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On behalf of the Northern Territory Government, I welcome you to Alice Springs and the Annual 
Geoscience Exploration Seminar (AGES). This is the 22nd year AGES has been held and the event 
continues to grow in importance as the key technical and networking event for the Territory’s 
exploration sector.  

At last year’s AGES, I was delighted to be able to announce that the Territory Government has 
increased funding for the Resourcing the Territory initiative from $6.5 million to $9.5 million per 
year from 2022, and has made this funding ongoing. This reflects our long-term commitment to 
supporting the exploration industry and unlocking the fantastic mineral and energy opportunities 
that the Territory presents. As part of the initiative, we are currently offering up to $3 million in 
co-funding grants to support exploration, and the Northern Territory Geological Survey will be able 
to accelerate its high-quality pre-competitive geoscience programs across the Territory.

It is an exciting time for the Territory’s resources sector, with our first lithium mine under 
construction, numerous mining projects approaching Final Investment Decision, and exploration activity at its highest levels in a 
decade. Activity in our onshore energy sector is also expanding, with increasing levels of appraisal drilling in the Beetaloo Sub-basin. 
It is critically important that we maintain and accelerate this growth in our resources sector if we are to meet the Territory’s vision of 
reaching a $40 billion economy by 2030, and I look forward to continuing to work with industry on making this a reality.

I hope you enjoy AGES 2022 and the many networking opportunities it provides. I trust that you will find the technical program 
useful and informative, and that it will help you identify new exploration or business opportunities here in the Territory. As you well 
know, if you’re looking for the next resource development opportunity, you need look no further than the Northern Territory!
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2021 in review: Exploration bounces back in the Territory
Ian Scrimgeour 1,2

© Northern Territory of Australia 2022. 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

2 Email: ian.scrimgeour@nt.gov.au

Introduction

The Territory’s exploration sector rebounded strongly 
in 2021 despite ongoing issues related to the Covid-19 
pandemic. Mineral exploration expenditure figures suggest 
that expenditure on exploration during the 2021 dry season 
was substantially higher than the previous year, and at the 
highest levels for nearly a decade. There was also a dramatic 
upturn in applications for mineral exploration titles, with 
444 new applications received, a 255% increase on 2020. 
This is the highest number of applications received since 
2009. It reflects an apparent substantial increase in interest 
in uranium and lithium exploration, as well as ongoing 
uptake of tenure for copper, particularly sediment-hosted 
copper in the Territory’s Proterozoic basins. Despite this 
uptake of greenfield exploration tenure, the percentage of 
exploration expenditure spent in greenfields areas remains 
at moderate levels, which is likely to be due at least in part to 
Covid-19-related access restrictions. Petroleum exploration 
activity was also stronger in 2021, with drilling or flow 
testing occurring at seven wells in the Beetaloo Sub-basin.

According to the Australian Bureau of Statistics 
(ABS), mineral exploration expenditure in the NT in 2021 
was $153.4 million, up 38% on the figure of $110.8 million 
for 2020 (Figure 1). This represents the highest annual 
expenditure since 2011, and the third highest on record. The 
proportion of exploration expenditure in the NT that is in 
greenfields areas increased during the second half of 2021 
to 34%, similar to the Australian average. 

In addition to ABS exploration statistics, the NT 
Geological Survey collects statistics on the admissible 
exploration expenditure reported by industry under the 
Mineral Titles Act. This shows that expenditure reports 
submitted for exploration activities on both exploration 
licences (ELs) and mineral leases (MLs) during 2020 
(which may relate to activity in 2020 and/or 2021) totalled 
$112.4 million in admissible exploration expenditure. This 
was a decrease of 4% from the $116.9 million reported in 
2020. The proportion of total reported expenditure on MLs 
was 71%, up from 58% in 2020.

At the end of 2021, there were 925 granted non-extractive 
mineral exploration licences (compared with 773 at the end of 
2020) and 739 outstanding exploration licence applications. 
Of these applications, 486 are on Aboriginal freehold land. 
During 2021, 444 new applications were received (up from 
174 in 2020), 278 were granted (up from 71 in 2020) and 61 
licences ceased (down from 146 in 2020).The area of the NT 
covered by granted exploration tenure has increased from 
11 to 18%, with a further 26% of the Territory covered by 
applications. At the end of 2021, in the onshore NT and 
coastal waters, there were 38 granted petroleum exploration 
permits, 3 retention licences and 5 production licences. 

Mineral exploration and production highlights

Figure 2 shows selected mineral exploration highlights for 
2021. In the following summary of exploration and mining 
results for the Territory during 2021, 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 by companies. As a result, details of 
exploration by some private and other non-listed companies 
that do not report publicly could not be included. 

Mineral production statistics for the NT for 2020/21 
collected under the NT Mineral Titles Act are given in 
Table 1. This shows mineral production was $4.28 billion 
in 2020/21, down slightly from last year’s $4.40 billion. 

Gold – Tanami Region and Aileron Province

Newmont Corporation’s Tanami Operations, located 
550 km northwest of Alice Springs, remains the Territory’s 
largest gold operation, reporting 485 000 oz of gold 
produced in 2021. Gold production was down 2% as the 
mine was temporarily placed into care and maintenance due 
to Covid-19 issues. During 2021, 2.65 Mt of ore was mined 
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Figure 1. Annual and quarterly mineral exploration expenditure 
for the Northern Territory from 2013 to 2021 according to the 
Australian Bureau of Statistics. 
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at an average grade of 5.83 g/t Au. Mineralisation consists 
of high-grade gold-quartz veins in folded carbonaceous 
siltstone in the lower part of the Dead Bullock Formation. 
The operations consist of a number of orebodies, including 
the flagship Callie deposit (>7.6 Moz), the Auron deposit 
(>5.83 Moz), the Federation South Limb, and the Liberator 
deposit. As of 31 December 2021, Proven and Probable Ore 

Reserves were 34.8 Mt at 5.15 g/t Au containing 5.78 Moz of 
gold. Reserves increased by 0.8 Moz largely due to the first 
declaration of reserves at Liberator. Additional Measured 
and Indicated Mineral Resources total 33.1 Mt at 2.18 g/t Au 
for 2.32 Moz of gold; and Inferred Mineral Resources are 
12.5 Mt at 4.53 g/t Au for 1.82 Moz of gold. The company 
reported that 0.3 Moz of Measured and Indicated Mineral 

Figure 2. Map of the Northern Territory showing selected mineral exploration highlights for 2021.
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Resources had been added through exploration programs. 
Some 1.67 Moz of the Mineral Resource is defined as ‘Open 
Pit’, which is assumed to include the Oberon orebody, 25 km 
north of Callie. Newmont are in the process of executing 
their Phase 2 Expansion, which includes construction of a 
1460 m shaft, additional capacity in the processing plant, 
and supporting infrastructure to enable profitable recovery 
of ore at depth to 2140 m below surface. The expansion is 
expected to increase average annual gold production by 
~150 000 to 200 000 oz from 2024 and reduce operating 
costs by around 10%. 

