deposit, with a proposed 
commencement date of mid-2020 pending statutory approvals. 
There is also potential for a second decline to be constructed 
to access the Millars Deposit. 

Kirkland Lake also undertook drilling in their Pine 
Creek project area in May 2019, with two holes totalling 
514 m targeting at the Gandy’s North prospect. Significant 
intercepts from these two holes include 4.1 m at 9.7 g/t Au 
and 3.0 m at 16.1 g/t Au.

In July 2019, PNX Metals Ltd (PNX) announced a 
Mineral Resource estimate for the Fountain Head project, 
reporting combined Indicated and Inferred Mineral 
Resources for Fountain Head and Tally Ho of 2.58 Mt at 
1.7 g/t Au for 138 000 oz of contained gold. The gold system 
extends ~1.6 km along strike of the Fountain Head anticline. 
During 2019, a 1669 m reverse circulation (RC) drilling 
program was undertaken at Fountain Head and confirmed 
high-grade continuity at depth and along strike adjacent 
to the current resource envelope, with a best intersection 
of 3 m at 25.94 g/t Au from 117 m downhole depth. The 
company also announced that initial leaching testwork on 
Fountain Head samples returned excellent gold recoveries 
with low reagent consumption.

Privately-owned Bacchus Resources Pty Ltd continued 
gold exploration in the Pine Creek Orogen in 2019, 
including at their Woolwonga project, but no results have 
been publicly reported.

Hanking Australia Pty Ltd’s Mount Bundey project, 
located 90 km southeast of Darwin, includes the Toms 
Gully, Rustlers Roost and Quest 29 deposits. The project 
has total Indicated and Inferred Mineral Resources of 
54.1 Mt at 1.03 g/t Au for a contained 1.795 Moz of gold. 
The company is progressing towards a potential restart of 
underground mining at Toms Gully, which has a Mineral 
Resource of 1.1 Mt at 8.9 g/t Au.

In September 2019, Vista Gold Corporation (Vista) 
released a revised prefeasibility study (PFS) for their 
Mount Todd project, northwest of Katherine. Mount Todd 
has Measured and Indicated Mineral Resources of 279.6 Mt 
at 0.82 g/t Au containing 7.40 Moz of gold, and Inferred 
Mineral Resources of 72.5 Mt at 0.74 g/t Au containing 
1.73 Moz of gold. Proven and Probable Ore Reserves are 
222.8 Mt at 0.82 g/t Au containing 5.90 Moz of gold. The 
2019 PFS was based on a comprehensive review of the 
Project, including the results of metallurgical testing and 
the re-design of the process flow sheet and grinding circuit, 
which has resulted in higher gold recoveries due to the finer 
grind size.
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Tanami Region and Aileron Province
Newmont Corporation (Newmont)’s Tanami Operations, 
located 550 km northwest of Alice Springs, remains the 
Territory’s largest gold operation, producing 496 000 oz 
of gold during 2018. In May 2019, the company announced 
that it had reached a production milestone of 10 Moz from 
the operation. Mineralisation consists of high-grade gold-
quartz veins in folded carbonaceous siltstone in the lower 
part of the Dead Bullock Formation. The operations include 
the flagship Callie deposit (>7.6 Moz), the 5.83 Moz Auron 
deposit, the >0.5 Moz Federation South Limb, and the 2016 
Liberator discovery. As of 31 December 2018, Proven and 
Probable Ore Reserves were 26.6 Mt at 5.51 g/t Au containing 
4.69 Moz of gold. Additional Measured and Indicated 
Mineral Resources total 8.4 Mt at 3.39 g/t Au for 0.91 Moz 
of contained gold; Inferred Mineral Resources are 10.2 Mt 
at 4.22 g/t Au for 1.37 Moz of contained gold. In March 
2019, Newmont announced that their Tanami power project 
had been completed, which involved the construction of the 
440 km Tanami gas pipeline and the installation of two gas 
power stations. In October 2019, Newmont announced that 
it was proceeding with a Phase 2 Expansion at the Tanami 
Operations to enable mining at depth to 2140 m depth below 
surface. The expansion includes construction of a 1460 m 
shaft, additional capacity in the processing plant, and the 
supporting infrastructure. The expansion is expected to 
increase average annual gold production by ~150 000 
to 200 000 oz per year for the first five years beginning 
in 2023, as well as reduce operating costs by about 10%. 
Capital costs for the project are estimated to be in the range 
US$700–800 million. 

Nova Minerals Ltd have an exploration joint venture with 
Newmont over the Officer Hill project area, 34 km southwest 
of Callie, in which Newmont have earned a 70% share of the 
project. In early 2019, Nova announced results of 4 m at 2.49 g/t 
Au and 1 m at 19.69 g/t Au from diamond drilling undertaken 
in late 2018. A follow-up diamond drilling program during 
2019 returned assays from seven holes, including 1 m at 14 g/t 
Au and 3 m at 1.94 g/t Au. Mineralisation consists of shear 
zone-hosted quartz-chlorite-pyrite veins within variably 
bedded sandstone and laminated siltstones.

During 2019, Northern Star Resources Ltd (Northern 
Star) continued to explore the Central Tanami project (a 
purchase and farm-in agreement with Tanami Gold NL) 
and their own Tanami Regional project. In the Central 
Tanami Project area, regional aircore drilling programs 
were completed at Solaris, Groundrush West, Freefall, 
Drop Zone, Farrands Hill, and the Cave Hill project areas, 
with 495 holes drilled for 23 386 m to the end of September. 
In January 2020, Tanami Gold reported results of RC 
drilling at Ripcord (12 holes for 3887 m) and Crusade (16 
holes for 3239 m). At Ripcord, drilling was undertaken 
to test potential extensions of mineralisation at depth and 
along strike, with a best intersection of 5 m at 18.53 g/t 
Au. Gold mineralisation is hosted by stacked quartz vein 
arrays in dolerite, similar to the Groundrush deposit 2 km 
to the north. At Crusade, mineralisation occurs both within 
quartz-sulfide veins and as disseminated sulfides in micro-
fractures within basalt; the best reported intersection from 
this program was 47 m at 3.66 g/t Au.

In Northern Star’s Tanami Regional project area, aircore 
drilling at the Stubbins prospect tested a 12 km northwest-
striking structure interpreted from geophysical data. 
Coincident gold-multi-element anomalism was recorded 
in several holes associated with carbonaceous shales 
and previously unknown porphyry intrusives. Follow-up 
drilling in the central part of the prospect intersected zones 
of quartz veining in sedimentary and felsic porphyry units; 
assays results are pending.

During 2019, Prodigy Gold NL (Prodigy Gold) continued 
greenfields exploration at their Bluebush project area, located 
50 km to the northwest of Callie, with substantial aircore 
drilling campaigns at Apertawonga, Capstan and Hat. At 
Apertawonga, a 4.5 km strike length of anomalous gold 
and pathfinder elements (Ag, As, Bi, Cu) was intersected 
in four holes within the Dead Bullock Formation. Drilling 
at Hat extended the existing 2 km gold anomaly to include 
a 1.2 km long >0.3 g/t Au sub-area. A 12-hole RC drilling 
program tested 1000 m of strike at Capstan, with a best 
result of 2 m at 1.2 g/t Au.

Prodigy Gold also continued exploration at their 
Suplejack project, which includes the Hyperion–Tethys, 
Seuss and Hyperion South deposits, located 17 km north-
northeast of Groundrush. The project has Indicated and 
Inferred Mineral Resources totalling 4.93 Mt at 1.95 g/t Au. 
Thirty-two aircore holes were completed at Hyperion in 
October 2019, defining extensions to mineralised structures 
600 m to the south of the existing gold resource. A 370 m 
co-funded diamond hole was completed at Seuss, testing 
breccia-hosted gold mineralisation in the Suplejack fault, 
which was first identified in 2018. The hole successfully 
hit the target structure, intersecting veining, alteration and 
sulfide mineralisation associated with a broad interval of 
low-grade gold mineralisation. 

At Prodigy Gold’s Euro project area in the eastern 
Tanami, Newcrest Mining Limited are sole funding up to 
$12 million over seven years to earn up to a 75% interest 
in the project. An initial 8-hole, 1466 m RC program was 
completed at the Dune prospect in late 2018, targeting a 
structural repeat of Newmont’s Oberon deposit located 
1.6 km to the north. A seven-hole, 2730 m RC and diamond 
drilling program was undertaken at three targets at Dune 
in 2019, with a broad intersection of 36 m at 0.65 g/t Au, 
including 20 m at 0.95 g/t Au, intersected along the same 
trend as previous drilling in 2018 that intersected 2 m at 
12 g/t Au. Eight RC holes for 2199 m were drilled at the 
Vivitar prospect, 20 km east of Dune, on a 1 km long As-
Mo anomaly with a coincident IP geophysical anomaly, but 
only low level gold anomalism was encountered. A 617 m 
hole, co-funded by the Northern Territory Government, 
was drilled at the Anomaly 16 target, 50 km north of The 
Granites, but despite the presence of encouraging veining 
and sulfides, no significant gold was intersected.

In May 2019, Prodigy Gold signed a A$14.5 million 
exploration farm-in agreement with Newmont under which 
Newmont will sole fund up to A$12 million in exploration 
expenditure to earn up to a 70% interest in the Tobruk 
project, located immediately southwest of the Callie Mine. 
Exploration commenced with a soil sampling survey in the 
September quarter. 
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Gladiator Resources Ltd (Gladiator) announced further 
results at the North Arunta project in which Gladiator are 
sole funding $6.5 million over 4.5 years to earn up to a 70% 
interest in the project from Prodigy Gold. The project is 
located north and northwest of Barrow Creek in the northern 
Aileron Province, and includes the Kroda gold prospect. 
In February 2019, Gladiator announced the results of RC 
drillholes with diamond tails from the Kroda 3 prospect, 
where gold mineralisation occurs along 400 m of strike, 
including a 50–100 m long, >5 g/t Au steeply-dipping shoot. 
Diamond tail results from this high-grade shoot included 
5 m at 15 g/t Au and 9 m at 11.5 g/t Au. Despite the high 
grades, the company concluded that the drilling program 
had not demonstrated economic gold mineralisation over a 
substantial strike extent. Drilling of a larger scale sulfide 
IP target failed to intersect gold mineralisation. In October 
2019, Gladiator rationalised their tenure in the project, with 
25% of the project area remaining in the joint venture and 
the remainder returning to 100% Prodigy Gold ownership. 

In the southwestern Aileron Province, immediately 
adjacent to the Western Australia (WA) border northwest 
of Kintore, IGO Ltd (IGO, formerly Independence Group 
NL), as part of the Lake Mackay joint venture with Prodigy 
Gold, undertook a maiden eight-hole RC drilling program 
at the Arcee prospect. Arcee was first identified in early 
2019 as an 800 m long coherent gold-in-soil anomaly open 
to the west. The first hole intersected disseminated sulfide 
in amphibolite, yielding a 12 m interval of low-level gold. 
A hole completed 350 m to the southeast returned 12 m at 
3.5 g/t Au from 112 m depth, including 8 m at 4.9 g/t Au 
from 116 m. Further soil sampling confirmed that the soil 
anomaly extends west into WA, with a strike length of at 
least 2.3 km.

Warramunga Province (gold-copper-bismuth)
Emmerson Resources Ltd (Emmerson) continued to explore 
the Tennant Creek mineral field during 2019 on both their 
100% owned ground and their joint venture ground as 
part of a strategic alliance with Territory Resources Ltd 
(Territory Resources). The strategic alliance includes a 
mining and exploration joint venture of the Southern Project 
Area (SPA) at Tennant Creek in which Territory Resources 
are contributing $5 million to earn a 75% equity in the SPA, 
with Emmerson being the operator and manager.

In February 2019, Emmerson announced the results of a 
1700 m RC drilling program across their Northern Project 
Area, with best results at the Mauretania prospect of 11 m at 
54 g/t Au from 72 m, and 22 m at 36 g/t Au including 6 m at 
122 g/t Au from 73 m. A three-hole, 476 m diamond drilling 
campaign at Mauretania in May 2019 yielded further high-
grade intersections, including 4 m at 158 g/t Au within a 
wider interval of 20 m at 38.5 g/t Au from 92 m depth. The 
company considers Mauretania to be a greenfields discovery 
in which high-grade gold (and copper) are associated with 
hematite-rich ironstones.

As part of the Emmerson–Territory Resources alliance 
over the SPA, 76 drillholes for ~3000 m were completed 
across several shallow oxide gold projects, including Black 
Snake, The Susan and the Three Thirty prospects. The 
company reported that early results from The Susan show 

potential for shallow, high-grade gold in the oxide zone, with 
intersections of 11 m at 48 g/t Au and 8 m at 15.7 g/t Au.

The Emmerson–Territory Resources alliance also 
involves the sale of the Warrego mill and associated lease 
to Territory Resources in exchange for Territory Resources 
building a 300 000 tpa carbon in pulp processing facility 
on the site. Refurbishment of the crushing, grinding and 
gravity circuits at the mill progressed during 2019.

At the high-grade Edna Beryl deposit, 40 km north of 
Tennant Creek, Territory Resources became the operator in 
December 2018 under the existing tribute agreement with 
Emmerson. The first parcel of ore from the Edna Beryl mine 
(from earlier mining) was toll treated at the Lorena mill near 
Cloncurry in early 2019, with a mill head grade of 30.06 g/t 
Au. No production was reported from Edna Beryl in 2019; 
however, Emmerson reported in October that underground 
development would commence following dewatering at 
Edna Beryl and that this would include the deepening of the 
shaft ahead of mining and establishing an exploration drive 
in early 2020.

In August 2019, Westgold Resources Ltd announced it 
was planning to demerge its Territory assets, including the 
Rover project, 70 km southwest of Tennant Creek, into a 
new listed company, Castile Resources Ltd (Castile). This 
includes the Rover 1 project, which has a Mineral Resource 
of 6.81 Mt at 1.27 g/t Au and 1.06% Cu, and the Explorer 
108 zinc-lead-copper deposit. In January 2020, Westgold 
announced that Castile had raised $20 million in capital and 
was well funded to begin exploration in 2020.

In May 2019, Todd River Resources Ltd (Todd River) 
completed two holes at their Rover gold project, southeast 
of Rover 1, which was co-funded under the Geophysics 
and Drilling Collaborations program. No significant gold 
was intersected in the drilling; however, encouraging signs 
of strong hematite/chlorite alteration suggested potential 
proximity to a Tennant Creek-style copper-gold deposit.

In 2019, King River Resources Ltd conducted magnetic 
and gravity surveys in their Treasure Creek project area east 
of Tennant Creek, adjacent to the Emmerson’s Mauretania 
prospect, in preparation for a planned drill program in 2020. 
In September 2019, Blina Minerals NL (Blina) announced it 
had executed an agreement to acquire a 50% interest in the 
Barkly copper-gold project, 45 km east of Tennant Creek, 
from Colour Mineral Pty Ltd. The primary target on the 
tenure is the Bluebird ironstone-hosted copper-gold prospect. 
In November 2019, Blina commenced a 6-hole, 1320 m RC 
drilling program at Bluebird. 

A number of other companies applied for tenure east 
of Tennant Creek across the Barkly Tableland during 2019 
targeting copper-gold mineralisation, including Newcrest 
Mining Limited, Inca Minerals Limited, Middle Island 
Resources Limited, Strategic Energy Resources Limited 
and Knox Resources Ltd.

Copper, lead, zinc, silver

Aileron Province
During 2019, KGL Resources Ltd (KGL) continued 
substantial infill and extension drilling at the Jervois 
copper-silver project northeast of Alice Springs (Figure 4). 
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Mineralisation at Jervois occurs in a series of stratabound, 
subvertical sulfide-rich deposits along a 12 km strike length 
in the Bonya Metamorphics in Aileron Province. KGL 
announced two updates of the Mineral Resource for the 
Jervois project during 2019, incorporating the results of 
infill drilling that increased the confidence of the resource. 
In August 2019, the total resource was 26.6 Mt at 1.47% Cu 
and 24.7 g/t Ag, containing 390 600 t of copper and 21.1 Moz 
of silver; this includes Indicated Mineral Resources of 
255 000 t contained copper and 12.7 Moz contained silver. 
The copper-rich resource is 23.3 Mt at 1.57% Cu and 19.0 g/t 
Ag, including an Indicated and Inferred Mineral Resource 
for the Rockface underground of 4.48 Mt at 2.17% Cu. 

Drilling at Jervois in the first half of 2019 primarily 
focused on infill at the Rockface North Lode (with a best 
intercept of 5.16 m at 4.10% Cu), Reward (11.39 m at 4.72% 
Cu, 4.63% Pb, 2.97% Zn, 162 g/t Ag and 0.27 g/t Au), and 
Reward Deeps (7.57 m at 6.20% Cu). In November and 
December, the company reported intersections of high-
grade copper below and south of proposed pit at Reward, 
with numerous intersections, including 65 m at 3.6% Cu, 
98.6 g/t Ag and 0.45 g/t Au from 210 m depth (estimated true 
width of 30 m). Continuity of high grade mineralisation was 
also confirmed at the Reward Deeps lode from 175 to 400 m 
depth, with an intersection of 4.1 m at 7.23% Cu, 22.1 g/t 
Ag and 2.59 g/t Au. At Bellbird, drilling of the East Lode 
intersected a 1 m-wide bornite-rich vein that assayed 34.27% 
Cu. New prospects were drilled at Krak Ridge, Amigo and 
Ma’a Salama, with all holes intersecting mineralisation. 
In October 2019, KGL completed the Environmental 
Assessment Process for the Jervois project, and at the end of 
2019, were in the final stages of mine planning, processing 
plant design, and infrastructure planning.

In July 2019, Todd River announced a maiden resource 
for their Hendrix (formerly EM1) discovery in their Mount 
Hardy copper-zinc project area, 300 km northwest of Alice 
Springs. The Inferred Mineral Resource comprises 2.6 Mt 
at 6.7% Zn, 0.9% Cu, 1.5% Pb and 35 g/t Ag, and contains 
~175 000 t of zinc, 22 500 t of copper, 40 000 t of lead and 
2.9 Moz of silver. Sulfide mineralisation at Hendrix is formed 
within a breccia zone, which contains varying quantities of 
the host Lander Rock Formation as clasts within the sulfide 
breccia. In the final quarter of 2019, 35 RC holes were 
drilled for 3082 m testing six new targets within the Mount 
Hardy project area. At Hendrix South, drilling concentrated 
on a fold closure ~100 m south of the surface expression of 
the defined Mineral Resource. Sulfide breccia and stringers 
were identified in each hole with a best intersection of 28 m 
at 0.2% Cu, 0.6% Pb, 2.4% Zn and 12 g/t Ag from 82 m 
depth. At Hendrix North West, shallow drilling intersected 
mineralisation that is interpreted as an up-dip extension to 
the hanging wall lode to the Hendrix resource, with 5 m at 
1.2% Cu, 4.1% Pb, 2.4% Zn and 70 g/t Ag from 34 m depth. 
At the Gilly and Gilly North prospects north of Hendrix, 
drilling returned a best intercept of 7 m at 6.3% Zn, 1.4% 
Cu, 0.1% Pb and 12.6 g/t Ag. The first drilling at the Laver 
prospect, 1.2 km east of Hendrix, intersected 15 m at 5.4% 
Zn, 0.4% Cu, 1.7% Pb and 29 g/t Ag from 111 m.

IGO continued their greenfields exploration in the 
remote southwestern Aileron Province over a large project 

area north and northeast of Kintore, targeting polymetallic 
mineralisation as part of the Lake Mackay exploration 
alliance with Prodigy Gold. This followed the discovery of 
polymetallic copper-silver-gold-zinc mineralisation at the 
Bumblebee prospect in 2015 and at the Grapple prospect 
in 2016 and 2017 (Figure 5). They conducted a 14 951 line-
km airborne electromagnetic (AEM) survey in 2018. During 
2019, IGO completed a 73-hole, 15 528 m RC drilling program 
designed to test bedrock conductors over the 63 targets 
identified in the AEM survey. Minor sulfides were intersected 
at all EM targets, demonstrating the effectiveness of the 
airborne EM survey. Six RC holes for 1596 m were completed 
at the Phreaker prospect with intersections including 11 m at 
1.15% Cu, 0.07 g/t Au, and 7.9 g/t Ag from 189 m depth. The 
drilling confirmed anomalous copper, gold and silver over a 
strike length of 750 m, although downhole electromagnetics 
(DHEM) results suggest that the more conductive parts of the 
target have not yet been adequately tested.

Pine Creek Orogen 
PNX’s Hayes Creek project comprises the Iron Blow and 
Mount Bonnie polymetallic gold-silver-zinc deposits in 
the basal Mount Bonnie Formation and Gerowie Tuff of 
the Pine Creek Orogen. Combined Indicated and Inferred 
Mineral Resources for the project total 4.1 Mt at 1.8 g/t Au, 
124 g/t Ag, 4.35% Zn, 0.91% Pb and 0.25% Cu. In early 
2019, three diamond drillholes were drilled down-dip to 
the mineralisation at Iron Blow, with a best intersection of 
85.22 m at 11.87% Zn, 4.19 g/t Au, 309 g/t Ag, 1.94% Pb 
and 0.49% Cu from 115.9 m depth. During the year, PNX 
undertook metallurgical testwork and continued to progress 
a definitive feasibility study (DFS) for the project. The 
company announced that they plan to submit an EIS for the 
project by mid-2020.

Figure 5. Images of diamond drill core from 17GRDD003, Grapple 
prospect. (a) Brecciated and stringer pyrrhotite and chalcopyrite at 
220.4 m depth that overprints a pervasive mylonite fabric in schist 
of the Lander Rock Formation. (b) Massive pyrrhotite breccia 
at 373.6 m depth that overprints foliated andalusite schist of the 
Lander Rock Formation. From Reno et al (2018).

b

a
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McArthur Basin
The McArthur River mine, situated ~70 km southwest of 
Borroloola in the McArthur Basin, is operated by McArthur 
River Mining Pty Ltd (MRM), a subsidiary of Glencore plc. 
As at 31 December 2019, the McArthur River mine had 
total Mineral Resources of 163 Mt at 9.8% Zn, 4.46% Pb 
and 45 g/t Ag, including Ore Reserves of 98 Mt at 9.1% 
Zn, 4.2% Pb and 42 g/t Ag. During 2019, MRM produced 
271 200 t of zinc, 55 300 t of lead and 1.675 Moz of silver in 
concentrate, representing a 7% increase in zinc production 
from 2018. The very fine-grained, thinly bedded sulfide ore 
is hosted in the HYC Pyritic Shale Member of the Barney 
Creek Formation. 

A second major shale-hosted zinc resource, discovered 
in 2013, occurs at Teck Resources’ Teena zinc deposit, 
10 km west of the McArthur River mine. The 2016 Inferred 
Mineral Resource at Teena is 58 Mt at 11.1% Zn and 1.6% 
Pb for a contained 6.5 Mt of zinc and 0.9 Mt of lead metal 
(at a 6% Zn+Pb cut-off). No exploration results have been 
publicly reported from Teena during 2019. 

Zinc exploration in the McArthur Basin declined in 
2019. MMG Limited withdrew from the North Batten 
joint venture with Sandfire Resources and dropped its 
100%-owned tenure following a corporate decision to cease 
all greenfields exploration. In January 2019, Marindi Metals 
Ltd announced the results of a two-hole diamond drilling 
program at their Carinbirini zinc project north of McArthur 
River mine, as part of a joint venture with Japan Oil Gas 
and Metals Corporation. At Target A, drilling intersected  
0.5 m at 18.55% Zn from 284 m depth but was terminated 
at 1198 m, above the target zone. A 1127 m hole at Target 
B passed through 500 m of laminated pyritic carbonaceous 
siltstone of the Barney Creek Formation but failed to 
intersect significant base metals. 

Diamonds

Merlin Diamonds Ltd’s Merlin project in the McArthur Basin 
comprises 14 kimberlite pipes of which nine were mined by open 
pit between 1998 and 2003, producing 507 000 ct of diamonds 
(Figure 6). The 2014 Probable Ore Reserves for all diamond 
pipes at Merlin was 2.02 Mt at 0.15 ct per tonne (ct/t) for a total 
of 0.61 Mct. The Indicated and Inferred Mineral Resource was 
27.8 Mt at 0.16 c/t for a total of 4.35 Mct. Following small-scale 
mining in 2017 and 2018, the plant was placed under care in 
maintenance in late 2018. Merlin Diamonds were placed under 
provisional liquidation in September 2019.

Bauxite and alumina

Rio Tinto Aluminium (Holdings) Limited (RTA) operates 
the Gove bauxite mine in northeastern Arnhem Land, which 
has been in production since 1971. Bauxite at Gove occurs 
in deeply lateritised, dissected plateau remnants overlying 
the Cretaceous Yirrkala Formation. At the end of 2019, the 
Gove operation had Proven and Probable Ore Reserves of 
131 Mt at 49.3% Al2O3, with additional Measured, Indicated 
and Inferred Mineral Resources of 28 Mt at 48.2% Al2O3. 
During 2019, the Gove operation produced 12.20 Mt of 
bauxite, a 3% reduction on 2018. 

A second bauxite mine is in operation on the Dhupuma 
Plateau, immediately south of the Gove mineral lease, 
operated by the Aboriginal-owned Gulkula Mining 
Company Pty Ltd. The mine opened in August 2017 and is 
expected to ramp up to full annual production of 500 000 
tpa bauxite within the first four years, then continue this 
rate of production for a projected 15 year mine life. The 
mine is associated with a Mining Training Centre for local 
Aboriginal people, established with the support of RTA. 
The bauxite ore is sold to RTA’s Gove operation.

Iron ore

In November 2019, Yarram Iron Ore Pty Ltd (formerly part 
of Territory Resources) announced that it was commencing 
a drilling program at the Yarram iron deposit near Batchelor. 
The company has reported a Mineral Resource estimate of 
15.1 Mt at 52.1% Fe and 0.24% P, using a cut-off grade of 
45% Fe. The deposit includes 4.5 Mt of higher grade ore 
(61.7% Fe) with low phosphorus, suitable as either direct 
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shipping ore (DSO) or for blending with low grade ore to 
produce a saleable product. 

Nathan River Resources Pty Ltd, a subsidiary of British 
Marine Ltd, are operators of the Roper Bar iron ore mine, 
55 km southeast of Ngukurr, that has been in care and 
maintenance since 2014. During 2019, the company stated that 
the project is planned to recommence with the shipment and 
sale of the existing stockpile of ~150 000 Mt of crushed and 
processed mid-grade DSO, followed by the processing and sale 
of another 150 000 Mt of high-grade DSO, which is mined but 
not yet crushed and processed. This would be followed by the 
commencement of mining of high quality DSO. 

Northern Territory Iron Ore Pty Ltd have a Notice of 
Intent in place for the development of iron ore from three 
deposits (Deposits C, W and X) at their Roper Valley 
project, 150 km east of Mataranka. 

Manganese

Oolitic and pisolitic ore in Mesozoic sedimentary rocks on 
Groote Eylandt in the Gulf of Carpentaria forms one of the 
world’s highest-grade manganese deposits, with Mineral 
Resources totalling 157 Mt at 44.1% Mn. The oolitic or 
pisolitic mineralisation forms as a stratiform sedimentary 
deposit in shallow marine Cretaceous sedimentary rocks. It 
was discovered in 1960 and has been continuously mined by 
the Groote Eylandt Mining Company (GEMCO) since 1966. 
GEMCO is majority-owned by South32 Ltd. Production from 
Groote Eylandt in 2018–19 was 5.58 Mt of manganese ore. 

In January 2019, an exploration licence covering part 
of Winchelsea Island, off the northwest coast of Groote 
Eylandt, was granted to the Winchelsea Mining Pty Ltd, a joint 
venture between the Anindilyakwa Advancement Aboriginal 
Corporation (AAAC) and AUS China International Mining 
Pty Ltd. AAAC is the majority partner and comprises the two 
Traditional Owner clans of Winchelsea Island. The company 
commenced on-ground exploration for manganese of a similar 
style to that of Groote Eylandt.

A second manganese mine in the Territory is hosted in 
Proterozoic rocks at Bootu Creek, 110 km north of Tennant 
Creek. OM Manganese Ltd (OM) began mining operations 
at Bootu Creek in November 2005. At 31 December 
2018, the total Ore Reserves and Mineral Resources for 
Bootu Creek were 4.78 Mt at 22.9% Mn, including an Ore 
Reserve of 4.38 Mt at 21.31% Mn. Mining at Bootu Creek 
was suspended from late August to late December 2019 
following a fatality at the mine due to a pit wall failure. 
During 2019, OM mined 1.03 Mt of manganese ore at an 
average grade of 20.48% Mn, with production of lumps and 
fines for 2019 totalling 570 090 t at 33.71% Mn. Construction 
of a tailings retreatment plant at the mine was completed in 
September 2019. OM also announced the result of a six-hole 
RC drill program at the newly named was Carruthers North 
prospect, with best intersections of 7 m at 27.7% Mn from 
surface and 2 m at 37.4% Mn from 38 m depth. 

Tungsten (-molybdenum)

Thor Mining PLC (Thor Mining) continued to pursue options 
for development of the Molyhil tungsten-molybdenum 

project located near the Plenty Highway, northeast of Alice 
Springs. Molyhil is a skarn-related scheelite–molybdenite–
magnetite deposit within the Aileron Province. In June 2019, 
Thor Mining reported high-grade results from metallurgical 
bulk sample drilling at Molyhil, with 92.6 m at 1.0% WO3, 
0.16% Mo and 0.13% Cu from surface. In October 2019, a 
new Mineral Resource estimate was announced of 4.71 Mt 
at 0.28% WO3, 0.14% Mo, 0.05% Cu and 18.1% Fe, most of 
which is in the Indicated category. 

As part of their Bonya project in joint venture with 
Arafura Resources, Thor Mining undertook a maiden 
RC drilling campaign at the Samarkand and White Violet 
tungsten-copper prospects. Twenty-one holes were drilled 
for 1762 m at White Violet, with a best intersection of 29 m 
at 0.70% WO3 from 81 m depth. At Samarkand, 17 holes 
were drilled for 1202 m, with intersections including 9 m 
at 0.74% WO3 and 7 m at 1.23% Cu. In January 2020, Thor 
Mining announced maiden Inferred Mineral Resources 
for White Violet (0.495 Mt at 0.22% WO₃ and 0.06% Cu) 
and Samarkand (0.245 Mt at 0.19% WO3 and 0.13% Cu). 
The company reported that both deposits outcrop and 
remain open at depth, while Samarkand in particular shows 
potential for strike extension to the copper mineralisation

In June 2019, Tungsten Mining NL announced that it 
had executed an agreement with GWR Group Ltd to farm-
in to the Hatches Creek tungsten project in the Davenport 
Province, which has an Exploration Target of 11.9 to 16.5 Mt 
at 0.2–0.5% WO3. 

Vanadium

TNG’ Limited’s Mount Peake project contains a vanadium–
titanium–iron deposit hosted in the Mount Peake Gabbro 
in the northern Aileron Province, 60 km west-southwest of 
Barrow Creek. It contains Measured, Indicated and Inferred 
Mineral Resources of 160 Mt at 0.28% V2O5, 5.3% TiO2 
and 23.0% Fe; and a Probable Ore Reserve of 41.1 Mt at 
0.42% V2O5, 7.99% TiO2 and 28.0% Fe at a cut-off grade 
of 15% Fe. During 2019, TNG Limited submitted an EIS 
for a processing plant in Darwin and undertook front-end 
engineering and design studies. 

In July 2019, Thor Mining and joint venture partner 
Arafura Resources Limited (Arafura) announced the results 
of a development study on the Jervois vanadium project in 
the eastern Aileron Province. This project is of a similar 
style to Mount Peake and is hosted within the Attutra 
Metagabbro. It has an Exploration Target of 90–110 Mt at 
0.3–0.8% V₂O₅, and 4–8% TiO₂, determined from 1295 m 
of assayed mineralisation in drilling undertaken in 2006–
2008. They also announced the assay results of selected 
intersections for precious metals, with maximum values of 
0.389 ppm Au, 1.555 ppm Pd and 0.562 ppm Pt, with a best 
intersection of 47 m at 0.57 ppm Au+Pd+Pt.

Magnesite

A number of high-grade magnesite (magnesium carbonate) 
deposits occur near Batchelor in the Pine Creek Orogen 
(Figure 7) where they form as stratabound bodies 
within the Celia and Coomalie Dolostones. This includes 
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Winchester (Korab Resources Ltd), which has Indicated 
and Inferred Mineral Resources of 16.6 Mt at 43.2% MgO. 
Korab announced during 2019 that they intend to produced 
raw magnesium carbonate rock that will be crushed and 
screened on-site at Winchester, as well as dead burned 
magnesia and caustic calcined magnesia that will be toll-
treated at third-party kilns.

Mineral sands 

The Harts Range garnet sand deposit, located 170 km 
northeast of Alice Springs, is operated by Australian 
Abrasive Minerals Pty Ltd. Following a recommencement 
of production at the mine in 2019, the company was placed 
into administration in December 2019 for the second time, .

In 2019, Australian Ilmenite Resources Pty Ltd 
continued to operate the Sill 80 ilmenite mine in the Roper 
region. Ilmenite at Sill 80 occurs in surficial cover overlying 
sills of Derim Derim Dolerite intruding the Roper Group.

Rare earth elements

Arafura continued to progress the Nolans rare earth-
phosphate project located in the Reynolds Range, 
135 km northwest of Alice Springs. Measured, Indicated 
and Inferred Mineral Resources total 56 Mt at 2.6% 
rare earth oxides (REO), 11% P2O5 and 0.02% U3O8,  
containing 1.46 Mt of REO. The most abundant rare 
earth-bearing minerals at Nolans are apatite, monazite 
and allanite, with 26.4% of the mix represented by 
neodymium and praseodymium (NdPr). In February 
2019, Arafura announced the results of a DFS for an 
operation with a 23 year life producing 4357 tpa of NdPr 
oxide and 135 808 tpa of phosphoric acid. The plant will 
also produce mixed middle-heavy rare earths (SEG/
HRE) carbonate and cerium hydroxide. In the second 
half of 2019, the company undertook a 9-hole, 2250 m 
diamond drilling program comprising five shallow infill 
holes, and four deep holes that targeted depth extensions 
of mineralisation beneath the life-of-mine pit. Reported 
results include an interval of 43.62 m at 6.0% total REO 
and 28% P2O5 from 19 m depth.

Lithium

Core Lithium Ltd (Core) continued to grow their 
resource base and progress towards production at their 
Finniss lithium project, part of the Bynoe pegmatite 
field, located 20–50 km south-southwest of Darwin 
(Figure 7). Lithium mineralisation in the Bynoe field 
occurs as spodumene in north-trending pegmatites, 
up to 40 m in width, that occur along a 30 km north-
trending corridor. Between January and May 2019, with 
the addition of maiden resources at Hang Gong (1.4 Mt at 
1.2% Li2O) and Lees (0.78 at 1.3% Li2O) and an upgrade 
of the resource at Carlton to 1.09 Mt at 1.3% Li2O, the 
combined Mineral Resource at Finniss increased to 
9.63 Mt at 1.3% Li2O for 119 700 t of Li2O,. In April 
2019, the company released a DFS accompanied by a 
maiden Ore Reserve of 2.2 Mt at 1.4% Li2O. In October 
2019, Core reported further high-grade spodumene 
intersections from across the Finniss project, including 
13 m at 1.56% Li2O from 123 m depth at Hang Gong, 
31 m at 1.13% Li2O from 186 m at Carlton, 10 m at 1.57% 
Li2O from 128 m at Ah Hoy, and 47.4 m at 1.53% Li2O 
from 202 m at Grants. Also in October, Core announced 
that two new non-outcropping spodumene pegmatites 
has been discovered through shallow auger drilling at 
Hendersons West (2 km from Grants) and the McGrants 
prospect (700 m from Grants). In late 2019, Core 
intersected broad intersections of high-grade spodumene 
mineralisation at BP33, some of which is outside the 
existing resource, including a best intersection of 107 m 
at 1.70% Li2O.

In December 2019, Core announced that it had 
acquired Todd River’s Walanbanba lithium project, near 
Barrow Creek in the northern Aileron Province. This is 
adjacent to Core’s Anningie and Barrow Creek lithium 
project, and includes the Bismark prospect, which 
returned rock chip values of up to 4.63% Li2O. 

Tennant Creek

Darwin

Alice
Springs

Katherine

0 100 200 km

-2
6°

S

138°E129°E

-1
1°

S

Karinga Lakes

Ammaroo

Wonarah

Bigrlyi

Harts Range

Nolans 

Beatrice

Bismark

Angela

Winchester

Stanton

Finniss

Angularli

Nabarlek

Grimlock

Swoop

Highland
Plains

U40
Such Wow

Sill 80

Ranger

 

Karinga Lakes

Ammaroo

Wonarah

Bigrlyi

Harts Range

Nolans 

Beatrice

Bismark

Angela

Winchester

Stanton

Finniss

Angularli

Nabarlek

Grimlock

Swoop

Highland
Plains

U40
Such Wow

Sill 80

Ranger

 

A2
0-

04
1.

ai

Mesozoic-
Cenozoic

Palaeo-Mesoproterozoic
Basins

Palaeo-Mesoproterozoic
Orogens

Neoproterozoic-
Palaeozoic

Archaean

uraniumREE
potashphosphate

lithium
mineral sandsmagnesite

cobalt, nickel

Figure 7. Location of magnesite, mineral sands, rare earths, 
lithium, phosphate, potash and uranium deposits and projects 
mentioned in the text.



11

AGES 2020 Proceedings, NT Geological Survey

Nickel-cobalt

IGO, as part of the Lake Mackay joint venture with Prodigy 
Gold, undertook a maiden drilling campaign at the Grimlock 
prospect northeast of Kintore. Rock-chip samples from 
Grimlock in 2018 returned of up to 2.5% Co, 1.1% Ni and 
46.4% Mn from a pyrolusite-bearing duricrust overlying a 
gabbronorite intrusion. The first three RC holes intersected a 
dark manganese-rich duricrust layer with best intersections 
of 4 m at 0.6% Co and 0.49% Ni from 2 m downhole depth, 
1 m at 1.86% Co and 0.84% Ni from 8 m, and 4 m at 0.22% 
Co and 0.64% Ni from 20 m. An additional seven holes 
(for 262 m) were then drilled to confirm the presence of 
the shallow cobalt-nickel mineralisation in other areas of 
duricrust mapped, or interpreted to continue under shallow 
cover. All seven holes intersected cobalt-nickel-manganese-
scandium mineralisation with a best results of 5 m at 0.28% 
Co and 0.85% Ni from 18 m depth. In December, results were 
announced from preliminary bench-scale metallurgical 
testwork on high-grade cobalt-nickel-manganese duricrust 
using atmospheric leaching with SO2, with recovery of 99% 
Mn, 97% Co and 85% Ni. Further drilling is planned at 
Grimlock in 2020, as well as at the undrilled Swoop Co-Ni-
Mn prospect where lag sampling of outcropping duricrust, 
announced in February 2019, retuned 2.0% Co, 1.0% Ni and 
11.2% Mn.

Phosphate

Verdant Minerals Ltd (Verdant)’s Ammaroo phosphate 
project is located in the southern Georgina Basin, ~80 km 
east of Barrow Creek. The project has Indicated Mineral 
Resources of 165 Mt at 15.5% P2O5 and total Measured, 
Indicated and Inferred Mineral Resources of 1.141 Bt at 14% 
P2O5 at a 10% P2O5 cut-off. The company has completed a 
bankable feasibility study, and environmental approvals 
are in place. During 2019, CD Capital Natural Resources 
Fund acquired all of the issued shares in Verdant Minerals 
apart from those held by Washington H Soul Pattinson and 
Co Ltd. Verdant was subsequently removed from public 
listing on 21 June 2019.

A second major phosphate project in the Georgina Basin 
is Avenira Ltd’s Wonarah project, which has a Measured 
Mineral Resource of 64.9 Mt at 22.4% P2O5, an Indicated 
Mineral Resource of 133 Mt at 21.1 % P2O5, and Inferred 
Mineral Resource of 353 Mt at 21% P2O5, at a 15% P2O5 
cut-off. In December 2019, Avenira Ltd announced that 
they had commenced a study on potential concentrate 
and monoammonium phosphate (MAP)/diammonium 
phosphate (DAP) development options for the project.

During 2019, Gibb River Diamonds Ltd (formerly 
Phosphate Australia Ltd) continued to seek options to 
sell its Highland Plains phosphate project, with no work 
reported on the project.

Potash

Verdant Minerals’ Karinga Lakes potash project is located 
between Erldunda and Curtin Springs, 200–300 km 
southwest of Alice Springs. The project area contains 

hundreds of salt lakes representing the eastern extension 
of the Lake Amadeus system. Measured, Indicated and 
Inferred Mineral Resources at Karinga Lakes are 8.4 Mt 
of K2SO4 at an average resource thickness of 17 m; these 
resources are contained beneath 25 lakes with a total area 
of 132 km2. The average potassium grade in the resource 
is 4760 mg/l (at 3000 mg/l cut-off). Parkway Minerals NL 
(which acquired 100% of Consolidated Potash Corporation 
in September 2019) have a $3 million agreement to earn 
up to 40% of the project through staged evaluation of their 
aMESTM mineral processing technology for producing 
sulfate of potash at Karinga Lakes. 

Uranium

The Territory’s only operating uranium mine is at Ranger, 
which is hosted in the lower Cahill Formation in the Pine 
Creek Orogen. It has been operating since 1981, producing 
130 000 tonnes of uranium oxide. During 2019, Energy 
Resources of Australia Ltd (ERA) produced 1751 t of 
uranium oxide, a 12% decrease from 2018. At the end of 
2018, Ore Reserves at Ranger (entirely within stockpiles 
from Ranger 3 pit) were 4.90 Mt at 0.076% U3O8 (at 0.06% 
U3O8 cut-off) for 3735 t of U3O8. Additional Mineral 
Resources (in stockpiles and in Ranger 3 Deeps) were 
46.74 Mt at 0.12% U3O8 for 54 701 t of U3O8. Mining is due 
to cease at Ranger in early 2021.

Vimy Resources Ltd (Vimy) continued to explore the 
King River-Wellington Range project in western Arnhem 
Land in a joint venture with Rio Tinto Limited (22% 
ownership). The project contains the Angularli prospect, 
which was discovered by Cameco Corporation and has a 
2018 Inferred Mineral Resource of 0.91 Mt at 1.3% U3O8 
for 11 558t of U3O8. In August 2019, Vimy announced drill 
results from two diamond drillholes (533 m) at the Such 
Wow prospect, 15 km south of Angularli. The drilling 
did not intersect significant uranium mineralisation but 
confirmed that a large alteration system identified on surface 
extends to the unconformity and into the metamorphic 
basement rocks. The company also announced the results of 
a termitaria geochemical survey, which analysed 900 termite 
mound samples collected over 12.5 km2 at the Southern Flank 
prospect area, 17 km northwest of the historic Nabarlek mine. 
The survey defined several coherent and distinct uranium 
anomalies in an area that Vimy considers have a geological 
setting similar to the Jabiluka and Ranger deposits.

DevEx Resources Ltd completed a co-funded diamond 
drilling program during 2019 designed to test deeper 
targets at the Nabarlek and U40 Prospects. At the Nabarlek 
Prospect, an anomalous uranium–gold-bearing fault breccia 
was identified beneath the Oenpelli Dolerite, with a best 
intercept of 0.3 m at 525 ppm U3O8. At U40, two diamond 
holes targeted an IP anomaly, with one hole intersecting 
0.7 m at 1059 ppm U3O8 from 179.5 m depth on the western 
side of the anomaly. Uranium mineralisation is hosted within 
a fault zone comprising deformed schists and breccias; the 
zone remains open to the north and south. 

Energy Metals Ltd (Energy Metals) have uranium 
projects in the Ngalia Basin northwest of Alice Springs, 
including the Bigrlyi uranium deposit, which has total 
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Indicated and Inferred Mineral Resources of 7.5 Mt at 
0.13% U3O8 and 0.12% V2O5 (at a 500 ppm U cut-off) for a 
contained 9600 t of U3O8 and 8900 t of V2O5. Studies in 2019 
largely focused on increasing the value of vanadium as a by-
product of potential future uranium mining.

In December 2019, Marenica Energy Ltd announced 
that it had completed the acquisition of a number of 
uranium projects in the Territory from Optimal Mining 
Ltd (Optimal). This includes the Angela uranium project, 
located south of Alice Springs, which has a Mineral 
Resource of 10.7 Mt at 0.13% U3O8, as well as Optimal’s 
share of the Bigrlyi, Walbiri and Malawiri joint ventures 
with Energy Metals.

Onshore petroleum exploration and production highlights

Petroleum exploration activity in the onshore basins of the 
Territory increased in 2019 following the implementation of 
recommendations of the Scientific Inquiry into Hydraulic 
Fracturing (the Inquiry) to allow shale gas exploration to 
recommence. Figure 8 shows granted petroleum tenure and 
basins in the Territory, and the location of wells and fields 
mentioned in the text. 