In the Tobruk JV with Prodigy Gold NL, located 
immediately southwest of the Callie Mine, Newmont is 
sole funding up to $12 million in exploration expenditure 
to earn up to a 70% interest. During 2021, it was reported 
that 137 deep sensing geochemical samples were collected, 
along with a passive seismic survey. In November 2021, 
Newmont signed an Exploration and Farm-in Joint Venture 
Agreement with Prodigy Gold to advance exploration at 
the Monza Project (including tenements that were formerly 
part of Prodigy Gold’s Euro joint venture with Newcrest 
Mining), covering exploration tenements and applications 
north and northeast of Callie and The Granites.

In September 2021, Tanami Gold NL and Northern Star 
Resources Ltd advised that a transaction had been completed 
to establish a 50/50 joint venture covering the Central 
Tanami Project that includes the Tanami mine corridor 
and Groundrush deposits. The two companies established 
a joint venture management company through which they 
will jointly fund all exploration and development activities 
on the Central Tanami Joint Venture. The only reported 
drilling program in 2021 was an aircore program at the 
Cave Hill prospect area, 20 km northwest of Callie, but only 
15 out of a planned 53 holes were completed. A planned 
diamond drill program at Jims in late 2021 was deferred 
due to Covid-19 and rainfall-related issues. In Northern 
Star’s 100% owned Tanami Regional project, the focus was 
on completing reconnaissance aircore drilling across new 
anomalies defined in the Stubbins area.

In late 2021, Prodigy Gold completed an eight hole, 
1419 m program of geotechnical and metallurgical diamond 
drilling at the Buccaneer deposit, 90 km west-northwest 
of Callie, which has an existing Mineral Resource of 
10 Mt at 1.8 g/t Au. The drilling was designed to further 
evaluate potential low-cost, heap leach processing for 
the development of the Buccaneer resource. The results 
confirmed multiple stacked zones of mineralisation, with a 
best drill intersection of 16.07 m at 5.8 g/t Au from 140 m, 
including 5.5 m at 13.2 g/t Au from 151 m. Seventeen 
aircore holes for 1124 m were also completed at Buccaneer 
to test the potential for shallow oxide mineralisation south 
of the resource and south of the current pit design, with a 
best intersection of 6 m at 1.4 g/t Au from 12 m.

In September 2021, Prodigy Gold completed a 211 m 
diamond drillhole at the Tregony deposit in the Hyperion 
project area. The drilling was designed to provide insight 
into the structural context and stratigraphic controls of 
gold mineralisation at Tregony, and intersected a number of 
mineralised intervals, with a best result of 5.15 m at 2.5 g/t 
Au. The company have remodelled the Tregony deposit as a 

Table 1. 2020/21 mining production statistics for the Northern 
Territory

Commodity Unit 
quantity

2020–20211,4,5

Quantity 
produced2

Quantity 
sold

Quantity sold
($)3

Metallic minerals

Bauxite tonnes 12,021,675 12,079,243 $468,093,841

Gold6 grams 2,239 0 $0

Gold dore7 grams 14,983,771 14,902,807 $1,189,201,272

Iron ore tonnes 636,456 589,772 $73,659,575

Manganese tonnes 6,733,171 6,817,183 $1,465,728,648

Mineral sands 
concentrate tonnes 37,238 37,238 $12,338,738

Lead 
concentrate tonnes 23,787 32,715 $41,974,453

Zinc 
concentrate tonnes 203,173 188,862 $266,180,938

Zinc lead 
concentrate tonnes 406,438 415,131 $599,169,447

Metallic 
minerals value $4,116,346,912

Gemstones

Diamonds carats 0 0 $0

Gemstones carats 0 0 $0

Mineral 
specimens kilograms 0 200 $32,571

Gemstones
 value $32,571

Non-metallic minerals

Crushed rock tonnes 1,374,990 1,475,646 $30,410,741

Dimension 
stone tonnes 0 0 $0

Gravel tonnes 148,627 143,771 $2,378,485

Sand tonnes 202,475 189,423 $4,672,687

Soil tonnes 120,582 46,923 $608,631

Garnet sands tonnes 648 576 $223,920

Limestone tonnes 0 1,668 $28,852

Quicklime8 tonnes 7,779 8,224 $2,246,815

Vermiculite tonnes 0 0 $0

Non-metallic 
minerals value $40,570,131

Energy minerals

Uranium oxide tonnes 810 1,023 $123,685,290

Total minerals 
value $4,280,634,904

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 13 Oct 2021 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 Gold dore is primarily comprised of gold with additional silver 

and accessory elements.
8

 Quicklime is derived from limestone. Processing input and 
output data is deemed operator commercial-in-confidence.
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stacked shear vein system in the hanging wall of the regional 
Suplejack Fault. At the PHD prospect, 30 km northwest of 
the Hyperion gold deposit, Prodigy Gold drilled a 241 m 
diamond drillhole co-funded by NTGS, which intersected 
quartz veining and sulfidic sediments. They also conducted 
an 80 hole aircore drilling program. No significant results 
were reported. 

In the northern Aileron Province, Prodigy Gold 
undertook a 11 hole, 1549 m RC drilling program at the 
Sabre prospect, which forms part of their Reynolds Range 
project, 90 km north of Alice Springs. Drilling successfully 
extended the historically defined gold mineralisation trend 
at Sabre by over 450 m, with a best intersection of 23 m at 
0.6g/t Au, including 7 m at 1.5 g/t Au.

In the Irindina Province northeast of the Harts Range, 
Shree Minerals Ltd continued reconnaissance exploration 
at the Bruce gold prospect, where historic sampling of 
ferruginous quartz veins by NTGS assayed up to 53 g/t Au. 
In November 2021, the company reported rock chip samples 
of up to 15.26 g/t Au from newly identified ferruginous 
and partly gossanous quartz veins. In January 2022, Shree 
Minerals announced it had divested its interest in the 
tenements to MetalsGrove Mining Ltd. 

Gold – Pine Creek Orogen

Vista Gold Corporation’s Mount Todd gold project, 
northwest of Katherine, has reported Measured and 
Indicated Mineral Resources of 299.1 Mt at 0.82 g/t Au 
containing 7.87 Moz of gold, and Inferred Mineral 
Resources of 65.3 Mt at 0.77 g/t Au containing 1.61 Moz of 
gold. Proven and Probable Ore Reserves at the end of 2021 
are 280.4 Mt at 0.77 g/t Au containing 6.98 Moz of gold. The 
company undertook a substantial drilling campaign during 
2021 designed to demonstrate district-scale mineralisation 
and structural continuity between the Batman and Quigleys 
deposits. Highlights included an intersection of 29 m at 
2.65 g/t Au (including 0.31 m at 161.8 g/t Au) from 500 m 
north-northeast of Batman. An 18 hole, 6000 m program was 
undertaken in mid-2021 and successfully identified several 
gold-bearing structures that connect the Batman pit and the 
Golf-Tollis deposit (Figure 3).. This included a 901 m hole 

co-funded by NTGS through the Geophysics and Drilling 
Collaborations (GDC) program that intersected more than 
100 m of mineralisation, including 22.7 m at 1.1 g/t Au. In 
June 2021, the company announced that they had received 
Mining Authorisation for the project. In February 2022, the 
company  announced the results of a feasibility study on the 
project, based on a sixteen-year mine life with an average 
annual production of 395 000 oz of gold.