McArthur Basin
The Beetaloo Sub-basin is a significant depocentre of 
Mesoproterozoic Roper Group sedimentary succession, 
which underlies the Mesozoic Carpentaria Basin in the 
vicinity of Dunmarra and Daly Waters. It is the Territory’s 
most advanced shale gas play. The most prospective 
shale units in the Roper Group occur within the Velkerri 
and Kyalla formations. Drilling of the middle Velkerri 
Formation has demonstrated the consistent presence of 
gas-saturated, quartz-rich shale source rocks that are 
mature for gas over extensive areas and appear to meet all 
of the physical and chemical parameters for a successful 
shale gas play. Following the successful hydraulic 
fracturing and production testing from the Amungee 
NW-1H exploration well by Origin Energy Limited 
(Origin) in 2016, Origin announced a 2C Contingent Gas 
Resource Estimate for the Velkerri B-shale pool of 6.6 Tcf 
(trillion cubic feet) over 1968 km2, with Original Gas In 
Place of 61.0 Tcf . Wells drilled to date by Santos Limited 
(Santos), Origin and Pangaea Resources Pty Ltd indicate 
a P50 Gas-In-Place Resource for the Velkerri B-shale 
alone of at least 500 Tcf, with the additional potential for 
liquids across the basin. Following the implementation 
of required recommendations of the Inquiry, exploration 
activity in the sub-basin recommenced in 2019.

Exploration in the central part of the Beetaloo Sub-
basin is operated by Origin in joint venture with Falcon Oil 
and Gas Ltd. In October 2019, Origin spudded the Kyalla 
117 N2-1 well, which was designed to test the liquids-rich 
shale gas play in the Kyalla Formation. The well reached a 
vertical total depth of 1895 m and intersected a thickness of 
nearly 900 m of Kyalla Formation, including three source-
rock reservoirs with thicknesses of between 75 and 125 m. 
Each source-rock interval exhibited elevated gas shows 
with relatively high C3, C4 and C5; diagnostic fracture 
injection tests (DFIT) were performed on each interval. 

The joint venture commenced the horizontal section of 
the well in December at ~1800 m total depth within the 
lower Kyalla Formation with a planned horizontal section 
of 1000–2000 m. In January, the joint venture announced 
that the horizontal well encountered operational challenges 
at 700 m horizontal length, and that the initial horizontal 
well would be plugged and followed-up by sidetracking 
and drilling of a new horizontal production hole section.  

In November 2019, Santos re-entered the previously 
drilled Tanumbirini-1 vertical well and commenced a 
four-stage stimulation program. Initial production test 
results confirmed a gas discovery in the middle Velkerri 
shale gas play, with gas flow rates of over 1.2 mmscf/d 
(million standard cubic feet per day) recorded, which 
exceeded initial expectations for the vertical well. 
Preliminary gas composition analysis indicated >90% 
methane, less than 5% total inert content and 3% ethane. 
Santos have announced that the next phase of appraisal 
is expected to include the drilling and multi-stage 
stimulation of two horizontal wells commencing in the 
first half of 2020.

In early 2020, Empire Energy Group Ltd (Empire; 
parent company of Imperial Oil and Gas Pty Ltd) 
announced the results of a 231 km 2D seismic program 
in EP187, 75 km southeast of Tanumbirini-1, near the 
eastern margin of the Beetaloo Sub-basin. The company 
reported that interpretation of the seismic data suggested 
thick continuous shales of the Velkerri and Kyalla 
formations at ~1000 m shallower than in Tanumbirini-1. 
Empire are planning a well in 2020 targeting both shale 
formations. 

South Nicholson Basin/Lawn Hill Platform
In December 2019, Santos executed an farm-in agreement 
with Armour Energy Ltd (Armour) on Armour’s South 
Nicholson project area in Queensland and the Territory, 
including EPA172 and 177 in the Territory. Under the 
agreement, Santos will carry 100% of Armour’s share of 
expenditure for the work programs up to a combined total 
expenditure of $65 million. 

Amadeus Basin
The Territory’s current onshore gas production (Figure 9) is 
entirely sourced from fields in the Amadeus Basin operated 
by Central Petroleum Ltd (Central Petroleum). In 2019, 
following commissioning of the Northern Gas Pipeline, 
Central Petroleum produced 18 293 bscf (billion standard 
cubic feet) of onshore gas, a 197% increase on 6.151 bscf 
produced in 2018. This comprised 14 150 bscf from Mereenie 
Field, 3048 bscf from Palm Valley, and 1095 bscf from Dingo. 

Onshore oil production in the Territory in 2019 was 
sourced entirely from the Mereenie Field, with 0.212 mmbbl 
(million barrels) produced.

In June 2019, Central Petroleum announced a reduction 
in Proven and Probable (2P) gas reserves at Palm Valley 
to 26.1 PJ (petajoules). Other existing 2P reserves (at June 
2018) are 88.55 PJ of gas and 0.97 mmbbl of oil at Mereenie 
and 38.18 PJ of gas at Dingo. In May 2019, the Palm 
Valley 13 well commenced flowing sales gas, approximately 
doubling the production deliverability of the Palm Valley 
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field. In October 2019, Central Petroleum announced a 
2C contingent resource of 108 PJ of gas for the Stairway 
Sandstone reservoir at Mereenie.

Central Petroleum also have a farm-in agreement 
worth up to $150 million with Santos for a large area in 
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the Amadeus Basin. Santos are targeting sub-salt and 
intra-salt plays of the Neoproterozoic lower Gillen–
Heavitree System in the southeastern part of the basin 
that have potential for large gas and helium accumulations 
hosted in the Heavitree Formation. In April 2019, Santos 
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spudded the Dukas-1 wildcat well, located ~175 km 
southwest of Alice Springs, with a proposed total depth of 
3850 m. The hole was drilled to a depth of 3704 m where 
it encountered formation pressures much higher than 
predicted. Santos assessed that the potential formation 
pressures associated with drilling forward to the primary 
target were in excess of the capabilities of the existing 
rig and surface equipment, and the well was suspended. 
The well did not reach the primary target of the Heavitree 
Formation. A vertical seismic profile signalled the 
presence of reflectors that may indicate the location of the 
primary target and basement at depths 180–500 m below 
the well’s current depth. The joint venture reported that 
hydrocarbon-bearing gas circulated to surface provides 
strong evidence of a working petroleum system, and that 

significant over-pressure just above the prognosed primary 
target indicates an efficient seal is in place. Central 
Petroleum have reported that, given the requirement for 
a larger rig and blow-out preventer (15 000 psi), plus new 
well designs and a full set of approvals, a return to Dukas-1 
is unlikely before 2021.
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Lantern Project update – Evolution of the understanding of the mineralisation
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Overview

Kirkland Lake Gold Limited (KL) is a growing gold company 
operating in Australia and Canada that has produced 
974 615 oz of gold in 2019, and is targeting 1 470 000–
1 540 000 oz in 2020. Our production profile is anchored by 
two of the world’s highest-grade, lowest-cost, gold mining 
operations: the Macassa Mine, located in Northern Ontario, 
Canada; and the Fosterville Mine, located in Victoria, 
Australia (Kirkland Lake Gold 2020). Added to these two 
high-grade underground projects was the acquisition in 
early 2020 of the Detour Lake mine, a large scale, open pit 
mine located in northern Ontario, Canada. A key driver of 
our success continues to be a commitment to exploration as 
shown by our solid track record for growing reserves and 
actively pursuing further value creation by investing in new 
projects where our growing capital base and expertise can be 
deployed to support the development and operation of new, 
economically attractive gold mines. The recent acquisition of 
the Detour Lake gold mine provides a third anchor operation 
by adding 600 000 oz of annual gold production, as well as 
adding substantial growth potential. The property has around 
20 years of mine life and 15.4 Moz of ore reserves according 
to the latest Mineral Reserve statement. 

KL has been actively exploring in the Northern Territory 
since the acquisition of Newmarket Gold in mid-2016. 
Exploration results for the Cosmo and Lantern Deposits, and 
more recently at Union Reefs and Pine Creek, were detailed 
in the 18 December 2019 press release (Kirkland Lake Gold 
2019). The results highlight the exploration potential across 
the Pine Creek region, with significant intersections of 530 g/t 
Au over 0.4 m and 53.4 g/t Au over 2.0m at Union Reefs, and 
16.1 g/t Au over 3.0 m and 9.7 g/t Au over 4.1 m at Pine Creek.

Lantern gold deposit update

The Lantern deposit is situated in the Howley Anticline, 
between two dolerite sills, and hosted in rocks of the 
Lower Koolpin stratigraphy, part of the South Alligator 
Group. The host rocks include variably metamorphosed 
metapelites, banded ironstones, carbonate rocks, and 
breccias, all of which broadly correlate through the Lantern 
Deposit. These are regionally metamorphosed to greenschist 
facies and further to amphibolite facies through subsequent 
contact metamorphism. Retrograde metamorphic mineral 
assemblages are also observed broadly, which are thought to 
be coincident with the hydrothermal events that generated the 
gold system across the moderately north-plunging anticline.

The Howley anticline runs north-northwest between the 
Mt Shoebridge fault on the west and the Burnside granitic 
emplacement to the east. Regional east-west compression 
regime and the uplift during the granitic intrusion have created 

the regional folded structural architecture with near upright 
folds for most of the Howley anticline except at its far northern 
Mt Paquilin area and far southern Cosmo mine area. Northwest-
trending sub-vertical, strike-slip faulting is also present within 
the Lantern deposit with several faults showing small-scale 
dextral movements recorded in the order of 10s of metres.

What we have learnt

The understanding of the Lantern deposit has developed 
considerably since its discovery in 2016 as presented at 
AGES 2018 (Greenberger and Edwards 2018). The basics 
of the deposit were understood: structurally-controlled, 
bedding-parallel shears formed due to the competency 
contrast between the dolerite sills and metasedimentary 
package, with an observed correlation between cross-
cutting structures and higher gold grades. Additional 
drilling during 2018–2019 has shown that mineralisation is 
also present over a vast area. The presence of the highly 
altered sericitic (green) and Fe-oxidised (bright red) host 
rock suggests late stage localized overprint, focused at 
higher elevations in the hinge zone. Mineralisation deeper 
in the mine is concentrated around a dolomitic siltstone unit, 
which provides a chemical mechanism for deposition, with 
late-stage pegmatite veins cross cutting mineralisation.

During 2019, underground development accessed the 
Lantern deposit, creating exposures over multiple levels 
for mapping, Maptek I-Site scanning, and sampling. With 
ongoing development, our understanding improved through 
the use of back to basics data collection combined with the 
latest technology, as discussed at AGES last year (Lower 
2019). The extra information has helped subset the deposit 
into three similar but distinct mineralisation zones: 

• stratigraphically controlled limb mineralisation
• stratigraphically controlled hinge mineralisation
• hinge related cross-cutting vein-style mineralisation.

Development and bulk sampling has focused attention 
on the hinge zone and has highlighted the existence 
of increased grades and widths due to the additional 
structural complexity. We found that, while mineralisation 
was continuous down the limb of the Anticline, the 
stratigraphically controlled veins were pinching and 
swelling within the host rocks, with variable levels of gold 
mineralisation at very local scales. Underground mapping 
was unable to identify a consistent vein structure across 
multiple faces; however, when digitized and scanned into 
3D, the controlling structure was present and parallel with 
bedding as expected. Diamond drilling on a 50 m × 50 m and 
even 25 m × 25 m drill spacing identified the structures and 
allowed the construction of a 3D block model with a good 
quality statistical estimation; however, the drill spacing was 
not sufficient to provide a full picture of the variability of 
the stratigraphically-controlled limb mineralisation. 
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Development towards the hinge has highlighted the 
importance of the structural complexity in elevating the gold 
mineralisation in the Lantern system. Very high grades were 
observed in fractures within quartz-carbonate-sulfide veins 
cross cutting stratigraphy in close proximity to the northwest-
trending shears. Mapping of the development drives shows a 
direct correlation between areas of high grades, cross-cutting 
veins, large shear structures and parasitic fold geometries. 

An academic study completed in 2019 (James 2019) 
has highlighted that several phases of mineralisation 
are present at the Lantern deposit; cross-cutting and 
overprinting relationships can identify discrete higher grade 
mineralisation events. Minor amounts of gold mineralisation 
occur in the early quartz and quartz-carbonate veins, with 
higher grade gold mineralisation intimately associated 
with native bismuth. Overprinting relationships show these 
veins post-date granite emplacement by cross cutting peak-
metamorphic textures. There is a third, late stage, very high-
grade mineralising event that is characterised by native gold 
within fractures in quartz veins proximal to shears. 

Trial mining and underground development have highlighted 
the importance of understanding the geological controls on 
mineralisation in areas of structural complexity. Drilling and 
resource estimation can produce good quality statistical models; 
however, they run the risk of not being representative of the 
actual mineraliation extents where strong local controls have 
effect. Trial mining and batch processing continues at Lantern. 
It is an ongoing challenge for everyone involved to be better 
geologists, and highlights the fact that mapping, scanning, and 
structural interpretation are still required skills for successful 
mining in structurally complex environments.
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The Northern Territory Government’s four-year 
(2018– 2022) $26 million Resourcing the Territory 
initiative (RTT) is focused on delivering integrated 
and contemporary geoscience data and interpretations 
designed to open up new areas for exploration and underpin 
private sector exploration success in the Territory. A major 
component of this initiative is the acquisition of new, 
targeted pre-competitive geoscience data to improve the 
understanding of the geological framework, and mineral 
and petroleum potential in key areas in the Territory. Under 
RTT, the Northern Territory Geological Survey (NTGS) is 
undertaking a range of projects designed around six key 
themes. Four of these themes relate to the acquisition of 
new geoscience information and data, and are described 
below.

Upgrading the Territory’s coverage of geophysical data

The intent of acquiring regional-scale magnetic, 
radiometric and gravity datasets over the Territory is to 
provide consistent datasets that not only allow a regional-
scale insight to the physical properties of the geology but 
also provide reliable data that can be infilled to camp- and 
prospect-scale by industry. Major acquisition programs 
under previously funded Northern Territory Government 
initiatives have provided extensive regional-scale coverage 
of aeromagnetic, radiometric and ground gravity data. 
However, many of the early programs were acquired 
at non-optimal spacing and predate the advent of GPS 
and therefore, do not meet current standards for regional 
datasets. NTGS aims to achieve a Territory-wide minimum 
standard of 400 m line-spacing/80 m flight height with 
differential GPS for airborne magnetics and radiometrics, 
and 4 km-spaced ground gravity. In areas where it is 
considered that higher resolution datasets are required to 
provide insights into the geological framework and better 
support exploration, closer spaced acquisition is undertaken 
at 200 m line-spacing/60–80 m flight height for magnetic 
and radiometric surveys, and 2 km-spaced ground gravity. 
To provide opportunities for enhanced datasets, industry are 
given the option to infill areas of interest at higher resolution 
to be incorporated into the publically released dataset.

NTGS has reviewed the existing regional-scale 
magnetic, radiometric and ground gravity coverage and has 
identified areas that do not meet minimum standards and 
will be targeted for improvement under the RTT initiative. 
The first geophysical acquisition project under this initiative 
was the NTGS Tanami Region Airborne Magnetic and 
Radiometric Survey, supplying the largest regional-scale 
airborne magnetic and radiometric survey ever undertaken 
at this resolution in the Territory. Final located and gridded 

data for this survey were released on 1 November 2019. 
The survey was acquired over an area in the Tanami 
Region where the current dataset did not meet minimum 
standards and where magnetic data is an invaluable tool for 
understanding structure and stratigraphy that hosts major 
gold deposits such as Callie. The survey was flown at 200 m 
line spacing, acquiring more than 240 000 line km of data, 
covering an area of 42 000 km2 with another 30 000 line km 
of infill data at 100 m line-spacing funded by contributions 
from industry (Dhu 2019, 2020: figure 1). 

The next stage of geophysical acquisition was the 
NTGS Mount Peake–Crawford Airborne Magnetic and 
Radiometric Survey, which is centred 250 km north-
northeast of Alice Springs in the northern Aileron Province. 
This survey involved the acquisition than 120 000 line km 
of data at 200 m spaced lines at 60 m ground clearance. 
Industry partners funded a further 18 000 line km of data 
to infill areas of interest to 100 m line spacing. This data 
upgrades existing 500 m line-spaced data acquired in 
1980– 1990. It was released in early March 2020 (Dhu 2020). 

As the Tanami Region is currently the focus of renewed 
gold exploration activity, an upgrade to the existing ground 
gravity coverage of this area from 4 km-spacing to 2 km 
resolution will be undertaken in 2020. The survey will cover 
an area of almost 30 000 km2, complementing the recent 
airborne magnetic and radiometric survey. The proposed 
survey will acquire over 4000 ground gravity stations 
infilling existing data to 2 km-spacing. Industry will be able 
to participate in the survey to infill areas; expressions of 
interest are currently being sought. Acquisition is planned 
to commence in June 2020 (Dhu 2020).

Unlocking the resource potential of the Barkly and Gulf 
regions through collaborative geoscience 

A key focus of the NT Government’s previous (2014– 2018) 
Creating Opportunities for Resource Exploration (CORE) 
initiative was improving the understanding of the greater 
McArthur Basin (Close 2014) and its resource potential. 
The recently published definition of the Beetaloo Sub-basin 
represents a key outcome from NTGS’ work in the greater 
McArthur Basin (Williams 2019, 2020). An ARC Linkage 
Project in collaboration with University of Adelaide 
(industry partners and academic partners; Collins et al 
2018, 2019), commenced under CORE with a focus on 
unravelling the tectonic palaeogeography of the greater 
McArthur Basin (eg Yang et al 2019). It has been extended 
under RTT and will conclude in mid-2021. 

Collaboration with Geoscience Australia under the 
federally funded Exploring for the Future program (EFTF) 
has provided the opportunity to extend the findings under 
CORE into the Barkly region by investigating the covered 
crystalline basement and improving the knowledge of 
underexplored basins with affinities to the greater McArthur 
Basin. New data acquisition through EFTF includes soil 
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and hydro geochemistry data, improved resolution ground 
gravity at 4 km spacing or better, long-period and broadband 
magnetotelluric data, regional-scale passive seismic, and 
the first ever seismic reflection data collected in this area 
(eg Hackney et al 2020). A stratigraphic drilling program in 
the Barkly and Gulf regions through the Program 3 National 
Drilling Initiative under the MinEx CRC has been designed 
by Geoscience Australia to test new concepts using data 
derived from the EFTF program. Drilling is planned to 
commence in 2020.

NTGS is undertaking new regional-scale mapping of 
outcropping geology in the Lawn Hill Platform and South 
Nicholson Basin, focusing on the MOUNT DRUMMOND 
1:250 000 mapsheet. This program is integrating new 
seismic data acquired from EFTF to improve understanding 
of surface and subsurface geological relationships. This 
new mapping will investigate the geological relationship of 
these two basins with the resource-rich McArthur Basin and 
Beetaloo Sub-basin, as well as the cross-border stratigraphic 
correlations.

A suite of new programs has been designed to reinvigorate 
exploration in the Tennant Creek area. Over the lifetime of 
RTT, specific projects will include: integration of open file 
geoscience data to produce mineral atlases and 3D modelling 
and visualisation of the Rover field and Tennant Creek mineral 
field (Valenta et al 2020); in collaboration with Geoscience 
Australia, the acquisition of new data from NTGS and 
industry-held drill core to improve understanding of the gold 
and base metal potential of the concealed Rover field (Huston 
et al 2020); and delivery of a physical and virtual repository 
of representative drill core from the Tennant Creek mineral 
field and Rover field utilising the HyLoggerTM to provide 
spectral information on key drill core. 

Geoscience programs designed to improve the knowledge 
of the geology and resource potential in central Australia

The NTGS is committed to continuing to open up new 
greenfields areas for exploration in central Australia. Under 
RTT, this is particularly focusing on the Amadeus Basin and 
Aileron Province. 

Regional-scale geoscience mapping is in progress to 
produce updated outcrop maps at 1:250 000 and 1:100 000 
scales across the central and western Amadeus Basin  
(eg Verdel et al 2020). This will result in consistent basin-
wide stratigraphic correlation and improved understanding 
of stratigraphy, structural evolution and palaeogeography. 
Basin-wide 1:500 000 scale pre-Mesozoic interpretative 
geology maps are being developed through the integration 
of seamless stratigraphy with regional-scale geophysics. 
Ongoing geoscience outcrop mapping at 1:100 000 scale 
across the northeastern Aileron and Irindina provinces 
will provide an updated geological framework to these 
polymetallic provinces; this includes the newly published 
Jervois Range Special map and explanatory notes (Reno 
et al 2019, Weisheit 2019, Weisheit et al 2019). This 
updated framework is designed to provide context to a new 
understanding of the geology and base metals potential of 
the Aileron Province, including copper-bearing mineral 
systems in the region. 

Precompetitive geoscience through co-funded industry 
grants program

The Geophysics and Drilling Collaborations (GDC) program 
has been revised and enhanced to encourage exploration in 
greenfields areas. The enhanced grants program offers 33% 
more in funding than the previous scheme and with less 
restrictive criteria. It is designed to maximise local industry 
participation in exploration by making service and supply 
by Territory-based companies eligible for co-funding. This 
has broadened eligibility for pure greenfields exploration to 
allow greater participation by the junior exploration sector. 

The total funds available for each GDC Round is 
$1 million per annum. GDC now includes funding for 
reverse circulation drilling exclusively in greenfields areas 
with no previous drilling activity. In addition, the total 
amount of funding available for diamond drilling programs 
has now increased to a maximum of $125 000 per project. 
There is also additional funding available under the Territory 
Supplier Incentive whereby a maximum of a further $10 000 
per project is available for projects that engage Territory-
based enterprises. All reports and data acquired through the 
GDC program are made publicly available six months after 
completion of fieldwork. 

The first funding Round under the revised GDC program 
(2018–2019) saw the highest number of applications in the history 
of the program. Applications for GDC funding for 2020–2021 
opened through the GrantsNT portal (www.grantsnt.nt.gov.au) 
on Thursday 27 February 2020 and will close on Tuesday May 5 
2020. Successful applicants will be announced in May. Further 
information on the Geophysics and Drilling Collaborations 
program can be found at www.resourcingtheterritory.
nt.gov.au/about/gdc.
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This past year was a year of steady progress in open filing 
of mineral exploration reports, increasing the number of 
exploration geophysical datasets online through GEMIS, 
ongoing publication of reports and data generated by the 
Northern Territory Geological Survey (NTGS), and in the 
capture of exploration drilling and geochemical data for 
inclusion in the NTGS drilling and geochemistry database. 
The new petroleum and geothermal tenure reports (PEX 
Tenure) collection was also added to GEMIS, the final 
collection of the three separate collections providing access 
to the open file reports and data under the Petroleum Act 
and Geothermal Energy Act. 

New drilling and geochemistry data

Drilling and geochemistry data captured from 66 industry 
reports, covering historical titles in the Batten Fault Zone 
area, was completed in April 2019. Progressive data capture 
over the Tennant Creek area to the Queensland border and 
throughout the Barkly region has commenced with the 
capture of data from the Tennant Creek 1:250 000 scale 
mapsheet. Data from the Short Range 1:100 000 scale 
mapsheet was undertaken in mid-2019, which included the 
capture of ~21 500 drill collars, 82 700 drill samples, 19 800 
surface samples and associated results. Once fully checked 
and duplicate records removed, the data will be released. 
New data capture from the Flynn 1:100 000 scale mapsheet 
is commencing shortly. 

All the new legacy and recently open filed data are 
released in batches through STRIKE and DIP 001 – Northern 
Territory Geochemical Datasets.

STRIKE

The last twelve months was characterised by a phase of 
stability in STRIKE development with some minor updates, 
including an upgrade of the download functionality to 
enable users to select and download small sets of themed 
data layers, eg geochemistry, rather than one large group for 
all geoscientific data. 

More recently, development of a series of short tips and 
tricks videos has commenced. Several of these, including 
exporting coordinates of line and polygon objects, selecting 
from two layers and exporting to KML, will be available 
online in the near future. Suggestions for further topics are 
welcome.

Changes to the download functionality for data layers 
on STRIKE were implemented on 31 August 2019. It is now 
much easier to find and access the NT-wide layer downloads 
with the addition of a ‘Downloads’ tab. Prior to this, the 
downloads were only accessible on a separate web page via 
the Help link, which was somewhat hidden and hard to find.

Previously, multiple layers were included by default 
within large themed groups for titles and geoscience 
and the whole group had to be downloaded although 
only one layer may have been required. There are now 
12 separate themed groups: Mineral titles, Petroleum 
titles and pipeline titles, Geothermal titles, Drilling, 
Diamond exploration, Geochemistry, Geochronology, 
Geology, Geophysics, Mineral deposits and mines, 
Indexes, and Graticules and blocks. With the exception 
of the three titles groups, each individual layer within a 
group can now be downloaded separately in the selected 
data format so users only receive what they really want 
(Figure 1). However, all groups can still be downloaded 
in one action in the selected data format as before. 

Improvements to web services aimed at splitting the 
current single service into two services encountered 
some technical issues. Two separate web services, one 
for titles and one for geoscience data, would make it 
easier for consumers to find and determine the layers 
contained within each smaller web service package. 
Investigation and further work to resolve the issues 
continue.

Industry reports

Work to reduce the backlog of reports due for release 
under the five year ‘sunset clause’ in the Mineral Titles Act 
(MTA) continues. Over the last 12 months, reports from 
2011 and 2012 have been released (open filed) and added 
to the MEX collection on GEMIS. In tandem with the open 
filing, the quality of the MEX database records is being 
improved as each report’s MEX record is checked and 
updated to ensure the information is complete and correct 
before release. Nearly 400 existing MEX records had 
geophysical datasets added to GEMIS in the last twelve 
months.

The PEX Tenure collection, covering industry 
reports on geological surveys, regional interpretation 
and similar, including the small number of geothermal 
exploration reports submitted under the Geothermal 
Energy Act, was launched in March 2019, completing 
the online PEX collections. The collection contains 203 
open file records with only 30 records having no files 
available for download. During the migration to the 
GEMIS platform over the last few years, records within 
the PEX collections have been reviewed and improved; 
some have been merged with or separated from other 
records. The usual reasons records within the three 
collections may not have attachments are because either 
the file sizes are too large for downloading (particularly 
in PEX Geophysics), or the hard copy report, logs or 
sections have not yet been scanned (particularly in PEX 
Wells and PEX Tenure). Newly scanned documents and 
geophysical datasets are uploaded to existing records 
when available and it is worth checking from time to 
time to see if there have been any updates.
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Resourcing the Territory website

The new Resourcing the Territory website was launched 
in January (www.resourcingtheterritory.nt.gov.au) and 
has an enhanced, modern design and user experience. It 
delivers insights and relevant information on exploration, 
projects, and commodities, to provide clients with the 
foundation knowledge to initiate the investment decision-
making process. The content has had a significant 
update with the introduction of interactive maps, added 
detail in the commodity summaries, plus links to other 
information and GEMIS, whilst consistency has been 
improved across the web pages, commodity fact sheets 
and maps. The commodity categories have changed with 
the introduction of a critical minerals factsheet covering 
cobalt, lithium, magnesium, rare earths, nickel, tungsten, 
molybdenum and vanadium. 

New NTGS products

New or updated NTGS products released since March 2019 
include 14 Records, nine HyLogger Data Packages, two 
updated Digital Information Packages, data and images of 
the Tanami Region airborne magnetic/radiometric survey, 
Metallogenic map of the NT, one new geological map and 
explanatory notes and four new geological GIS datasets. 
Nineteen revised geological GIS datasets have also been 
released.

Records released include a number summarising 
geochronology results, the definition of the Beetaloo 
Sub-basin, the structural evolution of basement and basin 

rocks in the Jervois Range Special 1:100 000 mapsheet, and 
the AGES 2020 presentations and posters.

The long term project to release GIS datasets in a 
standard data structure for all the geological 1:250 000 
scale mapsheets was completed in July 2018, but the 
datasets were released only in MapInfo format. During the 
project, datasets have been identified as having varying data 
quality issues. More robust quality control checks have been 
introduced and datasets are being revised and re-released. 
In parallel, a new project to produce all the datasets in ESRI 
Shape format commenced in 2019. Twelve datasets were 
revised and re-released in August 2019 in both MapInfo and 
Shape formats, and another 5 unrevised datasets were also 
released in Shape format. A further six datasets have been 
revised and released in both formats since August 2019. 

Other releases include new 1:100 000 scale geological 
GIS datasets for the Tennant Creek, Flynn and Short Range 
maps during 2019 and the new Jervois Range Special 
1:100 000 scale geological map, explanatory notes and GIS 
dataset released in January 2020.

An update to the magnetic and radiometric NT-wide 
maps and new editions of several Digital Information 
Packages will be released for AGES 2020.
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Figure 1. Screen capture of STRIKE Download tab showing Geology layers (and formats) available for download.
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Introduction

The Jervois project, 380 km by road northeast of Alice 
Springs in the Northern Territory, has been 100% owned 
by KGL Resources Limited (KGL) since 2011. Jervois is a 
Cu-Pb-Zn-Ag polymetallic deposit and one of the largest 
base metals deposits in the eastern Arunta region. The main 
prospects of the project are Rockface, Reward, and Bellbird, 
although several others on the tenement have promising 
exploration potential (Figure 1). During 2018 and 2019, there 
was concentrated focus on bringing a bulk of the mineral 
resources from inferred to indicated category, as well as 
expanding the known boundaries of the mineral deposits. 
There was also a minor focus on exploration outside the 
main prospects. In August 2019, KGL announced a mineral 
resource estimate of 26.6 Mt containing 390 600 t of copper 
and 21.1 Moz of silver. With strengthened confidence levels, 
the indicated resource category was increased from 50% to 
65% of total copper resources. In 2019, the Environmental 
Impact Statement was submitted following which the 
Northern Territory Environment Protection Authority 
recommended approval of the Jervois project. 

Geology overview

Jervois is hosted within the Bonya Metamorphics, a 
sequence of lower- to mid-amphibolite grade metasediments 
and metaexhalites in the Aileron Province deposited 
ca 1.79 Ga (Weisheit et al 2019). There are six informal units 
of the Bonya Metamorphics seen at Jervois: porphyroblastic 
schists, mica schists, mica-bearing metasandstone, calc-
silicate, garnet schist, and quartz-magnetite-hematite rock 
(Weisheit et al 2019). The sequence is intruded by several 
pegmatite and amphibolite rocks interpreted to correlate 
with the Attutra Metagabbro. 

Three main deformations events have been identified at 
Jervois: 

• D1 – rarely observed, occasionally preserved
as internal foliation within D2 porphyroblasts
(Weisheit 2019)

• D2 – the dominant structural fabric of Jervois,
subparallel to S0, forms tight isoclinal folding,
boudinage, and shearing

• D3 – refolded D2 isoclinal folds, responsible for km-
scale drag synform (the J-fold).

The major mineral deposits at Jervois (Reward, 
Rockface, Bellbird) are hosted within the rocks that form 
the J-fold. These rocks are typically garnet-chlorite-
magnetite schist, which includes thin lateral variations to 
quartz tourmaline, banded epidotes, and calc-silicates. 
Mineralised lodes are subvertical at Reward and Bellbird 
and steeply dip ~80° north at Rockface. At the Rockface 

deposit, mineralisation is typically massive chalcopyrite-
pyrite breccia in magnetite-bearing quartzite (Figures 2–3). 
This chalcopyrite-pyrite-magnetite breccia is also common 
at Reward and Bellbird; however, these deposits additionally 
feature galena-sphalerite boudins generally associated 
with local skarn-like calc-silicates. The boundaries of the 
mineralised zones can vary greatly from wide (80–100 m), 
patchy, disseminated zones of low-grade sulfides to sharp 
contacts into high-grade semi-massive sulfides.

Exploration tools

Exploration targets have been generated using geophysics 
applied to geological models. For the past 2 years, down 
hole electromagnetic (DHEM) surveys have been the 
most successful in identifying continuous conductive 
sulfide bodies at depth. Gap Geophysics Pty Ltd conduct 
the surveys, setting out fixed loops and probing holes of 
significant interest such as new high-grade mineralisation 
intercepts or greenfield exploration holes. In holes that 
have intersected sulfides, DHEM generally delineates the 
conductive ore body from surrounding host rock. It also 
identifies off-hole conductors that could indicate extensions 
of high-grade mineralisation. Modelling (by Newexco 
Services Pty Ltd) combines anomalous responses of the 
surveys with downhole information collected via logging 
to produce conductor plates, which are used to generate 
exploration and expansion targets. The most recent round 
of DHEM in November 2019 identified five new conductor 
plates between Reward and Reward South (formerly Green 
Parrot, Figure 4). These new conductor plates represent an 
exciting potential link between mineralisation at Reward 
and Reward South.

There are at least 20 mineral prospects outside of the 
main deposits within the KGL Jervois tenements (Figure 1). 
Since the Jervois tenements are largely underexplored, 
coincident geophysical anomalies have recently been used 
to investigate the prospectivity of areas with little to no 
drilling. For example, the Bellbird South area features at 
least four mineralised trends; however, drilling to date 
has failed to intersect economically significant sulfide 
mineralisation. Each of the four mineralised trends have 
either copper-bearing outcrop or gossanous magnetite-
garnetite as found at the Reward and Reward South deposits. 
In addition, strong IP anomalies were recorded in the 
McPhar (1965), MIMDAS (2013), and Orion 3DIP (2015) 
surveys in the Bellbird South region; a strong chargeability 
anomaly following lithology was defined along the Bellbird 
trend for ~800m (Figure 5). Coincident magnetic, gravity, 
chargeability, and conductivity anomalies are also present 
at the southern end of the Bellbird trend (Figure 6). This 
combined geological and geophysical evidence for massive 
sulfide mineralisation is encouraging. Given that Bellbird 
South sits between the Rockface and Bellbird deposits, 
there is a good chance of discovering another significant 
deposit in this region. 
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Figure 1. Outcrop and mineral 
prospects within the KGL Jervois 
tenements.

Figure 2. Bornite and chalcopyrite mineralisation from KJCD358 
at ~358 m depth (assayed at 34% Cu).

Figure 3. Chalcopyrite and pyrite mineralisation from KJCD273 
at ~586 m depth (assayed at 11% Cu).
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Figure 4. Longitudinal section of 
Reward showing proposed pit outlines, 
Cu grade shells and conductors.
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Figure 5. Orion 3DIP chargeability 
isosurfaces and drillholes at Bellbird 
South.

Resource drilling  

The updated mineral resource statement published in 
August 2019 was based on the drilling results obtained from 
2016–2019. The total mineral resource estimate now stands 
at:

• 26.6 Mt at 1.47% Cu and 24.7 g/t Ag
• containing 390 600 t of copper and 21.1 Moz of 

silver
• including indicated category resources containing 

255 000 t of copper and 12.7 Moz of silver.

The main goal of the 2018 and 2019 drilling campaigns 
was to upgrade the bulk of the resource from inferred to 
indicated category, as well as expand the boundaries of 
the high-grade ore zones. During 2018 and 2019, two rigs 

drilled 213 holes for a total of 76 215.7 m. This drilling 
achieved the objective of increasing the confidence 
levels of the mineral resources to allow conversion of a 
portion of the inferred resources to indicated category. In 
addition, the copper resources of Reward and Rockface 
were increased by 240% and 34% respectively (Figure 7).

Most of the resource drilling has been done using a 
combination of reverse circulation (RC) and diamond 
drilling (DD) – generally with RC pre-collars and DD tails 
though the mineralised zones. DD has excellent recovery 
through the mineralised zones and provided the most 
reliable data for resource modelling. RC drilling provided 
a lower-cost method for drilling deeper targets, which 
initially came with the trade-off of lower accuracy. Due 
to the highly deformed nature of the ground, holes tended 
to deviate greatly depending on the angle the hole relative 
to the dominant structural fabric of the rock. Given that 
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Figure 6. Cross section of Bellbird 
South featuring coincident magnetic 
(green), gravity (red), chargeability 
(orange) and conductivity (white) 
anomalies. Planned drillhole BBS003 
is designed to intersect a mineralised 
calc-silicate unit along strike of the 
Bellbird deposit. 

most of the drilling had tight target spacing (25–30m), 
directional drilling techniques such as navigational drilling 
and wedging were commonly employed to ensure greater 
accuracy. This was achieved through constant collaboration 
with our drilling contractor and analysing the behaviour of 
previous holes drilled nearby. 

Future work

During 2020, KGL plan to submit the mine management 
plan (MMP), continue the infill drilling program to generate 
a measured resource, and invest more time into exploration 
of new prospects within the Jervois and larger Unca Creek 
tenement areas. 
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In 2019, the Northern Territory Geological Survey 
(NTGS) collaborated on several regional geophysical 
acquisition projects funded through the Northern Territory 
Government’s Resourcing the Territory initiative. The 
NTGS Tanami Region Airborne Magnetic and Radiometric 
Survey (Dhu 2019) was released (Figure 1; Figure 2) and 
the NTGS Mount Peake – Crawford Airborne Magnetic and 
Radiometric Survey was commenced (Figure 1). Both these 
surveys were funded by NTGS and managed by Geoscience 
Australia (GA); they also included infill projects funded by 
industry. NTGS also contributed funding to increase the 
volume of data acquired by GA in the TISA - Southwest 
McArthur Ground Gravity Survey and the Barkly Seismic 
Survey (Figure 1). These two surveys were primarily 
funded by GA through the Federal Government’s Exploring 
for the Future initiative.

The NTGS Mount Peake – Crawford Airborne Magnetic 
and Radiometric Survey is centred 250 km north-northeast 
of Alice Springs (Figure 1). Over 120 000 line km of data has 
been acquired along 200 m spaced north-south lines at 60 m 
ground clearance. This data upgrades existing 1980– 1990 
vintage 500 m line-spaced data. Industry partners funded 
another 18 000 line km of data to infill areas of interest to 
100 m line spacing. This data was released on 02 March 
2020.

A ground gravity survey is in planning stage for the 
Tanami region. The survey will cover an area of almost 
30 000 km2 (Figure 1), complementing the recent NTGS 
Tanami Region Airborne Magnetic and Radiometric Survey. 
The proposed survey will acquire over 4000 ground gravity 
stations infilling existing data to 2 km spacing. Industry 
will be able to participate in the survey to infill areas of 
interest; industry submissions are currently being sought. It 
is anticipated that acquisition will commence in June 2020.

Six co-funded geophysical surveys were completed 
under round 11 of the Geophysics and Drilling 
Collaborations (GDC) program (Figure 3). The Andrew 
Young Igneous Complex Airborne Electromagnetic 
(AEM) Survey (CR2019-0033: Winzar and Whitford 
2019) and the Airborne Magnetic and Radiometric Survey 
Raptor Project (CR2019-0034: Winzar and Fitzpatrick 
2019) were both flown in the Aileron Province by IGO 
Limited. Gempart (NT) Pty Ltd conducted two airborne 
magnetic and radiometric surveys in the Musgraves 
Province: the Giles Creek Magnetic and Radiometric 
Survey (CR2018-0532: Bubner and Mackie 2018) and 
the Claude Hills North Helicopter-borne Magnetics 
and Radiometrics Survey (CR2019-0220: Bubner and 
Mackie 2019). In the McArthur Basin, Northern Cobalt 
Ltd flew the Wollogorang Project Heli-Mag/Rad Survey 
(CR2018-0345: Northern Cobalt Ltd 2018), and Lagoon 
Creek Resources Pty Ltd flew the Falcon Airborne 
Gravity Gradiometry (AGG) Survey Westmoreland 

(CR2018-0642: Lagoon Creek Resources Pty Ltd 2018). 
In total, almost 74 000 line km of airborne magnetic and 
radiometric data covering over 6400 km2 were acquired 
in addition to ~1500 line km of AEM data and 2500 line 
km of AGG data.

Ten diamond drillholes from six drilling programs 
were also completed under round 11 of the GDC program 
(Figure 3) delivering over 5000 m of drill core to NTGS 
core facilities. All of this drill core has been scanned using 
the HyLoggerTM instrument, which produces high-resolution 
imagery and measures the reflectance spectra of minerals in 
the drill core. These data have been processed using The 
Spectral Geologist (TSG) software to identify the dominant 
mineralogy. Key findings from representative drillholes 
from five of the six drilling programs have been published 
in HyLogger Data Packages (HDP). A HDP is currently in 
preparation for the final drilling program.

Three of the drilling programs were completed in the 
McArthur Basin. MMG Exploration Ltd drilled NB18DD050 
at Cow Lagoon (Spelbrink and Assan 2019), Todd River 
Resources Ltd drilled MCDD0003 and MCDD0005 (Todd 
River Resources Ltd 2019), and Marindi Metals drilled 
CPDH006 at the Caranbirini project (Moulang 2019). 
HyLogger results from NB18DD050, MCDD0005 and 
CPDH006 are summarised in HPD0075, 0078 and 0079 
respectively (Smith 2019a, b, c).

Prodigy Gold NL drilled two holes (BLDD001 and 
BLDD002) at the Capstan prospect in the Tanami Region 
(Davis et al 2018). The HyLogger results from BLDD001 
are summarised in HDP0080 (Smith 2019d). HDP0081 
(Smith 2019e) summarises results from WD018-002, one 
of two drillholes (WD018-001 and WD018-002) completed 
by Vista Gold Australia Pty Ltd in the Pine Creek Orogen 
(Harris 2019). Todd River Resources also completed 
RVD0001 and RVDD002 in the Rover area southwest of the 
Tennant Creek mineral field (Wetherley and Elliston 2019). 
These holes have recently been HyLogged and results will 
be published mid-year. 
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Figure 2. NTGS Tanami Region Airborne Magnetic and Radiometric Survey: top image shows total magnetic intensity (TMI) and 
bottom image shows ternary radiometrics.
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Overview

Bacchus Resources Pty Ltd is a private exploration 
company formed in 2016. 

The Woolwonga gold deposit is a anticline-hosted gold 
deposit that was discovered during the gold rush in the 
1870s. Approximately 32 000 oz of gold was produced from 
Woolwonga between 1870 and 1908. A further 233 000 oz 
was produced by Dominion Mining Limited between 1991 
and 1995 at an average grade of 2.8 g/t. 

The Woolwonga deposit is located 50 km northwest of 
Pine Creek on the western margin of the Central Trough of 
the Pine Creek Orogen as defined by Ahmad and McCready 
(2001). It is hosted in the Mount Bonnie Formation, a 
sequence of shales, siltstones, greywackes, tuffs and rare 
ironstones and dolostones (Ahmad and Hollis 2013, Davis 
2017).

MLN1103 covering the Woolwonga gold deposit 
expired on 25 February 2016. Woolwonga EL31306, which 
includes the deposit, was granted to Bacchus Resources on 
29 December 2016.

In-pit mineralised waste dump and ore sorting trials

Woolwonga was mined as two open pits, Reward 
(northwest) and Wilson (southeast). Mineralised waste 
from the later stages of Reward was dumped into the 
Wilson pit. The mineralised waste is exposed above the 
waterline and is the source of a significant acid mine 
drainage (AMD) legacy. Rather than see the waste as a 
legacy, it was viewed as a possible asset. Bathymetric 
surveying and sampling revealed that the Wilson pit 
mineralised waste dump has a net volume of 2.16 M m³ at 
an average grade of 1.03 g/t Au.

Eight hundred kg of mineralised waste from three sites 
was collected for testing. This was crushed, screened to 
between 10–50 mm and sent for ore sorting trials. One 
third reported to the fines (<10 mm); the remaining sample 
(10–50 mm) had a 70% mass rejection, recovering 87% 
of the gold. Sorting selection was based on density using 
X-ray transmission (XRT); selecting sulfides resulted
in the ore sorted residue material (70% of the screened
volume) averaging <0.3% sulfur. Initial titration tests on
the residues show a neutral net acid production potential
(NAPP), suggesting that there is some natural buffering
in the host rocks and the primary AMD legacy could be
removed from site using the same process.

Structural modelling

Late 2016 mapping and a structural model for Woolwonga 
by Toby Davis (Impel Geoscience) was presented at AGES 
2017 conference (Davis 2017).

Drilling

Between completion of mining and the project being 
acquired by Bacchus, only limited drilling was conducted 
at Woolwonga. Drilling by Northern Gold NL returned 
10 m at 6.97 g/t Au from a drillhole located 73 m southeast 
along strike of the anticline axis.

Phase 1 – 1111 m of diamond (3 holes) and 273 m of reverse 
circulation (RC) drilling (2 holes)

Initial drilling was based on the structural modelling and 
returned multiple encouraging gold intercepts (Figure 1):

• BWD001 – 20 m at 3.87 g/t Au from 191 m
• BWD002 – 49 m at 1.06 g/t Au from 240 m
• BWRC001 – 18 m at 2.01 g/t Au from 82 m
• BWRC002 – 6 m at 4.72 g/t Au from 51 m.