Kirkland Lake Gold Inc’s operations in the Pine Creek 
region remained in care and maintenance through 2021, 
with an $80 million rehabilitation program undertaken in 
the Cosmo Howley area. This included hauling more than 
13 Mt of potential acid forming material from the Howley 
area into the Cosmo pit, and then filling the Cosmo pit with 
treated water to act as a wet cap. In late 2021, the company 
undertook an exploration drilling program at Pine Creek 
testing for new mineralised structures below existing pits, 
but no results have been publicly announced. Combined 
Mineral Resources for all of Kirkland Lake’s Territory 
assets at the end of 2020 comprise Measured and Indicated 
Mineral Resources of 25.2 Mt at 2.3 g/t Au and an Inferred 
Mineral Resource of 19.2 Mt at 2.3 g/t Au, for a total 
contained 3.22 Moz of gold.

PNX Metals Ltd continued to progress their Fountain 
Head gold project, located 50 km northwest of Pine Creek. 
Combined Indicated and Inferred Mineral Resources for the 
Fountain Head and Tally Ho deposits total 2.94 Mt at 1.7 g/t 
Au for 156 000 oz of gold. The gold system extends ~1.6 km 
along the strike of the Fountain Head anticline. During 2021, 
the company continued to advance development studies for 
the Fountain Head project and submitted an Environmental 
Impact Statement in June 2021. PNX Metals also undertook 
an RC drilling program testing near-mine exploration 
targets, with a best intersection of 3 m at 4.13 g/t Au from 
the ‘NW Breccia’ target. 

In April 2021, PNX Metals executed an agreement to 
acquire the Glencoe gold deposit, 3 km north of Fountain 
Head, from Ausgold Pty Ltd, and released an Inferred 
Mineral Resource estimate of 2.1 Mt at 1.2 g/t Au for 
the deposit. The company subsequently drilled 54 RC 
holes at Glencoe to test for near-surface extensions to 
gold mineralisation and to increase confidence in the 
current Mineral Resource. Drilling successfully identified 
immediate additions to near-surface gold mineralisation, 
extending the strike and demonstrating continuity more 
than 280 m to the southeast of the existing resource. Near-
surface intersections included 9 m at 2.23 g/t Au, 6 m at 
3.84 g/t Au, and 2 m at 8.58 g/t Au.

Privately-owned Bacchus Resources Pty Ltd continued 
gold exploration in the Pine Creek Orogen in 2021, 
including at their Woolwonga project. The company also 
commenced drilling programs at the Brocks Creek project 
area, which contains resources at the Zapopan (high-
grade underground), Faded Lily, Raising Tide, Burgan and 
Alligator deposits. 

Hanking Australia Pty Ltd’s Mount Bundy project 
comprises the Toms Gully, Rustlers Roost and Quest 
29 deposits, located 90 km east-southeast of Darwin. In 
December 2021, the company announced an increase in 
resources at the project based on recent drilling campaigns. Figure 3. Diamond drill rig near Mount Todd, April 2021.
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The Mineral Resource at the Toms Gully deposit increased 
by 63% to 2.5 Mt at 6.3 g/t Au for 514 000 oz of gold. At 
Quest 29, the Mineral Resource increased by 216% to 
14.2 Mt at 1.0 g/t Au for 468 000 oz of gold. This followed 
a 48% increase in the Rustlers Roost Mineral Resources in 
July 2021 to 90.25 Mt at 0.68 g/t Au for 1.98 Moz of gold. 
Total combined Indicated and Inferred Mineral Resources 
for the entire project are 109 Mt at 0.9 g/t Au for 3.01 Moz 
of gold, with 75% in the Indicated category. The company 
continued to advance development plans and approvals 
processes for the Mount Bundy project; it was given Major 
Project Status by the NT Government in December 2021. 

During 2021, Core Lithium Ltd undertook further gold 
exploration at its Bynoe gold project, which is in the same 
area as its Finniss lithium project, 20–60 km south of 
Darwin. The company undertook follow-up drilling at the 
Far East gold prospect, including three diamond drillholes 
co-funded by NTGS; assays are pending.

Private company PC Gold Pty Ltd undertook a drilling 
campaign and continued to progress approvals for the 
Spring Hill gold project, which has a Mineral Resource 
of 6.9 Mt at 1.74 g/t Au. Results of drilling have not been 
publicly announced.

Gold and copper-gold – Warramunga Province

There was strong exploration for copper and gold in 
Barkly region in 2021, with significant drilling programs 
in the Rover field and Tennant Creek mineral field, and the 
ramping up of exploration for copper-gold in undercover 
areas in the Barkly Tableland region east of Tennant Creek.
 
Rover field

At the Rover 1 copper-gold project, 70 km southwest 
of Tennant Creek, Castile Resources Ltd undertook a 
substantial resource definition and extensional drilling 
program through 2021 in which 14 targets were drilled for a 
total of 11 616 m. The program included infill of wider spaced 
historic drilling to confirm the geometry and continuity of 
high tenor gold and copper mineralisation within the Jupiter 
Deeps magnetite body. Drilling confirmed and extended 
mineralised zones, with intersections of 31.7 m at 8.6g/t Au 
and 0.8% Cu from 571 m downhole, including 11.5 m at 
17.2g/t Au and 1.1% Cu from 599 m; and 33.2 m at 2.3% Cu, 
0.8g/t Au and 0.1% Co from 813.9 m. The results are being 
included in a resource update and pre-feasibility study due 
in the first half of 2022. Metallurgical testwork undertaken 
during the year concluded that Rover 1 can produce five 
minerals streams: gold, a gold-rich copper concentrate, a 
bismuth concentrate, a fine grained magnetite industrial 
mineral, and cobalt concentrate in resin. The company also 
announced they are investigating the potential to include 
mineralisation at the Rover 4 prospect, 2.5 km north of 
Rover 1, in the project development plans.

The Explorer 142 deposit, 28 km west of Rover 1, has an 
existing Mineral Resource of 176 000 t at 5.3% Cu. During 
2021, Castile Resources extended an existing drillhole at 
Explorer 142 to 982 m depth, with the additional hole length 
allowing for an increase in coverage by a new downhole EM 

survey that should improve modelling of the conductor to 
allow drill testing in 2022

Exploration activity at the Explorer 108 deposit, 36 km 
west-northwest of Rover 1, included re-entering, cleaning 
and casing an existing hole to allow for a downhole EM 
survey in 2022, as well as the drilling a daughter hole from 
drillhole NR108D049. Significant lead-zinc mineralisation 
was intersected in the daughter hole of 145 m at 1.6% Zn, 
0.9% Pb, 9.3 g/t Ag and 0.6 g/t Au from 485 m downhole, 
including 4.9 m at 5.7% Zn, 3.1% Pb, 57.8 g/t Ag, 0.1% Cu 
and 7.6 g/t Au from 493.1 m.