Phase 2 – 5721 m of diamond drilling (13 holes)

Sustained low gold prices (<$400/oz) in the mid-late 1990s 
resulted in limited drilling below the pit. The strike length 
of the pit is approximately 1000 m northwest–southeast; a 
systematic diamond drilling program was designed to intersect 
the anticline axis vertically below the pit along the full strike. 
Collar positions were constrained by the pit margin so most 
of the holes were drilled at 50 degree dip from close to the pit 
wall; this resulted most of the holes intersecting the anticline 
axis approximately 100 m vertically below the pit. Two more 
holes were designed to intersect the anticline axis another 
100 m below that or 200 m vertically below the pit floor.

Phase 2 program results
Results from ~100 m vertically below the pit floor included:

• BWD004 – 15 m at 2.48 g/t Au from 189 m
• BWD005 – 25 m at 1.21 g/t Au from 187 m
• BWD007 – 17 m at 2.88 g/t Au from 191 m; 6 m at

3.90 g/t Au from 297 m
• BWD011 – 9 m at 1.64 g/t Au from 205 m
• BWD012 – 8 m at 1.60 g/t Au from 169 m
• BWD013 – 42 m at 1.11 g/t Au from 199 m
• BWD014 – 28 m at 1.19 g/t Au from 302 m
• BWD017 – 16 m at 3.65 g/t Au from 238 m.
Results from ~200 m vertically below the pit floor

included:
• BWD008 – 5 m at 4.91 g/t Au from 297 m; 22 m at

2.48 g/t Au from 358 m
• BWD009 – 23 m at 1.25 g/t Au from 435 m.
Results from nearby exploration holes away from the pit

included:
• BWD016 – 1 m at 131 g/t Au from 45 m; 11 m at

1.74 g/t Au from 256 m
• BWD020 – 2 m at 13.6 g/t Au from 102 m.
Phase 2 drilling successfully confirmed mineralisation

continued at depth. Shallower mineralisation outside of the 
pit would add some scheduling flexibility for future mining 

1 Bacchus Resources Pty Ltd, 306 Station St Epsom, VIC 3551
Email: bean@bacchusresources.com
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logistics so the focus shifted to testing the anticline axis 
along strike.

Phase 3 – 2469 m of diamond drilling (8 holes)

The highest-grade gold mineralisation occurs in bedding 
parallel, carbonaceous shale horizons that are parallel to 
the anticline axis; the carbonaceous shales are more ductile 
and thicker in the nose of the northwest striking, southeast 
plunging anticline.

In advance of more intensive infill RC drilling, 
understanding of the position of the anticline was of 
critical importance so that the drilling orientations could 
be optimized to intersect both perpendicular to the bedding 
orientation (southeast plunge) and the anticline axis (sub-
vertical). For this to work, holes drilled on the southwest limb 
would need to be drilled grid north and those on the northeast 
limb, grid west.

Previously mined pit benches along strike to the northwest 
provided adequate exposure to determine the stratigraphic/
anticline position relatively well, so Phase 3 drilling focused 
along strike of the anticline axis to the southeast of the pit.

Phase 3 program results
• BWD015 – 22 m at 1.71 g/t Au from 100 m
• BWD019 – 8 m at 5.91 g/t Au from 142 m; 2 m at 

5.79 g/t Au from 169 m 
• BWD021 – 4 m at 3.23 g/t Au from 199 m; 55 m at 

1.02 g/t Au from 250 m

• BWD023 – 5 m at 1.76 g/t Au from 51 m 
• BWD024 – 19 m at 1.51 g/t Au from 180 m
• BWD025 – 15 m at 0.93 g/t Au from 183 m 
• BWD026 – 5 m at 5.99 g/t Au from 151 m; 1 m at 

16.2 g/t Au from 169; 9 m at 1.61 g/t Au from 219 m. 

Phase 4 – 1661 m of infill RC drilling (12 holes) as at 
Christmas 2019

In late 2019, Bacchus initiated a trial infill RC drilling 
program; the objective was to drill a number of holes at 
both the northwest and southeast strike extensions of the 
deposit (Figure 2), leveraging off the knowledge base 
from the previous 2.5 years’ work. A late start meant only 
12 holes were drilled before Christmas.

Results from one fence of RC holes in the northwest 
along strike recorded 52 m at 3.0 g/t Au from 98 m including 
7 m at 15.6 g/t Au in BWRC010 (Figure 3). Results from 
the furthest 2 holes along strike to the southeast recorded 
5 m at 17.6 g/t Au from 149 m in BWRC014; and 4 m at 
4.95 g/t Au from 99 m from BWRC015.
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Figure 1. Woolwonga southeast long section looking southwest.
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Figure 3. Woolwonga northwest long section looking southwest.
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Introduction

While much of the focus in addressing the challenges of 
under cover exploration lies in how to directly detect the 
footprints of buried mineral systems, an equally significant 
challenge is the identification of new prospective exploration 
fairways at a regional (or larger) scale that have not been 
previously recognised or effectively explored. This narrowing 
of the search space is a key objective of the Australian 
Government’s Exploring for the Future (EFTF) program, a 
four-year (2016–2020), $100.5 million program investigating 
the mineral, energy and groundwater resource potential in 
northern Australia and parts of South Australia (Figure 1). 
The program is delivering new geoscience data, knowledge, 
and decision-support tools that underpin increased industry 
investment and sustainable economic development.

The Tennant Creek to Mount Isa (TISA) region emerged 
as an area of interest for the EFTF program on the basis of 
geophysical, geochemical and geological datasets acquired 
in northern Australia. Data have been obtained at a range 

of scales and depths, from the base of the lithosphere to the 
surface, arguably making the TISA area the best-imaged 
piece of lithosphere on Earth.

It is increasingly recognised that large-scale controls, 
often expressed deep in the Earth’s crust and mantle, are 
important for localising large mineral systems. Substantial 
hydrothermal mineral systems have expressions at mantle 
depth in datasets such as long-period magnetotellurics 
(MT) and seismic velocity (eg Skirrow et al 2018, Hoggard 
et al in press). Clues from these deep imaging datasets in 
the TISA area, together with more conventional and near-
surface lines of evidence, have led to the identification 
of the East Tennant region as a new mineral exploration 
fairway (Figure 2).

The East Tennant region in the Northern Territory is 
an entirely buried corridor of interpreted, high mineral 
systems potential between Tennant Creek in the west and 
the Murphy Province in the east (Figure 2). This abstract 
outlines the key rationale for selecting this region, the new 
insights gained and the follow-up data acquired, as well as 
the future plans for stratigraphic drilling to test the models, 
ideas and predictions arising from the integration of multi-
disciplinary datasets.

Figure 1. Map showing focus areas for 
data acquisition as part of the Exploring 
for the Future program.
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Regional geological framework

Paleoproterozoic basement rocks are exposed immediately 
adjacent to the East Tennant region in the Warramunga and 
Murphy provinces (Figure 2). However, the East Tennant 
region itself is covered by sediments of the Mesoproterozoic 
South Nicholson Basin, Cambrian mafic volcanics of the 
Kalkarindji Suite and sediments of the Neoproterozoic 
to Devonian Georgina Basin. The thickness of this cover 
generally increases away from outcrops, but in the East 
Tennant region, the cover thickness is typically less than 
250 m (Czarnota et al 2019).

Pre-1800 Ma stratigraphy in the Warramunga Province, 
which hosts the Tennant Creek mineral field, comprises 
turbiditic tuffaceous sandstone and siltstone of the 
~1860 Ma Warramunga Formation (and equivalents) and 
bimodal (but felsic-dominated) volcanic-sedimentary rocks 
of the 1850–1810 Ma Ooradidgee Group (Donnellan 2013). 
The felsic magmatism of the Tennant Creek Supersuite and 
deformation associated with the 1850–1840 Ma Tennant 
Event dominate the intervening period (Donnellan 2013). 
Although less well constrained, the geological setting and 
tectonic evolution of the Murphy Province is similar to that 
of the Warramunga Province (eg Ahmad et al 2013).

Published solid geology maps (Donnellan and 
Johnstone 2004; Stewart 2018) have interpreted much of 
the basement in the East Tennant region as belonging to 
the Ooradidgee Group. This implies that the basement 
post-dates the well-known Tennant Creek ironstone-
hosted, iron oxide-copper-gold (IOCG)-style Au-Cu-Bi 
mineralisation, which developed at around 1850 Ma within 
rocks of the Warramunga Formation (Fraser et al 2008). 
This interpretation limits the potential for Tennant Creek-
style IOCG mineralisation under cover in the East Tennant 
region.

Work undertaken as part of the EFTF program shows 
that basement lithologies intersected in historical drillholes 
are unlike the volcano-sedimentary rocks that are typical 
of the Ooradidgee Group. In addition, SHRIMP U–Pb ages 
for metasedimentary rocks, felsic volcanics, felsic to mafic 
intrusives, and garnet schists, show maximum metasediment 
deposition ages of ~1870 Ma, magmatic crystallisation ages 
of 1858–1849 Ma and deformation ages of ~1845 Ma (Cross 
et al in review). 

These results indicate that much of the East Tennant 
basement is older than the Ooradidgee Group and very 
similar in age to older metasedimentary sequences in both 
the Warramunga and Murphy provinces. The new age 
constraints are important in that they make it possible for 
the buried East Tennant region to host Tennant Creek-style 
IOCG mineralisation. The presence of recently documented, 
though poorly understood, mineralising events at ~1660 Ma 
(Skirrow et al 2019) and ~1719–1711 Ma (McGloin and 
Creaser 2019) is also possible within the East Tennant 
basement.

Passive seismic and magnetotellurics data

New EFTF geophysical datasets, especially AusARRAY 
passive seismic data and AusLAMP long-period MT data, 
have imaged the deep velocity and conductivity structure 
of the TISA area, providing constraints on the large-
scale architecture of the crust and mantle. The regional 
geophysical data altogether suggest that a structural 
corridor running through East Tennant appears to have been 
influenced by lithosphere-scale processes and is therefore of 
major interest for mineral prospectivity.

A passive seismic transect (Sippl 2016) provided 
initial evidence for an apparent offset in the Moho 
of ~10 km just south of Tennant Creek, with deeper 

Figure 2. Regional map showing the 
Tennant Creek to Mount Isa (TISA) 
area and the East Tennant region. The 
map shows 1:1 000 000 scale surface 
geology (Raymond et al 2012) overlain 
on the first vertical derivative of total 
magnetic intensity.
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Moho in the north relative to the south. Preliminary 3D 
seismic velocity models for the TISA area derived from 
AusARRAY passive seismic data also show a deeper 
Moho in the north relative to shallower depths in the 
south (Figure 3; Haynes and Gorbatov, in review). 
This Moho offset has roughly an east–west trend that 
broadly parallels the dominant structural grain evident 
in potential field data.

Continental-scale seismic velocity models inferred 
from passive seismic data (Hoggard et al in press) also 
show a major gradient in the lithosphere–asthenosphere 
boundary (LAB) in the East Tennant region, with 40 km 
of topography on the LAB surface (Figure 3). While the 
relationship between the LAB gradient and crustal-scale 
structures remains unclear, the broad spatial coincidence 
and similar strike orientations suggest a connection.

Conductivity models derived from AusLAMP MT data 
(Duan et al 2019) show an east–northeast-trending band 
of moderate conductivity which stretches for more than 
400 km from Tennant Creek to the Queensland border, 
across much of the East Tennant region (Figure 3). Elevated 
conductivity values extend from mid-crustal depths (at 
least 20 km) into the mantle (~80 km). The orientation of 
the conductive band strongly parallels the structural trends 
described above; the conductive band appears to lie at the 
edge of thicker lithosphere (Figure 3). This suggests a 
geological relationship exists between conductivity and 
first-order lithospheric architecture. Although the origin 
of the elevated conductivity is unknown at present, it 
may relate to either mantle metasomatism, large-scale 
hydrothermal fluid flow and alteration, or another unknown 
alternative.

Infill geophysics

New gravity and MT data were acquired in the East Tennant 
region in order to complement the broader geophysical data 
acquisition. These new surveys aimed to provide improved 
definition of the geophysical features described above in 
order to determine whether they are connected to features 
at drillable depths and to help understand their geological 
expression in the near-surface. The infill geophysical data 
included 2552 gravity stations acquired at a station spacing 
of 2 km (Wynne 2019) and 131 coincident broadband and 
audio MT stations (Jiang and Duan 2019; Figure 3).

The improved gravity coverage from the new 2 km-
spaced ground gravity data (Wynne 2019) more clearly 
defines and improves imaging of a range of structures; it  
assists in mapping the locations of felsic (and also possible 
mafic) intrusions in the East Tennant region. 

The broadband and audio MT data acquired across 
the AusLAMP conductor described above have been 
used to generate 3D conductivity models in the East 
Tennant region. The preliminary, un-released models 
show several discrete conductors that emanate from 
the broader, more deeply imaged AusLAMP body and 
follow pathways to the near surface, which coincide with 
mapped major faults (Figure 4; Jiang et al in review). 
Modelled alteration from potential field data (Goodwin 
and Skirrow 2019), discrete conductors imaged in 
AusAEM data, and alteration recognised in legacy drill 
core (Schofield et al in review), coincide spatially with 
the locations where these conductors reach the surface. 
A preliminary interpretation is that these conductors 
represent zones of crustal-scale fluid flow and alteration 

Figure 3. Map showing regional 
geophysical data highlighting 
lithospheric-scale features in the 
TISA area that were subsequently 
used to reduce the search space to the 
East Tennant region (black polygon). 
Base image shows 35 km depth slice 
of MT electrical resistivity data from 
AusLAMP (where warmer colours 
are more conductive) overlain on first 
vertical derivative of total magnetic 
intensity, which shows the dominant 
structural grain. Contours show depth 
to the lithosphere-asthenosphere 
boundary (Hoggard et al in press) and 
grey-shaded circles show Moho depths 
based on preliminary AusARRAY 
data (deeper in the north, shallower 
in the south). The location of infill 
geophysical data (gravity and MT) is 
also shown (red outline).
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(Jiang et al in review). Infill geophysics has provided 
evidence for a link between structures in the upper crust 
and deep electrical conductivity, and thus provides a valuable 
tool for integrating geological interpretations across scales.

Mineral potential mapping

Predictive mapping for IOCG mineral systems has been 
undertaken across the TISA area. Mineral potential 
modelling integrates the range of data described above, as 
well as other legacy and EFTF data (Murr et al in review). 

Two separate models have been produced. The first model 
(Figure 5) utilises all available data that are mappable 
in the TISA area. As expected, this model predicts high 
IOCG potential in the exposed Warramunga and Murphy 
Provinces. IOCG potential is moderate to high in the 
covered East Tennant region, but the true potential in 
covered areas tends to be obscured by the high potential 
in outcropping areas.

The second mineral potential model is likely to be more 
representative of actual potential in covered areas because 
it utilises only those constraints that can be extended 

Figure 5. Predictive map of IOCG 
mineral systems potential in the 
TISA area from a model that uses all 
available data in the TISA area. This 
map is dominated by the high mineral 
systems potential in outcropping 
areas, but modelled potential is also 
high in covered areas east of Tennant 
Creek (red polygon). Data from Murr 
et al (2019). Red and yellow represent 
higher mineral systems potential, blue 
represents lower potential. Northern 
Territory exploration tenements, both 
granted and under application, are 
plotted on the map.

Figure 4. View to the north of cross 
sections through a preliminary, 
un-released 3D conductivity model 
derived from AusLAMP long-period 
MT data and infill broadband and 
audio MT data in the East Tennant 
region (Jiang et al in review). The 
depth extent of the model sections 
is 40 km. Black lines show major 
faults that coincide with conductivity 
anomalies that extend to depth. The 
location of the modelled profiles is 
shown in Figure 3.
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Figure 6. Predictive map of IOCG 
mineral systems potential in the TISA 
area for a model using only datasets 
that can be mapped seamlessly across 
the TISA area and excluding data 
relying on information from outcrop. 
A belt of elevated potential under 
cover extends from Tennant Creek 
in the west to the Queensland border 
and incorporates the East Tennant 
region (red polygon). Data from Murr 
et al (2019). Red and yellow represent 
higher mineral systems potential, blues 
represent lower potential. Northern 
Territory exploration tenements, both 
granted and under application, are 
plotted on the map.

consistently beneath cover, ie constraints that are primarily 
derived from geophysical data such as the AusLAMP MT 
data described above. The results (Figure 6) emphasise 
the relatively higher IOCG potential in covered parts of the 
TISA area, most notably in the East Tennant region.

These contrasting models demonstrate the fundamental 
influence geological understanding can have in predicting 
mineral systems potential. The models also highlight the 
need for robust, constrained solid geology interpretations 
that extend beneath cover.

Future stratigraphic drilling

In order to address the knowledge gaps and uncertainties 
raised in the East Tennant region through EFTF work, 
up to 12 pre-competitive stratigraphic drillholes are 
planned in the region in mid-2020. The rationale for this 
stratigraphic drilling, to be undertaken as part of the 
MinEx CRC National Drilling Initiative, falls into four 
broad categories:

1. What are the major basement stratigraphic packages?
2. What is the geological event history and how does this 

compare to the adjacent Warramunga and Murphy 
Provinces?

3. What is the significance, movement history and 
kinematics of major structures?

4. Can we identify the distal footprints of mineral 
systems and calibrate predictive mineral potential 
maps?

The results from the National Drilling Initiative in the 
East Tennant region will be important for testing and refining 
the models, interpretations and predictions generated using 
a range of EFTF data, leading to a better understanding of 
mineral resource potential.

Conclusions

Initial data acquisition within the EFTF program aimed 
to cover a large enough area to encompass a new region 
with potential for high mineral systems prospectivity. 
The subsequent pre-competitive geoscience has allowed 
a reduction in the mineral exploration search space by 
identifying the highly prospective East Tennant region as 
a new under cover mineral exploration fairway within the 
broader TISA area, an area that is known to host world-
class mineral deposits at the surface. A new geospatial 
modelling tool that combines geology and economics 
(Bluecap; Walsh et al 2020) also confirms the economic 
viability of potential new discoveries in the East Tennant 
region. In this context, EFTF has achieved its goal to 
facilitate exploration investment in the most prospective 
under cover areas.

The positive perception of mineral prospectivity in the 
East Tennant region is demonstrated by industry interest 
in acquiring exploration tenements in this new greenfields 
mineral exploration fairway (Figure 5). If new exploration 
leads to discoveries in the East Tennant region, then the 
return on investment arising from the EFTF program is 
likely to be significant, both in terms of royalties and taxes to 
state and federal governments, and in terms of employment 
opportunities to communities in northern Australia across 
a range of sectors.
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Exploring for the Future: Discovering the Barkly region with new regional seismic data
Paul Henson 1,2, Tanya Fomin 1, Ross Costelloe 1, Chris Southby 1, Lidena Carr 1 and the Northern Territory Geological 
Survey 3
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Introduction

Exploring for the Future (EFTF) program is a four-year 
$100.5 million Australian Government initiative conducted 
by Geoscience Australia (GA) in partnership with state 
and Northern Territory government agencies, CSIRO and 
universities. This program aims to boost northern Australia’s 
attractiveness for investment in resource exploration. As part 
of this program, GA will use innovative techniques to gather 
new precompetitive data and information on an unprecedented 
scale about the energy, mineral and groundwater resource 
potential concealed beneath the surface.

The Barkly 2D seismic survey was acquired from 
September to November 2019 (Figure 1). This project is 

a collaboration between GA and the Northern Territory 
Geological Survey (NTGS), and is funded by the 
Australian Government’s EFTF program and the Northern 
Territory Geological Survey under its Resourcing the 
Territory initiative.

Barkly Seismic

Acquisition of the Barkly 2D seismic survey commenced 
near the town of Camooweal on the Northern Territory–
Queensland (NT–Qld) border; it links with the 2017 
South Nicholson seismic survey (Henson et al 2018) 
and the existing Beetaloo Sub-basin seismic data. The 
total length of acquisition was 812.6 km spread over 
five lines: 19GA-B1 (434.6 km), 19GA-B2 (45.9 km), 
19GA-B3 (66.9 km), 19GA-B4 (225.8 km), and 19GA-B5 
(39.4 km). The Barkly seismic survey also links to 
the recently acquired Camooweal 2D seismic survey 
collected by the Geological Survey of Queensland in 
2019.

1 Geoscience Australia, Cnr Jerrabomberra Ave and Hindmarsh 
Drive, Symonston ACT 2609, Canberra, Australia.

2 Email: Paul.henson@ga.gov.au
3 Northern Territory Geological Survey, GPO Box 4550, Darwin 

NT 0801, Australia

Figure 1: Map of the Barkly region showing the new Barkly seismic survey and previous seismic surveys. 
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The project objective was to obtain better coverage 
of fundamental geological and geophysical data over the 
region from the southern McArthur Basin to the northern 
Mount Isa western succession. The new Barkly seismic 
has linked the existing Beetaloo Sub-basin seismic grid 
to the South Nicholson seismic. It has defined the western 
extent of the new Carrara Sub-basin straddling the NT–
Qld border discovered in 2017 (Carr et al 2019). The main 
aim was to investigate the under cover region by targeting 
large gravity lows indicative of basin sequences with 
energy potential and with structures critical for mineral 
resources. Seismic results will be integrating other high-
resolution datasets to better predict potential resources at 
depth, as well as address major information gaps to inform 
future exploration activities. 

Overall the Barkly seismic data are excellent quality, 
imaging numerous basin sequences and basement 
structures, and complimenting the knowledge gained from 
the 2017 South Nicholson seismic survey. The eastern end 

of line 19GA-B1, starting at the NT–Qld border, images 
the south-eastern extent of the Carrara Sub-basin broadly 
defined by the gravity low spanning the NT–Qld border 
(Figure 2). Preliminary interpretation indicates reflectors 
imaging a flat-lying, relatively undeformed sequence 
with ~2 s two-way time (TWT), shallowing to the west. 
The central region of line 19GA-B1 images a series of 
smaller basin sequences broadly coincident with gravity 
lows, with most basin-bounding structures trending 
north-northeast–east-northeast, coincident with linear 
gravity trends. Line 19GA-B2 intersects with 19GA-B1 
and overlaps with 17GA-SN5, enabling interpretation to 
be linked to the South Nicholson seismic. Continuing 
to the northwest along line 19GA-B1, directly north of 
the South Nicholson Basin (Figure 1), images a basement 
high that may represent an under cover western extension 
of the Paleoproterozoic Murphy Province (~1850 Ma). 
South of this basement high, linear reflectors deepen (~4 s 
TWT) to the south terminating at an interpreted structure. 

Figure 2. Gravity image of the Barkly region overlain with the new Barkly seismic survey and previous seismic surveys.
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Figure 3. A seismic section (preliminary post-stack Kirchhoff 
migration with deconvolution and band-pass filter) from the 
western end of line 19GA-B4 from the Barkly seismic survey. 
The image shows reflectors in the Beetaloo Sub-basin on the left 
side of the image, a central zone of structural discontinuities and 
a new unnamed basin sequence to the southeast of the Beetaloo 
Sub-basin margin on the right side of the image. Insert: seismic 
section location on a gravity image.

To the north of the basement high, linear reflectors 
deepen (to ~7 s TWT) northward into a ‘broad gravity 
low’. The reflectivity within this ‘broad gravity low’ is 
divided between an upper high resolution package (~2 s 
TWT) and an underlying package with strong spaced 
reflectors. This seismic character continues on lines 
19GA-B3 and 19GA-B4 to near the intersection of the 
defined southeast margin of the Beetaloo Sub-basin. As a 
comparison, a similar seismic character is imaged on the 
South Nicholson line 17GA-SN5 (to the east along strike 
of the east-northeast gravity trend), which also has two 
distinct packages deepening to the north on the northern 
margin of the outcropping Murphy Province. At the 
northwest end of line 19GA-B4, the Beetaloo Sub-basin 
is clearly imaged as high-resolution, flat-lying reflectors 
shallowing to the interpreted basin margin, with some 
major structures imaged close to the intersection with 
line 19GA-B5 and coincident with a gravity high. To the 
west and south of this gravity high and extending into the 
‘broad gravity low’ on 19GA-B4, 19GA-B3 and 19GA-B1, 
the seismic character of the upper high resolution 
package (~2 s TWT) is similar to the Beetaloo Sub-basin 
reflectivity, raising the possibility of a new prospective 
basin directly to the southeast of the Beetaloo Sub-basin 
(Figure 3).  

Conclusion

The new Barkly 2D seismic survey represents a foundation 
dataset from the Exploring for the Future program that 
links the highly prospective resource-rich areas of the 
McArthur Basin and Mount Isa Province via a continuous 
seismic traverse. Decades of scientific research undertaken 
in both regions will act as a framework to interpret the new 
data in the Barkly region and as a catalyst to enable transfer 
of scientific knowledge across the border. This output will 
be combined with additional EFTF data collected over 
the region (including airborne electromagnetic surveys, 
magnetotelluric surveys, passive seismic surveys and 
groundwater acquistion) to greatly improve resource 
evaluations in northern Australia. The EFTF program will 
de-risk greenfield regions and position Australia for the 
next wave of exploration investment.
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New U–Pb geochronology for the South Nicholson region and implications for stratigraphic 
correlations
Chris Carson 1,2, Natalie Kositcin1, Jade Anderson 1 , Andrew Cross 1 and Paul Henson 1

Introduction

The South Nicholson region, which straddles the Northern 
Territory and Queensland border, lies between the Mount 
Isa Province to the east and southern McArthur Basin to the 
northwest (Figure 1). Both the McArthur Basin and Mount 
Isa Province are well studied and highly prospective for 
both mineral and energy resources. In contrast, the South 
Nicholson region is mostly under cover, little studied, and 
consequently, relatively poorly understood. In order to 
improve our understanding of the South Nicholson region, a 
key component of Geoscience Australia’s Exploring for the 
Future program was the acquisition of the South Nicholson 
Basin deep crustal seismic reflection data, which was 
completed in August 2017 in collaboration with the Northern 
Territory Geological Survey, the Geological Survey of 
Queensland and co-funded by AuScope (Henson et al 
2018; Carr et al 2019). To complement the seismic survey, 
a comprehensive U–Pb SHRIMP zircon and xenotime 
geochronology program has been undertaken to better 
understand the basin evolution and stratigraphy of the South 
Nicholson region and its relationship to the more overtly 
prospective adjacent Mount Isa Province and McArthur 
Basin. The data and conclusions presented here allow 
for improved regional stratigraphic correlations between 
Proterozoic basins, improved knowledge of commodity 
prospectivity, and improved exploration targeting strategies 
across central northern Australia.

The Paleoproterozoic to Mesoproterozoic rocks of the 
South Nicholson Basin and western Mount Isa Province 
are of particular interest as they may correlate temporally 
to the Paleo– to Mesoproterozoic McArthur Basin to the 
northwest, and the Paleoproterozoic rocks of the Mount 
Isa Province farther east, both of which host base-metal 
mineralisation and rocks with hydrocarbon prospectivity. 
The basin evolution and stratigraphy of the South Nicholson 
region remains comparatively poorly understood, largely 
due to the under cover nature of many of the rocks and 
paucity of existing data.

The South Nicholson Group has been correlated with the 
Roper Group of the McArthur Basin (Plumb et al 1980). 
The timing of deposition of the South Nicholson Group has 
been inferred to be ca 1500–1320 Ma based on the age of the 
Roper Group of the McArthur Basin (eg Jackson et al 1999; 
Rawlings et al 2008; Ahmad and Munson 2013). However, 
this correlation remains to be confirmed as published 
U– Pb age constraints from the South Nicholson Group 
only comprise detrital zircon dates older than ca 1569 Ma 
(Jackson et al 1999, Page et al 2000, Carson et al 2011). 
A substantial amount of age data exists for the older 
Paleoproterozoic basin units (eg McNamara Group) of the 
Mount Isa Province in Queensland; however, stratigraphic 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).
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relationships of these units west into the Northern Territory 
has been uncertain. This study utilises U–Pb zircon 
and xenotime geochronology to better understand the 
stratigraphy in time and space, and to assess proposed 
regional stratigraphic correlations. 

Methods

U–Pb isotopic zircon and xenotime analyses were undertaken 
using the SHRIMP IIe at Geoscience Australia, Canberra. 
The preferred method of determining depositional ages in 
sedimentary sequences is dating of interbedded tuffaceous 
horizons (particularly useful in Proterozoic sequences 
where paleontological control is absent, rare or ambiguous). 
As tuffs have not yet been discovered in the South Nicholson 
region, we have conducted a comprehensive program 
of SHRIMP detrital zircon analysis to improve basin 
chronostratigraphy. 

Over 40 geochronology samples (Figure 1) were 
analysed, incorporating the South Nicholson Group and 
underlying McNamara, Fickling, Benmara, Tawallah and 
Carrara Range groups, and several units whose stratigraphic 
affinities are unclear. Details of sample locations, 
lithological descriptions, isotopic results and methodologies 
are presented, or referred to, in Anderson et al (2019a, b) 
and Kositcin and Carson (2019). 

Results and discussion

Zircon U–Pb age data from analysed units yield maximum 
depositional ages (MDA) in the range ca 1660–1470 Ma. 
The youngest MDA at ca 1470 Ma (Constance Sandstone, 
Accident Subgroup) is also the youngest MDA obtained for 
the broader South Nicholson Basin and is consistent with a 
MDA of 1483 ± 12 Ma from the underlying Crow Formation 
(Wild Cow Subgroup). Notably, zircons comprising the 
ca 1483 Ma population in the Crow Formation exhibit 
a pristine euhedral prismatic morphology, suggesting a 
proximal volcanoclastic origin, and as such, the MDA of 
this sample of the Crow Formation may closely approximate 
the true stratigraphic age. Xenotime overgrowths on 
detrital zircon in the Constance Sandstone yield an age of 
1266 ± 19 Ma (Anderson et al 2019b), interpreted as the 
timing of a fluid flow event. This age is broadly consistent 
with a recent laser Rb–Sr age of 1323 ± 61 Ma, conducted on 
matrix phases in the ca 1660 Ma Buddycurrawa Volcanics 
(Farkas and Carson, unpublished data), further supporting a 
regional fluid flow event at this time. We interpret these data 
to bracket the deposition of the South Nicholson Basin to 
between ca 1483–1470 Ma and ca 1266 Ma, thus establishing 
a quantitative temporal correlation with the Roper Group in 
the McArthur Basin.

Detrital zircon spectra from South Nicholson Group 
samples typically feature dominant age peaks in the range 
ca 1870– 1760 Ma, with minor age peaks in the range 
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ca 1660–1545 Ma and ca 2560–2470 Ma, consistent with 
derivation from multiple sources from across the North 
Australian Craton (NAC). The source of the ca 1483 Ma 
euhedral magmatic zircons in the Crow Formation is less 
apparent. Tuffaceous components in the Mainoru Formation 
in the lower Roper Group (McArthur Basin) have identical 
dates (ca 1493 Ma; Jackson et al 1999). We correlate this 
sample of the Crow Formation with the Mainoru Formation 
in the McArthur Basin because magmatic zircons of this 
age are unrepresented elsewhere in the stratigraphy.

The relationship of the McNamara Group from 
Queensland west into the Northern Territory has been 
uncertain due to stratigraphic differences and the lack 
of absolute age data for the McNamara Group (and 
equivalents, eg Fickling and Benmara Groups) within 
the Northern Territory. McNamara Group samples in the 
Northern Territory have MDA that range from ca 1715 Ma 
for the basal Drummond Formation to ca 1606 Ma for the 
uppermost Widdallion Sandstone Member. The Drummond 
Formation lacks any zircons younger than ca 1700 Ma 
(Figure 2, Kositcin and Carson 2019). In contrast, the 
overlying Brumby Formation, Shady Bore Quartzite 
and Plain Creek Formation are dominated by younger 

ca 1650–1635 Ma detritus. This is more characteristic of 
populations commonly found in the McNamara Group in 
Queensland and in the McArthur Group in the McArthur 
Basin, reflecting the prevalence of ashfall tuffs of this age 
(eg Page et al 2000).

A marked provenance shift between the Drummond 
and Brumby Formations (Kositcin and Carson, 2019, 
Figure 2) suggests either a previously unrecognised 
unconformity (or disconformity) within the McNamara 
Group in the South Nicholson region, changes in paleo-
environment or source terrane uplift, or a combination of 
these. Furthermore, the Drummond Formation age spectra 
bears remarkable similarity (Figure 3) with that of the 
underlying Gator Sandstone (Carrara Range Group) and 
Surprise Creek Formation (unassigned); all have MDA 
older than 1715 Ma (Kositcin and Carson, 2019). We 
propose that the Drummond Formation, the Surprise Creek 
Formation and the Gator Sandstone represent components 
of the same tectonostratigraphic ‘package’ and form a 
revised expanded Carrara Range Group (Figure 3). The 
revised Carrara Range Group is suggested to include, 
from oldest to youngest, Don Creek Sandstone, Mitchiebo 
Volcanics, Gator Sandstone, Top Rocky Rhyolite, Surprise 
Creek Formation, and Drummond Formation; these units 
represent an interbedded package of immature coarse-
grained siliciclastics and ca 1725 Ma bimodal volcanics. 

A number of units, previously mapped as the South 
Nicholson Group, or of unclear stratigraphic affiliation, 
may be correlatives of the late Paleoproterozoic McNamara 
Group. In the Benmara region, northwestern South Nicholson 
region (Figure 1), a clastic sequence unconformably overlies 
the late Paleoproterozoic Benmara Group, comprising (in 
relative age order from oldest to youngest) the Bowgan 
Sandstone, Crow Formation (type section, Rawlings 
et al 2008), and the Mittiebah Sandstone(?). Incidentally, 
the type section of the Crow Formation has markedly 
different zircon detrital age spectra to the ca 1483 Ma 
Crow Formation discussed earlier, and probably represents 
unrelated, stratigraphically distinct units (Kositcin and 
Carson, 2019). The zircon detrital spectra from these units, 
as well as the unassigned Caulfield beds from the Bauhinia 
Dome (north central MOUNT DRUMMOND), display 
remarkable similarity; they are dominated by two major 
zircon populations: a ca 1660– 1640 Ma population, a typical 
signature of the McNamara Group, and a ca 1870–1860 Ma 
peak, characteristic of NAC basement (eg Ahmad et al 2013). 
Notably, these units bear little similarity with other available 
South Nicholson Group detrital age spectra. We conclude 
these sedimentary rocks more likely represent McNamara 
Group, not South Nicholson Group as previously assumed, 
and we suggest an expanded and revised Benmara Group, 
incorporating the Bowgan Sandstone, Crow Formation, 
and the Mittiebah Sandstone(?) (Figure 4), noting that the 
latter two units refer specifically to the outcrops northwest 
of the Benmara Fault (northwest MOUNT DRUMMOND3; 
Figures 1, 5). 

These results necessitate a revision of the map 
distribution of Mesoproterozoic and late Paleoproterozoic 
units across the South Nicholson region (Figure 4), noting 
that the western extent of the revised late Paleoproterozoic 

Figure 1. Regional map of the South Nicholson region, showing 
selected province boundaries (after Raymond et al 2018), 
distribution of geochronology samples colour coded for existing 
Group level assignment, and areas discussed in the text. Inset 
diagram, upper left, highlights samples collected in the Carrara 
Range region.
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Figure 2. Summary detrital zircon age spectra compilation for detrital samples (Kositcin and Carson 2019), arranged in approximate 
stratigraphic order as shown on MOUNT DRUMMOND. Green tick marks on each spectra indicate the calculated MDA. Relative 
probability curves have been normalised to a common vertical scale based on the associated histograms used to construct the relative 
probability curves; histograms not shown for clarity. CRG = Carrara Range Group.

Age (207Pb/206Pb, Ma)
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Figure 3. The revised Carrara Range Group incorporating the 
Drummond Formation and the Surprise Creek Formation based 
on remarkable similarity of detrital zircon age spectra (Kositcin 
and Carson, 2019) as shown on left. Age spectra are colour-coded 
according to the units shown in the revised stratigraphic column 
on right.

Figure 4. Revision of the Benmara Group and proposed correlation with the McNamara Group (NT) in the Maloney’s Creek Inlier 
and Carrara Range with the McNamara Group (QLD) from the Lawn Hill Platform. Note the stratigraphic correlation of the Bowgan 
Sandstone, Caulfield beds, Bullrush Conglomerate, and the Shady Bore Quartzite based on detrital zircon geochronology (Kositcin 
and Carson, 2019) and tentative assignment to the base of River Supersequence 2. The units with asterisks require renaming to remove 
ambiguity with other mapped units of the same name but which are Mesoproterozoic in age (eg Anderson et al 2019a, b; Kositcin and 
Carson, 2019).

Figure 5. Generalised geological map of the South Nicholson region showing group level lithological distribution based on the revised 
stratigraphy discussed in the text. Major structures as identified in Rawlings et al (2008) and Carr et al (2019). Reflection seismic lines 
from survey L210 are shown for reference.
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Benmara Group is unknown, being covered by Cambrian 
Georgina Basin. With our proposed revision, the expanded 
Benmara Group, a stratigraphic correlative of the highly 
prospective McArthur and McNamara Groups, greatly 
expands the potential for base metal and hydrocarbon 
prospectivity across the South Nicholson region.

We further speculate that, given the texturally immature, 
proximal lithofacies of these units (Rawlings et al 2008; 
Sweet, 1985) and the interpretation of the recent reflection 
seismic survey in the region (eg Carr et al 2019), these 
units were deposited in the accommodation space created 
by north-dipping growth faults and half grabens during 
ca 1640 Ma crustal extension, equivalent to the ‘River’ event 
of the Lawn Hill Platform (eg Bradshaw et al 2018). We 
note that the geometry of north-dipping growth faults in the 
South Nicholson region are indistinguishable to that reported 
in similar-aged rocks in interpretations of industry seismic 
grids from the Lawn Hill Platform (eg Bradshaw et al 2018). 
Furthermore, the remarkable similarity of zircon detrital 
spectra between the Bowgan Sandstone, Crow Formation, 
and the Mittiebah Sandstone(?), as well as the Caulfield beds 
(Bauhinia Dome) and the Bullrush Conglomerate (Maloney 
Creek Inlier), strongly suggests a tectonostratigraphic 
relationship between these units, the full implications of 
which will be explored further elsewhere. This stratigraphic 
relationship was tentatively proposed by Sweet (1985) and is 
supported here. We propose that these units are stratigraphic 
equivalents to the Shady Bore Quartzite (of which the detrital 
spectra is very similar; Kositcin and Carson 2019) of the 
McNamara Group at the base of River Supersequence 2 (eg 
Krassay et al 2000). The base of the River Supersequence 2 
statigraphic  horizon in the Lawn Hill Platform is thought to 
have been deposited at the initiation of ca 1640 Ma extension 
and growth faulting (Southgate et al 2000; Figures 4, 5). 

Conclusions

Key conclusions from U–Pb zircon and xenotime 
geochronology on the South Nicholson Basin are outlined 
below.

1. The South Nicholson Group is confirmed to be 
temporally equivalent to the Roper Group, McArthur 
Basin, with a depositional bracket of ca 1480–1266 Ma.

2. An episode of fluid-flow through the South Nicholson 
Group occurred during the middle Mesoproterozoic, 
constrained by U–Pb xenotime data to ca 1266 Ma.

3. The proposed revision of the Carrara Range 
Group incorporates the Surprise Creek Formation 
and the Drummond Formation, representing a 
tectonostratigraphic package of ca 1725 Ma immature 
siliciclastics and bimodal volcanics.

4. Some units in the Benmara region, previously 
assigned to the Mesoproterozoic South Nicholson 
Group, are reassigned into a revised and expanded late 
Paleoproterozoic Benmara Group, the mid- to upper 
units of which were deposited during crustal extension 
at ca 1640 Ma (= ‘River’ event).

5. An increased geographic extent of highly prospective, 
late Paleoproterozoic stratigraphy (the revised 

Benmara Group) is recognised, extending westward 
beneath the Georgina Basin for an unknown distance 
and enhancing the resource potential across the South 
Nicholson region, particularly for MVT- and SEDEX-
style base metal occurrences.

6. Renaming of some stratigraphic units across the 
South Nicholson region will be necessary based on the 
geochronological data.
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Shale geochemistry as an exploration tool in northern Australia: A comparison of the South 
Nicholson Basin and Lawn Hill Platform to the greater McArthur Basin
Amber Jarrett 1,2, Jane Thorne 1, Anthony Schofield 1, Adam Bailey 1, David Champion 1, Chris Carson 1, Natalie Kositcin 1, 
Tim Munson 3, James Murr 1, Alan Collins 4, Darwinaji Subarkah 4, Morgan Blades 4, Juraj Farkas 4,5, David Huston 1 and 
Paul Henson 1

Northern Australia contains extensive Proterozoic-aged 
sedimentary basins with potential energy, mineral, and 
groundwater resources concealed beneath the surface. The 
region is remote and largely underexplored with limited 
data and infrastructure, and therefore is considered to have 
high exploration risk. Exploration for hydrocarbons and 
basin-hosted base metals, although perceived to have very 
different exploration models, share a number of important 
similarities and key parameters. Foremost amongst these 
is shale geochemistry since the same reduced, organic-
rich shales are both a hydrocarbon source rock and a 
depositional site for base metal mineralisation. Furthermore, 
anoxic and euxinic (anoxic with free hydrogen sulfide, 
H2S) water column and sediments are important for both 
the preservation of organic matter and as a H2S reservoir 
needed for precipitation of ore minerals after reaction with 
oxic metalliferous brines. 

Here we present new organic and inorganic geochemical 
datasets for shales in the South Nicholson Basin, Lawn 
Hill Platform and greater McArthur Basin, including the 
organic-richness of shales and the inorganic geochemistry 
of redox-sensitive trace metals, to demonstrate changes 
in water-column chemistry and favourable base metals 
depositional sites. Parameters such as total organic carbon 
(TOC) content and redox-sensitive elemental concentrations 
are used to identify prospective packages with hydrocarbon 
and base metals mineral resource potential 

The results reveal that many units in the Lawn Hill 
Platform, South Nicholson Basin and greater McArthur 
Basin contain organic-rich rocks. A cut-off value of TOC 
≥ 2 wt% is used to define several shale and carbonate 
sequences in the region that are favourable for both 
hydrocarbon generation and as base metals depositional 
sites. Inorganic geochemistry results demonstrate a range 
of paleoredox conditions, from predominantly anoxic, 
ferruginous conditions with deviations, to sub-oxic and 
euxinic conditions. Future work mapping the temporal and 
spatial distribution of this geochemistry, in combination 
with other mappable geological criteria, is required to create 
mineral and petroleum systems models that can define 
prospective fairways across the basins and increase our 
understanding of resource potential.

The precompetitive data generated in this study 
highlight the utility of shared geochemical datasets for 
resource exploration in the region. More broadly, this study 
improves our understanding of the energy and mineral 
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potential across northern Australia, supporting resource 
decision-making and investment.

Introduction

Proterozoic-aged sedimentary basins in northern Australia 
have been identified as having high potential for a range 
of commodities, including mineral, petroleum and 
groundwater resources (eg Huston et al 2006, Jolly et al 
2013, Revie 2017, Gorton and Troup 2018). Exploration for 
hydrocarbons and base metals are often related because 
reduced and organic-rich shales are both the source rocks 
for hydrocarbons and the depositional sites for base 
metals mineralisation (Magoon and Dow 1994, Emsbo 
2009). For example, in the McArthur Basin, the mineral 
exploration well GR9 experienced a gas blow-out. Analysis 
of headspace gas demonstrated that the well was flowing 
gas condensate (hydrocarbon lengths >C7; Thomas 1981). 
This demonstrated a conventional gas play in the Barney 
Creek Formation, the host for the McArthur River (HYC) 
zinc-lead-silver deposit (Murray 1975). Furthermore, the 
black shale host rocks of the Century lead-zinc deposit in 
the Lawn Hill Platform contain TOC values up to 10 wt%; 
the identification of prolific oil staining and solid bitumen 
in the mine is also indicative of an active petroleum system 
(Waltho 1993, Broadbent et al 1998). 

Petroleum exploration has largely focused on two 
regions: the Beetaloo Sub-basin in the greater McArthur 
Basin (Munson 2014, Revie 2017, Schenk et al 2019, 
Figure 1) and the northern Lawn Hill Platform in 
Queensland (Gorton and Troup 2018). Organic-rich shales 
of the Velkerri and Kyalla formations in the Beetaloo 
Sub-basin host conventional oil and gas plays, in addition 
to unconventional continuous shale-oil and gas prospects 
(Côté et al 2018). Recently, the United States Geological 
Survey quantitatively assessed these formations as having 
undiscovered, technically recoverable, mean resources 
of 429 MMbbls of continuous oil and 8 Tcf of continuous 
gas (Schenk et al 2019). On the Lawn Hill Platform, thick 
extensive organic-rich shale units of the River and Lawn 
supersequences have been estimated to contain 22.1 Tcf of 
prospective gas and 0.15 Tcf of contingent (2C) gas resources 
(Armour Energy Limited 2014, 2015). Hydrocarbon shows 
and organic-rich sedimentary sequences indicate that other 
conventional and unconventional plays may also occur in 
overlying stratigraphic units within the Lawn Hill Platform 
and overlying Mesoproterozoic South Nicholson Basin 
(Gorton and Troup 2018, Jarrett et al 2019). 