Tennant Creek mineral field

Emmerson Resources Ltd continued to progress its 
exploration and development activities within the Tennant 
Creek mineral field. In June 2021, the company announced 
that had expanded its Strategic Alliance with Tennant 
Consolidated Mining Group (TCMG) to include both 
the Northern and Southern project areas, which consists 
of an exploration earn-in under which TCMG will fund 
$10.5 million over five years to hold a 75% equity interest, 
and a ‘small mines joint venture’ for development of deposits 
of <250 000 oz gold equivalent. During 2021, TCMG 
undertook feasibility and planning for the establishment 
of a 700 000 tpa carbon-in-leach plant to be assembled at 
the Nobles Nob mine site. As part of the small mines joint 
venture, TCMG advanced mining studies at Mauretania, 
Chariot and Black Snake.

Emmerson Resources’ exploration through much of 2021 
focused on the high-grade Mauretania prospect, 16 km 
east-northeast of Tennant Creek. Following intersections 
of 8.8 m at 3.44 g/t Au and 12 m at 2.5% Cu, 0.26 g/t Au 
and 0.14% Co reported in February 2021, a follow-up drill 
program commenced in mid-May and resulted in a high-
grade intersection in the primary gold zone of 3.95 m at 
57 g/t Au, 0.22% Bi, 20.6 g/t Ag and 0.23% Cu. Further 
drilling at Mauretania focused on testing extensions to the 
shallow gold-bearing oxide zone outside the conceptual 
open pit boundary, with a best intersection of 25 m at 
2.57 g/t Au and 0.24% Cu. During 2021, the company also 
announced high-grade drill intersections from Black Snake 
(including 8 m at 15 g/t Au) and Susan (11 m at 48 g/t Au).

In December 2021, Emmerson Resources announced 
results of drilling at their 100%-owned Hermitage prospect 
in the northern corridor of the Tennant Creek mineral 
field. Four RC holes were drilled in the program, with the 
best result from hole HERC003, which intersected 117 m 
at 3.38% copper from 75 m, including 30 m at 7.26% Cu 
and 2.69 g/t Au from 162 m. The hole was abandoned in 
mineralisation at 192 m depth and will be followed up by a 
diamond tail in 2022. The company reported that the hole 
intersected a zoned ironstone breccia comprising hematite–
jasper near the surface and transitioning to magnetite-
hematite-chlorite at depth; this was interpreted to be a 
subvertical, brecciated, high-grade metal-rich feeder zone. 
Hole HERC002 was drilled outside of the breccia zone and 
intersected 18 m at 1.40% Cu and 0.23% Co, and 24 m at 
4.2 g/t Au. An RC drill program was also completed at the 
Edna Beryl project area, with assays pending.
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In December 2021, Emmerson Resources announced an 
upgrade to the Mineral Resource at the Chariot gold project 
near Tennant Creek, with combined Indicated and Inferred 
Mineral Resources of 556 200 t at 7.8 g/t Au for 138 800 oz 
of gold. The Chariot project forms part of the joint venture 
with TCMG.

King River Resources Ltd undertook detailed ground 
magnetic and gravity surveys over the Lonestar-Gigantic-
Blue Moon IOCG trend, immediately east of Mauretania, 
where prospective Warramunga Formation is under the thin 
veneer of Cambrian sediments. 

In December 2021, Tennant Minerals Limited (formerly 
Blina Minerals) announced completion of a five hole, 
1048 m drilling campaign at the Bluebird ironstone-hosted 
copper-gold prospect, 45 km east of Tennant Creek. The 
company announced that all diamond drillholes intersected 
significant intervals of haematite alteration with visible 
copper mineralisation, including malachite, chalcocite 
and native copper. The broadest intersection was in hole 
BBDD009, which intersected 50 m at 2.70% Cu and 
0.52 g/t Au from 158 m, including 24 m at 5.01% Cu and 
1.01 g/t Au, within an intense haematite-silica breccia with 
minor to abundant malachite with chalcocite. 

In September 2021, CuFe Ltd (formerly Fe Ltd) 
announced it had entered a binding agreement to acquire a 
60% interest in the exploration assets of the Gecko Mining 
Company, which includes the Gecko, Goanna and Orlando 
copper-gold deposits, 28 km northwest of Tennant Creek. 
The company announced in December that the transaction 
had been finalised.

Rio Tinto Exploration Pty Ltd has a number of granted 
exploration leases west and north of Tennant Creek, 
although results of exploration on these tenements has not 
been publicly released.

In August 2021, Elmore Ltd announced that it had 
executed shareholder and mining agreements with ICA 
Mining Pty Ltd under which it has been contracted to 
deliver and manage the Peko Tailings project near Tennant 
Creek in exchange for a management fee, royalty and 
25% of the project profit. The projects contains 3.75 Mt of 
historic tailings at the Peko mine site, containing magnetite, 
138 000 oz of gold, 9567 t of copper and 3953 t of cobalt. The 
project is anticipated to produce 2–2.5 Mt of magnetite over 
6 years. In December 2021, the company announced that it 
had completed the installation of all processing equipment 
on site to enable extraction of high-grade (65– 67% Fe) 
magnetite. Stages 2 and 3 of the project are planned to 
remove gold from the tailings via flotation and leaching.

Barkly Tableland 

The Barkly Tableland area east of Tennant Creek continued 
to be a focus of exploration interest in 2021 with the first 
drilling programs conducted by a number of companies. 
This followed a major uptake of exploration tenure across the 
region on the basis of encouraging results of collaborative 
pre-competitive geoscience in the area by Geoscience 
Australia, NTGS and the Minex Collaborative Research 
Centre (Figure 4). Exploration in the area is primarily 
targeting copper and gold mineralisation in Proterozoic 

basement underlying the Cambrian cover of the Georgina 
Basin. 

Greenvale Mining Ltd acquired further detailed airborne 
magnetic–radiometric and ground gravity surveys over 
their tenements in the East Tennant region, co-funded by 
NTGS through the GDC program. The company also drilled 
two holes for 1697 m into co-incident gravity and magnetic 
anomalies at their Twin Peaks prospect, located 90 km east 
of Tennant Creek. Both holes intersected basement rocks 
at around 600 m depth comprising hematite- and chlorite-
altered metasedimentary rocks and breccias.

In January 2022, Middle Island Resources Ltd 
announced the results of an induced polarisation (IP) survey 
at their Crosswinds copper prospect, 13 km southeast of 
Barkly Homestead. The company interpreted the IP line as 
delineating a chargeable anomaly starting at ~500 m depth, 
representing a drill target for sulfide mineralisation. The 
company have interpreted the surface copper mineralisation 
at Crosswinds as reflecting the secondary migration of 
copper along growth faults that extend from primary 
mineralisation in Proterozoic basement rocks through the 
younger Georgina Basin cover.