A corridor of extensive Zn-Pb-Ag mineralisation spans 
across the region from the southern Mount Isa Province to 
the greater McArthur Basin (Figure 1). This region, known 
as the North Australian Zinc Belt, contains several world-
class zinc-lead deposits (McArthur River, Hilton-George 
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Fisher and Mount Isa) and a number of important smaller 
deposits (eg Cannington, Century, Myrtle, Teena and Lady 
Loretta; Sweet et al 1993, McGoldrick and Large 1998, 
Large et al 2005, Huston et al 2006, McGoldrick et al 
2010), as well as uranium, iron, and copper-cobalt deposits. 
More recently, these basins have been recognised as having 
potential for critical, or new economy minerals, such as 
germanium (Shanks et al 2017, Mudd et al 2018). 

Factors influencing unconventional petroleum system 
prospectivity have been summarised by Revie (2017); they 
broadly consist of geological considerations (thickness, 
extent and depth), TOC content, thermal maturity, 
mineralogy, and reservoir conditions. The work undertaken 
in this study has focused on generating new data for 
assessing TOC content (Figure 3), thermal maturity (eg 
Jarrett et al 2019c) and mineralogy (Jarrett et al 2019a). 
Revie (2017) undertook a petroleum resource assessment of 
the unconventional shale oil and gas potential of the Velkerri 
and Kyalla formations of the Wilton Package. A similar 
approach has been undertaken in this study, focusing on 
older units in the greater McArthur Basin, the Lawn Hill 
Platform and the South Nicholson Basin, by utilising new 
datasets generated during the Exploring for the Future 
(EFTF) program (Bradshaw et al 2018, Palu et al 2018, 
Jarrett et al 2018a, b; 2019a, d; Bailey et al 2019). 

A mineral systems assessment approach to identify 
the fertility of regions of interest has been used for over 
25 years (Wyborn et al 1994, Schofield 2011, Dulfer et al 
2016, Skirrow et al 2019). Although the approaches and 
concepts have evolved through time, the four essential 
components of a mineral system remain similar and 

include: 1) metal, fluid and sulfur sources; 2) fluid flow 
trigger; 3) architecture and fluid pathways; and 4) ore 
depositional mechanisms. The results of this study are 
directly applicable to the fourth component of the mineral 
systems framework in sedimentary-hosted base metal 
mineral systems. In northern Australia, sediment-hosted 
zinc-lead mineralisation is found within fine-grained, 
reduced and organic-rich siliciclastic units and may 
contain varying concentrations of carbonate and pyrite 
(Large et al 2005, Huston et al 2006). The TOC content of 
sedimentary rocks is a defining characteristic of a fertile 
basin, thus TOC can be used to identify sedimentary units 
that would host and preserve base metal mineralisation. 
High TOC is associated with sediments that were 
deposited in anoxic and often euxinic conditions. Euxinia 
in particular, demonstrates free H2S in the water column 
and sediments, and will ultimately be favourable for 
reducing base metals from oxidised brines, in addition to 
the preservation potential of organic matter (Cooke et al 
2000, Emsbo 2009).

One of the challenges in exploring in northern Australian 
basins is the limited amount of shale data available due to 
the paucity of boreholes (Carr et al 2016), low-resolution 
geochemical data coverage and often poor or incomplete 
legacy data quality, as well as disparate data storage 
locations. The McArthur Basin contains an extensive 
organic geochemistry dataset that has been compiled and 
maintained by the Northern Territory Geological Survey 
(Revie and Normington 2020). The South Nicholson Basin 
and Lawn Hill Platform region of the Isa Superbasin are 
relatively data poor in comparison, as demonstrated in a 

Figure 1. Map of Proterozoic-aged 
sedimentary basins in northern 
Australia, showing locations of 
mineral deposits and samples analysed 
in this study. 
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baseline study undertaken prior to sampling and analyses 
(Jarrett et al 2018c). The baseline study results have shown 
significant data gaps and sometimes incomplete legacy data 
requiring reanalysis (Jarrett et al 2018c). 

To address this data paucity, Geoscience Australia has 
undertaken a sampling program of legacy drill cores from 
the Northern Territory and Queensland to characterise 
the organic and inorganic geochemistry and mineralogy 
of Proterozoic-aged sedimentary rock units in the South 
Nicholson Basin, Lawn Hill Platform and greater McArthur 
Basin, in order to improve our understanding of basin-hosted 
resources. Herein we describe some of the results from this 
study using shale geochemistry as an exploration tool in a 
regional context. All data and derived reports are accessible 
on the EFTF portal (https://portal.ga.gov.au/persona/eftf), 
which provides a central location to access this research 
material to assist with informed decision-making.

Organic geochemistry 

Shale geochemistry, including organic richness (TOC wt%) 
and hydrocarbon quality (Rock-Eval pyrolysis) was 
conducted on 1066 samples from wells in the South 
Nicholson Basin, the Lawn Hill Platform and brownfield 
areas of the greater McArthur Basin (Figure 1; See Jarrett 
et al 2018b for an updated methodology). TOC is used to 
screen potential petroleum source rocks where TOC ≥2 wt% 
is ‘good’ and TOC ≥5 wt% is ‘excellent’ (Peters and Casa 
1994). Additionally, TOC is used to screen for potential 
base metal depositional sites where reduced stratigraphy 
can act as an effective chemical gradient along which 
metal may be deposited. Mass balance calculations suggest 
TOC of 1 wt% is the minimum amount of organic matter 
required; global sedimentary-hosted base metal deposits 
usually occur within shales that have TOC ≥3 wt% (Emsbo 
2009). Therefore, to be consistent with both petroleum and 
mineral exploration, a TOC cut off of 2 wt% was applied as 
a minimum cut off for favourable shales. 

The Lawn Hill Platform contains several shales and 
carbonates sequences with good organic richness (TOC 
>2 wt%), including the Walford Dolostone, Riversleigh 
Siltstone, Mount Les Siltstone, Lawn Hill Formation, 
Termite Range Formation, and the Doomadgee Formation 
(Figure 2). For example, new geochemistry generated from 
the Mount Les Siltstone in Northern Territory drillhole 
ND2 demonstrate ‘good’ organic-richness extending the 
petroleum potential of the River Supersequence (Bradshaw 
et al 2000) from the resource-rich northwest Queensland 
into the Northern Territory. New regional seismic data, 
obtained as part of EFTF, have established that these thick 
Paleoproterozoic supersequences extend through the South 
Nicholson region into the Carrara Sub-basin (Carr et al 
2019, Henson et al 2018).

Samples from the greater McArthur Basin shales are 
also organically rich (TOC ≥2 wt%) with good to excellent 
petroleum potential (Revie and Normington 2020). Shales 
from the Redbank Package (including the Wollogorang 
Formation and McDermott Formation), in addition to shales 
and carbonates from the Favenc package (including the 
Balbirini Dolostone and Dungaminnie Formations), have 

TOC ≥2 wt% (Figure 2). Several formations in the Glyde 
Package of similar age to those of the Lawn Hill Platform 
also contain good organic richness, including the Barney 
Creek Formation, Caranbirini Member of the Lynott 
Formation, Kunja Siltstone, Lynott Formation (unspecified), 
Fraynes Formation, Saint Vidgeon Formation, Tooganinie 
Formation, Vaughton Siltstone, and the Yalco Formation 
(Figure 3). Finally, Mesoproterozoic-aged shales in the 
Wilton Package with favourable TOC include the Velkerri, 
Kyalla and Cocoran formations (Figure 3). 

In the South Nicholson Basin, only three wells intersect 
shales of the Mesoproterozoic Mullera Formation, one of 
which (drillhole NTGS 00/1) does not penetrate the entire 
succession. The Mullera Formation has a maximum TOC 
of 4.05 wt%, demonstrating ‘good’ organic richness 
(Figure 3). Although geochemical data is not available for 
these units, field mapping in the South Nicholson Basin 
identified ‘saprolite facies’ interpreted as weathered pyritic 
shale (Rawlings et al 2008). This formation has recently 
been reinterpreted as the Paleoproterozoic Crow Formation 
(Kositcin and Carson 2019; see Carson et al 2020 - this 
volume). The identification of pyritic shale units within 
the Paleoproterozoic significantly increases the resource 
potential of the South Nicholson region by adding an 
additional target interval for future exploration. 

Work is currently being undertaken to spatially plot 
the extent of TOC values across each basin as a mappable 
geological proxy for petroleum source rocks and base metal 
depositional sites. This will allow for the identification of 
prospective fairways within the basin where explorers can 
focus resources (Hood et al 2000). Additional mappable 
criteria, including base metal sources and regions of 
geochemical alteration, are being generated as part of the 
EFTF program (See Champion et al this volume) that could 
be used as inputs to map base metal potential over northern 
Australia (eg Skirrow et al 2019).

Inorganic geochemistry 

Understanding the key controls on TOC are important to 
predicting the location of petroleum and mineral systems, 
and reducing the exploration search space. Variations 
in the redox state will affect the amounts of H2S in the 
sediment, the preservation potential of organic matter and 
the availability of a hydrogen sulfide reservoir required 
for a base metal depositional site. Cooke et al (2000) 
describe paleoredox as a first-order control on base metal 
mineralisation since an euxinic water column, by definition, 
is anoxic with free hydrogen sulfide, H2S (Berner et al 1985). 
Excess H2S will readily react with oxidised metal-bearing 
fluids precipitating sulfide-bearing minerals (Emsbo 2009). 
Additional sources of electrons include the oxidisation of 
organic matter facilitated by biological or thermochemical 
sulfate reduction (BSR or TSR) that does not require water 
column euxinia (Dick et al 2014). 

To understand variations in paleoredox in organic-rich 
shale, inorganic geochemistry was undertaken at Geoscience 
Australia’s inorganic geochemistry laboratory on 1954 
samples from the McArthur Basin, Lawn Hill Platform and 
South Nicholson Basin (Champion et al 2020a, b; Carson 
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Figure 2. Stratigraphic column of Proterozoic basins in northern Australia with box and whisker plots showing the distribution of total 
organic carbon (TOC wt%) for formations with TOC ≥2 wt%.
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Figure 3. Inorganic geochemistry of 
shale samples comparing the greater 
McArthur Basin (composed of the 
Birrindudu Basin and McArthur 
Basin proper, in this study) with 
the Lawn Hill Platform and South 
Nicholson Basin. All data used in this 
study is from Geoscience Australia’s 
OZROCKS database. (a–b) Total Fe/Al 
vs Mo/TOC. (c–d) Pr* vs Ce*, where 
Pr*SN= PrSN / 0.5[CeSN+NdSN] and 
and Ce*SN=CeSN / [0.5(LaSN+ PrSN)]. 
Normalization was to the Post Archean 
Australian Shale (PAAS) (Nance and 
Taylor 1976). (e–f) Mo (ppm) vs V/ Mo. 
(g–h) U enrichment factor (UEF) vs 
Mo enrichment factor (MoEF) where 
the trace metal (TM) enrichment for 
samples was calculated as TMEF = 
(TMsample/Alsample)/(TMPAAS/AlPAAS).
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et al 2020). The paleoredox state was determined using 
redox-sensitive trace elements, including ratios of total 
iron (Fe), molybdenum (Mo), uranium (U), vanadium (V) 
and cerium anomaly (Ce*) (eg Algeo and Lyons 2006, Scott 
et al 2008, Wilde et al 1996). Trace metals suggest a range 
of redox states from sub-oxic to euxinic, with pervasive 
sub-oxic deep water to anoxic waters occurring through 
the Proterozoic. Definitive euxinic conditions based on 
trace metal and ratios are only evident in some samples 
(ie Barney Creek, Fraynes, Wollogorang and Velkerri 
formations), but this redox state appears episodic. These 
results are consistent with other studies in the region 
(Planavsky et al 2011 Cox et al 2016, Spinks et al 2017, 
Farkas et al 2018, Jarrett et al 2019b). Water column, or 
pore water euxinia represents more favourable deposition 
sites for sediment-hosted base metals, especially where 
these occur in conjunction with favourable architecture 
and metal sources. 

Conclusions

Exploration for both hydrocarbons and base metals can use 
shale geochemistry to define favourable conditions and 
reduce the exploration search space. In order to improve 
our understanding of basin-hosted resources, Geoscience 
Australia has undertaken a sampling program of legacy 
drill core from the Northern Territory and Queensland 
to characterise the geochemistry of Proterozoic-aged 
sedimentary units in the South Nicholson Basin, Lawn Hill 
Platform and greater McArthur Basin.

The results of this study demonstrate that multiple 
formations in the Lawn Hill Platform, greater McArthur 
Basin and South Nicholson Basin contain ‘good’ organic 
richness with ≥2 wt% TOC. Inorganic geochemistry 
demonstrates a range of paleoredox from predominantly 
anoxic, ferruginous conditions with deviations to euxinic 
conditions favourable for base metal prospectivity and 
important for organic matter preservation. The temporal and 
spatial distribution of this geochemistry can be combined 
with additional geological and geochemical information to 
predictively map resource potential and advise on areas of 
higher favourability. 

Future work will consist of mapping out these 
geochemical changes in organic and inorganic geochemistry 
across the region to provide a spatial representative of 
the ore-depositional potential in the region. Additionally, 
combining this new data and geochemical interpretations 
across multiple scales from the regional system to the 
deposit scale (Spinks et al 2019) will also be a useful tool for 
understanding the extent and composition of shales across 
the region.

This study highlights the utility of shale geochemistry as 
an exploration tool for understanding both hydrocarbons and 
base metal prospectivity in the region. Significant findings 
demonstrate the continuity of prospective supersequences 
from the resource-rich northwest Queensland into the 
Northern Territory. The results assist to increase our 
understanding of the greater McArthur Basin and the South 
Nicholson Basin with precompetitive data for resource 
exploration. 
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The Warramunga Province has long been a focus of 
exploration for Tennant Creek-style ironstone-hosted 
Au-Cu-Bi deposits (Figure 1), although widespread 
intrusion-related tungsten and copper mineralisation is 
also documented throughout the Province. The Northern 
Territory Geological Survey (NTGS) under the Northern 
Territory Government’s Resourcing the Territory initiative 
is undertaking a range of projects to improve understanding 
of the geologic framework and the range of mineral systems 
in the Tennant Creek area (eg Close 2020, Huston et al 2020, 
Valenta et al 2020). 

Recent research by NTGS in the northeastern Aileron 
Province has established that a widespread copper and 
tungsten mineral system was active at ca 1730–1700 Ma 
(eg McGloin et al 2016, McGloin and Weisheit in review). 
New molybdenite dating in the Warramunga Province was 
undertaken to test a hypothesis that similar intrusion-related 
mineralisation in this area may have the same age. If true, 
this would suggest a widespread intrusion-related copper-
tungsten mineralising event associated with fractionated, 
peraluminous magmatism across the southern and central 
North Australian Craton at ca 1730–1700 Ma. NTGS 
sampled drill core and surface workings from key deposits 
and prospects across the Warramunga Province (Figure 2), 
including those in the Tennant Creek mineral field, and the 
Hatches Creek and Mosquito Creek tungsten fields, in order 
to characterise the timing and nature of tungsten and copper 
mineralisation of these deposits. The findings of this study 
are published in McGloin and Creaser (2019) and McGloin 
et al (2019a). The results and implications of this study are 
discussed herein.

Regional Geology

The Palaeoproterozoic Warramunga Province is variably 
exposed over ~13 320 km2 in an area centred on Tennant 
Creek township (Figure 1). The Province is unconformably 
overlain by the Palaeo to Mesoproterozoic Tomkinson 
Province to the north, and by the Neoproterozoic to Cambrian 
Georgina Basin and predominantly Cambrian Wiso Basin, 
to the east and west respectively (Donnellan 2013a, b). The 
Palaeoproterozoic Davenport Province is exposed to the 
south and shares some of the same (Ooradidgee Group) 
stratigraphy with the Warramunga Province (Donnellan 
2013c). 

The oldest rocks of the Warramunga Province include 
the Warramunga Formation and its age equivalents, the 
Junalki Formation and Woodenjerrie beds (Figure 1). These 
stratigraphic units comprise lithic arenite, wacke, siltstone, 
mudstone, tuffaceous and volcaniclastic sandstone, and 
argillaceous banded iron formation (Donnellan 2013a). 
The Junalki Formation also includes felsic volcanic rocks. 
The succession was deposited at ca 1860 Ma (Compston 
1995, Smith 1999, 2000, Maidment et al 2006, Donnellan 
2013a, Maidment et al 2013) in a turbidite setting that, 
locally at least, apparently graded upwards into a shallow 
marine setting. Mineralised (Au-Cu-Bi) ironstones of the 
Tennant Creek mineral field are hosted entirely within the 
Warramunga Formation (eg Donnellan 2013a, Cuison et al 
2017). The timing of this ironstone-hosted mineralisation 
has been constrained to between ca 1850 Ma and ca 1845 Ma 
(eg Black 1977, Compston and McDougall 1994, Warren 
1995, Fraser et al 2006, 2008, Maidment et al 2013). The 
Warramunga Formation and its correlatives were intruded 
by syn-tectonic, dominantly felsic and minor intermediate–
mafic magmas of the ca 1850–1840 Ma Tennant Creek 
Supersuite during the Tennant Event (eg Donnellan 2013a 
and references therein). The Tennant Event produced west-
trending to locally southwest-trending upright, open–
close horizontal folds with axial planar slaty cleavage (eg 
Donnellan 2013a and references therein). Deformation and 
magmatism were accompanied by sub- to lower-greenschist 
facies metamorphism. 

Renewed clastic sedimentation and associated felsic 
and mafic volcanism resulted in the deposition of the 
Ooradidgee Group, which unconformably overlies 
Warramunga Formation and its correlatives and extends 
south into the Davenport Province (Donnellan 2013a, c). 
Ooradidgee Group deposition is interpreted to have 
occurred in a marginal marine to fluviatile setting; 
volcanic rocks are interpreted to have been extruded 
into a predominantly subaerial environment (Donnellan 
2013a). A minimum timing for the end of Ooradidgee 
Group deposition is constrained by the emplacement 
of the bimodal ca 1820–1810 Ma Treasure Suite, which 
consists of felsic to mafic volcanic rocks (rhyolite, dacite, 
basalt), subvolcanic granophyre, felsic porphyries, 
monzodiorite, diorite and gabbro (Donnellan 2013a). The 
Treasure Suite is best exposed in the southern part of the 
Warramunga Province; magmatism is interpreted to have 
coincided with the Murchison Event. The Murchison 
Event is considered to be extensional and resulted in 
the emplacement of mafic sills in the Ooradidgee Group 
(Nguyen et al 1989, Donnellan 2013a). Sedimentation 
and subordinate volcanic activity (eg the Kudinga Basalt) 
continued in the Davenport Province after the cessation 
of Treasure Suite magmatism, but there was probably a 
significant hiatus prior to the onset of renewed magmatism 
with the emplacement of the intrusive ca 1720–1710 Ma 
Devils Suite. This suite comprises a range of fractionated 
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Figure 2. Location of Re–Os geochronology samples and 
deposits mentioned in the text. (a) Hatches Creek tungsten field. 
Map modified from Kruse and Maier 2010. (b) Mosquito Creek 
tungsten fields. Map modified from Wyche and Simons 1987. 
Refer Figure 1 for location (red squares) and legend.

felsic peraluminous and alkaline lithologies emplaced in an 
intraplate setting (Donnellan 2013a and references therein). 
Donnellan (2013a) and Fraser et al (2008) interpret the 
Devils Suite magmatism to be a driver of intrusion-related 
tungsten mineralisation throughout the Warramunga 
Province (cf Wyborn et al 1999).

Intrusion-related tungsten and copper mineralisation

Tungsten and copper mineralisation occurs throughout the 
Warramunga Province. The majority of occurrences are 
clustered in the Hatches Creek and Mosquito Creek tungsten 
fields (Figure 1, 2; eg Ferenczi and Ahmad 1996, Fraser 

et al 2008, Donnellan 2013a, b; McGloin and Creaser 2019, 
McGloin et al 2019a). In these locations, mineralisation 
is hosted by quartz-filled sheeted veins and dykes within 
metasandstone and metavolcanic rocks of the Ooradidgee 
Group, Treasure Volcanics and the Pedlar gabbro (Hatches 
Creek tungsten field) and within shear zones in greisenised 
granite (Mosquito Creek tungsten field; eg Sullivan 1951, 
Ferenczi and Ahmad 1996, Donnellan 2013a, c, McGloin and 
Creaser 2019). Along with molybdenum, this mineralisation 
is associated with a variety of metals, including tin, tantalum, 
copper, bismuth and cobalt (Ferenczi and Ahmad 1996). The 
majority of previous studies interpret their formation from 
mineralising fluids derived from fractionated peraluminous 
granites of the Devils Suite (Blake and Page 1988, Blake 
et al 1987, Ferenczi and Ahmad 1996, Fraser et al 2008, 
Donnellan 2013a). However, Wyborn et al (1998) noted the 
similarities in the range of metals associated with tungsten 
mineralisation in the Hatches Creek tungsten field and 
that of the ironstone-hosted Au-Cu-Bi mineralisation in 
the Tennant Creek mineral field. Consequently, Wyborn 
et al (1998) interpret that the ca 1820–1810 Ma Treasure 
Suite may provide a genetic link between the two styles 
of mineralisation. It should be noted that there is no direct 
spatial association between mineralisation and exposed 
granite in the Hatches Creek tungsten field. However, 
previous studies infer a granite source on the basis of 
exposures occurring ~5 km to the south of the mineral 
field (eg Ferenczi and Ahmad 1996). In the Mosquito Creek 
tungsten field, mineralisation is hosted in sheared quartz 
veins and greisen of the ca 1846 Ma Hill of Leaders Granite 
(Donnellan 2013a). However, Donnellan (2013a) hypotheses 
that the mineralisation relates to the later emplacement of 
the Devils Suite. A link to a granite source is less clear in the 
Hatches Creek mineral field. Dating (40Ar/39Ar) of coarse-
grained muscovite selvages from the margins of tungsten-
mineralised quartz veins from the Bonanza, Green Diamond 
and Copper Show prospects in the Hatches Creek tungsten 
field (Figure 1) constrains the timing of mineralisation to 
between ca 1717 Ma and ca 1711 Ma (Fraser et al 2008).

New Re–Os molybdenite dating

Seven samples of molybdenite (Figure 3) were collected 
from drill core and surface exposures of mineralised 
quartz veins to directly constrain the timing of tungsten 
and copper mineralisation in the Tennant Creek mineral 
field (Explorer 27 prospect; Figure 1), and the Hatches 
Creek (Pioneer and Hit or Miss deposits; Figure 2a) and 
Mosquito Creek (North Curtis prospect) tungsten fields 
(Figure 2b). Detailed sample descriptions, context and 
analytical methodology are reported in McGloin and 
Creaser (2019) and McGloin et al (2019a). Molybdenite 
yielded a range of Re–Os model ages from ca 1777–1602 
Ma, which are summarised in Table 1. 

Two samples of chalcopyrite–molybdenite–pyrite-bearing 
quartz veins from the Explorer 27 prospect yielded model ages 
of 1711 ± 8 Ma (TC18MVM001; Figure 1, 3a) and 1719 ± 8 Ma 
(TC18MVM002). Three samples were analysed from the Hatches 
Creek tungsten field: a sample of molybdenite–scheelite–
wolframite-bearing quartz vein from the Pioneer deposit 
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Figure 3. (a) Photograph of 
drill core from the Explorer 27 
prospect showing a mineralised 
molybdenite-bearing quartz vein 
(sample TC18MVM001) cross 
cutting metamudstone. Quartz vein 
is ~2 cm wide. (b) Molybdenite 
and scheelite intergrown within 
a quartz vein. Image taken under 
ultraviolet light; scheelite fluoresces 
in a light purple colour. Sample 
is ~5 cm wide. (c) Molybdenite 
sample BW18MVM003 under 
ultraviolet light, showing highly 
fluorescent scheelite associated with 
molybdenite.

Sample ID Mineral field Deposit/ 
Prospect Lithology and context Re–Os model age 

(±2σ)

TC18MVM001
Tennant Creek mineral field Explorer 27

chalcopyrite–molybdenite–pyrite-bearing quartz 
vein cross cutting the Wundirgi Formation of the 
Ooradidgee Group

1711 ± 8 Ma1

TC18MVM002 As above 1719 ± 8 Ma1

FR18MVM001

Hatches Creek tungsten field

Pioneer
molybdenite–scheelite–wolframite-bearing quartz 
vein cross cutting Hatches Creek Group and Pedlar 
gabbro

1714 ± 8 Ma1

FR17MVM001
Hit or Miss

scheelite–molybdenite-bearing quartz vein cross 
cutting schist Ooradidgee Group and Treasure 
Volcanics

1677 ± 10 Ma2

FR17MVM002 molybdenite-bearing quartz vein cross cutting 
schist Ooradidgee Group and Treasure Volcanics 1602 ±9 Ma2

BW18MVM006 Mosquito Creek tungsten field North Curtis molybdenite–scheelite–wolframite-bearing quartz 
vein hosted in greissenised Hill of Leaders Granite 1777 ± 9 Ma1

1 McGloin and Creaser 2019, 2 McGloin et al 2019

Table 1. Summary of sample context and Re–Os model ages for molybdenite analysed in this study. 

yielded a Re–Os model age of 1714 ± 8 Ma (FR18MVM001; 
Figure 3b); a sample each of scheelite–molybdenite-bearing 
quartz vein and a molybdenite-bearing quartz vein, both from 
the Hit or Miss deposit, yielded model ages of 1677 ± 10 Ma and 
1602 ± 9 Ma respectively. A sample of molybdenite–scheelite–
wolframite-bearing quartz vein from the Mosquito Creek 
tungsten field (North Curtis prospect) yielded a Re–Os model 
age of 1777 ± 9 Ma (BC18MVM006; Figure 3c). However, 
molybdenite from a sample of molybdenite–scheelite-bearing 
mineralised quartz vein collected at the Hill of Leaders deposit 

(Mosquito Creek tungsten field) failed to yield a geologically 
meaningful age (McGloin et al 2019).

Discussion

Tennant Creek mineral field
The ca 1711 Ma and ca 1719 Ma model ages for molybdenite 
associated with chalcopyrite in quartz veins are interpreted 
to record the timing of copper and molybdenum 
mineralisation at the vein-hosted Explorer 27 prospect. The 
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ages indicate an episode of copper mineralisation in the 
Tennant Creek mineral field younger than the reported ages 
of most ironstone-related Au-Cu-Bi deposits in the same 
mineral field (cf Black 1977, Compston and McDougall 
1994, Warren et al 1995, Fraser et al 2006, 2008, Maidment 
et al 2013). McGloin et al (2019a) state that the low 
concentrations of rhenium (Re) in the analysed molybdenite 
indicates precipitation from fluids derived from an evolved 
source (eg fractionated granite or dehydration of mid-
crustal metamorphic rocks; Berzina et al 2005, Stein 
2006). Approximately 4 km northwest of Explorer 27, the 
Warrego Granite is interpreted beneath Cenozoic sediments 
(eg Donnellan and Johnstone 1999). New SHRIMP U–Pb 
zircon dating of the Warrego Granite has yielded a weighted 
mean 207Pb/206Pb crystallisation age of 1711 ± 10 Ma 
(Huston et al 2020). The new Re–Os model ages for 
copper mineralisation at Explorer 27 and SHRIMP U–Pb 
zircon age for the Warrego Granite are indistinguishable 
from a K–Ar age for muscovite from the Warrego Au-Cu-
Bi deposit of 1716 ± 36 Ma (interpreted to record contact 
metamorphism during intrusion of the granite; Compston 
and McDougall 1994); this age supports a genetic link 
between copper mineralisation and the emplacement of the 
ca 1720–1700 Ma Devils Suite. In addition, the new ages 
overlap with other hydrothermal disturbances previously 
reported for the K–Ar system in hydrothermal muscovite 
and biotite at some ironstone-hosted Au-Cu-Bi deposits 
(ca 1790–1710 Ma; Compston and McDougall 1994). 

Hatches Creek tungsten field
The Re–Os molybdenite dating of samples from the Hatches 
Creek mineral field yielded a wide range of model ages: 
ca 1714 Ma for the Pioneer deposit, and ca 1677 Ma and 
ca 1602 Ma for the Hit or Miss deposit (McGloin and Creaser 
2019, McGloin et al 2019a). Similar to the two samples from 
Explorer 27, all molybdenite samples are characterised by 
low Re concentrations (< 7ppm) and thus are interpreted 
to be derived from a granite source. The ca 1714 Ma age 
is consistent with tungsten mineralisation derived from 
intrusions of the ca 1720–1700 Ma Devils Suite. 

The range of younger model ages for the Hit or Miss 
deposit allow for multiple interpretations as discussed in 
McGloin et al (2019a). The favoured interpretation is that 
the ca 1677 Ma age records the timing of tungsten (and 
associated copper and bismuth mineralisation; McGloin 
et al 2019a); however, magmatic rocks of this age are not 
known in the Warramunga Province. New in situ SHRIMP 
U–Pb–Th monazite dating of the Orlando East and 
Navigator 6 prospects in the Tennant Creek mineral field 
yielded ca 1659 Ma ages, which are interpreted to record the 
timing of hydrothermal activity in this area (Skirrow et al 
2019). This age, coupled with a whole rock Re–Os isochron 
age of ca 1665 Ma (McInnes et al 2008) and the new data 
from the Hit or Miss deposit, suggests that, at the very 
least, multiple episodes of hydrothermal fluid flow occurred 
until ca 1677 Ma. The geologic significance of the younger 
ca 1602 Ma age is difficult to interpret. McGloin et al (2019) 
cite three possible scenarios: (1) the potential decoupling of 
the Re–Os system in coarse-grained molybdenite resulting 
in an erroneous age calculation (eg Selby and Creaser 

2004), (2) isotopic disturbance, and (3) a younger tungsten 
mineralising event at ca 1600 Ma.

Mosquito Creek tungsten field
Molybdenite from molybdenite–scheelite–wolframite-
bearing quartz collected at the North Curtis tungsten 
prospect returned a ca 1777 Ma age; this is tentatively 
interpreted to record the timing of tungsten mineralisation 
(McGloin and Creaser 2019). Similar to the samples from 
the Tennant Creek mineral field and Hatches Creek tungsten 
field, molybdenite from this sample is characterised by 
low Re concentrations and is consistent with precipitation 
from an evolved source. However, the Hill of Leaders 
Granite that hosts tungsten mineralisation in the Mosquito 
Creek tungsten field has a SHRIMP U–Pb 207Pb/206Pb 
crystallisation age of 1846 ± 3 Ma (Maidment et al 2006). 

The ca 1777 Ma age allows for three interpretations: (1) the 
age records the timing of tungsten mineralisation associated 
with a period of felsic magmatism not currently recognised 
in the Mosquito Creek tungsten field or the Warramunga 
Province; (2) the bulk analysis method used for molybdenite has 
analysed a mixed population of both new molybdenite grown 
in a younger episode and older primary molybdenite grown 
earlier (eg Aleinikoff et al 2012); and (3) the age may reflect 
remobilisation if molybdenite was dissolved and reprecipitated 
by hydrothermal fluids during metamorphism and/or fluid 
flow, a process that could reset or decouple the Re– Os ratios in 
the molybdenite. This third option is considered unlikely as the 
Re–Os molybdenite system commonly withstands granulite 
conditions (eg Selby et al 2004). 

Implications of new Re–Os model age data
The new ca 1719–1711 Ma Re–Os model ages for tungsten 
and copper mineralisation in the Tennant Creek mineral field 
provide evidence of a copper-molybdenum mineralising 
event that is younger than the ironstone-hosted Au-Cu-Bi 
(cf Black 1977, Compston and McDougall 1994, Warren 
et al 1995, Fraser et al 2008). This tungsten and copper 
mineralisation is interpreted to be genetically associated 
with the emplacement of evolved felsic magmatic rocks of 
the ca 1720–1710 Ma Devils Suite (see also Fraser et al 2008, 
Donnellan 2013a). Similar age constraints on the timing of 
intrusion-related tungsten and copper mineralisation are 
reported elsewhere in central Australia. In the Davenport 
Province, tungsten mineralisation at the Juggler prospect 
is hosted in the Elkedra Granite. Page (1996) reports 
a SHRIMP U–Pb zircon crystallisation age for the 
Elkedra Granite of 1720 ± 6 Ma. Epigenetic Cu±W±Mo 
mineralisation in the northeastern Aileron Province is 
interpreted to be associated with a period of intraplate felsic 
magmatism (eg Weisheit et al 2019, McGloin and Weisheit 
in review). Re–Os molybdenite dating of the Bonya copper 
deposit and Molyhil W–Mo deposit in the northeastern 
Aileron Province yielded model ages of 1726 ± 8 Ma (2σ; 
McGloin and Weisheit in review) and 1721 ± 8 Ma (Cross 
2007) respectively. Re–Os dating of molybdenite associated 
with quartz veining at the Rockface deposit in the Jervois 
mineral field constrains a maximum timing for epigenetic 
copper mineralisation of 1742 ± 8 Ma (McGloin et al in 
prep). Collectively, the similarity in style of mineralisation, 
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associated felsic magmatism and chronologic data, provide 
evidence for a widespread Cu±W-Mo mineralising event 
across central Australia between ca 1742 Ma and 1711 Ma 
(McGloin and Creaser 2019, McGloin et al 2019). 

The ca 1677 Ma and 1602 Ma molybdenite ages, coupled 
with the data of McInnes (2008) and Skirrow et al (2019), 
provide some evidence for episodic hydrothermal activity 
associated with new monazite growth, and new mineralisation 
or remobilisation, throughout the Warramunga Province until at 
least ca 1650 Ma and potentially until ca 1602 Ma. Similar ages 
for mineralisation have been reported elsewhere in the southern 
North Australian Craton. In the central Aileron Province at 
the Oonagalabi Cu-Zn-(Ag-Pb) deposit (Strangways Range) in 
situ LA–ICP–MS monazite dating records an episode of fluid 
infiltration to 1669 ± 15 Ma (Reno et al 2018). Similarly, in situ 
LA–ICP–MS dating of monazite from the Johnnies Reward 
prospect records evidence for a thermal event at 1670 ± 10 Ma 
(Reno et al 2018). Proximal to the southern margin of the Aileron 
Province, the Grapple base and precious metal deposit is hosted 
in sulfide breccia that cross cuts a mylonite foliation in the 
Lander Rock Formation (Reno et al 2018). In situ LA– ICP– MS 
age for monazite overprinting the mylonite foliation there 
yielded a 207Pb/206Pb age of 1668 ± 7 Ma, interpreted to record 
hydrothermal fluid flow and a possible mineralisation age for 
Grapple (Reno et al 2018, McGloin et al 2019b).

The significance of the ca 1777 Ma model ages for 
mineralisation in the Mosquito Creek tungsten field 
remains to be tested. However, molybdenite Re–Os dating 
of tungsten mineralisation in the Barrow Creek pegmatite 
field in the northern Aileron Province yielded a model age 
of 1794 ± 8 Ma (McGloin and Creaser 2016). Mineralisation 
in this area has similarities to the Mosquito Creek tungsten 
field in host stratigraphy, relationship to evolved felsic 
magmatism, and age. Mineralisation in the Barrow Creek 
area is associated with pegmatite intrusions in the Bullion 
Schist, a correlative of the Ooradidgee Group (Donnellan 
2013c, McGloin and Creaser 2016). In situ LA–ICP–MS 
dating of monazite included in chalcopyrite–sphalerite from 
the Home of Bullion Cu-Pb-Zn deposit yield a 207Pb/206Pb age 
of 1778 ± 10 Ma, interpreted to record hydrothermal fluid 
flow, sulfide growth or deformation (Reno et al 2018).

Altogether our new Re–Os ages, coupled with recent 
in situ monazite studies, provide evidence for multiple, 
widespread fluid flow events associated with mineralisation 
and/remobilisation across the southern and central North 
Australian Craton between ca 1777 Ma and ca 1600 Ma.
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Geophysical exploration techniques used in the Tennant Creek mineral field and Rover field
Angus McCoy 1

Shortly after the initial Tennant Creek gold rush 
began, investigations by the Australian Geological and 
Geophysical Survey of Northern Australia (AGGSNA) led 
to the realisation that geophysical techniques could play an 
important role in exploration of the region for economic 
mineralisation. This paper briefly describes and provides 
examples of how various geophysical techniques have been 
applied to exploration of the Tennant Creek mineral field 
and Rover field.

Magnetic method

The first recorded use of geophysics for exploration in 
the area was in 1935 when AGGSNA conducted ground 
magnetic surveys over known gold and gold-copper bearing 
quartz-hematite ironstone ‘lines of lode’ to determine if 
the technique could be used to locate additional concealed 
ironstones. The magnetic prospecting method had been 
considered as a possible approach following the realisation 
that erroneous compass readings around some ironstones 
was likely caused by the presence of magnetite. The surveys 
proved very successful with several intensely anomalous 
magnetic responses, interpreted as being due to deep-
seated sources, leading to new discoveries adjacent to the 
Peko and Eldorado orebodies (Daly 1957). Evidence from 
later mining operations and deep drilling showed that the 
steeply plunging, lenticular to pipe-shaped ironstones are 
predominantly hematite in the oxidized zone to ~100 m 
depth but become magnetite-dominant below this zone  
(Donnellan 2011). The characteristic magnetic anomalies 
caused by the magnetite-rich portion of the ironstones can 
be directly targeted using magnetic prospecting; this method 
has become a fundamental exploration tool in the area.  

Ivanac (1954) reported that by 1950 all ironstone 
outcrops had been effectively tested for near-surface 
mineralisation by pits, costeans or shafts and that further 
development of the Tennant Creek mineral field would 
depend on the discovery of concealed deposits. Between 
1956 and 1967, the Bureau of Mineral Resources (BMR) 
flew detailed airborne magnetic surveys over the entire 
Tennant Region, including very detailed coverage over the 
highly prospective areas of the Tennant Creek mineral field. 
The surveys allowed existing ground magnetic anomalies 
to be interpreted in their regional context; a large number 
of new ironstone-style magnetic anomalies were detected 
prompting a resurgence in exploration activity. Over the 
next 50 years, numerous higher sensitivity and higher 
resolution airborne magnetic and radiometric surveys were 
conducted over the area. The Tennant Region has complete 
magnetic and radiometric data coverage from government-
funded 200 m and 400 m line-spaced regional airborne 
surveys flown in 1998. Industry have acquired more than 
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200,000 line-km of additional high-resolution airborne data 
over the Tennant Creek mineral field and Rover field at a 
line-spacing of between 50 m and 100 m.

The magnetic method, coupled with increasingly 
sophisticated analysis and interpretation tools, has 
underpinned many exploration programs and resulted 
in numerous significant discoveries, including Orlando, 
Ivanhoe, Juno, Warrego, Golden Forty, K44-Gecko, Argo, 
and TC8. At the turn of the century, over 700 ironstone 
bodies had been found, of which 130 were mineralised, with 
10 ultimately being mined.

Despite the apparent success, effective drill testing of 
magnetic targets was often hindered by poor modelling of 
source geometry due to the effects of self-demagnetisation 
and remanence (Farrar 1979). To overcome the inherent 
limitations of traditional magnetic-survey data, Geopeko 
developed a downhole tri-axial magnetometer technique 
with which they were able to identify and subsequently 
target off-hole zones of magnetite enrichment (Smith 1995). 
The technique was used extensively for both exploration 
and ore-body modelling; it was particularly helpful at the 
White Devil mine where it was used to delineate high 
grade mineralisation in the Deeps Zone. Discovery of the 
West Peko ironstones at depth demonstrated the value of 
the technique, and it soon found routine use in exploration 
drilling campaigns and in mines throughout the Tennant 
Creek mineral field (Edwards 1990, Hoschke 1991).

Structural geological interpretations based on potential 
field geophysical data, along with anomaly identification 
and ranking techniques, have been aided by the development 
of innovative data processing algorithms, including the 
analytic signal (Roest 1992), tilt derivatives (Miller 1994) 
and more recently, vector of residual magnetic intensity 
(Dransfield 2003). Improvements in modelling programs 
have included the ability to run forward or inverse processes 
using geologically and parametrically constrained models, 
while honouring multiple input data types, to generate either 
voxel-style or discrete body type representations. This can 
provide for a much greater confidence in the accuracy of the 
modelling outputs and subsequent drill targeting. Various 
workers have applied these techniques to develop 3D solid 
geology interpretations at the regional scale (Johnstone 
2002, Roach 2006), camp scale (Hill 2012) and prospect 
scale (Osborne 2010).

Gravity method

Early magnetic surveys of the Nobles Nob area recorded 
only low-order anomalies over the known main lodes 
and failed to detect extensions at depth (Ivanac 1954). 
Stackler (1965) undertook a rock-density and theoretical 
gravity response analysis and proposed that the contrast 
between the high-density ironstones and the less-dense 
enclosing slates should produce a strong gravity anomaly 
over shallow-covered ironstones. Stackler suggested the 
relative displacement between a gravity anomaly and a 
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corresponding magnetic anomaly could yield information 
on the plunge and extent of the ironstone as well as 
geological conditions within and below the oxidised zone. 
Stackler subsequently conducted the first detailed micro-
gravity survey in the Tennant Creek mineral field in a 
program designed to search the mineralised corridor near 
Nobles Nob for covered repetitions of the haematite-
dominant gold-copper ironstones. Drilling of several styles 
of gravity anomaly recorded by the survey confirmed that 
the technique could detect shallow-covered ironstone lodes 
and could potentially distinguish an underlying mudstone 
lithology from a porphyry intrusion (Stackler 1965).

The time and cost required to conduct high-resolution, 
high-precision gravity surveys limited its uptake by 
industry until the advent of suitable GPS technology and 
semi-automated gravimeters in the 1990s. Thereafter the 
technique found regular application in exploration programs 
as an aid to prioritising magnetic anomaly drill targets and 
in the search for shallow non-magnetic ironstones.

Walters (2009) noted that the discovery of the Chariot 
deposit in 1998, followed by similar discoveries at Malbec 
West, Marathon and Billy Boy, had shown that low-order 
magnetic anomalies, when coupled with gravity anomalism, 
could define a new type of haematite-magnetite ironstone 
target. Osborne (2010) added that analysis of gravity data 
is helping to develop new geological models for iron-oxide 
copper-gold (IOCG) style mineralisation in the Tennant 
Region.

To date, over 130 000 gravity stations have been 
acquired by industry across the Tennant Creek mineral 
field and Rover field in numerous detailed surveys that 
have typically been target-focused along the mineralised 
corridors. Government-funded regional and semi-regional 
gravity surveys have contributed approximately 1300 
stations at 2 km- or 4 km-spacing across the Tennant 
Creek mineral field and Rover field; the data generated has 
provided valuable insights into deep-basement and crustal 
structures that underpin regional mineral systems.

Electrical methods

Various electrical geophysical techniques including induced 
polarisation (IP), electromagnetics (EM), sub-audio 
magnetics (SAM), and magneto-tellurics (MT), have been 
trialled at numerous prospects with the aim of detecting 
metallic sulfide accumulations and/or shear-zone alteration-
related conductivity contrasts for use as vectors toward 
mineralisation.

The first IP survey in the Tennant Creek mineral field 
was over the Nobles Nob area in 1961 where Halloff  and Bell 
(1962) concluded that the technique successfully detected 
the disseminated pyrite and chalcopyrite mineralisation 
(known from prior drilling) at depths between 70 m and 
100 m. Halloff and Bell (1962) reported that some IP 
anomalies coincided with magnetic anomalies while others 
did not, suggesting that the variation was in part due to the 
presence of different metallic minerals.

Normandy Poseidon were largely responsible for 
introducing the EM technique to the area. From 1997, they 
used their proprietary ground-EM system to map deep, 

conductive responses that the IP technique was unable to 
resolve due to its limited depth penetration (West 1997). 
The ground-EM technique was used extensively to map 
conductive zones as a potential indicator of important 
structural features within a prospect (Morris 1997). Use 
of their proprietary heliborne-EM system commenced in 
1999 and facilitated faster and more cost-effective deep 
conductivity mapping (Boyd 2001). Detailed airborne 
EM surveys now cover many of the significant deposits, 
including White Devil, Chariot, TC8, Peko, Nobles Nob, 
Golden Forty, Gecko, Edna Beryl, Rover 1 and Explorer 
108.

The discovery of the Goanna and Monitor deposits 
within the Gecko corridor was the result of a successful 
application of modern electrical geophysical techniques, 
in this case, HeliTEM and IP, which helped guide drilling 
success away from the conventional magnetic and/or gravity 
anomaly style of target (Osborne 2012). Cuison (2013) noted 
that the conductive features revealed by the surveys assisted 
with defining both significant and minor structures that 
have undergone intense alteration, indicative of shear zones. 
Combining the various electrical geophysics survey results 
in an integrated 3D geological model ultimately led to these 
discoveries.

Cattach (2005) compared results of a SAM survey 
and a gradient-array IP survey over the Orlando deposit 
and concluded that the conductivity information provided 
by both techniques was generally similar, but the SAM 
technique offered faster rates of coverage and a greater 
spatial resolution that enabled very subtle features related to 
both structure and lithology to be revealed. These features 
are mainly mineralised shear zones and layers in the 
sedimentary host rocks (Cattach 2005).

At the Rover 4 and Rover 11 deposits in the Rover 
field, where the cover sequence is over 100 m thick, 3D IP 
surveys, co-funded by the Northern Territory Government 
under the Northen Territory Geological Survey (NTGS) 
Geophysics and Drilling Collaborations (GDC) program, 
were unsuccessful in detecting the known copper-sulfide 
mineralisation or in imaging structures from resistivity 
contrasts. However, they were able to resolve the depth to 
the resistive basement, as were audio MT surveys conducted 
as part of the same program (Walters 2017).

Seismic method

Seismic exploration techniques, a traditional tool of the 
petroleum industry, are now being commonly applied to 
hard rock environments as the search for economically 
viable deposits is pushed to greater depths (Eaton 2003). 
The BMR conducted the first seismic refraction survey in 
the area in 1979 to determine the vertical thickness of the 
Warramunga Formation (formerly Warramunga Group). 
Finlayson (1981) concluded that the package thinned from 
2.6 km near Nobles Nob to about 1.2 km near Warrego but 
noted that these are minimum thickness estimates based on 
a simplistic interpretation model. Osborne (2016) reported 
that short seismic reflection surveys had historically been 
trialled near Orlando and Gecko, but interpretation of the 
data had proved very challenging in the structurally complex 
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terranes. The most recent seismic reflection surveys were 
conducted across the Chariot and Gecko corridors and 
successfully imaged features at 1 km depth. Deep drilling, 
co-funded by NTGS under the GDC program, intersected 
an ironstone below a zone of pervasive quartz alteration in 
the footwall of a major fault at the position of the reflector. 
This discovery represented the deepest ironstone ever 
recorded in the region and provided additional evidence 
to incorporate into evolving ore genesis models (Osborne 
2016). Borehole measurements confirmed that the zone of 
ironstone and alteration provide an acoustic impedance 
boundary with a contrast and thickness sufficient to 
produce a strongly anomalous reflectivity response when 
measured from the surface (Turner 2016). A 60 km 
seismic reflection line, co-funded by NTGS under the 
GDC program, was acquired centred about Tennant Creek 
to improve the understanding of the mineralising systems 
and underlying structural architecture (Turner 2016). 
Interpretation of the results revealed deep and shallow 
northward-verging thrust faults, a known major shear 
zone, and a possible deep felsic intrusive rock sub-domain. 
Osborne (2016) reported that the technique has provided 
a wealth of information and provided new vectors in the 
search for future orebodies.

NTGS digital information package – Tennant Creek 
mineral field geophysical data

In covered terranes where orebodies may be found at 
considerable depth, geophysical datasets are an invaluable 
aid to explorers. Open-file industry-acquired geophysical 
data relating to the Tennant Creek mineral field and Rover 
field, supplied under the statutory reporting process, have 
been spatially located (Figure 1) and compiled into a digital 
information package (DIP). The DIP contains an attributed 
GIS of the geophysical surveys with links to the appropriate 
company report and GEMIS data download page. Company 
reports that contain related geophysical information, 
such as interpretations or modelling results, but have no 
corresponding digital data, are listed and briefly described 
in a separate non-GIS table. A range of value-added 
products are provided in the DIP including: seamless-merge 
high-resolution grids of available magnetic and gravity data 
of suitable quality, a range of filter-enhanced versions of the 
grids, and a gravity database of government-acquired and 
industry-reported gravity stations.

The DIP will be available as DIP021 via the NTGS 
geoscience exploration and mining information system 
(GEMIS) https://geoscience.nt.gov.au/gemis

Figure 1. Tennant Creek and Rover fields, open-file industry geophysical survey data coverage. Base is 1:2.5M scale regional geological 
map. Deposits referenced in text are shown.
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The Rover Mineral Field Deposit Atlas
Rick Valenta 1,2 , Jennifer Gunter 1, Karen Connors 1 and Paul Gow 1

The Rover field, situated to the south and west of Tennant 
Creek, has long been recognised as showing potential for 
base metal and precious metals mineralisation. Exploration 
going as far back as the 1960s has identified mineralisation 
of the Tennant Creek Cu-Au-Bi style, and more recently, 
a sediment-hosted Pb-Zn-Ag system at the western end 
of the area. Exploration in the area has been hampered by 
pervasive cover of up to 100 m or more, and by the need 
to base geological understanding of the region on the 
interpretation of geophysical data and isolated drillholes.

Several prospects have been identified and subjected 
to more intense drilling in the area, including Rover 1, 
Explorer 142, and Explorer 108/Curiosity. The Rover area 
also lies on the margin of the Tennant Creek–Mount Isa 
focus area of the Australian Government’s Exploring for the 
Future Program, and has benefited from insights from some 
of the regional analyses already carried out as part of that 
program, including the coverage of the AusAEM airborne 
electromagnetic survey. 

It is well recognised that exploration under thick cover 
carries significantly more risk than exploration in well-
exposed areas. As such, successful exploration requires a 
combination of conceptual target identification based on 
rigorous mineral process models, and direct target detection 
based on the best possible understanding of known and 
likely deposits, including recognition of halo signatures in 
common geoscientific datasets.

The aim of this study is to draw together new and 
existing regional datasets, including geophysics and 
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exploration drilling and other detailed data associated 
with known mineral occurrences, into a geoscience 
compilation. The aim of this compilation is to assist future 
exploration in the region by providing explorers rigorous 
and comprehensive data, as well as insights into the key 
geological characteristics related to mineralisation.

The main objectives of the project are:
1. to produce an updated solid geology basement

interpretation based on government and open
file geophysical data, plus newly compiled open
file drilling data, in order to guide further target
identification and exploration in the region

2. to produce 3D compilations of the main prospects
in the area by pulling together drilling, geophysics,
and any other relevant data, to afford explorers the
best possible understanding of the characteristics of
known mineralisation in the region

3. to produce a regional 3D compilation of geoscientific
datasets relevant to exploration over the entire area
in order to guide further target identification and
exploration in the region.

Collectively, these products will form a basis for future 
exploration and targeting in the region, highlight areas of 
prospectivity, and cut short the process of basic compilation 
and analysis that often forms a barrier to initiation of 
greenfields exploration programs.

Work commenced in late December on the Rover 
Mineral Field Deposit Atlas. An initial compilation of 
drill collars has now been extended to a full drillhole 
dataset. Work is also progressing on solid geology 
interpretations, prospect 3D compilations, interpretation 
and inversion of geophysical data, and incorporation 
of all other regional precompetitive and exploration 
datasets.
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The Tennant Creek mineral field and Rover fields: Many similarities but some important differences
David Huston 1,2, Andrew Cross 1, Roger Skirrow 1, David Champion 1 and Jo Whelan 3

Geoscience Australia (GA) in collaboration with the 
Northern Territory Geological Survey (NTGS) are 
undertaking a mineral systems study of the Rover field, an 
area of prospective Palaeoproterozoic geology southwest 
of the Tennant Creek mineral field that is entirely under 
cover of younger sedimentary rocks and recent sediments 
(Figure 1). The geological evolution of this area is poorly 
understood by comparison with the Tennant Creek mineral 
field. This project aims to characterise the nature and timing 
of the range of mineral systems within the Rover field, their 
host stratigraphy, associated alteration, structural controls, 
and overprinting geological processes (eg magmatism, 
tectonism). This is being undertaken as part of both the 
Northern Territory Governments’ Resourcing the Territory 
(RTT) initiative and GA’s complementary research programs 
east of Tennant Creek, a joint GA–NTGS project under the 
Commonwealth government’s Exploring for the Future 
program (EFTF; eg Hackney et al 2020).

Herein we provide an overview of the geology of 
the Rover field and discuss our initial observations and 
results in the context of the similarities and differences 
with the Tennant Creek mineral field. To date work has 
focused on value adding to drill core acquired under the 
Northern Territory Government's Drilling and Geophysics 
Collaborations (DGC) program, including core from 
MXCURD001 and MXCURD002 from the Curiosity 
prospect (Castile Resources Ltd; Burke 2015) in the western 
part of the Rover field, and from RVDD0002 in the eastern 
part of the Rover field (Todd River Resources; Wetherley 
and Elliston 2019; Figure 1).

Introduction

The Tennant Creek mineral field (Figure 1, 2) has been one 
of the largest producers of gold and copper in the Northern 
Territory. The Rover field, located ~80 km to the southwest 
of Tennant Creek mineral field and covered by up to several 
hundred metres of Cambrian to Devonian sedimentary rocks 
of the Wiso Basin, is generally interpreted as an analogue 
of the Tennant Creek mineral field (Figure 1). Initial 
exploration in the Rover field occurred in the 1970s and early 
1980s, but granting of native title over the region in 1992 
prevented exploration until agreement was reached with the 
traditional owners in 2007; a second phase of exploration 
commenced soon thereafter (Leggo et al 2019). The Rover 
field has been the subject of significant exploration over 
the last decade. This exploration has established mineral 
resources (all mineral resources from Leggo et al 2019) at 
Rover 1 (6.90 Mt grading 1.74 g/t Au, 1.20% Cu, 0.14% Bi, 
0.06% Co and 2.13 g/t Ag), Explorer 142 (0.176 Mt grading 
0.21 g/t Au and 5.21% Cu), and Explorer 108 (11.868 Mt 
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grading 3.24% Zn, 2.00% Pb and 3.32 g/t Ag; and 5.689 Mt 
grading 0.36% Cu), in addition to identification of a number 
of other prospects. 

Understanding of the geology of the Rover field is 
largely based on interpretation of geophysical datasets (eg 
Valenta et al 2020), complimented with limited drilling, 
mostly around known deposits and prospects. Historically, 
the Rover field has been assumed to be analogous to the 
better exposed and understood Tennant Creek mineral field, 
and much of the available data confirms this; however, some 
features of the Rover field differ from those of the Tennant 
Creek mineral field. For example, all Tennant Creek 
deposits are interpreted to be hosted by the ca 1860 Ma 
Warramunga Formation, which is dominated by turbiditic 
sandstone and siltstone with relatively minor felsic tuff and 
‘hematitic shale’ (Donnellan 2013). This contrasts with the 
Rover field, which contains significant volcanic rocks in 
addition to turbiditic sedimentary rocks more typical of the 
Tennant Creek mineral field (eg Donnellan 2013). Moreover, 
Maidment et al (2013) reported an age of 1842.3 ± 4.5 Ma 
from a felsic volcaniclastic rock interbedded with turbidites 
in the Rover field, ~20 My younger than the maximum 
depositional ages reported for the Warramunga Formation 
(cf Donnellan 2013 and references therein). Although some 
of the deposits in the Rover field (eg Rover 1; Leggo et al 
2019) appear to be similar to those of the Tennant Creek 
mineral field, other deposits, such as Explorer 108 and 
Curiosity, differ both in style and metal assemblage. These 
latter two deposits contain significant zinc and lead and are 
associated with extensive carbonate-rich alteration zones 
(Leggo et al 2019), features rarely described in the Tennant 
Creek mineral field.

The Tennant Creek mineral field

The Tennant Creek mineral field, discovered in the early 
1930s, was the last of the major Australian mineral fields 
found by prospectors. This in part was due to the gold 
being hosted by ironstones and not quartz veins that 
typically host gold in many other major Australian gold 
provinces, such as the Victorian goldfields (Phillips et al 
2003), Eastern Goldfields (Robert et al 2005) and Tanami 
goldfields (Wygralak et al 2017). According to Donnellan 
(2013), production before 2010 from the Tennant Creek 
mineral field was 156 t of gold, 348 000 t of copper, 59.2 t 
of silver, and 21 600 t of bismuth. In addition, selenium was 
recovered from some ores. Production largely ceased in the 
late-1990s, with small scale production in the mid-2000s 
and in 2018–2019.

Geology

Donnellan (2013 and references therein) have 
comprehensively described the geology and mineral deposits 
of the Tennant Creek mineral field (Figure 2); this section 
mostly summarises these previous studies but also presents 
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some new data acquired during this project. In the Tennant 
Creek mineral field, all deposits are thought to be hosted by 
the Warramunga Formation, which consists of greywacke 
that is locally tuffaceous, with lesser siltstone, shale, and 

argillaceous ironstone (‘hematitic shale’). Tuffaceous 
units within the Warramunga Formation have been dated 
several times, yielding maximum depositional ages of 
ca 1862–1859 Ma (Compston 1994, 1995, Donnellan 2013, 
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Maidment et al 2013). South of the Tennant Creek mineral 
field, the Warramunga Formation may be stratigraphically 
equivalent to the Junalki Formation and the Woodenjerrie 
beds, which also are dominated by turbiditic sandstones, 
but contain a significant component of felsic volcanic 
rocks. These volcanic rocks have igneous emplacement 
ages of ca 1864–1854 Ma (Smith 1999, 2000, Donnellan 
2013; and references therein). Felsic volcanic rocks in the 
Yungkulungu Formation (and equivalent Warrego Volcanics 
and Monument Formation), in the southern and eastern part 
of the Tennant Creek mineral field (Figures 1, 2), have an 
age of 1849 ± 5 (Smith 1999; Donnellan 2013). These rocks 
unconformably overlie the Warramunga Formation and 
are interpreted as the basal unit of the Ooradidgee Group 
(Donnellan 2013).

Although there is no consensus on the details of the 
deformation history of the Tennant Creek mineral field, 
most authors recognise multiple deformation events, with 
one early event that produced east–west-trending, upright 
folds and associated thrust faulting, with two or three 

subsequent events (Rattenbury 1992, Donnellan et al 2001, 
Donnellan 2013). Donnellan (2013) interpreted that the early 
deformation event (the Tennant Event or D1) progressed into 
a second phase (D1a) that involved east-northeast-striking 
shears, which was followed by northwest- and northeast-
striking strike-slip faults associated with the Davenport 
Event. Because structural elements associated with D1 are 
cut by ca 1850–1845 Ma felsic magmatic rocks (see below), 
Donnellan (2013) interpreted the age of the Tennant Event 
to be between ca 1860 Ma and ca 1850 Ma. Donnellan 
(2013) also indicated that the Davenport Event had an age 
<ca 1790 Ma and most likely ca 1710 Ma. He also interpreted 
an extensional event, the Murchison Event, between these 
two contractional events at ca 1815–1805 Ma.

In addition to the ca 1860 Ma felsic volcanism described 
above, the Warramunga Formation has been intruded by 
two major, dominantly felsic, magmatic suites: the Tennant 
Creek Supersuite and the Devils Suite (Donnellan 2013). A 
third intrusive suite, the ca 1820–1810 Ma Treasure Suite, 
intrudes rocks of the Warramunga Province farther to the 
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south (Figure 1). The Tennant Creek Supersuite consists 
mostly of large granitic bodies (Figure 2) but also a number 
of smaller sills and dykes. Recent high-precision SHRIMP 
U–Pb zircon ages of Tennant Creek Supersuite granites 
and associated porphyries indicate that they are coeval, 
emplaced in a restricted period between ca 1850 Ma and 
ca 1845 Ma (Maidment et al 2013). Although controversial 
(eg Donnellan 2013), McPhee (1993) suggested that one of 
these sills (the ‘Smelter porphyry’) had peperitic contacts 
with the host Warramunga Formation. Maidment et al (2013) 
showed that this particular porphyry has an emplacement 
age of 1847.5 ± 2.4 Ma. If these relationships are correct, 
either Warramunga Formation deposition lasted for ~15 My, 
or it consists of two discrete units. 

In terms of volume, one of the largest granites in the 
Tennant Creek mineral field is the Warrego Granite, 
which is exposed to the west of the Warrego deposit and 
interpreted under cover through much of the northwestern 
part of the mineral field (Figure 2). Geochemically, this 
two-mica, corundum-bearing granite (Donnellan 2013) has 
been included in the ca 1710 Ma Devils Suite of Wyborn 
et al (1997). The age of this intrusion, however, has been 
difficult to determine, with previous ages of 1703 ± 100 Ma 
(Black 1977; Rb–Sr isochron) and ca 1645 Ma (Compston 
1995; SHRIMP U–Pb). As part of a related study, we 
collected a sample (2019849906) of this unit from drillhole 
TCPD13 (Figure 2) and analysed zircons from it using 
the Geoscience Australia SHRIMP IIE. Although many 
of the zircons have clearly been isotopically disturbed, a 
concordant cluster of igneous grains yielded a weighted 
mean age of 1711 ± 10 Ma (Figure 3), which we interpret 
as the best estimate of the crystallisation age of this granite, 
confirming that the Warrego Granite is part of the Devils 
Suite.

Mineralisation

The Tennant Creek mineral field is one of the more enigmatic 
districts in Australia. Although most deposits have a close 
association with ironstones (Large 1977, Nguyen et al 1989, 
Wedekind et al 1989, Huston et al 1993, Skirrow and Walshe 

2002, Cuison et al 2017), in detail there are some important 
differences in mineralogy and metal content between the 
deposits. In a broad sense, four different deposit types are 
present (Huston et al 1993; Skirrow and Walshe 2002): 
(1) pyritic, mineralogically and chemically well-zoned, 
gold-rich deposits with minor copper and lead but locally 
high bismuth and selenium (Juno-type); (2) pyrrhotite-
rich, poorly-zoned or unzoned, copper-rich deposits with 
moderate gold and minor bismuth (Peko-type); (3) pyrite-
hematite-rich, copper-rich deposits with low gold (Gecko-
type); and (4) pyrite- and hematite-rich, copper deposits 
with variable gold in shear zones that are not associated 
with massive ironstones (Eldorado-type). In most cases, 
the ore and sulfide assemblages overprint pre-existing, 
epigenetic magnetite±hematite-rich ironstones; at the 
Warrego deposit, Juno-type mineralisation (the ‘gold pod’) 
overprints Peko-type mineralisation (Wedekind et al 1989). 
In many cases the deposits are associated with pipe-like, 
chlorite-rich alteration zones below (and above) the deposits. 
Carbonate minerals and talc commonly accompany the 
chlorite; muscovite is locally present, and quartz is variable. 
Although zinc has been noted in the Tennant Creek mineral 
field (eg Navigator 7 West), significant zinc-rich prospects 
have yet to be discovered.

One of the more important results of recent research in 
the Tennant Creek mineral field are robust absolute ages of 
mineralisation. Compston and McDougall (1994) presented 
40Ar/39Ar ages of muscovite associated with mineralisation, 
mostly from Peko-type deposits, that indicate a range of 
ca 1830–1825 Ma. Fraser et al (2008) recalibrated these 
ages to infer an age of ca 1850–1845 Ma, coeval with the 
emplacement of the Tennant Creek Supersuite. McInnes 
et al (2008) reported a Re–Os whole rock isochron age of 
1665 ± 65 Ma for the Gecko K-44 deposit (Gecko-type), 
which is similar to the in situ SHRIMP U–Pb–Th monazite 
ages of ca 1659 Ma for the Orlando East and Navigator 6 
prospects determined by Skirrow et al (2019). McGloin 
and Creaser (2019) reported molybdenite Re–Os ages from 
chalcopyrite-molybdenite-quartz veins at the Explorer 27 
prospect of 1711 ± 8 Ma and 1718 ± 8 Ma, which are similar 
to 40Ar–39Ar ages reported for tungsten deposits in the 
Davenport Province to the south by Fraser et al (2008). 
Collectively, these data suggest three mineralising events in 
the Tennant Creek mineral field: 1850–1845 Ma (Peko-type), 
ca 1720–1710 Ma (W-Mo mineralisation) and ca 1660 Ma 
(Gecko- and Eldorado-types).

Additional information about the ages of Tennant Creek 
mineralisation may be garnered from existing lead isotope 
data compiled as part of this study (data sources: Gulson 
et al 1988, Huston et al 2019, J Richardson, unpublished 
data). Figure 4 plots analyses of galena and other Pb-
rich minerals on a 206Pb/204Pb versus 207Pb/204Pb diagram. 
Although there is significant dispersion of the analyses 
toward more radiogenic ratios, two clusters of analyses are 
present at the least-radiogenic end of this trend. The least-
radiogenic of these two clusters consists almost entirely 
of Pb-rich minerals from copper-rich Peko-type deposits, 
whereas the slightly more radiogenic cluster includes 
analyses mainly from gold-rich Juno-type deposits but 
also a few from Peko-type deposits. This is consistent with 

Figure 3. Concordia plot of U–Pb data from zircon grains 
obtained from the Warrego Granite.
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the observation at Warrego that the gold pod overprints 
pyrrhotite-rich copper-gold zones (Wedekind et al 1989).

At the district scale, an important control on lead growth 
is time: decay of uranium progressively produces enrichment 
in radiogenic lead over time in the source rock, which is 
reflected by more radiogenic ratios in mineralisation. 
Figure 4 also shows the Stacey and Kramers (1975) global 
lead evolution curve. Although this is a global curve and 
not calibrated locally, it does suggest that the dispersion in 
lead isotope data in the Tennant Creek mineral field could 
be caused by differing ages of mineralisation. If the cluster 
of copper-rich Peko-type analyses is assumed to have 

an age of ca 1850 Ma, the cluster of gold-rich Juno-type 
analyses would have an age of ca 1835–1830 Ma, and the 
dispersion of analyses to more radiogenic values would 
end at ca 1695 Ma, which approaches the age of Eldorado- 
and, possibly, Gecko-type deposits. Hence, the lead isotope 
data are consistent with an early Peko-type copper-rich 
event, followed by a slightly younger Juno-type gold-rich 
event and a very late copper-rich Eldorado- and/or Gecko-
type event (which may be remobilisation of pre-existing 
mineralisation). Analyses of the zinc-lead-rich Navigator 7 
West prospect yields isotopic ratios similar to Peko-type 
copper-rich deposits, possibly indicating a similar timing.

The Rover field

The geology of the Rover field is poorly constrained by 
comparison to the Tennant Creek mineral field. This is largely 
because the Rover field is covered by the Neoproterozoic(?)–
Palaeozoic Wiso Basin and more recent sediments. Current 
understanding is based on interpretation of geophysical 
datasets and information gleaned from scarce drilling. The 
geology and metallogenesis of the Rover field has been 
described by Donnellan (2013) and in company reports by 
Walters (2017) and Leggo et al (2019); the summary below 
is based on these references in addition to preliminary data 
and observations produced as part of this project.

Geology

The thickness of the Wiso basin increases from ~70 m in the 
east to >200 m in the west of the Rover field (Leggo et al 2019). 
In outcrop, the Wiso Basin consists of Cambrian to Devonian 
siltstone, dolomitic siltstone and dolostone. The geology 
of the underlying basement appears to be more complex 
than the Tennant Creek mineral field. Based on geophysical 
interpretations and drillhole data, Leggo et al (2019) interpret 
extensive subsurface Warramunga Formation below the Wiso 
Basin, suggesting that some of the more important deposits 
(eg Rover 1 and Explorer 142; Figures 1, 5) are hosted by 

Figure 4. 206Pb/204Pb versus 207Pb/204Pb diagram showing the 
compositions of lead-rich minerals (mostly galena) from the 
Tennant Creek mineral field (data from Gulson et al 1988; Huston 
et al 2019; and J Richardson, unpublished data). A growth curve 
calculated from the Stacey and Kramers (1975) global model using 
a μ value of 10.20 is shown for comparison. The ellipses indicate 2σ 
uncertainties of the analyses. Green ellipses indicate analyses from 
Cu-rich Peko-type deposits; yellow ellipses indicate analyses from 
Au-rich Juno-type deposits, and blue ellipses indicate analyses 
from Zn-Pb-rich occurrences (eg Navigator 7 West).

Figure 5. Geological cross section of the 
Rover 1 deposit (modified after Leggo 
et al 2019).
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this unit. However, Explorer 108 (Figure 6) is hosted by 
a succession containing significant felsic volcanic rocks 
(Leggo et al 2019). Burke (2015) also described significant 
intermediate and felsic volcanic rocks. Alternatively, 
according to the ‘Normandy interpretation’ of the Rover 
field, the Warramunga Formation is structurally imbricated 
with younger Ooradidgee Group lithologies in a horst that 
defines the Rover field (Walters 2017).

Curiosity (MXCURD001 and MXCURD002) 
Figure 7 shows a lithological and geochemical log of 
a cored part of drillhole MXCURDD002, one of two 
examined in this study from the Curiosity prospect near the 
western margin of the Rover field (Figure 1). Three broad 
geological units were recognised in this hole. The upper 
unit, from 244.16 m to 354.50 m, consists of very-fine- to 
fine-grained, foliated quartz–sericite±feldspar rock with 
sparse 0.5–2 mm quartz eyes and 3–5%, lenticular, very-

fine grained sericitic clots up to 20 mm long that commonly 
contain quartz eyes (Figure 8a). Locally, this unit contains 
coherent quartz-phyric clasts up to 250 mm in size, as well 
as smaller felsite clasts (Figure 8b). This unit is interpreted 
as a volcaniclastic sandstone.

The middle interval, from 354.50 m to 442.20 m, 
consists of sericitic, medium- to very-coarse-grained 
volcaniclastic rocks with 1–5% 1–3 mm quartz eyes and 
local feldspar phenoclasts (Figure 8c). SHRIMP U–Pb 
analysis of magmatic zircon from a sample collected toward 
the base of this interval yielded a weighted mean age of 
1849.3 ± 4.2 Ma (Figure 9a), which is strictly interpreted 
as a maximum depositional age, but is likely to be similar to 
the emplacement age and age of the host succession.

The lower interval, from 442.20 to 590.00 m (EOH), 
consists of massive to moderately bedded, very fine- to 
medium-grained sandstone (Figure 8d). Of the units in this 
hole, this interval has the greatest lithological similarity 

Figure 6. Geological cross section of 
the Explorer 108 deposit (modified 
after Leggo et al 2019).
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to the Warramunga Formation. It is also mineralised, 
containing the Curiosity occurrence. 

Lithologies present in this hole are broadly similar 
to those present in MXCURD001, which also has three 
long intervals identified: (1) sandstone and conglomeratic 
sandstone from the base of the Wiso Basin (219.04–
225.30 m); (2) chlorite±sericite-altered, felsic volcaniclastic 
rock with 1–5% 0.5–7 mm quartz eyes (232.14–442.43 m); 
and (3) massive to thinly-bedded, fine- to medium-grained 
sandstone with local intervals of felsic volcaniclastic 
sandstone (442.43–627.10 m – EOH).

Figure 7 shows geochemical variations down 
MXCURD0002. As this core has been extensively 
hydrothermally altered (see below), the most reliable 
indicator of original composition is Zr/TiO2 (eg Winchester 
and Floyd 1977). This ratio varies between 0.027 and 
0.114; the volcaniclastic rocks (244.16–442.20 m) are 
characterised by higher ratios (0.089–0.114) than the 
sandstone (442.20–590.00 m: 0.027–0.033; excluding 
one anomalous mineralised sample with a ratio of 0.090 
(see below)). Figure 10a plots the data from the two 
Curiosity drillholes on a Nb/Y versus Zr/TiO2 diagram 
(eg Winchester and Floyd 1977). Although this diagram 
was constructed for coherent volcanic rocks (ie non-
fragmental), it is likely that the compositions of the 
volcaniclastic rocks reflect their volcanic source rocks. 
Hence, it is probable that the volcaniclastic rocks were 

derived from rhyolitic to dacitic protoliths (Figure 10a). 
Most of the sandstone samples from these two holes define 
a tight cluster that overlaps intermediate volcanic rocks 
from RVDD002 (Rover 12 deposit drillhole: see below). 
This may indicate that the sedimentary rocks were derived 
largely from an intermediate volcanic source, and not a 
local felsic volcanic source. The higher Zr/TiO2 ratios from 
some sandstone samples suggest a smaller, but significant, 
felsic source for some of these rocks.

Rover 12 
At the Rover 12 prospect, Maidment et al (2013) describes 
interlayered quartz–feldspar–chlorite rock and quartz–
chlorite schist and chert with locally irregular contacts. 
These rocks are interpreted as volcaniclastic in origin. A 
sample of felsic volcaniclastic rock collected up-hole from 
the Rover 12 ironstone yielded subhedral to euhedral zircon 
crystals with little evidence of sedimentary reworking, 
consistent with derivation from a volcaniclastic rock. 
SHRIMP U–Pb zircon dating of this sample yielded 
a unimodal zircon population with a weighted mean 
age of 1842.3 ± 4.5 Ma, which was interpreted as a 
maximum depositional age (Maidment et al 2013). Given 
the volcaniclastic origin of the sampled rock, the age is 
interpreted to approximate that of the host succession of the 
Rover 12 deposit (unless there is a stratigraphic or structural 
discontinuity between sample and ironstone).

RVDD0002 
Lithological logging of the cored part of drillhole 
RVDD002, from the eastern part of the Rover field 
(Figure 1), identified two broad units: an upper quartz–
feldspar porphyry (101.90–118.20 m), and a heterogeneous 
lower unit consisting mostly of felsic to intermediate 
volcaniclastic and volcanic rocks (118.20–545.60 m – EOH). 
The reddish upper porphyritic unit is weakly hematitic 
and contains 3–5% 2–5 mm rounded quartz eyes, 1–3% 
0.5–2 mm rounded to subhedral feldspar phenocrysts and 
1–2% 0.5–2 mm chloritised biotite phenocrysts in a very 
fine-grained quartzo-feldspathic groundmass (Figure 11a). 
The porphyry is cut by late carbonate veinlets. Texturally 
this unit is very similar to the quartz-feldspar sills and 
dykes in the Tennant Creek mineral field. A sample of this 
unit (BW19DLH0002 from 103.05–103.55 m depth) yielded 
subhedral to euhedral, zoned zircons, which are interpreted 
as igneous zircons. SHRIMP U–Pb zircon analyses of this 
sample yielded a unimodal population with a weighted mean 
age of 1850.3 ± 3.0 Ma (Figure 9b), which is interpreted as 
the emplacement (intrusive) age of the porphyry. This age 
is within error of porphyry sills and dykes in the Tennant 
Creek mineral field (cf Maidment et al 2013).

Most of RVDD0002 consists of felsic to intermediate 
volcaniclastic rocks with some coherent intervals. 
Figures 11c–11d illustrate the clastic lithotype, which 
consists of variably chlorite-, feldspar- and/or hematite-altered 
coarse- to very coarse-grained volcaniclastic sandstone. Local 
coherent intervals within RVDD002 (Figure 11b), which can 
be flow banded, may in fact be large blocks within the clastic 
lithotype. The volcaniclastic sandstone enclosing the clast in 
the left of Figure 11b is altered adjacent to the clast, which may 

Figure 7. Downhole lithological and geochemical variations in 
hole MXCURD002 (a) Zr/TiO2 (b) Zn (c) Cu (d) Au (data from 
this study and Burke 2015).
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suggest emplacement as a hot fragment in the volcaniclastic 
succession. Figure 11e illustrates a complex breccia, with 
blocks of coherent to weakly brecciated, hematitic intermediate 
volcanic rock within a fine- to coarse-grained volcanic-
sandstone matrix. The intermingling of these two rock types 
and the alteration of the sandstone between the coherent blocks 
may suggest a peperitic origin for this breccia.

Zircons extracted from two samples of this felsic 
to intermediate volcanic succession yielded mostly 
subhedral to euhedral, zoned zircons that lack evidence 
of significant sedimentary reworking. SHRIMP U–Pb 
zircon analyses of the first sample (BW19DLH0006 from 
125.85–126.05 m depth), which was taken within 10 m of 
the contact with the quartz–feldspar porphyry, yielded a 
nearly unimodal population with a weighted mean age 
of 1854.0 ± 2.9 Ma (Figure 9c). This age is interpreted 
strictly as a maximum depositional age; however, as 

the age of the porphyry is slightly younger and within 
uncertainty, it is likely close to the depositional age of the 
felsic to intermediate rock unit that dominates this hole. 
The sample also yielded two slightly older (ca 1875 Ma) 
and one much older (ca 2300 Ma) analyses, which are 
interpreted as detrital grains. 

The second sample, a volcaniclastic rock with relatively 
abundant quartz eyes (2–5% 1–3 mm), is interpreted to have 
a rhyolitic or rhyodacitic composition and to be more felsic 
than the dominant lithotype in RVDD0002. This sample 
also yielded a nearly unimodal zircon age population (one 
detrital grain at ca 2537 Ma) with a weighted mean age of 
1851.3 ± 2.5 Ma (Figure 9d). Although this age is strictly a 
maximum depositional age, it is likely to be very similar to 
the age of deposition of this volcaniclastic rock.

Figure 10a plots the RVDD002 samples on the Nb/Y 
versus Zr/TiO2 diagram and indicates that most of the 

Figure 8. Drill core photographs from hole MXCURD002. (a) Very-fine- to fine-grained volcaniclastic sandstone (297.3 m). (b) Coherent 
quartz-feldspar porphyry and felsite clasts in volcaniclastic sandstone (307.1 m). (c) Medium- to very-coarse-grained volcaniclastic 
rocks with 1–3% quartz eyes (438.7 m). (d) Bedded, very-fine- to medium-grained sandstone (470.35 m). (e) 20–50 mm massive, fine- 
to medium-grained pyrite band that wraps a brecciated quartz vein boudin (with sulfide stringers along internal fractures) and folded, 
fine- to medium-grained semi-massive pyrite-sphalerite-galena vein (474.45 m). (f) Folded, fine- to medium-grained, banded and folded 
massive pyrite with 10–20% quartz-chlorite gangue (479.20 m). Scale: width of the core is 63.5 mm. 
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volcanic and volcaniclastic rocks from this drillhole plot 
in the rhyodacite/dacite field near the boundary with the 
andesite field. This supports the interpretation from the 
lithological logging that the hole is made mostly of felsic to 
intermediate rocks. Volcaniclastic and coherent rocks plot 
in a cluster of points that overlaps the composition of most 
of the sandstones samples from the Curiosity prospect. 
The quartz–feldspar porphyry (BW19DLH0002) and two 
samples from the main succession plot in the centre of the 
rhyodacite/dacite field.

Mineralisation

The following descriptions are based on Leggo et al (2019) 
and Burke (2015; for the Curiosity prospect), supplemented 
by new observations and data from this study. As of 

February 2020, there are three deposits in the Rover field 
with mineral resources prepared in accordance with the 
JORC Code: Rover 1, Explorer 142 and Explorer 108. 
The first two are copper-gold deposits that have many 
similarities with deposits in the Tennant Creek mineral 
field, whereas Explorer 108 differs significantly. It is 
dominated by zinc and lead and has associated extensive 
carbonate alteration zones. A fourth deposit, Curiosity, 
located near Explorer 108, is copper-rich but also has 
zinc and lead mineralisation. Each of these deposits is 
described briefly below.

Rover 1
The Rover 1 deposit (Leggo et al 2019) is interpreted to be 
hosted by turbiditic rocks correlated with the Warramunga 
Formation (Figures 1, 5). At Rover 1, the Warramunga 

Figure 9. Concordia plots of U–Pb data from zircon grains obtained from the Rover field. (a) Medium-to very-coarse-grained 
volcaniclastic rock with 1–3 mm quartz eyes (sample GS19DLH0056; MXCURD002 at 437.63–438.18 m). (b) Intrusive quartz-feldspar-
phyric rhyodacite (sample BW19DLH0002; RVDD0002 at 103.05–103.55 m). (c) Coarse- to very-coarse-grained dacitic volcaniclastic 
rock (sample BW19DLH0006; RVDD0002 at 125.85–126.05 m). Green ellipses represent detrital zircon and red ellipses are magmatic 
zircon. (d) Quartz-eye-rich (2–5%), coarse- to very-coarse-grained rhyodacitic volcaniclastic rock (sample BW19DLH0015; RVDD0002 
at 314.30–314.68 m).
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Formation comprises tuffaceous and volcaniclastic layers 
and has been intruded by minor felsic dykes. The deposit 
is associated with massive magnetite-hematite ironstone, 
which has been localised stratigraphically at the position 
of a hematite-rich shale in a sheared anticline (Figure 5). 
The sheared corridor dips steeply to the south, is up to 
100 m wide and contains ironstone and the most intense 
alteration zones. The ironstone bodies are surrounded by 
a chlorite–silica–dolomite–talc alteration halo, extending 
up to 20 m laterally from the ironstones and forming a 
zone along the sheared corridor for over 100 m above and 
below the ironstones. White mica is developed in unsheared 
Warramunga Formation marginal to the sheared corridor 
(Figure 5).

According to Leggo et al (2019), the Rover 1 deposit is 
zoned with the most copper-rich zones typically present in 
the lower parts of the massive ironstone, whereas most of the 
ironstone contains anomalous copper. Gold also occurs with 
copper, although the highest grades (locally over 100 g/t 
over metre-long intervals) are present in magnetite-quartz-
chlorite stringer and stockwork zones below the massive 

ironstone. In addition to magnetite and hematite, the main 
ore minerals are chalcopyrite, bismuthinite and gold, with 
abundant pyrite (Leggo et al 2019). On the basis of this 
description, the Rover 1 deposit has most similarities to the 
Juno-type deposits in the Tennant Creek mineral field.

Explorer 142
Of the major deposits in the Rover field, the Rover 142 
deposit is the least well described. It is associated with an 
east–west-striking, steeply-dipping, 20 m-wide hematitic 
shear zone that is interpreted to have formed on the southern 
limb of an anticline (Leggo et al 2019). The deposit is 
small, with a high copper grade (5.21%) and low gold grade 
(0.21 g/t; Leggo et al 2019). The Cu:Au ratio, combined with 
an association with a hematitic shear zone, suggests that the 
deposit-style is most like the Eldorado-type deposits in the 
main Tennant Creek mineral field.

Explorer 108
Explorer 108 is the most unusual deposit in the Rover 
field. According to Leggo et al (2019), the deposit is zinc-

Figure 10. Geochemical scattergrams of 
data from MXCURD001, MXCURD002 
and RVDD0002 showing variations on: 
(a) the Nb/Y versus Zr/TiO2 igneous 
discrimination diagram of Winchester 
and Floyd (1977), and (b) the Ishikawa 
alteration index versus chlorite-carbonate-
pyrite alteration index (CCPI) alteration 
box plot of Large et al (2001).

a

b
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as part of the Northern Territory's GDC program (Burke 
2015). Descriptions of these holes were made earlier in 
this report; mineralisation and alteration is described 
below and is based on Burke (2015) and data collected 
as part of this study. Figures 7b–d show down-hole 
variations in the concentrations of zinc, copper and gold 
in MXCURD002. The mineralised interval (11.7 m from 
473.5 m grading 4.86% Zn, 3.73% Pb, 0.24% Cu, 33 g/t Ag 
and 1.02 g/t Au; Burke 2015) is hosted by fine- to medium-
grained sandstone about 31 m down hole from the contact 
with the volcaniclastic-dominated succession. Figures 8e 
and 8f show some of the more intensely mineralised parts 
of the intersection, including deformed pyrite-rich and 
sphalerite-rich stringers (Figure 8e) and folded, banded 
massive pyrite (Figure 8f).

Initial thin section observations confirm that pyrite is 
the dominant sulfide mineral, occurring as disseminated 
grains and semi-massive to massive domains. Magnetite is 
also common; chlorite, talc and locally quartz are common 
gangue minerals. Sphalerite and galena are associated with 
paragenetically late carbonate, and chalcopyrite is present.

The alteration assemblage is dominated by chlorite and 
variable magnetite and quartz, with local talc-carbonate-

Figure 11. Drill core photographs from hole RVDD0002. 
(a) Quartz- and feldspar-phyric rhyodacitic intrusive rock 
cut by carbonate veinlets (115.4 m). (b) Coherent, flow banded 
felsic to intermediate fragments in medium- to coarse-grained 
volcaniclastic sandstone (125.35 m). (c) Chloritic, fiamme-
like and felsite clasts in coarse- to very-coarse-grained dacitic 
volcaniclastic rock (138.9 m). (d) Sericite-hematite-altered, 
coarse- to very-coarse-grained dacitic volcaniclastic rock (186.0 
m). (e) Clasts of hematite-feldspar-altered dacitic volcanic rock in 
silicified, medium-grained sandstone (possible peperite: 188.0 m). 
Scale: width of the core is 47.6 mm.

lead-rich and associated with an extensive carbonate-rich 
alteration zone, as well as with felsic volcanic rocks. With the 
exception of a few minor prospects (eg Navigator 7 West), such 
deposits are not known in the Tennant Creek mineral field. 
The mineralisation is mostly hosted by brecciated dolomite in 
a lens between underlying ‘lower felsics’ (felsic volcaniclastic 
rocks) and an overlying succession of sedimentary rocks and 
the ‘upper felsic’ (also felsic volcaniclastic rocks: Figure 6). 
The mineralised zone also extends into the underlying lower 
felsics. The brecciated dolomite zone is located along the 
hinge of a northeast-trending anticline with a subvertical 
eastern limb and a more gently dipping western limb (Leggo 
et al 2019). It consists of dolomite, chlorite, talc, silica, 
magnetite and hematite, with narrow domains of semi-
massive sphalerite and galena. The highest zinc and lead 
grades are localised at the lower contact of the dolomite body. 
Significant zinc and lead also extend into the underlying 
lower felsics as stringers of semi-massive galena-sphalerite 
in foliated chlorite up to 150 mm-wide (Leggo et al 2019).

Curiosity 
Curiosity is associated with a small magnetic anomaly 
south of the Explorer 108 deposit. It was drilled in 2014 
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rich zones. The sample with unusual Zr/TiO2 ratios (0.090 
versus 0.027–0.033) is a talc-chlorite-altered rock cut by 
carbonate-sphalerite-galena veinlets that are rotated into a 
fabric defined by talc and boudinaged. This sample graded 
1.91% Zn, 0.95% Pb and 0.39 g/t Au and is enriched in Mg 
(25.56% MgO) but extremely depleted in Al (1.59% Al2O3), 
suggesting either extensive mobilisation of ‘immobile’ 
elements or replacement of a lithotype other than the host 
sandstone.

Geochemical analyses from both drillholes at Curiosity 
(MXCURD001 and MXCURD002) and RVDD0002 are 
plotted on the alteration box plot of Large et al (2001) in 
Figure 10b. This diagram indicates that, whereas virtually 
all analyses from RVDD0002 plot in or near the least 
altered field, most analyses from Curiosity are strongly 
altered, defining a trend indicative of sericite alteration 
and then chlorite (or talc) alteration. This applies not only 
to the sandstone that hosts the Curiosity mineralised zone, 
but also to the felsic to intermediate volcaniclastic rocks in 
MXCURD001 and the upper part of MXCURD002. This 
suggests that the alteration footprint at Curiosity extends 
well beyond the known mineralisation and may be useful as 
an exploration vector.

There are significant metal enrichments outside the 
main mineralised zone. At a depth of 510.29–510.82 m, one 
sample returned 12.4% Cu, 492 g/t Ag and 0.37 ppm Au 
(Figure 7). Burke (2015) reported that this assay coincided 
with a 20 cm raft of bornite. Our analyses identified a sample 
grading 0.29 g/t Au and 0.015 g/t Pd about ~3.5 m below 
this bornite raft at 513.91–514.19 m. This latter sample was 
taken to determine the background geochemistry of the host 
sandstone and was not visually altered or mineralised. This 
sample contains 0.07% Na2O and plots in the upper right-
hand of the alteration box plot, indicating that it has been 
sericite-chlorite altered. No visible sulfides were present 
and the total sulphur content is <0.01%. Although this is 
the only sample of the sandstone with anomalous metal 
geochemistry, all samples of the sandstone in the interval 
from 442.2 m to 590.0 m have high Ishikawa alteration 
indices of ~90 to 98 and variable chlorite-carbonate-pyrite 
indices of ~63 to 100, indicating that chlorite-sericite 
alteration assemblages extend over 100 m from the observed 
Zn-Pb-mineralised interval.

Comparison of the Rover and Tennant Creek mineral 
fields

Our new study augments previous work and allows for a 
number of observations to be made. The geochemical data 
for the Rover field indicates that volcanic and volcaniclastic 
rocks range from rhyolitic to dacitic in composition, with 
sediments deposited during volcanism having a similar 
range in composition. However, it is important to recognise 
that the data are limited and spatially restricted; more data 
are required for a robust interpretation.

Figure 12 compares the four ages acquired during 
this study (Curiosity and RVDD0002) with the single 
age from Rover 12. The four ages reported herein are 
statistically indistinguishable, including the age of the 
intrusive quartz–feldspar porphyry, with ages of between 

ca 1854 Ma and ca 1850 Ma (MSWD = 1.6, n = 4). The 
age of the felsic volcanciclastic rock from Rover 12 of 
1842.3 ± 4.5 Ma (Maidment et al 2013) is significantly 
younger (Figure 12). These ca 1850 Ma ages are similar 
to those of the Yungkulungu Formation in the Tennant 
Creek mineral field. The age reported from Rover 12 
(1842.3 ± 4.5 Ma) is within uncertainty of the Epenarra 
Volcanics at 1840.2 ± 4.0 Ma (base of Orrididgee Group 
in Davenport Province; Claoué- Long et al 2008), although 
our new ages are outside of error of this age. Whether these 
age differences between our samples and that of Maidment 
et al (2013) is geologically real or is an analytical artefact 
resulting from different SHRIMP analytical sessions, 
remains to be tested. 