In September 2021, Strategic Energy Resources Ltd 
drilled a single inclined 690 m diamond drillhole at their 
Cottage IOCG prospect, co-funded by NTGS (Figure 5). 
The Cottage prospect is located 105 km east-northeast 
of Tennant Creek, south of the Barkly Highway. The 
hole intersected basement at 200 m depth, comprising a 
metasedimentary package containing possible fine-grained 
mafic sills, with fine-grained pervasive hematite alteration, 
localised patchy hematite-carbonate-chlorite breccias, and 
common quartz and hematite veins and veinlets. However, 
the company reported that the drilling has not intersected a 
major mineralising system and that the geological source of 
the gravity and magnetic anomalies had not been identified.

During 2021, Inca Minerals Ltd undertook an airborne 
magnetic survey, co-funded by NTGS, at their Frewena 
East, Far East and Frontier project areas, covering 3500 km2 
and extending up to 110 km east of Barkly Homestead.

King River Resources Ltd undertook a detailed airborne 
magnetic survey, co-funded by NTGS, over part of their 
Barkly project area, 110 km east-southeast of Tennant Creek.

Newcrest Mining Ltd also has a substantial tenement 
holding in the East Tennant region. During 2021, the 
company undertook initial drill testing at the Lantern and 
Sabretooth target areas, although results have not been 
publicly released. Gravity surveys were completed over an 
initial six target areas and were followed with IP surveys. 
Newcrest are planning to scout drill the newly defined 
coincident gravity, magnetic and IP targets during 2022.

Polymetallic base metals - Aileron Province

KGL Resources Ltd continued to progress towards 
development at the Jervois copper project, located near 
the Plenty Highway, 380 km northeast of Alice Springs. 
Mineralisation at Jervois occurs in a series of stratabound, 
subvertical sulfide-rich deposits along a 12 km strike 
length of the Bonya Metamorphics in the Aileron Province. 
Following approval of the Mine Management Plan for the 
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project in January 2021, the company continued feasibility 
studies and substantial resource drilling through 2021 
at the Reward, Bellbird and Rockface deposits. Notable 
intersections include 22.67 m at 2.14% Cu, 18.3 g/t Ag 
and 0.37 g/t Au at Reward; and 5.45 m at 3.62% Cu, 
15.8 g/t Ag and 0.15 g/t Au (including 2.22 m at 8.08% 
Cu, 32.6 g/t Ag, 0.30 g/t Au) at Bellbird. Drilling at the 
Rockface deposit intersected a chalcopyrite- and bornite-
rich massive sulfide shoot at Rockface North that has 
been intersected at least 160 m up and down plunge. Best 
intersections included 3.5 m at 23.6% Cu and 503 g/t Ag 
(including 1.51 m at 37.4% Cu and 1106 g/t Ag) and 4.21 m 
at 20.5% Cu and 302 g/t Ag (including 0.84 m at 61.4% 
Cu and 521 g/t Ag). In January 2022, KGL Resources 
announced resource updates for the Reward and Bellbird 
deposits, with Mineral Resources of 13.58 Mt at 1.80% 
Cu, 32.8 g/t Ag, and 0.31 g/t Au at Reward; and 5.76 Mt 
at 1.97% Cu, 12.1 g/t Ag, and 0.14 g/t Au at Bellbird. A 
resource upgrade at Rockface is pending. The company 
also announced a new brownfields discovery at Cox’s 
Find, 1.5 km northeast of Rockface, based on drilling of 
a deep IP anomaly. Drilling returned a chalcopyrite- and 
bornite-bearing intersection of 2.53 m at 1.92% Cu and 
14.7 g/t Ag. The company plans to finalise their Feasibility 
Study in mid-2022.

IGO Ltd continued greenfields exploration in the remote 
southwestern Aileron Province, 400 km west of Alice 
Springs, as part of their Lake Mackay exploration alliance 
with Prodigy Gold. Systematic exploration since 2014 has led 
to the discovery of polymetallic mineralisation at a number 
of new prospects. In March 2021, the company commenced 
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Figure 5.  Co-funded drilling at the Cottage copper–gold 
prospect, Barkly Tableland, September 2021 (Source: Strategic 
Energy Resources, ASX Release 15 September 2021).
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a three-hole diamond drilling program at the Phreaker 
prospect, located 14 km to the south of the Grapple and 
Bumblebee prospects. The holes targeted EM conductors 
that were believed to be associated with base metal 
mineralisation previously identified in shallow RC drilling 
in 2019. All holes intersected copper-gold mineralisation 
between 75 m and 430 m below previous RC drilling, with 
best intersections of 4.5 m at 3.03% Cu, 1.78 g/t Au and 
14 g/t Ag from 562 m, and 17.5 m at 2.13% Cu, 0.21 g/t Au and 
9 g/t Ag from 575.23 m. Drilling at Phreaker has now defined 
copper, gold and silver mineralisation over 650 m of strike 
length and 430 m vertically, with mineralisation open along 
strike and down dip. IGO have reported that they consider 
Phreaker to be the largest mineralised copper–gold prospect 
identified to date in the southwestern Aileron Province. 
Collaborative funded diamond drilling was also completed in 
2021 at the Raw and Customisable EM targets, 20 km west-
southwest of the Andrew Young Hills; the drilling intersected 
sulfide with low grades of copper and zinc. 

During 2021, Prodigy Gold undertook exploration at 
their Reynolds Range exploration project area in the central 
Aileron Province, including at the Reward and Scimitar 
copper prospects. A 260 m diamond hole was drilled at 
Reward to test an EM conductor located 350 m southeast 
from the historic Reward mine that averaged 11% Cu. 
Narrow intersections of sulfidic sedimentary rocks were 
intersected in the target position. Three RC holes were 
drilled at Scimitar, testing the bedrock source of soil and 
rock-chip copper-gold anomalies. Narrow intersections of 
low-grade copper were intersected. 

In August 2021, Eastern Metals Limited completed the 
acquisition of EL23186 near Barrow Creek from Wesfarmers 
Ltd (formerly owned by Kidman Resources Ltd). The 
tenement includes the Home of Bullion polymetallic deposit 
,which has a combined Indicated and Inferred Mineral 
Resource of 2.5 Mt at 1.8% Cu, 2.0% Zn, 1.2% Pb, 36 g/t 
Ag, and 0.14 g/t Au. The company has announced that they 
are planning resource expansion drilling in 2022. 

In June 2021, Inca Minerals Ltd announced the results 
of reconnaissance exploration at the Jean Elson project area 
40–60 km southeast of Jervois. Rock chip samples at the 
Ningaloo prospect at Camel Creek included one sample 
assaying 3.21 g/t Au and 1.89% Cu, and numerous copper-
rich assays associated with quartz-hematite veins. The 
company reported that copper-dominant mineralisation was 
now observed over a 1.25 km-wide zone, which remains 
open in all directions. In late 2021, the company undertook 
a NTGS co-funded airborne magnetic–radiometric survey 
over the Jean Elson project area.