The new ages of < ca 1860 Ma from the Rover field 
and that of Maidment et al (2013) are younger than the 
maximum depositional ages reported by Compston (1994) 
and Maidment et al (2013) for the Warramunga Formation 
sensu stricto in the Tennant Creek mineral field. Interpreted 
peperitic margins on quartz–feldspar porphyry dykes 
and sills in the Tennant Creek mineral field (McPhie 
1993, Maidment et al 2013), and observed in this study in 
RVDD0002, indicate a minimum age for sedimentation of 
ca 1850 Ma in the Rover field and ca 1846 Ma for the Tennant 
Creek mineral field. On the basis of field relationships, 
Donnellan (2013) states that the ca 1853–1847 Ma White 
Devil porphyry (Tennant Creek mineral field) must have 
been emplaced after the onset of the Tennant Event, which 
resulted in foliation development in the Warramunga 
Formation.

The simplest interpretation of the new age data is that 
the volcanic and volcaniclastic rocks in the Rover field, 
and of the Yungkulungu Formation in the Tennant Creek 
mineral field, are the (near)surface expression of the Tennant 
Supersuite. Although limited data are available, most of the 
deposits in the Rover field appear to be analogous to deposits 
in the Tennant Creek mineral field, with the exception of 
the Explorer 108 deposit, which contains a significant  

Figure 12. Comparison of the total range of uncertainty (2σ) in 
ages from volcaniclastic and intrusive rocks from the Rover field 
using data from this study and Maidment et al (2013).
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zinc-lead-silver metal assemblage and is associated with a 
carbonate-rich alteration zone.

Further work

Aside from setting a baseline and providing early results, 
the main purpose of our Rover work to date is to define 
problems that need to be addressed. Our initial results 
suggest that at least part of the Rover field is hosted by rocks 
that are younger than those that host most of the Tennant 
Creek mineral field deposits. This result could be tested 
further by the use of higher precision dating techniques. 
These could include U–Pb TIMS geochronology if 
appropriate material is available or by analysing samples in 
the same SHRIMP session in a round-robin sequence. This 
eliminates uncertainties associated with different analytical 
sessions. Our data suggests that at least part of the Rover 
succession is younger than the Warramunga Formation and 
possibly equivalent to the Yungkulungu Formation. Round-
robin analysis of samples of each of these units plus samples 
from the Tennant Supersuite should allow resolution of the 
major magmatic and sedimentation events.

A second aspect that must be addressed is the structural 
history of the Rover field and how this compares to the 
Tennant Creek mineral field and the timing of mineralisation. 
The structural history of the Tennant Creek mineral field is 
relatively well known (although contested), but other than 
descriptions by Leggo et al (2019), the structural history 
and the relative and, particularly, the absolute timing of 
structural elements is not known.

A third aspect that must be constrained is the timing 
of mineralisation, both relative to structural events and 
in absolute terms. In addition, the possibility of multiple 
mineralising events must be tested.

Finally, there is a need to document the characteristics 
of major deposits in the Rover field to allow comparison 
with the Tennant Creek mineral field. This documentation 
is fundamental to understanding how zinc-lead deposits 
in the Rover field fit with the more typical gold-copper-
bismuth deposits. This will allow direct comparison with 
the Tennant Creek mineral field and may yield new insights 
into metallogenic processes, particularly the relationship 
between zinc-lead and copper-gold-bismuth deposits.
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The Rover Project
Mark Savage 1

Introduction

Castile Resources Pty Ltd’s Rover Project, located 
~100 km west-southwest of Tennant Creek, consists of 
a number of granted tenements and applications within 
Aboriginal freehold lands of the Karlantijpa South Land 
Trust and Karlantijpa North Land Trust (Figure 1). The 
project area is considered prospective for both iron-oxide 
copper-gold (IOCG) and sediment-hosted massive sulfide 
(SHMS) mineralisation systems. Tenements ELR29957 and 
ELR29958 contain the high-grade Rover 1 IOCG resource; 
EL27039 hosts the Explorer 108 resource, interpreted as a 
Mount Isa Pb-Zn-Ag (Cu) analogue; and the Explorer 142 
IOCG prospect. 

Location and access

Access to the Rover Project area is via the Stuart Highway 
6 km south of Tennant Creek, then west along the 
Ngapamilarnu Outstation gravel road for ~100 km. Within 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).

the project area, access is via unsealed tracks, which have 
been upgraded from previous exploration tracks.

Exploration is conducted from a base camp at Rover 1 
where the Castile has re-established a water bore, 
plumbing, and tracks. Infrastructure includes temporary 
accommodation and cooking facilities, fuel storage, and 
communications and core processing facilities.

Regional geology

The Rover Project is situated within the Rover field in the 
Warramunga Province of the Tennant Region, Northern 
Territory.  The regional geological setting of the tenements is 
interpreted from rare outcrop, limited drilling, geophysical 
surveys, and extrapolation from the relatively well-exposed 
portions of the Province to the north and east.

The Tennant Region (eg Donnellan 2013) contains 
three geological provinces: the Palaeoproterozoic 
Warramunga Province, the unconformably overlying 
Palaeoproterozoic Davenport Province to the south, and 
Palaeo–Mesoproterozoic Tomkinson Province to the north. 
The Neoproterozoic to Palaeozoic Georgina and Wiso 
basins overlie Proterozoic rocks of the Tennant Region 
to the east and west respectively. The Palaeoproterozoic 

1 Castile Resources Pty Ltd, Level 6, 197 Georges Terrace, 
Perth WA 6000, Australia
Email: mark.savage@castile.com.au

Figure 1. Geology and tenement map showing location of Castile’s Rover Project including advanced prospects.



85

AGES 2020 Proceedings, NT Geological Survey

Aileron Province occurs to the south of the area; the contact 
with Tennant Region is obscured by the Georgina and Wiso 
basins.

Known outcrop of the Warramunga Province is 
approximately centred on the township of Tennant Creek 
and consists mainly of the Warramunga Formation. This 
is a weakly metamorphosed turbiditic succession of partly 
tuffaceous sandstones and siltstones, which includes 
argillaceous banded ironstones locally referred to as 
‘haematite shale’.

Rocks of the Warramunga Formation show open to 
closed folding about approximately east–west-oriented, 
open, upright axes. They exhibit a well-developed axial-
planar slaty cleavage developed during the 1850–1845 Ma 
Tennant Event. Two overprinting cleavages and associated 
kink bands are attributed to the superimposition of the 
ca 1710 Ma Davenport Event. Volcano-sedimentary rocks 
of the Warramunga Province are intruded by granite and 
porphyry of the Tennant Creek Supersuite (ca 1850 Ma).

The Warramunga Formation hosts numerous IOCG 
deposits of Au-Cu-Bi, temporally associated with the 
emplacement of Tennant Creek Supersuite granites. 
Deposits of this type represent the most important mineral 
producers and remain the most important exploration target 
for the region. 

Volcano-sedimentary rocks of the Ooradidgee Group 
(ca 1850–1820 Ma) unconformably overlie the Warramunga 
Formation and its correlates, extending to the south and into 
the adjacent Davenport Province.

Palaeozoic rocks of the Wiso Basin unconformably 
overlie the Proterozoic sequences of the Tennant Region to 
the west. These basin rocks are largely covered by a thin 
veneer of unconsolidated Cenozoic cover.

Local geology

The Rover Project area is entirely covered by recent 
sediments. These blanket extensive flat-lying Cambrian 
siltstones, dolomitic siltstones and dolomites of the Wiso 
Basin, which unconformably overlie the Proterozoic 
basement. Cover to the Proterozoic basement has a westward 
thickening trend from less than 70 m in the east to in 
excess of 200 m in the west. Outcrops of the Woodenjerrie 
Beds, the Junalki Formation (both age correlatives of the 
Warramunga Formation), the Ooradidgee Group, and the 
Hatches Creek Group, with minor granite and porphyry, 
have been mapped about 20 km east of EL25511. 

While Warramunga Formation rocks do not outcrop 
in the region, Castile geologists have correlated meta-
sedimentary lithologies observed in drill core at Rover 1 
and Explorer 142 prospects to characteristic Warramunga 
Formation sequences that host the numerous IOCG deposits 
in the Tennant Creek mineral field. In addition, the magnetic 
signature of the area is similar to the response seen from the 
Warramunga Formation around Tennant Creek. Detailed 
aeromagnetic data strongly suggests that the Warramunga 
Formation sedimentary sequence extends under the Wiso 
Basin over an area in excess of 1000 km², and most likely 
represents a fold or thrust belt repeat of the Tennant Creek 
mineral field.

Mineralisation

The metallogenic model that applies to IOCG deposits of 
the Tennant Creek mineral field appears to apply as well 
to the Rover field. The presence of abundant ironstone 
and extensive alteration in conjunction with high order 
structures and associated Cu-Au mineralisation provides 
indirect evidence that the host rocks of the Rover field 
deposits correlate with the Warramunga Formation.

Rover 1 and Explorer 142 conform closely to typical 
Tennant Creek-style IOCG mineralisation. Both deposits 
have structurally-controlled, intense magnetite-quartz-
hematite-chlorite hydrothermal alteration zones within 
a sequence of folded turbidite and hematitic shales 
and banded iron formation. The ironstone alteration is 
the main host to the copper-gold mineralisation, which 
manifests as sulfide phases infilling ironstone breccias 
and in chloritic shears within, and bounding, ironstone 
bodies. 

Explorer 108 and Curiosity deposits differ significantly 
from the IOCG-style seen at Rover 1 and Explorer 
142 deposits. In the case of Explorer 108, the original 
geophysical anomaly consisted of a lower order magnetic 
response compared to the IOCG’s usual strong magnetic 
response. Drilling by GeoPeko in 1979 identified massive 
to disseminated Pb-Zn-Ag mineralisation associated with 
a dolomite–silica breccia hosted in a folded volcano-
sedimentary sequence. Curiosity hosts both Pb-Zn-Ag 
and Cu-Au mineralisation in separate domains and may 
represent a transition to a copper dominant mineralised 
system .

Discussion of further opportunities

Of particular interest for future exploration in the Rover 
field is the occurrence of SHMS Explorer 108-style 
mineralisation. This deposit shares many similarities with 
Mount Isa-style mineralisation as outlined in Table 1 and 
shown in Figure 2.

The mineralisation style at Explorer 108 has a slightly 
different geophysical manifestation comparted to the IOCG-
style: reduced (though still elevated) magnetic anomalism, 
strong gravity anomalism and a strong induced polarisation 
(IP) signal. 

Deep penetrating IP was successfully piloted at 
Explorer 108 as a proof of concept, then implemented for 
Curiosity. This resulted in the targeting and discovery 
of a strongly mineralised shear zone (MXCURD002: 
11.7 m 3.7% Pb, 4.9% Zn, 33 g/t Ag and 1.0 g/t Au 
from 480 m downhole depth) as part of a co-funded 
drilling through the Northern Territory Government’s 
Geophysics and Drilling Collaborations program 
(Burke 2015). 

Downhole electromagnetics (DHEM) was undertaken 
on the two co-funded drillholes, identifying off-hole 
conductors. Follow-up drilling failed to intersect 
mineralisation near the modelled EM targets. Further 
review of this technique is required.

Given the thickness of cover of the Wiso Basin in 
conjunction with the brackish groundwater and resistive 
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nature of sphalerite and galena, EM methods are unlikely 
to provide a response to the Pb-Zn with subordinate pyrite 
mineralisation; however, it would likely work on large 
massive pyrite-chalcopyrite deposits analogous to Mount 
Isa copper mineralisation.

Figure 2. Comparison between Explorer 108 (a) and Mount Isa (b). Mount Isa simplified section from McLellan et al (2014). 

Explorer 108 Pb-Zn Mount Isa Cu and Pb-Zn  
(Valenta 2018)

Tectonic setting Palaeoproterozoic basin that has undergone later crustal 
shortening. 

Mesoproterozoic basin: 
Mount Isa Group of the Isa Superbasin.

Temporal intrusives Possible proximal porphyry; possible large felsic intrusive to 
south under cover as interpreted from geophysics. Sybella Granite

Host rocks
Siltstone and shales – likely a different formation to the 
Warramunga Fm due to abundant felsic volcanic lithologies (part 
of Ooradidgee Group?)

Urquhart Shale member of Mount Isa Group.

Alteration
Extensive and intense dolomite-silica breccia derived from 
alteration of host sediments. Intimately associated with Pb-Zn 
mineralisation.

Stratiform strong silica - dolomite alteration 
and replacement of sediments. Pb-Zn 
mineralisation replaces alteration assemblage.

Pb/Zn ratios Mostly Zn>Pb 
Distribution suggests metal zonation.

Mostly Zn>Pb 
with metal zonation.

Structural controls
Alteration sited in an apparent antiformal structure, bounded 
by ‘Paris’ Fault and Eastern Shear with subsidiary parallel 
mineralised structures as possible feeder zones within the block. 

Paroo Fault and Mount Isa fold:
Paroo Fault truncates the Mount Isa Group, 
juxtaposing it against the older Eastern Creek 
Volcanics; represents a likely primary feeder. 
D4 interaction of Paroo fault and Mount Isa 
fold control zones of brecciation enhancing 
fluid permeability.

Table 1. Comparison of Explorer 108 and Mount Isa-style mineralisation.

Conclusions

There exists significant potential for SHMS (Mount Isa-style) 
mineralisation within the Rover field. The host volcano-
sedimentary stratigraphy at Explorer 108 differs from the 

a b
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Warramunga Formation IOCG host at Rover 1 and Explorer 
142. Further work is required to identify the extent of this 
sequence under cover. 

A review of untested geophysical targets is to be undertaken 
and targets re-ranked. This review will also encompass 
the existing DHEM data with a view to better calibrate the 
response models. Favourable coincident lower order magnetic-
gravity anomalies should be assessed in conjunction with deep 
IP surveys to evaluate the occurrence of massive Pb-Zn sulfide 
mineralisation. Subsequent drilling of any Explorer 108-style 
targets should include DHEM to identify potential massive 
sulfide copper mineralisation at depth.
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North Australian bauxite deposits: A comparison of Gove and Weipa
Greg Rogers 1

Rio Tinto Aluminium (RTA) mines bauxite from its mining 
lease at Gove, located 650 km east of Darwin in northeast 
Arnhem Land in the Northern Territory, Australia. The 
majority of the bauxite product is shipped to external 
customers, with moderate internal consumption at RTA’s 
alumina refineries in Gladstone. The principal ore-type and 
main commercial source of aluminium is bauxite, which 
consists of mixtures of aluminium hydroxide minerals and 
impurities.

Deposits composed mainly of gibbsite are known as 
trihydrate-type because this mineral contains three water 
molecules, whereas deposits dominated by boehmite or 
diaspore are referred to as monohydrate types. Trihydrate 
bauxite is cheaper to process than the monohydrate varieties 
since it is more soluble during the Bayer alumina extraction 
process, using less energy.

Lateritisation/bauxitisation is essentially the adjustment 
of the structure, composition, and mineral assemblage of 
parent rock to the conditions of the Earth’s surface under 
a wet climate. The main agents are physical and chemical 
weathering processes, the latter being more active than the 
former in a flat-lying tropical setting. 

During lateritic weathering, successive layers typically 
develop on parent rock over a period of 105–107 years. The 
complete in situ profile is composed of up to five layers, 
some of which can be split into two or more zones. In 
descending order, from top (surface) to bottom (Figure 1), 
they are:

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).

1 Rio Tinto Aluminium, 123 Albert Street, Brisbane QLD 4000, 
Australia
Email: Greg.Rogers@riotinto.com

• Soil can be in situ or transported.
• Duricrust constitutes a hard, heterogeneous or

homogeneous textured zone dominated by Fe and/
or Al hydroxides; this forms the bauxite.

• The mottled zone is essentially a transition zone
between the duricrust, where Al and Fe accumulate
and the pallid zone, where Fe is leached.

• The pallid zone is also known as the clay zone.
• Saprolite is in situ weathered parent rock.
• Parent rock is the material from which the

weathering profile is derived.

The following description of the Gove bauxite will 
be compared with Weipa in the presentation. The Gove 
bauxite appears to be a weathering product of Cretaceous 
marine sediments that overlie Proterozoic basement rocks 
of the Arnhem Inlier. They comprise Palaeoproterozoic 
(ca 1870 Ma) pelitic, calcsilicate, psammitic and mafic 
gneiss, and migmatite and garnetiferous leucogranite of 
the Bradshaw Complex (Rawlings et al 1997). Diamond 
drilling (Dodson 1967) and geological mapping indicate 
that there is a 100–200 m thick succession of gently 
dipping, Lower Cretaceous sandstone and claystone 
(Yirrkala Formation) unconformably overlying the 
Bradshaw Complex.

The bauxite zone has historically been up to 10 m thick 
but is more typically 3–4 m in thickness. It comprises a 
number of distinct layers in either a dominantly cemented 
(‘hard’) profile or a dominantly poorly cemented to 
uncemented (loose or soft) profile. Hard profile bauxite 
generally consists of, in descending order, a thin overburden 
layer (OB) of mixed loose pisolites and topsoil, a thin loose 
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Figure 1. Gove Mine – Schematic profile of the Bauxite Plateau (Ferenczi 2001).
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Figure 2. Hard bauxite profile. (a) Clean loose pisolites. (b) Typical brittle cemented soft. (c) Close-up of cemented hard bauxite. 
(d) Typical tubular ore with vesicular cavities. (e) Moderately cemented nodules with abundant pore spaces. (f) Laterite close-up 
showing large ferruginous nodules and angular fragments.

pisolite layer (LP; Figure 2a), a weakly cemented pisolitic 
bauxite layer (Cemented Soft – CS; Figure 2b), a strongly 
cemented pisolitic bauxite layer (Cemented Hard – CH; 
Figure 2c), an extremely vughy ‘tubular’ bauxite layer (Tub; 
Figure 2d), a nodular bauxite layer (Lower Nodules – Nod; 
Figure 2e), and a base of vughy laterite (Lat; Figure 2f).
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Geology and evolution of the Dukas structure, Amadeus Basin, Northern Territory
Sandy Menpes 1,2, Dylan Cremasco 1 and Rowan Hansberry 1

Background

The Amadeus Basin is a Neoproterozoic to Late Palaeozoic-
aged basin predominantly located in the southern part of the 
Northern Territory (Figure 1). It is bounded to the south 
by the Musgrave Province and to the north by the Arunta 
Region, where the basement and overlying sedimentary 
units have been uplifted during two major intracratonic 
orogenic events (the 580–530 Ma Petermann Orogeny and 
the 450–300 Ma Alice Springs Orogeny; Close et al 2003, 
Edgoose 2013). The southeastern flank of the Amadeus 
Basin shows different basement configuration with most 
of the sediments onlapping the Fregon East basement 
(Plummer 2015).

The northern and the southern parts of the Amadeus 
Basin can be differentiated by their sedimentary succession 
and associated primary petroleum systems (Bache et al 
2018). In the northern Amadeus Basin, a thick Middle 
Cambrian to Devonian succession overlies a Neoproterozoic 
to Early Cambrian succession and includes the productive 
Ordovician Mereenie and Palm Valley fields. In the south-
eastern Amadeus Basin, the Middle Cambrian to Devonian 
succession does not exceed 1.5 km in thickness above the 
prominent Petermann unconformity (Figure 2). Primary 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
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petroleum systems are Neoproterozoic to Early Cambrian 
and are generally shallower than those in the northern part 
of the Amadeus Basin. Prospective plays in the south-
eastern Amadeus Basin include fractured basement and 
basal Heavitree Formation (fluvio-marine sandstone) 
sealed by Gillen Formation evaporites, dolomite encased 
in halite or fractured on anticlinal structures, and post-
evaporite Neoproterozoic to Early Cambrian sandstones 
(Figure 2).

Heavitree–Gillen play exploration

The first well to test the Heavitree–Gillen play was Magee 1, 
drilled by Pacific Oil and Gas in 1992 (Figure 1). The well 
was located near the interpreted depositional edge of the 
Heavitree Formation, and flowed low-rate gas containing 
hydrocarbons and helium from a thin Heavitree Formation 
reservoir. More than 20 years lapsed before a second test 
of the Heavitree–Gillen play was conducted in 2013–14 
when Santos drilled Mt Kitty 1, some 140 km south-west 
of Magee 1. Mt Kitty 1 did not intersect the Heavitree 
Formation but flowed gas containing hydrocarbons 
and helium from fractured granitic basement. This test 
confirmed the existence of an extensive sub-salt petroleum 
system, as well as the excellent sealing capacity of the 
Neoproterozoic evaporites.

Further Heavitree–Gillen play exploration resulted in 
drilling of the Dukas Prospect in 2019. This prospect was 

Figure 1. Amadeus Basin, Northern Territory showing Santos operated exploration permits and 2D seismic programs.  

1 Santos Ltd, 60 Flinders St, Adelaide SA 5000, Australia
2 Email:  sandra.menpes@santos.com
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first identified as a lead by the AMSAN13 regional seismic 
survey and Frogtech SEEBASETM regional basement map. 
The follow up AMSAN16 seismic survey was acquired in 
two rounds between December 2016 and April 2018. These 
data aided delineation of multiple sub-salt closures on a 
large regional high, optimally located to receive charge from 
the interpreted Neoproterozoic depocentre to the north. The 
Dukas Prospect, with a lowest closing contour area greater 
than 500 km2, was the most material interpreted structural 
closure.

The Dukas 1ST1 well was plugged and suspended above 
the primary reservoir target after formation pressures 
approaching well system limits were encountered. Although 
the well did not reach the Heavitree Formation target 
objective, it has provided valuable information to support 
progression of the Heavitree–Gillen play exploration in the 
south-eastern Amadeus Basin. 

The challenges associated with exploring the Heavitree–
Gillen play in the frontier Amadeus Basin have been 
described in previous publications (eg Menpes et al 2018 
and Bache et al 2018). In summary, the southern Amadeus 
Basin dataset is characterised by a combination of complex 
structure, sparse 2D seismic coverage with zones of poor 
imaging quality, significant lateral and vertical velocity 
anisotropy, and sparse well control. Significant post-drill 
changes to the Dukas Prospect structural model highlight 
the subsurface uncertainties associated with challenging 
frontier basin datasets.

Dukas 1ST1 geological summary

The Dukas 1ST1 well is the deepest well drilled in the 
Amadeus Basin with a total drilled depth of 3704 m 
measured depth rotary table (MDRT) and 3693 m true 
vertical depth RT. The Phanerozoic succession at the well 
location was relatively thin with the Petermann Orogeny 
unconformity interpreted at 520 m MDRT (Figure 3). 
The Areyonga Formation was encountered below the 
unconformity, indicating significant erosion of the younger 
Neoproterozoic succession. The Areyonga unconformity 
was intersected at 725 m MDRT, with 105 m of Wallara 
Formation drilled before intersecting the top of the Bitter 
Springs Group. All three formations of the Bitter Springs 
Group (the Johnnys Creek, Loves Creek and Gillen 
formations) were present at the well location. 

A much thicker Gillen Formation evaporite succession 
than originally prognosed was encountered. In total, 
Dukas 1ST1 intersected ~2300 m of Gillen Formation 
evaporites, comprising primarily anhydrite and halite. 
The top of the Gillen Formation evaporites, comprising 
massive anhydrite, was intersected at 1375 m MDRT, 
with the first halite encountered at 2104 m MDRT. 
Significant overpressure below a deeper, thick halite 
interval, and encouraging gas shows including helium, 
confirmed the excellent sealing capacity of the Gillen 

Figure 2. Seismic profile AMSAN13b-04 and associated line 
drawing across the Amadeus Basin highlighting the Petermann 
unconformity and the thicker Middle Cambrian to Devonian 
succession in the northern Amadeus Basin. Refer Figure 1 for 2D 
seismic line location.
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Formation evaporites. A steeply dipping carbonate bed 
and possible non-evaporite inclusion was intersected 
between 3270 and 3405 m MDRT. The suspended total 
depth formation was the Gillen Formation of the Bitter 
Springs Group.

Post-drill structural analysis

The acquired wellbore and 2D seismic data have undergone 
an integrated interpretation workflow to produce an updated 
post-drill structural model reflecting the geology intersected 
by the Dukas 1ST1 well.

The resistivity and acoustic image logs acquired in 
Dukas 1ST1 indicated a high degree of deformation, 
flowage and shearing in the Gillen Formation; the logs 
demonstrated little primary depositional structure or 
thickness preservation for this interval. Dips in the Gillen 

Formation evaporites therefore record the structure of 
stratiform intervals rather than primary bedding (Warren 
2019). 

The dip data were analysed using a combination of 
statistical curvature analysis techniques (SCAT) and 
traditional structural analysis techniques (stereonets, 
roseplots). SCAT relates wellbore bedding dip and azimuth 
data to the bulk curvature of the structural setting in 
order to identify structural features such as folds and 
faults in the subsurface (refer Bengtson 1981). SCAT 
analysis of evaporitic, salt-rich lithologies is confounded 
by high variability of orientations (Figure 4). However, it 
is useful for identifying shear zones and major structural 
discontinuities (ie detachments).

The image log data and SCAT interpretation were used to 
support seismic interpretation of the greater Dukas area and 
aid in structural evolution analysis of the prospective area.

Figure 3. Dukas 1 and Dukas 1ST1 composite log of petrophysical, calcimetry, mud gas and cuttings lithology data. 
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Dukas area structural evolution

The Petermann Orogeny resulted in the development of 
a south-over-north thrust fault detaching in the Gillen 
Formation evaporites. Evaporite mobilisation resulted in an 
apparent salt weld forming below the thrust fault, possibly 
as the result of thrust loading. Uplift and erosion resulted 
in the loss of the Neoproterozoic succession down to the 
Cryogenian-aged Areyonga Formation over the Dukas 
structural crest (Figure 5a).

Figure 5b highlights thickening of the Cambro–
Ordovician succession north of Dukas, noting that the 
interpreted Larapinta Group depocentre was northeast of 
the present-day northern basin margin, now the Irindina 
Province of the Arunta Region (Figure 1).

The Alice Springs Orogeny resulted in gentle 
folding of the supra-salt succession and thickening 
of the Gillen Formation evaporites within the Dukas 
anticline (Figure 5c). Dip data analysis suggests the 

structural thickening of the Gillen Formation evaporites 
is the result of mixed brittle–ductile deformation. This is 
likely controlled by competency contrast in the protolith 
where rheologically weak layers (ie halite) can flow or 
act as diffuse detachment zones where shortening is 
accommodated along multiple high-strain shear zones 
separating more competent blocks. However, if the 
quantity or rate of shortening exceeds this capacity, 
shortening and thickening is achieved by brittle 
imbrication.

The Gillen Formation shows a northwest–southeast 
striking trend, consistent with the Petermann Orogeny, with 
a minor west-northwest–east-southeast overprint attributed 
to the Alice Springs Orogeny (Figure 6). The clastic-
dominated Johnnys Creek and Wallara formations show a 
strong east-northeast–west-southwest striking trend. This 
is inconsistent with general Alice Springs and Petermann 
orogeny trends and is interpreted as a localised trend at the 
well location.

Figure 4. Composite well card of formations and dip data in upper well section (750–2150 m MDRT). Roseplots illustrate counts of dip 
azimuth with 5° bins, colours correspond to formation on far left (Wa = Wallara Formation, JC = Johnnys Creek Formation, LC = Loves 
Creek Formation, UG = upper Gillen Formation, GE = Gillen Formation evaporites). Top roseplot illustrates structural trend in Wallara 
and Johnnys Creek formations; middle roseplot adds Loves Creek Formation; bottom roseplot adds Gillen Formation.
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Figure 5. (a) Seismic line AMSAN16-DK203 flattened on the interpreted Petermann unconformity. (b) Seismic line AMSAN16-DK203 
flattened on the interpreted Larapinta unconformity. (c) Seismic line AMSAN16-DK203, unflattened.
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Conclusions

The Dukas 1ST1 well has provided valuable information 
that has progressed the understanding of the Dukas area 
structural history. The presence of hydrocarbons, helium, 
and overpressure confirm the presence of a working 
petroleum system in the area, effectively trapped by a thick, 
evaporite seal. The well is an important calibration point 
in an underexplored segment of the basin, aiding seismic 
interpretation and depth conversion to delineate potentially 
large sub-evaporite structural traps. The next step for 
Santos, and joint venture partner Central Petroleum, is to 
drill and evaluate sub-evaporite reservoirs that may include 
lower Gillen Formation carbonates, Heavitree Formation 
sandstones, and/or fractured basement.
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Ediacaran stratigraphic correlations in the western Amadeus Basin, central Australia
Charles Verdel 1,2, Verity Normington 1, Nigel Donnellan 1 and Jack Simmons 1

Field mapping by the Northern Territory Geological Survey 
(NTGS) during 2019 in LAKE AMADEUS3 and BLOODS 
RANGE in the western Amadeus Basin followed on from 
previous mapping in HENBURY (2015–2017) in the central 
part of the basin (Figure 1). Specific goals of the overall 
central and western Amadeus Basin mapping program 
included refining the Neoproterozoic stratigraphy of the 
basin (eg Donnellan and Normington 2017) and integrating 
field observations into a new basin-wide solid geology and 
structural synthesis (Weisheit in prep). 

Variable stratigraphic nomenclature has historically been 
used in describing Neoproterozoic sediments of the eastern 
versus the central and western Amadeus Basin (eg Wells 
et al 1963, Wells et al 1970, Preiss et al 1978). In the more 
extensively described eastern part of the basin, the major 
lithostratigraphic units of the Neoproterozoic succession are 
(in ascending order) the Tonian Heavitree Formation, Bitter 
Springs Group, and Wallara Formation; the Cryogenian 
Areyonga Formation, Aralka Formation, and Olympic 
Formation/Pioneer Sandstone; and the Ediacaran Olympic 
cap, Pertatataka Formation, Julie Formation, and lower 
Arumbera Sandstone. Correlative strata in the central and 
western Amadeus Basin have been referred to as the Tonian 
Dean Quartzite and Pinyinna beds, as well as the overlying 
Inindia beds and Winnall beds, the age ranges of which 
were uncertain but are now thought to cumulatively span 
from Tonian to early Cambrian. A major focus of mapping 
in the central and western part of the Amadeus Basin has 
been to replace informal Neoproterozoic stratigraphic units 
(eg Inindia beds, Winnall beds) with a formal and well-
described lithostratigraphy. 

HENBURY has proven to be a key region for correlation 
of Neoproterozoic strata between the eastern and western 
Amadeus Basin (Donnellan and Normington 2017). Recent 
NTGS mapping in this mapsheet area has revealed that 
strata originally mapped as Inindia beds (Ranford et al 1963) 
correspond with the Tonian Johnnys Creek, Loves Creek 
and Wallara formations, the early to middle Cryogenian 
Areyonga and Aralka formations (Preiss et al 1978, Allen 
et al 2018), and the late Cryogenian Pioneer Sandstone of 
the eastern Amadeus Basin succession (Normington et al 
2019). In addition, the former Winnall beds on HENBURY 
(Ranford et al 1963) have been subdivided into five 
formations (Breaden, Gloaming, Froud, Liddle and Puna 
Kura Kura) that comprise the newly defined Winnall 
Group (Figure 2; Donnellan and Normington 2017). The 
lower parts of the group (Breaden, Gloaming and Froud 
formations) are predominantly in the central and eastern part 
of HENBURY; the overlying Liddle Formation occurs in the 
central and southwest part; and the uppermost unit (the Puna 
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LAKE AMADEUS
Figure 1. Distribution of Ediacaran strata (shown in black) in the 
Amadeus Basin (grey) of central Australia.
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Kura Kura Formation) occurs only in the southwest corner 
of HENBURY. The Ediacaran to potentially early Cambrian 
Winnall Group corresponds, in some fashion, with the 
Pertatataka Formation, Julie Formation and lower Arumbera 
Sandstone of the eastern Amadeus Basin (Figure 2). 

As with the first edition HENBURY, the first editions 
LAKE AMADEUS and BLOODS RANGE depict small, 
isolated exposures of Inindia beds. Unlike the coherent 
Inindia beds stratigraphy of HENBURY that is correlative 
with the eastern Amadeus Basin (Donnellan and Normington 
2017), Inindia beds mapped in LAKE AMADEUS and 
BLOODS RANGE consist predominantly of silicified, 
ferruginised, highly weathered and frequently brecciated 
rocks that are not recognisable as any particular part of the 
Neoproterozoic Amadeus Basin stratigraphy, although they 
seem, in general, to underlie the Winnall Group. 

Mapping on LAKE AMADEUS and BLOODS 
RANGE has revealed that the upper units of the Ediacaran 
nomenclature formalised in southwest HENBURY extend 
across the western Amadeus Basin (Figure 2). Most areas 
formerly mapped as Winnall beds (Forman 1963, Wells 
et al 1963) comprise sandstone that is readily identifiable 
as Liddle Formation. Liddle Formation crops out as isolated 
strike ridges across the region, including at some prominent 
locations such as Winnall Ridge (Figure 3a; LAKE 
AMADEUS) and Souths Range (Figure 3b; BLOODS 
RANGE). At its type locality in the Liddle Hills of southwest 
HENBURY, Liddle Formation has been divided into a 
series of four informal lithofacies (Figure 2; Donnellan and 
Normington 2017). These lithofacies are also recognisable 
in LAKE AMADEUS and BLOODS RANGE, although 
few of the isolated exposures of Liddle Formation in the 
western Amadeus Basin preserve a complete succession as 

at the Liddle Hills. One lithofacies comprising sandstone 
with well-developed festoon cross-stratification (Figure 3c) 
is a relatively distinctive marker horizon that is useful for 
distinguishing the upper and lower parts of the Liddle 
Formation (Figure 2; Donnellan and Normington 2017). 
The most complete exposures of Liddle Formation in 
LAKE AMADEUS and BLOODS RANGE are roughly 
500 m thick. The uppermost unit of Winnall Group (red, 
feldspathic sandstone of the Puna Kura Kura Formation; 
Figure 3d) is exposed in only a few isolated localities in 
LAKE AMADEUS. Ediacaran units that underlie the 
Liddle Formation in HENBURY (Breaden, Gloaming and 
Froud formations; Figure 2) do not extend into the western 
basin, consistent with their distribution primarily in central 
and eastern HENBURY. 

The details of late Ediacaran–Cambrian stratigraphic 
correlations across the Amadeus Basin have been the subject 
of interest in recent years, particularly given significant 
stratigraphic revisions in both Northern Territory and 
Western Australia (eg Haines and Allen 2014, Donnellan 
and Normington 2017). One potential correlation is between 
lower Arumbera Sandstone in the eastern Amadeus Basin, 
Puna Kura Kura Formation in the central and western 
parts of the basin, and Carnegie Formation in far western 
areas (including the Western Australia portion of the basin; 
Figure 2; Haines and Allen 2014, Edgoose et al 2018, 
Normington et al 2019). Detrital zircon results from all 
three formations are permissive of late Ediacaran deposition 
(Buick et al 2005, Maidment et al 2007, Haines et al 2016, 
Normington et al 2018). Arumbera Sandstone and Carnegie 
Formation overlie the Julie Formation in the eastern and 
portions of the far western Amadeus Basin respectively, but 
Julie Formation is absent in the central and western basin, 

Figure 2. Ediacaran stratigraphic correlations in the Amadeus Basin (after Donnellan and Normington 2017, Normington et al 2019). 
Italicised letters in the Liddle Formation refer to informal lithofacies designations at its type locality in the Liddle Hills of HENBURY 
(Donnellan and Normington 2017).
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creating uncertainty in late Ediacaran lithostratigraphic 
correlations. Correlation of the lower Arumbera Sandstone, 
Puna Kura Kura Formation, and Carnegie Formation would 
suggest that the Liddle Formation is partly or entirely 
correlative with carbonate of the Julie Formation (Figure 2; 
Normington et al 2019). A caveat of this interpretation is that 
in much of the far western Amadeus Basin, the Carnegie 
Formation directly overlies the Bitter Springs Group with 
no intervening Julie Formation. A lower portion of the 
Carnegie Formation could, therefore, potentially correspond 
with older parts of the Winnall Group lying below the Puna 
Kura Kura Formation.

The regional-scale understanding of Ediacaran 
stratigraphy that has thus emerged from NTGS mapping 
of the Amadeus Basin is of an overall lateral transition 
from fine-grained siliciclastics of Pertatataka Formation 
and overlying carbonate of Julie Formation in the eastern 
Amadeus Basin, to fine-grained siliciclastics of Breaden 
and Gloaming formations and overlying sandstone of Froud 
and Liddle formations in the central basin, to sandstone of 
Liddle Formation in the westernmost Northern Territory 
portion of the basin, and finally, a return to carbonate of 
the Julie Formation in the far western Amadeus Basin in 
Western Australia (Figure 2; Haines and Allen 2014). Each 

of these successions is overlain by late Ediacaran sandstone 
of the potentially correlative lower Arumbera Sandstone 
(east), Puna Kura Kura Formation (central and west), and 
Carnegie Formation (far west). Liddle and overlying Puna 
Kura Kura formations may be stratigraphic counterparts of 
the late Ediacaran Bonney Sandstone (eg Counts et al 2016) 
and overlying Rawnsley Quartzite (eg Forbes 1971) in the 
Flinders Ranges of South Australia. 
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Definition of the Beetaloo Sub-basin
Ben Williams 1

Introduction

The Beetaloo Sub-basin is a 28 000 km2, completely subsurface, 
composite depocentre located in northern central Northern 
Territory and centred on the rural township of Daly Waters, 
~300 km south-southeast of Katherine (Figure 1). The 
sub-basin is one of the principle depocentres of the southern 
McArthur Basin and contains an interpreted 9000 m 
thickness of sedimentary and minor volcanic rocks assigned 
to the following stratigraphic groups or their equivalents: the 
Palaeoproterozoic Tawallah and McArthur groups, and the 
Mesoproterozoic Nathan and Roper groups. The sub-basin 
is of considerable economic interest as a potential host for 
unconventional and conventional petroleum resources, 
particularly in the uppermost Roper Group. 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).

Background

The concealed nature of the Beetaloo Sub-basin means 
that previous interpretations of its spatial extents have 
been based solely on geophysical data and therefore its 
boundary has varied considerably as new data was collected 
across the region (Figure 2). In 2017, following industry 
acquisition of new seismic data and the drilling of a number 
of strategically-positioned stratigraphic wells, the Northern 
Territory Geological Survey (NTGS) decided to undertake 
a more geologically robust interpretation of the sub-basin’s 
extent using seismic survey data and lithostratigraphic depth 
contours as major constraints. Simple linear regression 
modelling was used to convert well depth data to two-way-
time (TWT) after which interpretations of the top of the 
Kyalla Formation were traced across seismic surveys. 

Sub-basin architecture, tectonic evolution and four other 
stratigraphic horizons (the top of the Velkerri Formation, 
the base of the Wilton package, the base of the Favenc 

1 Northern Territory Geological Survey, GPO Box 4550, Darwin 
NT 0801, Australia
Email: bend.williams@nt.gov.au
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package, and the base of the Glyde package) were also 
interpreted as part of this project (Figure 3). This abstract 
only summarizes work from Williams (2019) concerning 
the Kyalla Formation.

Previous work

The low-gravity anomaly associated with the sub-basin 
was mapped in multiple surveys during the 1960s (Flavelle 
1965); it was first postulated to be due to a thickening of 
the Roper Group by Neumann (1964). Whitworth (1970) 
named the anomaly ‘the Dunmara Regional Gravity Low’ 
and divided it into two segments, the Elsey Low to the 
west and the Amungee Low to the east. By comparing 
seismic velocity-depth relationships from other regions 
of the Northern Territory, Collins (1983) determined that 

velocity gradients below what was inferred to be Roper 
Group in the sub-basin matched those of the McArthur 
Group in the Batten Fault Zone. Building on this work, 
Plumb and Wellman (1987) used magnetic, magnetotelluric 
and gravity modelling, in conjunction with seismic data, to 
formally recognise the Beetaloo Sub-basin and estimate 
Roper Group thicknesses of between 4 and 5 km across 
the anomaly. 

Petroleum exploration throughout the late 1980s saw an 
influx of geological data and a greater understanding of the 
region’s subsurface architecture. Based on new evidence, 
Lanigan et al (1994) adopted the earlier nomenclature 
of Whitworth (1970) and divided the basin anomaly into 
two halves along the Daly Waters Fault Zone (DWFZ), 
designating only the eastern side as the Beetaloo Sub-basin 
(Figure 2a). 

135°0'0"E134°0'0"E133°0'0"E132°0'0"E

15
°0

'0
"S

16
°0

'0
"S

17
°0

'0
"S

135°0'0"E134°0'0"E133°0'0"E132°0'0"E

15
°0

'0
"S

16
°0

'0
"S

17
°0

'0
"S

Shea 1

Burdo 1

Mason 1

Sever 1

Ronald 1Chanin 1

Walton 2
Altree 2

Supply 1

Tarlee 2

Tarlee 1

Balmain 1

Elliott 1

Jamison 1

McManus 1

BCF SC 05
BCF SC 04

BCF SC 03

BCF SC 02

Tarlee S3

Lawrence 1

Wyworrie 1

Shortland 1

Alexander 1

Beetaloo W1

Manbulloo S1

Borrowdale 2Borrowdale 1

Friendship 1

Shenandoah 1

Amungee NW 1

Scarborough 1

Tanumbirini 1

Lady Penrhyn 2

Golden Grove 1

Birdum Creek 1

Marmbulligan 1

Hidden Valley S2

Prince of Wales 1





























































  





Shea 1

Burdo 1

Mason 1

Sever 1

Ronald 1Chanin 1

Walton 2
Altree 2

Supply 1

Tarlee 2

Tarlee 1

Balmain 1

Elliott 1

Jamison 1

McManus 1

BCF SC 05
BCF SC 04

BCF SC 03

BCF SC 02

Tarlee S3

Lawrence 1

Wyworrie 1

Shortland 1

Alexander 1

Beetaloo W1

Manbulloo S1

Borrowdale 2Borrowdale 1

Friendship 1

Shenandoah 1

Amungee NW 1

Scarborough 1

Tanumbirini 1

Lady Penrhyn 2

Golden Grove 1

Birdum Creek 1

Marmbulligan 1

Hidden Valley S2

Prince of Wales 1





























































  












































  



Burdo 1

Mas
on 1

Sev
er 

1

Ronald
 1

Chan
in 1

Walt
on 2

Altre
e 2

Ta
rle

e 2

Ta
rle

e 1

Balm
ain

 1

Ellio
tt 1

Ta
rle

e S
3

Bee
tal

oo W
1

Amungee
 NW 1

Ta
numbirin

i 1

Bird
um Cree

k 1

Marm
bullig

an
 

Hidden
 Vall

ey
 S2

McM
an

us 1

Kala
la 

South 1

Man
bullo

o S1

Wyw
orri

e 1

Ja
miso

n 1

Shortla
nd 1

135°0'0"E134°0'0"E133°0'0"E132°0'0"E

15
°0

'0
"S

16
°0

'0
"S

17
°0

'0
"S








































  



Burdo 1

Mas
on 1

Sev
er 

1

Ronald
 1

Chan
in 1

Walt
on 2

Altre
e 2

Ta
rle

e 2

Ta
rle

e 1

Balm
ain

 1

Ellio
tt 1

Ta
rle

e S
3

Bee
tal

oo W
1

Amungee
 NW 1

Ta
numbirin

i 1

Bird
um Cree

k 1

Marm
bullig

an
 

Hidden
 Vall

ey
 S2

McM
an

us 1

Kala
la 

South 1

Man
bullo

o S1

Wyw
orri

e 1

Ja
miso

n 1

Shortla
nd 1

135°0'0"E134°0'0"E133°0'0"E132°0'0"E
15

°0
'0

"S
16

°0
'0

"S
17

°0
'0

"S








































  



Burdo 1

Mas
on 1

Sev
er 

1

Ronald
 1

Chan
in 1

Walt
on 2

Altre
e 2

Ta
rle

e 2

Ta
rle

e 1

Balm
ain

 1

Ellio
tt 1

Ta
rle

e S
3

Bee
tal

oo W
1

Amungee
 NW 1

Ta
numbirin

i 1

Bird
um Cree

k 1

Marm
bullig

an
 

Hidden
 Vall

ey
 S2

McM
an

us 1

Kala
la 

South 1

Man
bullo

o S1

Wyw
orri

e 1

Ja
miso

n 1

Shortla
nd 1








































  



Burdo 1

Mas
on 1

Sev
er 

1

Ronald
 1

Chan
in 1

Walt
on 2

Altre
e 2

Ta
rle

e 2

Ta
rle

e 1

Balm
ain

 1

Ellio
tt 1

Ta
rle

e S
3

Bee
tal

oo W
1

Amungee
 NW 1

Ta
numbirin

i 1

Bird
um Cree

k 1

Marm
bullig

an
 

Hidden
 Vall

ey
 S2

McM
an

us 1

Kala
la 

South 1

Man
bullo

o S1

Wyw
orri

e 1

Ja
miso

n 1

Shortla
nd 1

A1
9-

53
5.

ai

0 100 km50

0 100 km50

0 100 km50

0 100 km50

Figure 2. Previous NTGS boundaries for the Beetaloo Sub-basin. (a) Pre 2014. (b) 2014−2016. (c) 2016−2017. (d) Current boundary.
Background: NT-wide Bouguer gravity anomaly. Red circles indicate location of wells mentioned in text.

a

c

b

d



AGES 2020 Proceedings, NT Geological Survey

102

The acquisition of 2D seismic data in 2013 and the 
drilling of seven stratigraphic wells to the west of the 
DWFZ by Pangaea Resources provided further insights 
into the geological and structural nature of the sub-basin. 
This work indicated that the same Palaeoproterozoic and 
Mesoproterozoic rocks were located on both sides of the 
fault zone (Hoffman 2014), subsequently requiring another 
adjustment the sub-basin boundary (Figure 2b, c).