Sediment-hosted copper and/or zinc – greater McArthur 
Basin, Lawn Hill Platform and South Nicholson 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. 
At 31 December 2021, the McArthur River mine had total 
Reserves and Resources of 152 Mt at 9.9% Zn, 4.5% Pb and 
46 g/t Ag, including Ore Reserves of 91 Mt at 8.8% Zn, 4.1% 
Pb and 41 g/t Ag. During 2021, MRM produced 279 600 t of 

zinc, 55 200 t of lead and 1.803 Moz of silver in concentrate. 
The company stated that as of the end of 2021, the expected 
mine life is about 19 years based on Ore Reserves, and up 
to an estimated 29 years based on the life of mine schedule 
inclusive of all available Mineral Resource categories.

A second major shale-hosted zinc resource occurs at 
Teck Resources Limited’s Teena zinc deposit, 10 km west of 
the McArthur River mine, which was discovered in 2013. The 
2016 Inferred Mineral Resource at Teena is 58 Mt at 11.1% 
Zn and 1.6% Pb for 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 2021. The company 
also has an option and joint venture agreement with Sandfire 
Resources Ltd over Sandfire’s North Batten tenements in the 
northern Batten Fault Zone area, under which they have the 
right to earn up to a 75% interest in the project by spending 
$27 million on exploration over ten years.

In May 2021, following a successful program of 
validation of existing datasets, BHP Limited exercised 
its option to enter into a formal farm-in and joint venture 
agreement in Encounter Resources Limited’s Elliott project, 
located near Elliott and Newcastle Waters. In October 2021, 
four additional tenements were added to the Agreement, 
increasing the area to 7200 km2 and also increasing BHP’s 
earn-in amount to $25 million to earn a 75% interest. The 
project is targeting the undercover southwestern margin 
of the Beetaloo Sub-basin for sediment-hosted copper 
mineralisation.

Encounter Resources also have a large tenement 
holding across the Barkly Tableland, predominantly 
targeting sediment-hosted copper based on release of new 
datasets across the region by Geoscience Australia and 
NTGS. This includes the Carrara project, 110 km north 
of the Barkly Highway close to the Queensland border, 
which is targeting sediment-hosted copper and zinc in 
potential Isa Superbasin rocks identified through the 2017 
GA-NTGS South Nicholson Seismic Survey and MinEx 
CRC Carrara-1 drillhole. Teck Resources have also taken 
a large tenement holding extending from this area south-
southwest to the Barkly Highway (Figure 4). During 2021, 
Red Metal Ltd applied for seven tenements on the western 
end of the newly identified Brunette Downs rift corridor, 
targeting copper and zinc mineralisation in Isa Superbasin 
sediments.

During 2021, Redbank Copper Ltd ramped up 
exploration activity across its tenure holding in the southern 
McArthur Basin, including at the Redbank copper project. 
The company completed a 30 hole, 3500 m RC drilling 
program on IP targets east of the Bluff copper deposit at 
Redbank. A 700 m stratigraphic diamond hole was also 
drilled between the Azurite and Punchbowl deposits to test 
the geology beneath the breccia pipes at Redbank; this hole 
was co-funded by NTGS through the GDC program. The 
company also completed a regional VTEM survey, two lines 
of magnetotelluric surveys, and regional soil sampling. In 
June 2021, a revised Inferred Mineral Resource for seven 
breccia pipes at Redbank was announced, totalling 8.4 Mt 
at 1.1% Cu for 88 600 t of contained copper.

In August 2021, Resolution Minerals Ltd announced 
that OZ Minerals Limited had signed a farm-in and joint 
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venture agreement on the Wollogorang copper project, 
north of Redbank, under which OZ Minerals can earn a 51% 
interest in the project by spending $4.9 million over 5 years. 
During the year, Resolution Minerals also completed a 
2000 km VTEM survey over the Wollogorang project area 
that identified 40 conductors, 37 of which are untested by 
drilling.

Resolution Minerals also commenced exploration 
at their Benmarra project on the margin of the South 
Nicholson Basin and Lawn Hill Platform adjacent to the 
Murphy Province. Following a VTEM survey acquired 
during 2021, the company undertook a 15-hole RC drilling 
program that intersected thick, pyritic, carbonaceous and 
dolomitic siltstones and shales, which are associated with 
flat lying VTEM anomalies. The company also announced 
that geochemistry from the drilling indicated the presence 
of Fe-Mn alteration associated with the prospective units, 
and the presence of an anomalous thallium trend increasing 
from the west-northwest to east-southeast.

Nickel-copper-cobalt

Most reported exploration for nickel in the NT is undertaken 
by IGO Ltd, who have three large project areas in central 
Australia. IGO have identified new surficial nickel-cobalt 
prospects (Grimlock and Swoop) overlying weathered 
mafic and ultramafic rock at their Lake Mackay joint 
venture with Prodigy Gold, located in the southwestern 
Aileron Province. No further on-ground exploration 
was reported at these prospects in 2021. The company 
also has a large 100%-owned tenement package at their 
Raptor project area, along the ‘Willowra Gravity Ridge’ 
in the northern Aileron Province, over an east–west 
extent of more than 400 km. IGO have reported that 
historic exploration over the region in the 1990s included 
an intercept of 4 m grading 1.35% Ni and 0.21% Cu in 
a metagabbro at the Osprey target, and 28 m grading 
0.32% Ni and 0.31% Cu in an amphibolite at the Kestrel 
target. The company has collected airborne geophysical 
data across the entire belt through collaborative funding 
programs with NTGS and are planning a co-funded 
airborne electromagnetic survey over the Kestrel target 
in 2022. During 2021, IGO applied for another province-
scale tenement package over more than 11 000 km2 in the 
Irindina Province, east of Alice Springs.

Lithium

2021 was a strong year for the Territory’s lithium sector with 
the Territory’s first lithium mine commencing construction 
and a number of new players entering the Territory to 
explore for lithium.

Pine Creek Orogen

On 30 September 2021, Core Lithium Ltd announced the 
final investment decision for the development of a lithium 
mine at the Grants deposit within their Finniss lithium 
project, with construction commencing by late October. 
The Finniss project forms part of the Bynoe pegmatite 

field, 20–50 km south-southwest of Darwin. Lithium 
mineralisation in the Bynoe field occurs as spodumene 
in north-trending pegmatites up to 40 m in width, 
along a 30 km north-trending corridor. The combined 
Mineral Resource at Finniss is 14.72 Mt at 1.32% Li2O 
for 208 600 t Li2O. In July 2021, the Ore Reserve was 
increased to 7.4 Mt at 1.3% Li2O, supporting a 8-year 
life of mine based on open pit mining methods at the 
Grant and Hang Gong deposits and underground mining 
methods at the Grants, BP33 and Carlton deposits. Core 
Lithium continued resource drilling programs during 
2021, along with additional regional exploration drilling. 
At the BP33 deposit, two deep diamond drillholes 
produced intersections of 57.35 m at 1.83% Li2O and 
51.0 m at 1.63% Li2O. A further 2 diamond holes and 
7 RC holes were drilled to test southern extensions to the 
BP33 system and confirmed that a spodumene-bearing 
pegmatite extends to the south beyond the limits of the 
existing resource. Reported intersections from regional 
RC drilling include 14 m at 1.37% Li2O from the Ah Hoy 
prospect, and 6 m at 1.79% Li2O and 11 m at 1.23% Li2O 
from the Far West prospect. The company also acquired 
six mining leases adjacent to the Finniss project, and 
drilled 29 RC holes to test ten separate targets. Of results 
reported to date, the Centurion prospect had the best 
results, including 2 m at 2.26% Li2O and 22 m at 0.74% 
Li2O. Other pegmatites also contained significant grades 
of tin, tantalum and niobium.

In August 2021, newly listed Charger Metals NL 
commenced exploration on their Bynoe lithium project 
on tenements formerly owned by Lithium Australia NL, 
located 10–20 km south-southwest of Core Lithium’s 
Grants deposit. The project area includes numerous known 
pegmatites, many of which were historically worked for tin 
and tantalum. Exploration undertaken in 2021 included the 
collection of 3034 soil samples and an airborne magnetic 
survey.

Aileron Province

In the northern Aileron Province in central Australia, 
a number of companies commenced exploration for 
pegmatite-hosted lithium associated with the Barrow Creek 
and Mount Peake pegmatite fields, an area where Core 
Lithium also has a substantial tenement position. During 
2021, Australasian Metals Ltd commenced reconnaissance 
at their Mount Peake project area, with rock chip samples 
up to 1.61% Li and 223 ppm Ta. Australasian Metals also 
acquired a 90% interest in five exploration tenements from 
Prodigy Gold east of Barrow Creek in the Barrow Creek 
pegmatite field. 

In January 2022, Askari Metals Ltd commenced 
reconnaissance exploration at their Barrow Creek lithium 
project on exploration tenure acquired from Consolidate 
Lithium Pty Ltd. Eastern Metals announced plans to 
commence lithium exploration at their tenements east of 
Barrow Creek. Private company Lithium Plus Minerals 
Ltd also have tenements for lithium in the northern Aileron 
Province, but no exploration results have been publicly 
released.
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Rare earth elements

Arafura Resources Ltd 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 at Nolans total 
56 Mt at 2.6% total rare earth oxides (TREO) and 11% P2O5, 
containing 1.46 Mt REO. Twenty-six percent of the rare 
earths in the resource are neodymium and praseodymium 
(NdPr). Proven and Probable Reserves totalling 29.5 Mt 
at 2.9% TREO and 13% P2O5, supporting a mine life of 
at least 33 years with nameplate production of 4400 tpa 
NdPr oxide from an on-site separation plant. During 2021, 
the company continued development studies, including 
Front-End Engineering Design (FEED), and progressed 
financing and offtake arrangements. Arafura Resources is 
targeting a final investment decision in the second half of 
2022.

Canadian company Megawatt Lithium and Battery 
Metals Corp have exploration tenements in the Aileron 
province for rare earths, including the Arctic Fox project 
close to Nolans, and the Isbjorn project located north of the 
Charley Creek alluvial rare earth resource. No on-ground 
exploration was reported in 2021.

Energy Metals announced that they had undertaken 
reconnaissance rare earths exploration during 2021 at 
their Crystal Creek project area, 45 km west of Yuendumu. 
Anomalous rare earths values were identified, associated 
with ironstone dykes, quartz blows and vein systems; they 
also reported anomalous rare earths values (up to 0.33% 
TREO) in rock-chips over 3 km of strike length, and 
extensive REE-in-soil anomalies (La + Ce >140ppm) that 
remain open in three directions.

Tungsten (-molybdenum)

In late 2021, Thor Mining PLC announced the results of 
drilling at their Molyhil tungsten-molybdenum project 
located near the Plenty Highway northeast of Alice Springs. 
The 3 hole, 995 m diamond drilling program tested a 
large magnetic target that was interpreted to be a potential 
extension to the known Molyhil tungsten-molybdenum-
copper mineralisation. The second and third holes in the 
program intercepted over 45 m and 29 m respectively 
of disseminated scheelite-molybdenite-chalcopyrite 
mineralisation in a massive magnetite-rich skarn. The 
company announced that this extension of mineralisation 
directly south of the deposit has significant positive 
implications for the future of the project. Mineral Resources 
at Molyhil (as of October 2019) are 4.71 Mt at 0.28% WO3, 
0.14% Mo, 0.05% Cu and 18.1% Fe, most of which are in the 
Indicated category. 

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 (using a cut-off grade of 
15% Fe). In September 2021, the company announced 
a strategic change for the project whereby the site of the 
proposed TIVAN processing facility will move from Middle 
Arm near Darwin to the Mount Peake mine site. 

Diamonds

In May 2021, Lucapa Diamond Company Ltd announced 
that it had entered into a binding agreement to acquire 
the Merlin diamond project in the McArthur Basin from 
Merlin Diamonds Ltd (in liquidation). The acquisition 
was completed in December 2021. Merlin comprises 
14 kimberlite pipes of which nine were subject to open cut 
mining between 1998 and 2003, producing 507 000 ct of 
diamonds. The Indicated and Inferred Mineral Resources 
are 27.8 Mt at 0.16 c/t for a total of 4.35 Mct of diamonds. 
In October 2021, the company commenced a geotechnical 
drilling program at Merlin; and in December 2021, released 
a scoping study is based on a processing capacity of 1.2 Mt 
per annum for an average annual diamond production 
of 153 000 ct over a 14 year mine life. They are targeting 
commercial production for 2024.

Bauxite 

Rio Tinto Limited 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 2020, the Gove operation 
had Proven and Probable Ore Reserves of 80 Mt at 50.4% 
Al2O3, with additional Measured, Indicated and Inferred 
Mineral Resources of 34 Mt at 48.7% Al2O3. During 2021, 
the Gove operation produced 11.76 Mt of bauxite, a 4% 
decrease on 2020. Bauxite production in the Gove region 
also includes a second mining operation on the Dhupuma 
Plateau, immediately south of the Gove mineral lease. This 
mine is operated by the Aboriginal-owned Gulkula Mining 
Company Pty Ltd and is associated with a Mining Training 
Centre for local Aboriginal people. The ore is sold to Rio 
Tinto’s Gove operation.

Iron ore

In November 2021, Nathan River Resources Pty Ltd placed 
their Roper Bar iron ore mine into care and maintenance. 
The company had recommenced mining at Roper Bar, 
55 km southeast of Ngukurr, in October 2020, with planned 
production of 1.5 Mtpa of ore exported through the port of 
Bing Bong. 

In May 2021, Vietnamese steel maker Hoa Phat Group 
announced that it had acquired the Roper Valley project, 
located 150 km east of Mataranka, which is geologically 
similar to the Roper Bar project. The company announced 
that the project is expected to have a mining capacity of 
4 Mtpa.

The Frances Creek iron ore deposit, north of Pine Creek 
in the Pine Creek Orogen, has been the Territory’s largest 
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historical iron ore producer with production occurring from 
1966–1974 and 2007–2014. In June 2021, NT Bullion Pty 
Ltd shipped 30 000 t of beneficiated ore from stockpiles at 
Frances Creek through the Darwin port.