Kyalla Formation reflector characteristics 

The signal return of the Kyalla Formation is predominantly a 
semi-continuous to discontinuous, low-frequency reflector that 
only appears as a coherent impedance boundary at about 50% 
of well ties. Where identifiable, such as around the township 
of Elliott (ie seismic lines MA91-103, HAL2012-L227 and 
ME91-64), coherent reflections progressively become braided, 
steepened and split, before degrading into noise. Due to this 
degradation in signal, the trend of the horizon between wells 
with no clear reflectors was inferred from general seismic 
trends lower in the stratigraphy.

Statistical analysis/time depth conversions

Regression analysis was undertaken to explore and 
model the statistical relationship between depth and 
TWT. Both linear and non-linear methods were used to 
model and explore this statistical relationship in 19 wells 
(of the total 26 studied): Altree-2, Balmain-1, Birdum 
Creek-1, Broadmere-1, Burdo-1, Chanin-1, Elliott-1, 
Hidden Valley-S2, Jamison-1, Manbulloo-S1, McManus-1, 
Ronald-1, Sever-1, Shortland-1, Tanumbirini-1, Tarlee-1, 
Tarlee-S3, Walton-2 and Wyworrie-1. The remaining seven 
wells did not have check-shot information and a regional 
regression model was used as a proxy (Figure 4). The results 
of the analysis demonstrated that simple linear regressions 

adequately explain relationships between time and depth for 
all wells across the Beetaloo Sub-basin. 

Revised shape

The current shape of the Beetaloo Sub-basin (Figure 2d) is 
a subtle reflection of the gravity data. It has been constrained 
using lithostratigraphic data from 26 wells tied to stratigraphic 
interpretations of 96 seismic surveys. The boundaries of the 
sub-basin are defined using the top of the Roper Group Kyalla 
Formation, constrained by a cut-off depth of 400 m below 
surface. 

Seismic data indicates that regions along the 
northwest, east and southeast margins of the sub-basin 
are characterised by gently dipping stratigraphic reflectors 
that shallow and disappear into a degraded seismic signal 
towards the surface. On most seismic lines, this means that 
no meaningful geological interpretation can be undertaken 
in the first 0.2 seconds of the survey. Due to this increased 
seismic noise in the near-surface, a result of a thick (~300 m) 
regionally extensive, unconformable cover of the Georgina, 
Daly and Carpentaria basin sedimentary rocks, the top-
Kyalla Formation boundary was constrained to 400 m 
below ground level (equivalent to 0.26 seconds TWT). 

A majority of the control points that define the boundary 
are therefore a result of the 400 m depth cut-off; however, 
an overview of seismic profiles traversing the margins of 
the gravity anomaly reveal that the boundary defined by 
the Kyalla Formation is also terminated in two additional 
geological scenarios: 1) where the formation is missing 
due to faulting; and 2) where it comes into contact with 
overlying unconformities. Unconformable stratigraphic 
contacts occur sub-basin wide, whereas terminations on 
faults are, with only a handful of exceptions, predominantly 
concentrated along the north−south-striking margins of the 
DWFZ.
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Conclusions

The adoption of the Kyalla Formation as the preferred unit 
to define the boundary of the Beetaloo Sub-basin is based 
on two factors: 1) the formation is intersected in more 
stratigraphic wells than any other unit; and 2) it represents 
the top of the Roper Group in the sub-basin (Munson 2016). 
NTGS believes these factors make the Kyalla Formation 
the best proxy to represent as much of the sub-surface 
Mesoproterozoic succession as possible.

It is important to note that this new boundary does not 
represent the extents of hydrocarbon potential in the region. 
The new boundary is a geological interpretation that 
represents the subsurface Mesoproterozoic stratigraphic 
succession as completely as possible. Hydrocarbon plays 
have been identified beyond the extents of this new 
boundary definition (Munson 2016).
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We get rocked down but we get up again: Learnings from Kyalla 117 N2-1
Cassandra Bein 1,2, Carl Altmann 1, Alexander Côté  1, Brenton Richards 1, Les Jenkinson 1, Elizabeth Baruch-Jurado 1and 
Casey Napier 1

Kyalla 117 N2-1 was spudded on 08 October 2019 within 
exploration permit EP117(R) in the Northern Territory, 
Australia (Figure 1). The well was situated to intersect the 
thickest and deepest preserved section of the target reservoir, 
the Kyalla Formation, within the Beetaloo Sub-basin. During 
drilling, an extensive geological operations program was 
executed that enabled thorough evaluation of the formation. 
The vertical well reached a total depth of 1865.2 m MDRT 
(measured depth rotary table) before kicking off and drilling 
the associated horizontal well Kyalla 117 N2-1(H). 

This discussion will explore some of the learnings that 
were gained from the drilling and evaluation of Kyalla 117 
N2-1 and Kyalla 117N2-1(H). 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).

1 Origin Energy Limited, 180 Ann St, Brisbane QLD 4000, 
Australia

2 Email: cassie.bein@origin.com.au

Figure 1. Kyalla 117 N2-1 was drilled by Ensign 963.
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Geochemistry and age of the greater McArthur Basin: Base line geochemical studies and implications 
for basin-hosted mineral systems
David Champion 1,2, D avid Huston 1, Andrew Cross 1, Amber Jarrett 1, Evgeniy Bastrakov 1 and Jane Thorne 1

Introduction

The Paleo- to Mesoproterozoic McArthur Basin and 
Mount Isa region of northern Australia (Figure 1) is richly 
endowed with a range of deposit types (eg Ahmad et al 2013, 
Geological Survey of Queensland 2011). These include the 
basin-hosted base metal (Zn-Pb-Ag) deposits of the North 
Australian Zinc Belt, the richest zinc province in the world 
(Geological Survey of Queensland 2011, Huston et al 2006), 
as well as copper (eg Mount Isa Copper) and IOCG (eg 
Ernest Henry) deposits (Geological Survey of Queensland 
2011). The giant size of the base metal deposits makes them 
attractive exploration targets and significant effort has 
been undertaken in studying their genesis and settings in 
order to develop methodologies/datasets to aid in further 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).

discovery. As part of its Exploring for the Future program, 
Geoscience Australia (GA) is acquiring new datasets, and 
reprocessing existing ones, to provide industry with new 
exploration tools for these basin-hosted zinc-lead, copper 
and copper-gold deposits. We have adopted a mineral 
systems approach (eg Huston et al 2016) focusing on 
regional aspects such as source rocks, locations of mineral 
deposits, and mineralisation haloes and footprints. Increased 
understanding of these aspects requires knowledge of the 
background variability of unaltered rocks within the basin. 
To assist in this, we have undertaken a campaign of baseline 
geochemical studies investigating sedimentary and igneous 
units of selected parts of the greater McArthur Basin–Mount 
Isa region in order to document temporal and regional 
background geochemical (and mineralogical) variation 
within and between sedimentary and igneous units. The 
main focus of this work was directed towards aspects of 
base metal mineralisation; a concurrent GA study (Jarrett 

NORTHERN

McARTHUR

BASIN

BASIN

SOUTHERN

MOUNT

ISA

INLIER

ARAFURA SEA

GULF OF
CARPENTARIA

TENNANT CREEK

TOMKINSON
PROVINCE

TENNANT

REGIONARUNTA

REGION

PINE
CREEK
OROGEN

ARAFURA BASIN

Arnhem
Shelf

ARNHEM PROVINCE

Caledon
Shelf

Walker Fault Zone

Batten Fault Zone

Bauhinia
Shelf

Wearyan
Shelf

MURPHY PROVINCE

GEORGINA BASIN

LAWN HILL
PLATFORM

WISO
BASIN

N
O

R
TH

ER
N

 T
ER

R
IT

O
R

Y

Q
U

EE
N

SL
AN

D

Malbon
Block

Mary Kathleen
Fold Belt

Ewen Block

Peters Creek
Volcanics

Kalkadoon-
Leichhardt Block

CARPENTARIA
BASIN

BulmanFault

Urapunga
Fault

Basement units post-McArthur Basin-Mount Isa Inlier units
A20-022.ai

C
oast

R
ange

Fault 

Hells Gate
Hinge Line

Taw
allah

Fault

Mallapunyah

Fault

Calvert Fault 

NHULUNBUY

KATHERINE

BORROLOOLA

REDBANK

Em
u

Fault

McArthur River Mine

133°00'     137°00' 141°00'

14°00'

18°00'

22°00'
0 200 km

SOUTH
NICHOLSON

BASIN
Century Mine

MOUNT ISA

Leichhardt
River

Fault Zone

Mount Isa Mine

Figure 3

McARTHUR

Tomkinson

Willieray 3DD

Figure 1. Regional tectonic 
framework for the Mount Isa Inlier, 
Lawn Hill Platform and McArthur 
Basin. Boxes highlight the regions 
discussed in the text and the location 
of the Willieray 3DD drillhole in the 
Tomkinson Province.

1 Geoscience Australia, GPO Box 378, Canberra ACT 2601, 
Australia

2 Email: David.Champion@ga.gov.au



AGES 2020 Proceedings, NT Geological Survey

106

et al 2020) looking at aspects of hydrocarbon potential was 
undertaken in parallel. 

The geology of the Mount Isa region and greater 
McArthur Basin is dominated by Paleo- to Mesoproterozoic 
(ca 1780– 1400 Ma) sedimentary sequences that 
unconformably overlie Paleoproterozoic and Archean 
basement rocks of the North Australian Craton (Figure 1). 
In the Mount Isa region, the sedimentary packages have 
been subdivided into four superbasins: the Paleoproterozoic 
Leichhardt and Calvert Superbasins, the Paleo- to 
Mesoproterozoic Isa, and the Mesoproterozoic Roper 
Superbasins (Jackson et al 1999, 2000; Southgate et al 2000, 
Gibson et al 2016). Similar-aged rocks in the McArthur 
Basin have been subdivided into five unconformity-bounded 
packages: the Paleoproterozoic Redbank, Goyder, and Glyde 
packages; and the Mesoproterozoic Favenc and Wilton 
packages (Rawlings 1999). Most focus in this study was 
on the ca 1790–1680 Ma Tawallah Group and equivalents 
in Mount Isa (Redbank package; Leichhardt and Calvert 
Superbasins), which contain the bulk of the igneous mafic 
rocks, and the ca 1670–1590 Ma McArthur and equivalent 
Fickling, McNamara and Mount Isa groups (Glyde package; 
Isa Superbasin; Figure 2), which host much of the major 
basin-hosted mineral deposits.

These studies were undertaken to complement and 
supplement the large amount of existing data, mainly from 
the many studies on mineralisation and alteration (eg Lambert 
and Scott 1973, Cooke et al 1998, Large et al 1998), but also 
from work on organic material and hydrocarbon potential 
(Jarrett et al 2020), on mafic igneous rocks (eg Wyborn 1987, 

Cooke et al 1998, Gibson et al 2018), and from more specific 
studies, eg carbonates for isotopic baselines (Lindsay and 
Braisier 2000). There have been few studies investigating 
systematic lithological and geochemical variation across 
and between units, particularly in unmineralised areas and 
across state/territory boundaries. Baseline sampling used a 
collection of representative drill core samples of sedimentary 
and mafic igneous units from largely unmineralised mineral 
and hydrocarbon drillholes (Figure 3). This eliminated the 
additional complexities of both surface weathering and 
alteration related to mineralisation. Choice of drillhole was 
largely driven by availability. The study focused on three 
aspects: 

1. Studies of mafic igneous rocks of the Tawallah Group 
to investigate: the regional nature of alteration within 
these rocks, the regional and temporal geochemical 
variations by comparison with similar units in the 
Mount Isa region, and their potential as a metal source 
for basin-hosted base metal deposits.

2. Detailed baseline geochemical studies in the 
southern McArthur Basin and Lawn Hill Platform 
region, concentrating on units of the Tawallah Group, 
and overlying Fickling and McNamara Groups. 
Additional sampling to supplement existing data 
(held by GA, state surveys and from the literature) 
was undertaken, aimed at the less well studied 
intervals of the McArthur Group, the overlying 
Nathan Group and equivalents, and the lower half of 
the Roper Group.

Figure 2. Time space plot for the 
McArthur Basin–Mount Isa region 
(adapted from Southgate et al 2000, 
Gibson et al 2018). Magmatic events 
(Eastern Creek and Fiery Creek events) 
of Gibson et al (2018) also highlighted.
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3. Exploratory geochemistry of the data-poor Tomkinson 
Province where the primary focus was to collect 
geochemical and other data from as many units as 
possible (ie those intersected in available drilling) from 
the Tomkinson Creek, Namerinni and Renner Groups, 
in order to document variation within and between 
sedimentary units and to establish baseline values. 
An additional aim was to compare the Tomkinson 
Province with the southern McArthur Basin–Lawn Hill 
Platform region. Exploratory U–Pb zircon dating was 
also undertaken on the Namerinni Group to investigate 
possible relationships with McArthur Group.

Preliminary results from all three of these aspects are 
discussed below.

Alteration of mafic igneous units in the Tawallah Group, 
southern McArthur Basin

Mafic igneous rocks have long been invoked as the source 
for much of the metals (especially zinc and copper) within 
the basin-hosted base metal deposits in the Mount Isa and 
southern McArthur Basin region of northern Australia 
(Knutson et al 1979, Large et al 2005). Major zinc and copper 
deposits in the region, however, are hosted within the largely 
non-magmatic McArthur group and equivalents (Large 
et al 2005). Ore elements must have been sourced from the 
episodic widespread mafic igneous rocks present throughout 
the underlying Tawallah Group and equivalents (Figure 2). 
The most voluminous episode was the ca 1790– 1775 Ma 
rift-related magmatism – the Eastern Creek volcanic event 
of Gibson et al (2018). This event (>100 000 km3; Gibson 
et al 2018) is largely concentrated within the western 

Mount Isa region (Eastern Creek Volcanics, Magna Lynn 
Metabasalt) but is represented by the Seigal Volcanics in the 
southern McArthur Basin. The Seigal Volcanics comprise 
a series of flows that range in thickness from 1000–1600 m 
(flows and interlayered sediments) in the southeast and 
to <100– 300 m (sub-aerial altered hematitic flows) in the 
northwest (Jackson et al 1987). 

The other significant magmatism was the widespread, 
although less voluminous (mostly under cover), 
ca 1730– 1710 Ma rift-related magmatism – the Fiery Creek 
event of Gibson et al (2018). This event is mostly confined 
to the McArthur Basin where it comprises the extensively 
but variably-altered Settlement Creek Dolerite (sills and 
interlayered sediments) and related Gold Creek Volcanics 
(intrusive and extrusive rocks and interlayered sediments). 
Alteration is a ubiquitous, often extreme, feature of these 
units, both in outcrop and in drill core, and is characterised by 
the presence of K-feldspar–chlorite–hematite (Knutson et al 
1979, Jackson et al 1987, Cooke et al 1998, Rawlings 2006). 
Both units are relatively thin (<300 m; Jackson et al 1987, 
Rawlings 2006) and show geographical variability. The 
Gold Creek Volcanics thicken to the southeast and the 
east (albeit with abrupt thicknesses changes; Jackson et al 
1987), while the Settlement Creek Dolerite, although more 
uniform, reportedly becomes more sediment-dominated to 
the north (Jackson et al 1987). Magmatism of this age also 
occurs in the northern Mount Isa region, eg the Fiery Creek 
and Peters Creek volcanics. 

All mafic units of this age are associated with slightly 
younger felsic units (Figure 2), which themselves show 
evidence for hematitic and potassic alteration (Jackson 
et al 1987; this work). Mafic compositions are broadly 
similar across the region, being largely basaltic with 

Figure 3. Simplified geological 
outcrop geology of the McArthur 
Basin–Mount Isa region showing 
locations of drillholes sampled 
for the present study. Mineral 
deposits are also shown, as 
follows: clastic-dominated 
siliciclastic-carbonate (CD-SC, 
eg Mount Isa Zn-Pb, George 
Fisher-Hilton, Lady Loretta, 
Century, McArthur River and 
Teena) and clastic-dominated 
siliciclastic-mafic (CD-SM, eg 
Cannington and Pegmont) Zn-
Pb-Ag deposits, gold deposits and 
iron oxide copper-gold deposits 
(IOCG). The Mount Isa copper 
deposit plots in the same position 
as the Mount Isa Pb-Zn deposit. 
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slightly enriched signatures (eg (Th)N – 60–300), similar 
to flood basalts and related rocks elsewhere (Gibson et al 
2018). Compositions are dominantly tholeiitic (Wilson 
1987, Wyborn et al 1987, Scott et al 2000), although the 
younger mafic magmatism has been suggested to be (partly) 
alkaline (Wilson 1987, Scott et al 2000, Gibson et al 2018); 
this most probably reflects alteration rather than original 
compositions. It is possible, however, that the younger mafic 
rocks represent slightly lower volume melts relative to the 
more voluminous older mafic magmatism.

Previous work on the mafic rocks has largely focused in the 
southern Mount Isa region (eg Smith and Walker; 1971, Wilson 
et al 1985, Wyborn 1987, Heinrich et al 1995, Hannan et al 
1996, Gibson et al 2018). Apart from localised detailed studies 
(eg Rogers 1996, Cooke et al 1998, Davidson 1998), the more 
poorly exposed equivalents in the southern McArthur Basin 
have not been systematically investigated despite the existing 
evidence that alteration in these rocks is widespread and 
appears to contrast with that documented in southern Mount 
Isa. This study, therefore, focused on the mafic igneous rocks 
of the southern McArthur Basin. A suite of representative drill 
core samples of mafic igneous units was collected for whole 
rock analysis from unmineralised holes (Figure 3) to eliminate 
the additional complexities of both surface weathering and 
alteration related to mineralisation. Most emphasis was on 
the southeastern McArthur Basin region to complement 
earlier work by Rogers (1996) and Cooke et al (1998) to the 
northwest, and GA’s pre-existing geochemical data, largely 
from outcropping samples across the region. Initial results are 
summarised here. 

The type and degree of alteration, and temporal and 
spatial variation

Alteration in the Seigal Volcanics is variably developed, 
characterised by the increasing presence of chlorite, plus 
quartz, and local K-feldspar. Alteration has produced 

geochemical variations that range from hydrated basaltic 
compositions to strong depletion of CaO and Na2O 
(Na2O+CaO <1 wt%; Figure 4). There is little evidence 
for significant addition of either CaO or Na2O. K2O ranges 
from depleted to moderately enriched (<0.3 to 4.0 wt%), 
and shows no correlation with CaO or Na2O. Other changes 
include strong increases in MgO (to 18%), which are 
positively correlated with LOI (loss-on-ignition), consistent 
with chlorite alteration. CaO and Na2O are strongly 
depleted at elevated MgO (>9 wt%; Figure 4), suggesting 
destruction and replacement of feldspars. Geochemical 
changes are more evident in drill core, with strongest 
alteration concentrated within 10 m wide zones. Alteration 
is largely magnetite-destructive, although Fe2O3/FeO ratios 
are dominantly <1.0. Alteration appears to be strongest in 
the north (Jackson et al 1987).

In contrast, alteration in the younger mafic rocks of the 
McArthur Basin is widespread, often intensely developed, 
and dominantly strongly potassic (2 to >12% K2O; Figure 4, 
Figure 5), although sodic (± K2O) alteration does occur. 
Potassic alteration in the Settlement Creek Dolerite and 
Gold Creek Volcanics produced chlorite–K-feldspar–quartz 
and the very K2O-enriched K-feldspar–hematite–sericite–
quartz assemblages (Knutson et al 1979, Wilson 1987, 
Cooke et al 1998). Increasing K2O contents are accompanied 
by extreme depletions in both CaO and Na2O (to <0.2 wt%; 
K/Na up to 50–100; Figure 4, 5), decreases in MgO and 
MnO, and increases in SiO2, as well as increases in degree 
of oxidation, hematite content and demagnetisation. Fe2O3/
FeO ratios are strongly elevated in the more potassic end-
members. Although chlorite alteration is common in these 
rocks, there is no strong increase in MgO or water contents, 
such as seen in the older mafic rocks, although Knutson 
et al (1979) does report this in the Redbank area. The most 
distinctive trend is the strong negative correlation between 
water and K2O (K-feldspar alteration) with the most 
potassic samples having very low water contents (to < 1%), 

Figure 4. Zn (ppm) versus K2O and CaO+Na2O versus MgO for ca 1790–1775 Ma (green points) and ca 1730–1710 Ma (blue 
points) rift-related mafic magmatism in the McArthur Basin and Mount Isa region. Solid symbols are for the McArthur 
Basin. Note the strong decrease in Zn contents with increasing K2O content and for rocks with low K2O (sodic and calcic 
alteration), and the strong decrease in CaO+Na2O with elevated MgO.
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approaching original magmatic compositions. As for the 
Seigal Volcanics, there is no evidence for calcic alteration 
in the Settlement Creek Dolerite and Gold Creek Volcanics 
(Figure 4).

Alteration in the southern Mount Isa region shows many 
similarities to that observed in the McArthur Basin, including 
the pronounced change to strongly potassic alteration in the 
younger magmatism. Alteration in these rocks appears to 
be similar across the region. Most differences are evident 
in the earlier mafic magmatism, which in Mount Isa is more 
variable and includes: sodic alteration (albite, Na2O to >5%, 
with or without minor K2O enrichment), calcic alteration 
(epidote, CaO to >15% with depletion of K2O ± Na2O), 
and minor localised potassic (biotite) alteration (eg Wilson 
et al 1985, Wyborn 1987, Hannan et al 1993, Heinrich 
et al 1995; Figure 4). Enrichment in K2O, where present, 
is moderate (mostly <4.0%; Figure 5). Unlike the Seigal 
Volcanics, strong depletions in Na2O (and especially both 
Na2O and CaO) are not common (Figure 4). CaO is only 
strongly depleted in the later chlorite-albite alteration-type 
(Wyborn 1987). As for the Seigal Volcanics, CaO depletion 
is accompanied by elevated MgO and water contents, 
indicative of chlorite alteration.

Reasons for the geographic and secular localisation 
of the widespread potassic alteration, and corresponding 
depletion in CaO and Na2O (Figure 5), are not well 
understood. We speculate that the restriction of strongly 
potassic alteration to the southern McArthur Basin and 
northwestern Mount Isa region may reflect localisation of 
K-rich, bittern evaporitic brine production in the younger, 
possibly hydrologically-closed, in-board parts of the region. 
If so, then the lack of potassic alteration in the older Seigal 

Volcanics suggests that the lower part of the Tawallah Group 
did not see these brines. In the Mount Isa region, it is possible 
that potassic alteration was present but was overprinted by 
regional sodic-calcic alteration related to younger (IOCG-
related?) events. However, we consider this unlikely given 
the common presence of hydrated, but otherwise largely 
unaltered, basalts in this region (eg Gibson et al 2018), again 
suggesting geographic differences in alteration may be due 
to secular and geographic changes in evaporative processes 
that produced the altering basinal brines.

Metal loss and alteration

Cooke et al (1998) demonstrated significant depletion in 
metals accompanying potassic alteration in the mafic rocks 
in the lower part of the McArthur Basin, and suggested 
this was the metal source for the large McArthur River 
deposit. This is supported by Figure 4, which shows high 
degrees of zinc depletion in the more potassic end-members 
in the younger magmatism in both the McArthur Basin 
and northern Mount Isa. Importantly, copper values are 
uniformly low in these rocks (mostly <50 ppm), thought to 
represent significant copper loss, although initial magmatic 
contents are uncertain. Results for lead are equivocal 
(cf. Cooke et al 1998), and our compilation suggests lead 
is present at comparable levels in most rocks within the 
McArthur Basin; that is, there are no specific favourable 
sources.

Figure 4 also shows that more sodic older mafic rocks 
(lowest K2O) in the Mount Isa region are also significantly 
depleted in zinc, suggesting zinc was sourced from these 
rocks also. Wilson et al (1985) showed that the Eastern Creek 

Figure 5. K2O (wt%) and CaO+Na2O (wt%) for ca 1790–1775 Ma and ca 1730–1710 Ma rift-related mafic magmatism, 
superimposed on interpolated grids from the same data. Colours and symbol sizes chosen to emphasize the high K2O and 
low CaO and Na2O in the McArthur Basin and northwestern Mount Isa region. Interpolated grids calculated using natural 
neighbours in ArcMap from 701 samples. Algorithm uses average values where more than one sample occurs at the same 
location.
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Volcanics in Mount Isa are generally enriched in copper 
but are locally strongly depleted, especially in regions of 
potassic alteration. Smith and Walker (1971) suggested 
copper removal was best developed in extensively deformed 
mafic rocks. Our data shows that copper (and also lead) are 
depleted in the more MgO-rich (ie most chloritic) altered 
mafic rocks in both the Seigal Volcanics in the McArthur 
Basin and equivalents in the Mount Isa region. This is in 
accord with Wyborn (1987), who showed that the final albite-
chlorite-rutile alteration was strongly depleted in copper 
and linked this with the Mount Isa copper mineralisation. 

This and previous studies indicate that potassic-altered 
mafic rocks in the McArthur Basin–Mount Isa region were 
excellent potential sources of zinc for deposits in the region. 
Calculations, assuming leaching of 50 ppm Zn, suggest that 
the mafic rocks could have sourced the zinc in the known 
deposits many tens of times over. It is also evident that 
copper has been leached from both chloritic- and potassic- 
altered mafic rocks. The amount of copper likely leached 
is orders of magnitude greater than that present in known 
deposits, raising the question of where this copper was 
dispersed: within the many hundreds of copper shows in the 
region and/or concentrated in undiscovered deposits similar to 
those at Redbank, Walford Creek, Gunpowder and Mount Isa. 

Baseline geochemistry of McArthur Group and 
equivalents

One of the major advantages of the present campaign is that 
we are able to constrain baseline (background) geochemical 
behaviour in the sediments of the McArthur Basin and 
equivalents in the Fickling and McNamara Groups, 
particularly units associated with mineralisation such as 
the Barney Creek, Lawn Hill and Lady Loretta formations. 
This is especially helpful when looking at studies on haloes 
around basin-hosted Zn-Pb-Ag (and other) mineral deposits 
in the region, eg McArthur River (Lambert and Scott 1973, 

Large et al 2000) and Lady Loretta (Large and McGoldrick 
1998). These authors identified a number of geochemical 
haloes of varying sizes around these deposits. Large and 
McGoldrick (1998) and Large et al (2000) introduced a 
number of geochemical indices (Table 1) that could be used 
to identify the haloes and for vectoring towards the deposits. 
Statistics (based on samples from this study; Figure 3) for 
ore elements (Table 1) show very low background values for 
units of McArthur Group and equivalents, with 75% of zinc 
values <30 ppm (in distinct contrast with the much higher 
zinc values in the mafic rocks; Figure 4). The low base metal 
contents in the sediments are similar to or slightly lower 
than those of Large et al (2000), who suggested threshold 
values of 1000 and 100 ppm for Zn and Pb respectively. All 
zinc values analysed here are significantly below that, and 
only 3 (out of 314 analyses) have lead over the threshold 
(each of the 3 from a different drillhole). Similar low values 
are found when the Metal Index (Zn + 100*Pb + 100*Tl) of 
Large and McGoldrick (1998) is calculated; all suggest the 
threshold values of Large et al (2000) err on the cautious 
side (ie could be lowered). 

Other parameters advocated by Large and McGoldrick 
(1998) and Large et al (2000), such as the SEDEX alteration 
index and MnOdol (MnO content of dolomite; Table 1), fare 
less well. As these latter indices are related to carbonate 
species, their failure most probably reflects the generally low 
carbonate nature of the majority of the regional sediments 
used here. Applying a simple filter (CaO + MgO > 5, ie 
~10% carbonate) calculated indices far better, although 
this excludes a portion of black shales. This is not a fault of 
the proposed indices but illustrates that caution is required 
when applying these to non-dolomitic sediments, especially 
MnOdol. This was partly recognised by Large et al (2000), 
resulting in their modified alteration index (called SEDEX 
AI M3), which fares much better (Table 1).

Another advantage of a large baseline geochemistry 
dataset is that examples of anomalous features can be 

Median 25th 75th 95th Maximum Threshold

Cu (ppm) 10 4 18 33 333

Pb (ppm) 10 5 19 36 111 100

Zn (ppm) 20 15 30 105 255 1000

Ag (ppm) 0.1 <0.1 0.5 0.5 0.6

As (ppm) 4.6 2.0 10.4 36 119

Metal Index* 1220 725 2120 3836 86870 10000

MnOdol (wt%) 2.5 (0.27) 0.3 (0.16) 4.6 (0.88) 38 (2.0) 186 (163) 1.0

SEDEX AI 55 (23) 28 (17) 67 (50) 84 (66) 98 (86) 60

SEDEX AI M3 15 (15.7) 10 (10.5) 20 (19.5) 43 (33) 91 (73) 30

Na2O (wt%) 0.08 0.06 0.1 0.16 0.26 0.2

Na2O All (wt%) 0.1 0.07 0.47 1.83 3.4

Table 1. Median (50th) and 25th, 75th and 95th percentile values for drill core samples from the southern McArthur Basin and Lawn Hill 
Platform region for various elements and oxides, and metal and alteration indices (from Large and McGoldrick 1998 and Large et al 
2000). Metal Index = Zn + 100 Pb + 100 Tl – all in ppm – from Large and McGoldrick (1998). As Tl was not measured, the Metal Index 
has been calculated by substituting 200 for 100 * Tl; 200 = 100 * 2 (half the Tl threshold of 4). Na2O and ‘Na2O All’ refer to statistics 
calculated without and with anomalous Na2O values (>0.26 wt%). MnOdol = MNO in dolomite (Large and McGoldrick 1998), calculated 
from whole rock data as (MnO (wt%) x 30.41)/CaO (wt%); SEDEX AI (alteration Index) = 100 x (FeO + 10 x MnO)/(FeO + 10 x MnO + 
MgO) – all in wt% (Large and McGoldrick 1998); SEDEX AI M3 (alteration Index) = 100 x (FeO + 10 x MnO)/(FeO + 10 x MnO + MgO 
+ Al2O3) – all in wt% (Large et al 2000). Threshold values, suggested to indicate potential ore-bearing host units, are from Large et al 
(2000), except for Na2O, which is from this work.
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identified, such as the presence of anomalous Na2O. 
Typically Na2O is uniformly very low in the sediments 
of the southern McArthur Basin and Lawn Hill Platform 
region (<0.26 wt%; Table 1). Our results show that in certain 
intervals and geological units (Lawn Hill and Riversleigh 
formations mostly, but also the Termite Range Formation), 
Na2O is strongly elevated up to 2 to 3 wt%. This occurs 
in either specific intervals (DDH 83-2) or pervasively, over 
500 m, down the drillhole (DDH 83-1; Figure 6). Available 
XRD analyses suggest the elevated Na2O reflects albite 
(with a very good correlation between the two; percentage 
of albite is ~10 x Na2O). Notably, in at least one interval, 
the Na2O content increases with depth (DDH 83-2, over 
an interval of 80 m). The majority of lithologies with 
elevated Na2O in these holes appear to be black shales and 
siltstones with minor carbonate content (up to 10–20% 
based on CaO+MgO contents). The data from drillhole 
DDH 83-1 also shows large ranges in immobile elements 
and ratios, [eg Ti/ Zr (2–20), Nb (4–16 ppm), Y (15–45 ppm), 
Th (6– 22 ppm)], that negatively correlate with Na2O, ie 
lowest values of these elements and ratios for highest Na2O. 
Notably in this hole, Na2O is positively correlated with SiO2.

Additional information comes from a series of LH holes 
from the Century deposit (~12 km west of DDH 83-1), 
which are locally mineralised (sampled by L Wyborn, GA 
OZCHEM data). These holes also contain elevated Na2O 
that is restricted to specific intervals and, at least locally, 
show increases in Na2O with depth (Figure 6). Notably, 
one of the anomalous intervals (drillhole LH129) contains 
high zinc values which are strongly positively correlated 
with Na2O (Figure 7). Na2O in this hole is also positively 
correlated with other indicators of mineralisation, eg Metal 
Index, MnOdol

 and FeO (eg Lambert and Scott 1973, Large 
and McGoldrick 1998, Large et al 2000). 

The LH and DDH83 holes, therefore, record 3 different 
types of anomalous Na2O behaviour: specific intervals 

with elevated Zn, Pb, MnO, and FeO (ie mineralisation); 
specific intervals (to 80 m) that often show a depth-
Na2O content correlation and have low levels of Zn, Pb, 
MnO, and FeO (albeit with broad correlations with Zn); 
and significant intervals of elevated Na2O where Na2O 
is negatively correlated with large ranges in immobile 
elements (Figure 7). 

The most obvious candidate to explain elevated Na2O is 
the presence of tuffaceous rocks, which are locally abundant 
in Barney Creek Formation and its equivalent units (eg 
Davidson and Dashlooty 1993, Davidson 1999, O’Rourke 
et al 2000). However, available geochemistry (Davidson 
1998, 1999; GA data) shows that the majority of tuffaceous 
rocks in the McArthur Basin and Mount Isa region (>75%) 
have very low (depleted) Na2O (<0.5 wt%), and for those that 
do have elevated Na2O, the values are often erratic and extend 
to quite high amounts (to 7 wt%). These relationships suggest 
the observed alkali contents reflect alteration and not primary 
compositions. Both Logan (1979) and Davidson (1998, 1999) 
record albite associated with altered tuffaceous rocks around 
the McArthur River deposit. Davidson (1998, 1999) suggested 
a pronounced zonation from K-feldspar around the deposit to 
K-feldspar–albite and then distal albite, although Logan (1979) 
also recorded albite (based on XRD analysis) in shales at the 
McArthur River deposit both within and above the ore zone. 
Davidson and Dashlooty (1993) showed that this alteration 
occurred elsewhere away from mineralisation, with zonation 
from microcline to albite with distance from interpreted active 
faults. Davidson suggested the albite alteration predated 
mineralisation at the McArthur River deposit and is related 
to low temperature fluid flow; however, this timing would 
appear to be at odds with the strong Na2O-Zn relationship 
observed for the LH hole (at Century; Figure 7). This latter 
observation also does not match the zonation observed by 
Davidson (1999) at the McArthur River deposit, suggesting 
some albite alteration is related to the mineralisation event.

DDH 83-1  DDH 83-2  LH holes

Riversleigh Siltst.

Lawn Hill Fm
Termite Range Fm

Na2O (wt %) Na2O (wt %) Na2O (wt %)

D
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 (m
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Figure 6. Downhole Na2O 
(wt%) values for (a) DDH 83-1, 
(b) DDH-83-2, and (c) LH holes 
(open triangle – various LH holes, 
but note elevated Na2O values are 
all from LH210; closed triangles 
LH198; LH129 not shown as no 
depth intervals provided). Blue: 
Termite Range Formation; light 
brown: Lawn Hill Formation, 
green: Riversleigh Formation. 
Note change of scale on both x and 
y axes. Median background Na2O 
is 0.1 wt%.
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It could be speculated, therefore, that the low-metal 
sodic zones may relate to haloes around mineralisation, 
such as is the apparent situation at the McArthur River 
deposit, although, as discussed by Davidson (1999), the 
timing of this alteration is not well established. If so, 
then a threshold value of about 0.2 wt% can be applied. 
Another option is that the low-metal, elevated Na2O 
intervals represent either outflow or possibly barren 
fluid flow zones? This possibility cannot be ruled out 
for the new sample set. The elevated Na2O in DDH 83-1 
is more problematic. Possibly the simplest answer to 
explain the large interval of elevated Na2O in DDH 83-1 
is that it reflects a tuff – sediment mix, as suggested by 
the large ranges in immobile elements and ratios. The 
positive correlation of Na2O and SiO2 suggests, however, 
that the Na2O alteration may simply be an overprinting 
geochemical variation produced by sedimentary processes 
(ie quartz-shale mixes). If correct, this raises questions as 
to why there is such a large interval of sodic alteration in 
this drillhole? Further work is ongoing, looking to test this 
and other questions raised here.

Tomkinson Province geochronology

In contrast to the southern McArthur Basin and Lawn Hill 
Platform regions, the amount of available geochemistry 
and geochronology for the Tomkinson Province (Figure 1) 
is minimal. An exploratory program for the province was 
undertaken to address this lack of data. The work included 
the collection of geochronology samples to provide ages for 
the province and constrain relationships with the sequences 
in the McArthur Basin, especially the mineralised McArthur 
Group. All samples were collected from available drill core. 

Mapping from early mineral exploration in the 
Tomkinson Province (eg Ward 1983, 1986, 1988) correlated 
geological units in the province with those of the McArthur 
and Roper Groups in the McArthur Basin. Much focus 
was on interpreted equivalents to the McArthur Group, 
in particular to the mineralised Barney Creek Formation 
and underlying and overlying units, including the W-Shale 
Member, Coxco Dolostone Member and Teena Dolostone. 
Second edition geological mapping (Hussey et al 2001) 

subdivided the geology into the three currently recognised 
groups (Tomkinson Creek, Namerinni, and Renner). On 
the basis of a single zircon age of 1639 ± 27 Ma from a tuff 
in the Shillinglaw Formation (Nunn 1997), Hussey et al 
(2001) noted that the Namerinni Group was, as suggested 
by Ward (1983), temporally equivalent to the McArthur 
Group. However, the most recent geological interpretation 
for the region (Munson 2019) indicates that McArthur 
Group equivalents are absent from the Tomkinson region; 
this was based on detrital zircon geochronological results 
reported in Kositcin and Munson (2019) and a somewhat 
problematic interpreted MDA of 1592 ± 46 Ma for the 
basal Jeromah Formation (Munson et al in prep). Recent 
detrital zircon geochronology (Kositcin and Munson 2019) 
found a 1595 ± 10 Ma maximum detrital age (MDA) for 
the Shillinglaw Formation, suggesting equivalence to the 
Nathan Group and not the McArthur Group. Kositcin and 
Munson (2019) also reported a MDA of 1688 ± 13 Ma for 
the underlying Carruthers Formation, leaving open the 
possibility that the early tuff age (1639 Ma) was indeed 
correct and that part of the Namerinni Group may indeed 
be older. In this regard, it is notable that Ward (1985, 
1986, 1988) shows an unconformity within sediments 
now mapped as wholly within the Namerinni Group. 
This raises the possibility that equivalents to the Barney 
Creek Formation may occur in the Tomkinson Province, 
increasing the prospectivity of the region. 

To test this proposition, we sampled tuffaceous layers 
and interpreted volcaniclastic rocks within the Carruthers 
Formation of the Namerinni Group (drillhole Willieray 
3DD; Ward 1988; Figure 1) for U–Pb zircon dating by 
SHRIMP at GA's facilities. Ward (1988) interpreted units 
in this hole as the Barney Creek Formation and underlying 
Teena Dolostone. Based on the local geology (Hussey 
et al 2001), we have classified the upper unit as Carruthers 
Formation. Ward (1988) identified numerous, mostly thin 
(<10 cm to locally 30 cm), tuff layers in this formation, 
especially in the interval 138–146 m from which our sample 
was collected. Tuffaceous rocks are typically yellow-green, 
fine- to very fine-grained, generally disaggregated clay-
rich layers. These layers are very distinctive relative to the 
background grey interlayered sandstones and siltstones, 
making them easy to identify and sample. 

Samples were prepared and analysed in Canberra 
using the GA's SHRIMP IIe. Zircon yield was poor, with 
the best sample yielding only four grains (Figure 8). This 
sample gave an age of 1638 ± 16 Ma (9 analyses from the 4 
grains; Figure 9). Given the small number of grains, this 
age should be considered preliminary. Nevertheless, the 
very euhedral nature and good condition of these grains, 
with no evidence of significant sedimentary reworking, is 
consistent with both a magmatic origin and the suggested 
tuffaceous nature of the rocks, and thus appears to be 
robust. When considered with the previous age (Nunn 
1997), it does suggest that temporal equivalents to the 
McArthur Group are indeed present within the Tomkinson 
Province. Our current interpretation for the Namerinni 
Group is shown in Figure 10. This interpretation is 
in line with recent work by Munson et al (2019), who 
report an age of 1642.2 ± 3.9 Ma (CA–IDTIMS) for a 

Lawn Hill Fm - LH holes
Termite Range - LH holes

Lawn Hill Fm - LH198
Lawn Hill Fm - LH129
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Figure 7. Plot of Zn (ppm) versus Na2O in LH drillholes. 
Note the two trends of Zn content.



113

AGES 2020 Proceedings, NT Geological Survey

volcanogenic tuffaceous siltstone (Fraynes Formation) 
in the Birrindudu Basin. Munson et al (2019) suggested 
that the Fraynes Formation and Barney Creek Formation 
were probably linked sub-surface across the greater 
McArthur Basin. The current work suggests that this 
sub-surface link may extend to the Carruthers Formation 
in the Tomkinson Province, thus greatly expanding the 
potential exploration space for basin-hosted Zn-Pb-Ag 
mineralisation such as the McArthur River deposit (and 
hydrocarbons) across the greater McArthur Basin. It is 
important to recognise, however, that the geochronology 
data is open to interpretation and that more data are 
required for a more robust interpretation. Follow-up 
sampling for additional geochronology is planned for 
other tuffaceous layers within drillhole Willieray 3DD 
and other drillholes.

Conclusions

Geoscience Australia has undertaken a campaign of 
baseline geochemical studies, investigating sedimentary 
and igneous units of selected parts of the greater McArthur 
Basin–Mount Isa region in order to document systematic 
temporal and regional background lithological and 
geochemical (and mineralogical) variation within and 
between rock units. As part of the study, infill sampling was 
undertaken targeting both sedimentary and mafic igneous 
units from largely unmineralised mineral and hydrocarbon 
drillholes (over 800 samples collected). A mineral systems 
approach (eg Huston et al 2016) was used with focus on a 
number of regional aspects such as source rocks, locations of 
mineral deposits, and mineralisation haloes and footprints. 
Preliminary results show that: 

1. Widespread and locally voluminous, rift-related, 
ca 1790–1775 Ma and ca 1730–1710 Ma mafic 
magmatism occurred across the McArthur Basin. 
Alteration in these rocks varies with age, ranging from 
mildly to strongly chloritic in the older magmatism, to 
strongly potassic (K-feldspar-chlorite-hematite) in the 
younger magmatism. The latter alteration is ubiquitous, 
commonly well developed and characterised by strong 
K2O enrichment, coupled with extreme depletion in 
CaO and Na2O. This temporal variation in alteration 
is also present within similar-aged rocks in the 
Mount Isa region. Reasons for the localisation of the 
widespread potassic alteration are not well understood. 
It is speculated that the restriction of strongly potassic 
alteration to the southern McArthur Basin and north-
western Mount Isa region may reflect localisation 
of K-rich, bittern evaporitic brine production in the 
younger, possibly hydrologically-closed, in-board 
parts of the region. Metal leaching is present in both 
alteration types with strong copper and lead depletion 
in the most chlorite-altered rocks, and zinc and copper 
depletion in the potassic-altered rocks. Calculations 
suggest that the mafic rocks could have sourced the 
zinc in the known deposits many tens of times over.

2. Detailed baseline geochemical studies for units of 
the McArthur Group and equivalents (Fickling and 
McNamara Group ) show very low background values 
for ore elements, with 75% of Zn values <30 ppm, 
in distinct contrast with the much higher zinc values 
in the less altered mafic rocks. These same data also 
show that alteration indices introduced by Large and 
McGoldrick (1998) and Large et al (2000) work best 
when applied to carbonate-bearing units. This was 
partly recognised by Large et al (2000) who introduced 
a modified alteration index which fares much better. 

3. Consideration of the baseline data has also identified 
anomalous Na2O behaviour that occurs in three forms: 
specific intervals associated with elevated zinc and 
lead; specific intervals (to 80 m) that often show a 
depth-Na2O content correlation and have low levels of 
metals; and significant intervals (to 500 m) of elevated 
Na2O where Na2O is negatively correlated with large 
ranges in immobile elements. Elevated Na2O is thought 

Figure 8. Transmitted light and cathodoluminescence 
images of the four zircon recovered from the tuff in drillhole 
Willieray 3DD, Carruthers Formation, Namerinni Group, 
Tomkinson Province (GA 3081605/2019849741).

Figure 9. Tera–Wasserburg concordia plot of zircon 
analyses from the tuff in drillhole Willieray 3DD, Carruthers 
Formation, Namerinni Group, Tomkinson Province (GA 
3081605/2019849741).
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Figure 10. Stratigraphic correlation chart incorporating our suggested interpretation of the Namerinni Group in the 
Tomkinson Province and correlation with the southern McArthur and Birrindudu basins. Figure modified from Munson 
et al (2019).
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The Teena Zn-Pb deposit: Enlightening the Carpentaria SHMS model
Nick Hayward 1,2, Joseph Magnall 3, Mike Taylor 1 and Andrea Reed 1

The Teena shale-hosted massive sulfide (SHMS) Zn-Pb 
deposit, discovered in 2013 by Teck Australia Pty Ltd 
(a subsidiary of Teck Resources Limited), has a current 
inferred mineral resource of 58 Mt at 11.1% Zn and 1.6% 
Pb (Rox Resources 2016). The Teena deposit is located in 
the highly-endowed Proterozoic Carpentaria Zn-Pb-Ag 
province of northern Australia and represents the largest 
SHMS discovery for the last 25 years (Taylor et al 2017). 
Exposure to this system has provided the opportunity to 
further research the genesis of this economically important 
deposit type and contribute to the refinement of exploration 
and genetic models that will ultimately aid discovery of the 
next generation of world-class SHMS deposits. 

The Carpentaria Zn-Pb-Ag province contains the 
largest accumulation of shale-hosted base metals in the 
earth’s crust (nearly 120 Mt of zinc and lead: Huston et al 
2006). Nevertheless, the discovery rate within the province 
has dropped over the last 25 years due to a combination of 
relatively low exploration expenditure levels and the need 
to explore for buried and blind systems. Typically, these 
systems are under extensive thicknesses of post-mineral 
cover where conventional exploration methodologies (eg 
surface geochemistry, shallow penetrating geophysics) are 
far less effective. Coupled with this detection challenge is 
that a widely accepted genetic model for SHMS deposits 
invokes hydrothermal fluids venting to the seafloor, resulting 
in stratiform sulfides accumulating in exhalative deposits, 
termed sedimentary exhalative SEDEX deposits (eg Large 
et al., 1998; Ireland et al., 2004; Sangster, 2018). This model 
has implications for the exploration geologist in terms of the 
size of detectable pyritic haloes associated with this deposit 
type and the position of economic sulfides within favorable 
sub-basin packages. 

This presentation focuses on the following key aspects 
of the Teena Deposit: the characteristics of the sulfide 
assemblages, including the main mineralisation style, and the 
trace element content and distribution of pyrite. In contrast 
to the SEDEX model, this research suggests a timing and 
setting of mineralisation that favors a replacement formation 
model. We also discuss the presence and recognition of a 
secondary dolomite alteration (hydrothermal dolomite) 
that is intimately associated with the mineralising event 
but not formally described from other Carpentaria SHMS 
deposits. This research has implications for the size and 
nature of detectable alteration footprints and emplacement 
positions within favorable packages, which is critical for 
discriminating barren sub-basins from endowed sub-basins.

The Teena Deposit is located 8 km west of the world-class 
McArthur River Zn-Pb-Ag Mine. Both deposits are hosted 
within the Barney Creek Formation, which forms part of the 
Umbolooga Subgroup of the Glyde package (Ahmad et al 
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2013) and corresponds with the peak transgressive phase 
of the package deposited between 1645 and 1630 Ma. The 
deposits, along with the lower grade Myrtle Zn-Pb deposit, 
are located in the 3rd order Hot Spring–Emu basin (Duffett 
et al 2007), developed westward of the regionally significant 
Emu Fault corridor but locally within separate 4th order sub-
basins (~2 × 2 km2). 

Mineralisation at Teena consists of a dominant phase of 
fine-grained, stratiform sphalerite with lesser galena (Zn:Pb 
ratio of 6.5:1) occurring as two massive sulfide lenses; both 
the thicker Main lens (up to 30 m) and a thinner Lower lens 
( ~5 m) are hosted within the more dolomitic carbonaceous 
shale units of the HYC Pyritic Shale Member. Footwall to 
these two lenses is an extensive zone (<200 m) of low-grade 
zinc mineralisation occurring in the W-Fold Shale Member 
(Taylor et al 2017). Pyrite is intimately associated with 
the mineralisation sulfides in the Main lens and generally 
increases in abundance up sequence with continuation of 
fine-grained pyrite into the overlying carbonaceous Barney 
Creek Formation, which represents the maximum flooding 
surface event of the Barney Creek depositional cycle 
(Jackson et al 2000, McGoldrick et al 2010). 

Two main phases of pyrite are recognised (Py1 and 
Py2), each with two sub-types: Py1a, microcrystalline and 
occasionally framboidal pyrite, which forms laminations; 
Py1b, >10 um in size and forming on the margins of 
carbonate (dolomite) nodules; Py2a, typically concentrically 
zoned in spherical aggregates; and Py2b, more anhedral 
and containing interstitial sphalerite and galena inclusions 
(Magnall et al in press). Py1a predates dolomite nodule 
formation while Py1b is consistent with syn-nodular dolomite 
formation. Py2 formed syn-mineralisation due to inclusions 
of Py1, sphalerite, galena, and locally replaced dolomite 
nodules, indicating a post–nodule timing. 

Py1 continues into the overlying Barney Creek Formation 
for several hundred vertical meters and is the dominant 
species. Py2 extends only around ~200 m above Main 
lens mineralisation. Similarly, the lateral extent of pyrite 
decreases to the margins of the deposit, signaling a lack 
of contribution from the syn-mineralisation Py2. Thus, the 
pyrite halo attributable to hydrothermal syn-mineralisation 
pyrite is far more restricted vertically and horizontally than 
the 10+ km suggested by the SEDEX model (eg Mukherjee 
and Large 2017). 

Extensive lenses of secondary dolomite alteration are 
present at Teena. They occur predominantly in the footwall 
W-fold Shale Member but also show evidence of upward
transgression into the overly HYC Pyritic Shale Member.
Secondary dolomite is distinguishable from primary fine-
grained dolomite alteration and early diagenetic nodular
growth as it is typically stratabound and texturally
destructive of dolomitic sediments, including shales.
Lenses can be up to 30 m thick with cores characterised
by cavity infill textures. Three main infill textures are
recognised: (a) bladed dolomite fans, (b) botryoidal
dolomite aggregates, and (c) colloform banded dolomite.

1 Teck Australia Pty Ltd, L2 35 Ventnor Ave, West Perth WA 
6005, Australia

2 Email: Nick.hayward@teck.com
3 GFZ German Research Centre for Geosciences, 14473 Potsdam, 

Germany
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The bladed dolomite fans are observed nucleating from 
the void margins and grow in multiple orientations. 
Although texturally similar to Coxco Needles described 
within the Barney Creek depositional cycle (eg Pietsch 
et al 1991), the bladed dolomite fans are evidence of void-
fill, not seafloor evaporite growth as proposed for Coxco 
Needles. Commonly infill dolomite is associated with 
silica (eg quartz), ankerite, sphalerite, with lesser galena, 
and bitumen. 

The replacement of primary dolomite and stratiform 
sulfide mineralisation by hydrothermal dolomite lenses 
indicate that they formed late syn-mineralisation. The 
replacement and dissolution of primary host sediments, 
void-filling textures, coupled with widespread presence of 
quartz, suggest alteration by fluids at temperatures higher 
than the ambient conditions of the host sediments; this is 
characteristic of hydrothermal dolomitisation (HTD) facies 
(Davies and Smith 2006).  

HTD facies are both major sources of hydrocarbons 
in North America and are increasingly recognised in 
association with Mississippi Valley-type sulfide deposits. 
These observations at Teena bolster a genetic connection 
between HTD and SHMS systems in the Carpentaria Zn-
Pb-Ag province; more importantly, they may offer another 
detectable deposit footprint.

Conclusion 

Observations relating to the genesis of the Teena Zn-Pb 
deposit suggest that:

• the earliest sulfide phase was a fine-grained 
stratiform pyrite formed during early diagenesis

• primary matrix and nodular dolomite alteration 
occurred shortly after Py1 formation during early 
diagenesis, prior to significant compaction 

• in contrast to the more widely accepted view on the 
genesis of the McArthur River Mine (considered one 
of the best examples of SEDEX style mineralisation 
[Large et al 1998, Ireland et al 2004]), the main 
mineralising event occurred during mid-diagenesis 
through sub-seafloor replacement 

• Py2 associated with the mineralising event was 
restricted both laterally and vertically and shows 
no direct relationship to the Py1 present in the 
hanging wall Barney Creek Formation above the 
lenses

• stratabound HDT (silica-dolomite-sulfide) lenses 
formed through cavity-dissolution and replacement 
in the footwall sequence, resulting in irregular low 
grade zinc mineralisation. 

The implications for SHMS zinc exploration in the 
Carpentaria province are:

• Zn-Pb mineralisation is commonly deposited 
through replacement of dolomitic carbonaceous 
sediments

• the high volume of fine-grained pyrite typically 
observed in carbonaceous sub-basins is distinct 

from the pyrite associated with the mineralising 
event and likely cannot predict fertility of a 
sub-basin

• pyrite contemporaneous with mineralisation is 
far more restricted vertically and laterally than 
proposed by the SEDEX process

• the recognition of late stage diagenetic hydrothermal 
dolomite potentially provides a second halo to 
deposits that may aid with assessing prospectivity. 
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Seamless chronostratigraphic solid geology and subsurface mapping: A foundation for a 3D 
geological model of northern Australia
Marie-Aude Bonnardot 1,2, Alastair Stewart 1, Songfa Liu 1, Sebastian Wong 1, Ian Roach 1, Pauline English 1, Nadege Rollet 1, 
John Wilford 1 and Karol Czarnota 1

It is generally agreed that in order to meet the increasing mineral 
demand globally, it is necessary for exploration to transition 
to the subsurface. Given approximately 80% of Australia’s 
prospective rocks are covered, particularly in northern 
Australia, this challenge brings with it vast opportunities. 

Geoscience Australia (GA), as part of the Exploration for 
the Future (EFTF) program, is acquiring new pre-competitive 
data, and capturing and integrating multi-disciplinary datasets 
to reveal the depth and nature of subsurface geology across 
northern Australia. This work is focused on the highest 
priority of the UNCOVER initiative (McFadden et al 2012, 
Rowe 2015) and builds on industry, government and academia 
recommendations established at the 2014 cover-thickness 
mapping workshop (Geoscience Australia 2014). To establish 
a consistent national-scale definition of cover, GA is mapping 
all geology in time and space. This baseline dataset aims to 
eliminate confusions, for example where one person’s cover 
is another person’s prospective basement depending on the 
targeted mineral systems. The resulting 3D model will clarify 
basin architecture and composition, as well as provide industry 
with a new exploration tool to reduce their search space.

Building a 3D cover-thickness model is a data-demanding 
exercise that relies on a robust geological comprehension and 
the identification of the stratigraphic units for modelling and 
depth estimation. The model focuses on mapping the depth 
to the bases of key geological eras, ie Cenozoic, Mesozoic, 
Paleozoic and Neoproterozoic, to maximise sparsely distributed 
information across the North Australia Craton. To achieve 
this, GA adopted an integrated multidisciplinary approach 
to model cover thickness and develop new semi-continental 
scale datasets that include: 1) a new seamless geology dataset 
of the major chronostratigraphic interfaces across North 
Australia; 2) a depth estimates database to store interpreted 
depth points resulting from multiple datasets, such as the 
regional-scale AusAEM1 airborne electromagnetic survey; 
and 3) development of a tool to generate predictive surfaces. 

Seamless geology

Since December 2015, GA has conducted systematic, seamless 
solid geology mapping by defining key chronostratigraphic 
interfaces through the removal of the overlying sedimentary 
cover. As an example, the Mesozoic time slice (or layer) 
shows formations inside Mesozoic basins that would be 
visible if all Cenozoic rocks were removed. Geological 
information was compiled at 1:250k scale and comprises 
four layers: Mesozoic, Palaeozoic, Neoproterozoic, and pre-
Neoproterozoic (Figure 1; Stewart et al 2018; Stewart et al 
2020). The Cenozoic layer was extracted from the 1:1M scale 
surface geology of Australia (Raymond et al 2012). 
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The seamless geology dataset integrates geological 
and solid geology maps (mainly 1:1M and 1:250k scales, 
published by GA, and State and Territory geological 
surveys), stratigraphic drillholes, seismic reflection 
profiles, and interpretation of potential field data. Where 
there is no direct information to map concealed units, the 
workflow consists of mapping the stratigraphic units based 
on the magnetic and gravity signature, calibrated with 
lithostratigraphic drillholes and the outcropping geology. 
To deliver a consistent seamless geological dataset, the 
work focused on edge matching between individual map 
sheets and simplification of interpretation. Geological 
units are underpinned by the Australian Stratigraphic 
Units Database (ASUD, GA and Australian Stratigraphy 
Commission 2017). Through ASUD, the solid geology 
maps can be linked to other geoscience databases, including 
geochemistry, geochronology and rock properties. This 
digital dataset allows the user to query each geological layer 
on multiple attributes (such as stratigraphic age, lithology or 
unit names) and create maps with customised symbology. 

The four chronostratigraphic layers map the spatial extent 
and lithology of concealed stratigraphic units at depth; this 
provides key constraints for mineral potential mapping and 
3D modelling. This seamless chronostratigraphic geology 
dataset also provides a consistent geological framework 
across North Australia, allowing more accurate updates and 
refinements of basin and province outlines, and the potential 
opening up of new frontier areas. For example, the South 
Nicholson Basin, which is prospective for petroleum and base 
metals, has been demonstrated to be 2.4 times larger than 
previously thought (Carr et al 2019). This basin has been the 
focus of significant work within the EFTF program in terms of 
its energy potential. In the area immediately west of the basin, 
the solid geology reveals the extent of formations that may be 
prospective for copper and gold, eg the Warramunga Formation 
and Ooradidgee Group. Such assessments have opened-up 
new areas for mineral exploration, including in the area east of 
Tennant Creek (Skirrow et al 2019; Murr et al 2019).

Airborne electromagnetic data – the AusAEM1 survey

The AusAEM1 airborne electromagnetic (AusAEM1) survey, 
acquired in 2017–2018 over the North Australia Craton 
in Queensland and the Northern Territory, provides an 
unprecedented means of mapping the immediate subsurface 
(Lee-Cooper et al 2019). During acquisition, over 1 M km2 
20 km-spaced flight lines were diverted to intersect locations 
of stratigraphic drillholes, and kimberlite and meteorite impact 
outcrops, in order to support data calibration and interpretation. 

The AusAEM1 survey was interpreted in a 3D visualisation 
software to allow data integration and interpretation in a 
consistent geological framework (Wong et al 2020). Given the 
regional scale of the survey, the AusAEM1 survey interpretation 
focused on identifying the main chronostratigraphic interfaces 
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mapped by the seamless geology in order to characterise 
the depth to these interfaces. For this purpose, the 
interpretation was based on surface and solid geology, basin 
outlines, stratigraphic drillholes, and reflection seismic 
profiles. Mandatory metadata was captured during the 
analysis to justify interpreted geological features, including 
stratigraphic horizons, faults, paleovalleys, and discrete 
conductors (Figure 2). The overlying and underlying units 
of a stratigraphic horizon were defined to facilitate updates 
of interpretation in an evolving stratigraphic framework. 

The first-pass interpretation of the AusAEM1 survey 
resulted in new insights into cover architecture and 
composition. This work provided depth estimates of 
chronostratigraphic interfaces mapped by the seamless 
geology and allowed extrapolation along-strike of geological 
units known to host mineralisation, eg discrete conductors 

or stratigraphic units. The interpretation has also revealed 
unknown small basins and allowed revision of the outlines 
of previously delineated sedimentary basins.

3D cover thickness model 

The repeatability and reliability of 3D models, as well as their 
updates when new data becomes available, are among the 
biggest challenges in 3D geological modelling. To address 
these limitations, a new national database, the Estimates 
of Geological and Geophysical Surfaces database (EGGS, 
Mathews et al 2020), was designed by GA to consistently 
compile depth estimates and lithostratigraphy information 
from a wide range of datasets. Currently, depth estimates 
from stratigraphic drillholes, reflection seismic, AEM 
interpretation, and top of magnetic source models, can be 

Figure 1. (a) Seamless chronostratigraphic solid geology of 
the North Australia Craton showing the surface geology (1:1M 
scale), Cenozoic, Mesozoic, Palaeozoic, Neoproterozoic and pre-
Neoproterozoic layers (Stewart et al 2020). (b) Pre-Neoproterozoic 
layer showing the distribution of 1080 interpreted stratigraphic 
units displayed with an arbitrary colour palette. Data are being 
prepared for release through the Exploring for the Future portal, 
at https://portal.ga.gov.au/persona/eftf.

a

b
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stored in EGGS in a standardised data format (Figure 3). 
This database is expanding to include estimates based on 
models of the subsurface derived from magnetotelluric, 
refraction and passive seismic datasets. 

Each depth estimate is associated with mandatory 
geological and geophysical metadata. Geological metadata 
includes the name of the chronostratigraphic interface (eg 
base of Cenozoic, Mesozoic, Palaeozoic, Neoproterozoic) 
and the overlying and underlying units used to identify 

the interface, and the basis for geological inference. Such 
metadata are used to ensure a seamless update of the dataset 
to accommodate, for example, an evolving stratigraphic 
framework. Geophysical metadata pertain to the data and 
the processing and inversion used to derive the image of the 
subsurface, allowing the final interpretation to be confidently 
linked to the underlying geophysical datasets.

The EGGS database is linked to the ASUD and Boreholes 
databases, ensuring data consistency at the national 

a b

Figure 2. (a) AusAEM1 airborne electromagnetic survey overlying the surface geology (1:1M scale). (b) Example of AusAEM1 
interpretation (Wong et al 2020). The interpretation aims to resolve first-order geological features such as cover thickness (fuchsia 
downward arrows), basin outlines (green line), discrete conductors (red circle) and paleovalleys (purple lines). Location box is shown in (a). 

Figure 3. (a) Base of Cenozoic to base of Neoproterozoic depth estimates points interpreted from AusAEM1 airborne electromagnetic, 
boreholes, seismic and magnetic top within the study area, overlying the reduced to pole half vertical derivative magnetic data. 
(b) Distribution of the depth estimates points for key chronostratigraphic surfaces over the study area. These depth estimates points are 
stored in the EGGS database. Note that depth estimates for the oldest surfaces, eg base Neoproterozoic, are displayed on top of depth 
estimates of younger surfaces, eg base Cenozoic. 

a b
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scale. Multiple automatic quality control rules have been 
implemented to make sure the depth estimate are constantly 
updated with linked databases. The system also tracks 
changes to depth estimates if the user needs to revise their 
interpretation when newer information becomes available.

The digital depth information stored in EGGS underpins 
the generation of 3D geological surfaces. The points can be 
used in simple interpolation schemes or more sophisticated 
packages (Czarnota et al 2019). The UncoverML tool 
was developed to generate predictive surfaces based on 
a probabilistic machine learning approach to guide the 
model between sparse data points (Wilford et al 2020). 
The machine learning approach allows the system to use 
constraining points to learn the relationship between 
datasets, facilitating the quantification of uncertainty 
during interpolation. Mandatory metadata, along with the 
surface building tool, allows quantification of uncertainty, 

tracking changes as new data become available and ensuring 
repeatability of interface modelling. A methodology 
combining probabilistic machine learning and minimum 
curvature gridding algorithm is under development to 
produce cover thickness estimates of the North Australia 
Craton (Figure 4; Bonnardot et al 2020).

b

Figure 4. (a) Solid geology across Queensland and the 
Northern Territory draped on key chronostratigraphic surfaces, 
eg outcrop geology draped on the digital elevation model (DEM), 
Mesozoic solid geology draped on the base of Cenozoic surface, 
Palaeozoic solid geology draped on the base of Mesozoic surface, 
Neoproterozoic solid geology draped on base of Palaeozoic surface 
and pre-Neoproterozoic draped on the base of Neoproterozoic 
surface. These preliminary chronostratigraphic surfaces were 
generated using a minimum-curvature gridding algorithm. 
Z-axis not to scale as each surface was offset vertically to help 
with 3D visualisation. (b) Preliminary isochore maps showing the 
thickness of Cenozoic, Mesozoic, Palaeozoic and Neoproterozoic 
megasequences, and highlighting the major depocentres.

a
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The UncoverML tool, along with the national scale 
EGGS database, aims to produce an objective and 
repeatable national-scale model of the subsurface. These 
models are fundamental for defining the under cover 
exploration search space and underpin the Economic 
Fairways Mapper tool (https://portal.ga.gov.au/persona/
eftf; Walsh et al 2020).

Conclusions 

Geoscience Australia has produced the first seamless 
chronostratigraphic solid geology maps and solid geology 
dataset of the North Australia Craton, as well as a first-
pass interpretation of the AusAEM1 survey focused on 
major chronostratigraphic interfaces. 

Seamless chronostratigraphic datasets and the 
AusAEM1 survey data and interpretation are being 
prepared for release through the Exploring for the 
Future portal (https://portal.ga.gov.au/persona/eftf ). 
The portal allows for 2D and 3D visualisation, download 
and analytics for the assessment of mineral potential, 
and delineation of the economic search space through 
economic modelling.

This work is underpinned by a new database to store 
subsurface interpretations, and a new tool to generate 
predictive 3D surfaces and assess the economics of 
exploration under cover. These new maps establish a 
clear foundation for refining Australia’s knowledge of the 
subsurface; they also highlight important data gaps where 
new data acquisition programs can be focused. 
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Tanami Region: Reprocessing, interpretation and modelling of newly acquired and legacy 
geophysical data
Teagan Blaikie 1,2, Helen McFarlane 1 and Susanne Schmid 1

Introduction 

In 2018, the Northern Territory Geology Survey (NTGS) 
acquired a high-resolution aeromagnetic and radiometric 
survey across the Tanami Region. The survey is one of the 
largest surveys ever completed in the Northern Territory and 
was acquired at 200 m resolution, with industry partners 
funding 100 m infill in some areas. In December 2019, CSIRO 
commenced an interpretation project in partnership with the 
NTGS. This project aims to value add to these newly acquired 
datasets through additional data processing, interpretation 
and modelling. The main objectives of this project are to:

• process newly acquired and existing open file industry
aeromagnetic, radiometric and gravity data

• undertake a solid geological interpretation using all of
the geophysical datasets

• constrain the subsurface architecture of the Tanami
region through 2D forward modelling of potential
field data along three existing deep seismic reflection
surveys.

This project will provide a framework for revising
the existing structural architecture and geological 
interpretations of the region, and may allow mapping 
of geological units and structures prospective for gold 
mineralisation under cover. Furthermore, this work would 
identify any inconsistent geological correlations across 
existing mapsheets and provide a geological framework for 
future mapping and exploration projects.

Regional Geology

The Tanami Region is located approximately 600 km to the 
northwest of Alice Springs in the Northern Territory and 
straddles the border with Western Australia. The region 
lies within the North Australian Craton and comprises 
Paleoproterozoic metasedimentary and volcanic rocks 
that overlie an Archean basement. These rocks have been 
folded, subjected to lower greenschist to amphibolite facies 
metamorphism and extensively intruded by granites and 
dolerite dykes (Ahmad et al 2013). The Tanami Region is 
unconformably overlain by the Birrindudu Basin in the 
north, the Wiso Basin in the east, and the Canning Basin 
in the west. The area is highly prospective for gold and 
contains several world-class deposits, including Callie, 
Tanami, Granites, and Groundrush. 

The Paleoproterozoic strata of the Tanami Region 
comprises two groups: the Tanami Group and the Ware 
Group. The ca 1880–1830 Ma Tanami Group represents 
sedimentary and mafic volcanic rocks that were deposited 
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in a back-arc basin. The group consists of the Stubbins (WA 
only), Dead Bullock and Killi Killi formations (Ahmad 
et al 2013). Bagas et al (2014) also assigns the Mount Charles 
Formation to this group. The widespread turbiditic successions 
of the Killi Killi Formation are interpreted to be sourced from 
uplifted areas related to the early stages of the collision of the 
Kimberley and the proto-North Australian cratons (Crispe et al 
2007). The latter stages of this event (Halls Creek Orogeny) 
resulted in subduction of the Tanami back-arc oceanic crust at 
ca 1850–1840 Ma (Li et al 2014). This caused basin inversion 
in the Tanami Region, with deformation interpreted largely 
as northwest-directed. This was coeval with a widespread 
tectonothermal event at ca 1840 Ma, which caused regional 
greenschist to amphibolite facies metamorphism in the 
Tanami Region  (Li et al 2014).

A second deformation event, referred to as the Granites–
Tanami Orogen, resulted in the widespread intrusion of 
dolerite dykes and granitic plutons, deformation, and local 
volcanism and sedimentation (Huston et al 2009, Bagas 
et al 2014, Li et al 2014). A regionally widespread episode of 
volcanism and sedimentation occurred at ca 1825–1810 Ma. 
Rocks deposited at this time form the Ware Group, which 
is largely comprised of felsic volcanic rocks, siliciclastics 
and minor mafic volcanics. The group consists of the Mount 
Winnecke Formation, Nanny Goat Volcanics, and Century 
and Wilson formations (Ahmad et al 2013). 

Geophysical data processing

Image processing aids in the geological interpretation of 
gridded data by better defining extent and edges of anomalies, 
enhancing textures and subtle variations in anomalies, and 
separating information related to deep and shallow sources. 
In this project, we have processed the newly acquired 
aeromagnetic and radiometric data, and existing gravity data 
(Figure 1). Magnetic data were reduced to the pole and a 
number of filters were applied to aid the interpretation process 
(Figure 2a). These include the 1st and 2nd vertical derivatives, 
tilt-derivate, analytical signal, automatic gain correction, 
horizontal gradient magnitude, and the generalised derivative. 
Vertical derivatives and band-pass filters were applied to the 
gravity data (Figure 2b). These filters were selected largely 
to enhance short-wavelength anomalies associated with near-
surface geology. They aid in better recognition of faults and 
lithological units, and in mapping of these units under cover. 
Ternary images of the radiometric data, and ratios of the 
different elements were also produced (Figure 2c).

Open file industry data of comparable or higher resolution 
than the newly acquired Tanami Region survey were also 
processed (Figure 1). A total of 72 aeromagnetic surveys 
and 32 radiometric surveys were processed. All processed 
grids will be available to download as digital information 
package DIP022 from the NTGS. Processing of industry 
data involved reprojection of data to a common coordinate 
system (GDA 94 / MGA52). Located data (when provided) 
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Figure 1. Location of the Tanami 
Region aeromagnetic and radiometric 
survey and open file industry 
aeromagnetic data of comparable or 
higher resolution that was processed 
for this work. Survey outlines are 
overlain on the 1:2500k scale regional 
geological map. The interpretation 
area for this project is defined as the 
TANAMI and THE GRANITES 
map sheets, plus sections of MOUNT 
SOLITAIRE, HIGHLAND ROCKS 
and MOUNT THEO covered by the 
new survey. 

was regridded at 1/5th flight line spacing; Butterworth and 
directional cosine filters were applied to remove noise along 
survey flight lines where necessary. The same set of filters 
listed above were then applied to the new Tanami Region 
survey. 

A comparison of the first vertical derivative of data 
acquired at 20 m, 100 m and 200 m demonstrates the value 
in reprocessing of legacy data as shown in Figure 3. This 
illustrates the highly magnetic signal of the Dead Bullock 
Formation. The industry data provides increased resolution 
of key structural features and allows better interpretation of 
complex fold interference patterns in this area. 

Interpretation

We aim to build a solid geological interpretation of the Tanami 
Region that maps the distribution of major lithological units 
and faults under younger cover sequences. Interpretations 
will be constrained by existing geological data, drill holes, 

petrophysical properties, and seismic data. The interpretation 
area for this project is defined as the TANAMI31 and 
THE GRANITES map sheets, plus sections of MOUNT 
SOLITAIRE, HIGHLAND ROCKS and MOUNT THEO 
covered by the new survey. Assessment of results is currently 
ongoing, with preliminary interpretations completed around 
the Coomarie and Frankenia domes (Figure 4). Below 
we describe the geophysical characteristics of the main 
lithological units present in the interpretation region. 

The Tanami Group is typically well resolved in the 
geophysical datasets. The Dead Bullock Formation is 
highly magnetic and forms the prominent anomalies across 
the survey area (Figure 4). The formation is defined by 
a high magnetic intensity, often comprised of closely 
spaced linear magnetic highs, which define the intercalated 
volcanics within sedimentary units. It is also coincident 

3  Names of 1:250 000 mapsheets are shown in capital letters, eg 
MOUNT SOLITAIRE.
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with a high-gravity anomaly. The Killi Killi Formation 
has a more subdued geophysical signature, being defined 
by a smooth to stippled magnetic texture with a low to 
moderate intensity. When the formation is present in 
close proximity to intrusions, it tends to have a slightly 
higher magnetic intensity. The Ware Group is defined by 
a moderate magnetic intensity, with a smooth to stippled 
texture. It sometimes exhibits alternating magnetic high 
and low anomalies indicative of different layers of volcanic 
and sedimentary units.

Intrusive rocks are typically well imaged in the 
geophysical data. The different granitic suites are 
defined by low gravity anomalies, with the Grimwade 
Suite exhibiting a low magnetic response (Figure 4); 
the Frederick Suite exhibiting a high magnetic response 
with either stippled, cross-hatched or concentric texture; 

and the Birthday Suite exhibiting a low to moderate 
magnetic response. Mafic dykes are common across the 
interpretation area and are defined by isolated linear 
magnetic highs. 

The Birrindudu Group and Kalkarinji Volcanics overlie 
rocks of the Tanami Region in the northwest. The Birrindudu 
Group has a low gravity and magnetic response, although 
different units can be resolved through subtle variations 
in magnetic response in high-pass filtered datasets. The 
Kalkarinji Volcanics exhibit a moderate magnetic intensity, 
with a highly stippled texture.

Deformation across the Tanami Region has resulted 
in significant folding and faulting of units, which are well 
imaged in the various geophysical datasets. Faults across 
the interpretation area typically do not exhibit their own 
magnetic signature but are defined either by truncation or 

Figure 2. (a) Reduced to pole aeromagnetic data overlain on the 1st vertical derivative of the same data. (b) Gravity data, bandpass 
filtered with wavelength of 200–2 km. (c) Ternary image of the radiometric data.
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offset of magnetic anomalies, or by significant variation in the 
geophysical texture across a narrow linear corridor. Offset of 
magnetic anomalies allows interpretation of fault kinematics 
in some cases (Figure 4). Folds are best defined in the Dead 
Bullock Formation where multiple deformation events have 
caused complex fold interference patterns (Figure 3, 4). 

Summary and future work

This work presents newly processed aeromagnetic 
and radiometric data from the Tanami Region survey 
and reprocessed industry data, as well as preliminary 
interpretations of these datasets. Interpretations aim to 
define major structural features and their overprinting 
relationships, and allow mapping of the extent of different 
lithological packages, including units known to be 
prospective for gold under cover. Future work will involve 
completion of the interpretation and 2D forward modelling 
of the gravity and magnetic data along several deep 
seismic reflection surveys. This will provide a framework 
for reassessing the structural architecture and tectonic 
evolution of the Tanami Region.
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Incorporating prospectivity analysis to target new gold deposits in the Tanami Region
Sam Ekins 1,2 Matt Briggs 1, James Davis 1, Bijan Roshanravan 3, Oliver Kreuzer 4 and Matt Bruce 5

Introduction

The Tanami Region, straddling the border between the 
Northern Territory and Western Australia, is a Proterozoic 
orogenic gold province with several operating and past 
producing gold mines. Prodigy Gold’s Tanami Project 
is located 400 km northwest of Alice Springs and 
encompasses ~14 000 km2 of the Tanami Region within the 
Northern Territory. Due to the large area of their project, 
Prodigy Gold is using an integrated prospectivity analysis 
approach in collaboration with the Corporate Geoscience 
Group (CGSG) to assist in targeting large-scale gold 
systems (Roshanravan et al in prep). Prospectivity analysis 
(integrating empirical and conceptual data) and mineral 
systems mapping are commonly employed to assist targeting 
in exploration projects (Wyborn et al 1994, Hronsky 2004, 
Hronsky and Groves 2008, Hronsky and Kreuzer 2019). 
Numerous companies have undertaken traditional regional-
scale prospectivity analysis in the Tanami Region, such 
as AngloGold Ashanti, Newmont, and Prodigy Gold. The 

© Northern Territory of Australia 2020. With the exception of government and corporate logos, and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).

1 Prodigy Gold NL, 141 Broadway, Nedlands WA 6009, 
Australia 

2 Email: sekins@prodigygold.com.au
3 Department of Mining, Faculty of Engineering, University of 

Birjand, Iran
4 Corporate Geoscience Group (CGSG), PO Box 5128, 

Rockingham Beach WA 6969, Australia
5 Economic Geology Research Centre (EGRU), College of 

Science & Engineering, James Cook University, Townsville 
QLD 4811, Australia

integration of multiple prospectivity assessment models is a 
new approach that has the potential to overcome many of the 
scale dependency and data resolution limitations inherent in 
traditional prospectivity analysis techniques (Hronsky and 
Kreuzer 2019, Roshanravan et al in prep).

Geology

The general tectono-stratigraphic evolution of the 
Tanami Region is reasonably well established through 
the efforts of recent multi-disciplinary studies (Lambeck 
et al 2008, Joly et al 2012, Bagas et al 2008, Bagas et al 
2014). The inaccuracies of the stratigraphic correlations 
across the Tanami Region (due to isolated studies, lack of 
geochemistry, extensive cover and lack of outcrop) and the 
apparently strong stratigraphic control to mineralisation 
(Lambeck et al 2008, Pretella et al 2019) led Prodigy Gold 
in 2017 to instigate an extensive geochemical sampling 
program of spoil samples, drill core, and rock chips, in 
order to characterise the geological succession within its 
lease boundaries (Schmid et al 2018, Schmid. 2019, Briggs 
et al 2019). The results of this program (presented at AGES 
2018 and 2019) have been used to revise geological maps 
and have been integrated with the co-funded Northern 
Territory Geological Survey (NTGS) 2018 aeromagnetic 
survey. Reprocessing of the existing magnetic surveys in the 
district with the co-funded NTGS 2018 aeromagnetic survey 
has significantly improved the resolution of the magnetic 
stratigraphy and associated structures in the Tanami Region 

Figure 1. Comparison between the 2020 reprocessed magnetic data including Prodigy Gold’s magnetic data processed in 2009 (left) and 
the co-funded NTGS 2018 aeromagnetic survey (right).
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as shown on Figure 1. Prodigy Gold continues to refine 
their interpretation of these data and will reintegrate these 
results into their prospectivity analysis as they improve. The 
revised geology interpretation, along with historic data, was 
used in the recent CGSG prospectively analysis.

Historically, exploration in the Tanami has been 
focused on areas with outcrop or known mineralisation 
(eg Old Pirate, Suplejack). Areas under cover, which 
encompass over 90% of the favourable host lithologies 
in the region, are often ineffectively explored or remain 
unexplored. The prospectivity analysis approach 
improves Prodigy Gold’s confidence to target these areas 
more effectively.

Concept – GIS based

Many of the biases in traditional prospectivity analysis 
outlined by Hronsky and Kreuzer (2019) can be reduced 
by using GIS-based multi-model automated approaches. 
These use mathematical models to assess the spatial 
association between targeting criteria (represented by 
predictor maps) and the targeted deposit type. Translating 
knowledge about controls on mineralisation (eg rock type, 
fundamental basin architecture, etc) to generate predictor 
maps suitable for GIS-based mathematical models is a 
significant challenge; it is dependent on the accuracy and 
resolution of the available data. A further challenge is 
to determine whether a knowledge-based or data-driven 
model is best suited to the available data (Nykänen and 
Salmirinne 2007). This is dependent on the density and 
quality of available data. To establish the best approach, 
a series of seven models were run with the following 
three methods deemed the best for predicting the known 

deposits in the Tanami Region using the Prodigy Gold data 
(Roshanravan et al in prep)):

1. continuous fuzzy gamma prospectivity
2. geometric average prospectivity model
3. data-driven index overlay prospectivity model.

Results and conclusions

Empirical datasets (eg magnetics, geochemistry) are 
potentially less biased (biases can be introduced to these 
data via processing), data driven, and most useful for 
analytical prospectivity modelling (Lisitsin and Rawling 
2011). These weights of evidence models are supplemented 
with knowledge and interpretative or conceptual data such 
as favorable rock type, geological interpretations, and others 
(eg fuzzy logic/conceptual models). Depending on the data 
available, an empirical or conceptual approach can be the most 
appropriate (Nykänen and Salmirinne 2007). It is important 
that we place more weight on datasets and the modelling 
approach that best detects the known deposits to generate our 
predictive models. This is established by running multiple 
models. (Hronsky and Kreuzer 2019, Roshanravan et al in 
prep). The best predictive models can then be extrapolated 
to areas that are data poor. The process needs to be iterative 
and re-run on a regular basis whenever new data is acquired, 
new deposit types are discovered, or when interpretations 
change to challenge the paradigms established by the 
previous iterations of the models. The results of the recent 
prospectivity analysis undertaken by Roshanravan et al (in 
prep) via CGSG has reinforced Prodigy Gold’s confidence to 
target the Hyperion–Tregony trend and Callie-style targets at 
Bonanza (Figure 2) on its 100% owned tenements.

Figure 2. Example of the output of the 2019 CGSG 
prospectivity analysis. Note that the Bonanza, Hyperion 
and Tregony-Boco areas are identified as the most 
prospective (hot colours).
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Introduction

Orogenic gold deposits generally contain higher average 
gold grades than other deposit types (Schodde 2017) and 
locally display ultra-high-grade auriferous quartz veins. 
The processes associated with the formation of higher 
grade deposits, ie the local deposition of large quantities 
of gold, remain unclear. Gold deposition is commonly 
believed to be associated with the destabilisation of the 
Au(I)-hydrosulfide complex, which can be caused by 
variation in ore fluid thermophysical conditions (Seward 
et al 2013). Variation in fluid condition can be induced by 
physical changes such as vein opening (Hodkiewicz et al 
2009, Weatherley and Henley 2013) or chemical changes 
caused by fluid-rock interaction (Evans et al 2006) and 
fluid mixing (MacKenzie et al 2010). Fluid-rock interaction 
is frequently associated with gold deposition in orogenic 
gold deposits as it affects the ore fluid oxygen fugacity and 
pH and consequently, the gold solubility (Williams-Jones 
et al 2009). Although fluid-rock interaction processes are 
well understood and widely documented in many orogenic 
gold deposits, it remains unclear which processes are more 
efficient at depositing gold and preferentially forming 
higher-grade deposits.

The Callie deposit (Northern Territory, Australia) 
hosts two types of mineralisation that have contrasting 
endowment (~2 g/t Au vs ~6 g/t Au). Both mineralisation 
types are coeval and associated with a single hydrothermal 
event but result from different fluid-rock interaction 
processes (Petrella et al 2019), suggesting disparity in 
the efficiency of the gold deposition processes. In this 
contribution, we investigated the relative efficiency of gold 
deposition mechanisms for both types of mineralisation at 
Callie by using a combination of petrographic observations, 
geochemical analyses, and thermodynamic modelling. 

Geological setting

The Callie deposit is located ~650 km northwest of Alice 
Springs in the Tanami Region of the North Australian 
Craton. The Tanami Region hosts several gold occurrences 
and deposits described as orogenic and formed between 
ca 1805 and 1790 Ma (Cross et al 2005, Fraser et al 2012, 
Li 2014, Petrella et al 2019). The locations of gold deposits 
are primarily controlled by major structures that extend into 
the mid-crust (Huston et al 2007, Goleby et al 2009). The 
world-class Callie gold mine, hosted by metasedimentary 
rocks, is by far the largest deposit in the area with a total 
endowment of ~14.2 Moz (Schmeider et al 2018). The gold 
mineralisation at Callie is hosted in the Dead Bullock 
Formation (Figure 1), which consists of a 1 km-thick 

sequence of low-energy metasedimentary rocks. The 
metasedimentary rocks are composed of planar laminated 
siltstone, carbonaceous siltstone, iron- and chert-rich fine-
grained siltstone and fine-grained sandstone, and basalts 
and subvolcanic sills (Lambeck et al 2008, Pendergast 2011, 
Bagas et al 2014). The mineralisation is concentrated along 
structural corridors of high vein density (Figure 2) and 
occurs in two contrasting styles: a lower grade (averaging 
2 g/t Au; Schmeider et al 2018) stratabound style consisting 
of bedding parallel sulfides (pyrrhotite, pyrite and 
arsenopyrite) hosted in iron-rich siltstone (Figure 3a); and a 
high-grade (averaging 6 g/t Au) vein-hosted style consisting 
of visible gold in quartz veins in finely laminated siltstones 
(Figure 3b). Structural and petrographic analyses, combined 
with U–Pb geochronology of gold-associated hydrothermal 
xenotime, show that both mineralisation styles formed 
along the same structural pathways contemporaneously at 
ca 1805 Ma, (Petrella et al 2019). The presence of the two 
contrasting styles of mineralisation within the same deposit 
makes it a perfect case study to investigate variation in 
fluid-rock interaction processes.

Methods

This work is based on detailed petrographic study of 41 fresh 
and altered drill core samples. Whole rock geochemistry 
was used for mass balance calculations (Grant 1986). 
Whole rock geochemistry analysis were performed by ALS 
laboratory in Perth, Australia. This work also includes 
thermodynamic modelling of the various types of fluid-rock 
interaction at Callie. The modelling was performed using the 
HCh program coupled with the Unitherm database (Shvarov 
and Bastrakov 1999). HCh calculates the compositions of 
coexisting fluids and mineral assemblages at conditions 
specified by the user; it uses a free energy minimisation 
approach to calculate the thermodynamically stable mineral 
assemblage at the specified pressure, temperature, and 
system composition.

Results and discussion

Geological mapping at the Callie deposit shows the presence 
of alteration around the structural pathways: sulfidation 
alteration where the structure pathway intersects iron-rich 
stratigraphic units of the Dead Bullock Formation; and 
decarbonation alteration where it intersects carbonaceous 
units in the lower part of the stratigraphy (Figure 2). 
The sulfidation alteration is associated with the lower-
grade stratabound mineralisation and the decarbonation 
alteration is associated with the higher-grade vein-hosted 
mineralisation (Petrella et al 2019). The strong stratigraphic 
control on mineralisation and alteration indicates that the 
host-rock acted as a geochemical buffer to the mineralising 
fluid. 

Our results show that hydrothermal alteration of 
iron-rich siltstones involves replacement of iron-rich 
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Figure 1. Geological map of the Dead 
Bullock Soak gold deposits modified 
after Li et al (2014) and Pendergast 
(2011). The stratigraphic column of the 
Dead Bullock Formation is presented 
under the geological map. The inferred 
location of the structural pathways are 
superimposed on the geology.

Figure 2. Block model summarising the mineralised system 
architecture of the Callie deposit (modified after Petrella et al 
2019). The structural pathways (red dotted lines) acted as a 
fluid conduit into the Dead Bullock Formation. The fluid-rock 
interaction depends on the composition of the stratigraphic unit. 
When the mineralising fluid reacts with iron-rich host-rock (iron-
rich minerals represented as black dots), sulfide-rich alteration 
is produced around the structural pathways (red dots). When the 
mineralising fluid reacts with finely laminated, carbonaceous rocks 
(carbonaceous material is represented in grey), the carbonaceous 
material is removed around the structural pathway.

minerals, such as magnetite, by sulfides, including 
pyrrhotite and pyrite. That reaction causes an increase 
in the fluid fO2, which leads to the destabilisation and 
deposition of the Au(I)-hydrosulfide complexes. We 
propose that a combination of ongoing hydrothermal 
alteration, associated with an increase in the fluid fO2, is 
the dominant control on gold deposition in the stratabound 
style of mineralisation at Callie.

In the vein-hosted mineralisation type, the presence 
of gold correlates systematically with removal of 
carbonaceous material. Mineralisation and alteration 
only occur in the lower part of the deposit suggesting 
that carbonaceous material acted as a redox buffer to 
the mineralising f luid. Our results suggest that the 
reaction of carbonaceous material with the ore f luid 
causes a decrease in the f luid fO2, which leads to the 
destabilisation and deposition of the Au(I)-hydrosulfide 
complexes.

The geological observations are validated by our 
thermodynamic models that predict the alteration types 
observed at Callie. Furthermore, our thermodynamic 
simulations show that the decrease in f luid fO2 
associated with the decarbonisation reaction is three 
orders of magnitude more effective at depositing gold 
than that from the increase in f luid fO2 associated with 
the sulfidation of the host-rock. These results, therefore, 
may explain the difference in endowment observed at 
the Callie deposit.

Our investigation shows that the fluid-rock interaction 
processes are important in controlling the overall 
endowment of the Callie deposit, and consequently, 
for high-grade gold exploration, the nature of the host-



AGES 2020 Proceedings, NT Geological Survey

136

rock should be considered as a dominant control on gold 
deposition efficiency. 
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