CuFe Ltd (formerly Fe Ltd) holds a 50% share of, and 
operates, the Yarram iron project near Batchelor; they have 
announced an exploration target of 4–6 Mt at 60–62% Fe. 
No drilling was reported in 2021. 

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; it has remaining 
Mineral Resources as at 30 June 2021 totalling 147 Mt 
at 43.4% Mn, with Proven and Probable Ore Reserves of 
44 Mt at 43.2% Mn (ROM) and 7.1 Mt at 40.0% Mn (Sands). 
The mineralisation is a stratiform sedimentary deposit 
in shallow marine Cretaceous sedimentary rocks and is 
commonly oolitic or pisolitic. 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 Limited. Production from Groote Eylandt in 
2020/21 totalled 5.88 Mt of manganese ore, up 2% on the 
previous year. 

Winchelsea Mining Pty Ltd continued to progress 
their Winchelsea Island manganese project, located off 
the northwest coast of Groote Eylandt. The company is a 
joint venture between the Anindilyakwa Advancement 
Aboriginal Corporation (representing the two Traditional 
Owner clans of Winchelsea Island) and AUS China 
International Mining. Exploration has delineated two 
zones of manganese mineralisation that display significant 
geological and grade continuity, with combined near-
surface mineralised intervals that are generally 2 m 
in thickness and locally up to 5 m. In May 2021, the 
company submitted a revised referral document to the NT 
Environment Protection Authority (NT EPA) for a staged 
open cut mine plan that targets an annual production rate of 
~600 000–700 000 t with a potential mine life of 12 years; 
the NT EPA subsequently issued Terms of Reference for an 
Environmental Impact Statement in November 2021. The 
company applied for a mining lease over the mineralisation 
in April 2021. The JORC Resource for the project has not 
been publicly announced. 

In December 2021, mining was completed at the Bootu 
Creek manganese mine, 110 km north of Tennant Creek. 
OM Manganese Ltd began mining operations at Bootu 
Creek in November 2005. During 2021, the company mined 
1.13 Mt of ore at 20.85% Mn, and produced lumps and fines 
totalling 738 019 t at 28.42% Mn, a 16% increase on 2020. 
At the end of 2021, OM Manganese announced that mining 
of Shekuma 8, the final remaining viable pit, was completed 
on 13 December 2021 and that processing of the remaining 
feedstock would continue until January 2022. With the 
completion of mining and the cessation of operation of 
the main processing plant, the company plans to enter into 
standalone processing of tailings and rejects through the 
ultra-fines plant (UFP). At January 2022, bulk processing 
trials were being conducted along with a re-assessment of 

the UFP project’s financial viability. The reminder of the 
operation will be under care and maintenance.

Mineral sands 

In 2020–21, Australian Ilmenite Resources Pty Ltd 
produced 37 200t of ilmenite concentrate from the Sill 80 
ilmenite mine in the Roper region (Figure 2). Ilmenite at 
Sill 80 occurs in surficial cover overlying sills of Derim 
Derim Dolerite intruding the Roper Group.

Phosphate

Verdant Minerals Ltd’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 (using a 10% P2O5 
cut-off). During 2021, the company commenced a definitive 
feasibility study based on the proposed development of 
ammonium phosphate fertiliser production, with the study 
due to be completed in the second half of 2022. 

A second major phosphate project in the Georgina 
Basin is Avenira Limited’s Wonarah project, which has a 
Measured 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 (using a 15% 
P2O5 cut-off). During 2021, the company progressed a 
scoping study for phosphoric acid production, with a view 
to supplying the lithium ferro-phosphate cathode market as 
well as the fertiliser market.

Uranium

The past year saw a significant uptake in exploration 
tenure applications for uranium, particularly in the Aileron 
Province, Ngalia Basin, and Amadeus Basin in central 
Australia. New entrants into uranium exploration included 
URO Corporation Pty Ltd, which applied for tenements for 
uranium and other minerals; and Core Uranium Pty Ltd, 
which applied for a large area of ground in the southern 
Amadeus Basin. Despite this, on-ground exploration for 
uranium was subdued in 2021, in part due to Covid-related 
access restrictions. 

In January 2021, Ranger, the Territory’s only operating 
uranium mine, ceased production after 40 years of continuous 
operation during which ~132 000 t of uranium oxide was 
produced. Energy Resources of Australia Ltd produced 34 t 
of uranium oxide from the Ranger mine in 2021 prior to 
the end of processing on 8 January. The company no longer 
reports any Mineral Reserves or Resources for the Ranger 
project area but still reports a Mineral Resource of 25.1 Mt 
at 0.55% U3O8 for the Jabiluka deposit, which remains in 
care and maintenance. 

Vimy Resources Ltd continued to explore the King 
River–Wellington Range project in western Arnhem Land 
and assumed 100% of the project after acquiring Rio 
Tinto’s share of the joint venture in early 2021. The project 
contains the Angularli prospect that was discovered 
by Cameco Corporation and which has a 2018 Inferred 
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Mineral Resource of 0.91 Mt at 1.3% U3O8 for 11 558 t 
of U3O8. The field program for 2021 was substantially 
impacted by Covid-19, with the only reported fieldwork 
comprising a soil sampling program at the Angularli 
North, Bandogge, Such Wow North and Southern Flank 
prospects. Covid-related access issues also impacted other 
explorers in western Arnhem Land, with substantially no 
on-ground work reported by DevEx Resources Ltd and 
Alligator Energy Ltd, although both companies announced 
plans for drilling programs in 2022.

In central Australia, significant sandstone-hosted 
uranium deposits occur in the Ngalia and Amadeus Basin. 
These include the Bigrlyi uranium deposit, which is subject 
to a joint venture operated by Energy Metals Limited and 
has a Mineral Resources of 7.5 Mt at 0.13% U3O8 and 0.12% 
V2O5; and the Angela uranium deposit near Alice Springs 
(10.7 Mt at 0.13 U3O8), owned by Elevate Uranium Limited 
(formerly Marenica Energy Ltd). Neither company reported 
on-ground exploration in 2021.

In November 2021, Eclipse Metals Ltd announced that 
it had executed a Heads of Agreement with Oz Yellow 
Uranium Limited in which it conditionally agreed to sell 
its interests in its Ngalia Basin uranium projects as well as 
the Liverpool uranium project in western Arnhem Land.

Onshore petroleum exploration and production 
highlights

Petroleum exploration activity in the onshore basins of the 
Northern Territory accelerated in 2021, with most activity 
focused on the Beetaloo Sub-basin and the Amadeus Basin. 
The year also saw an increase in activity for helium and 
hydrogen exploration. Figure 6 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 rocks that 
underlies the Mesozoic Carpentaria Basin in the vicinity 
of Dunmarra and Daly Waters, and which 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 which appear to meet all of 
the physical and chemical parameters for a successful shale 
gas play. Wells drilled to date by industry, and associated 
discovery reports, 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. 

Exploration in the central part of the Beetaloo Sub-
basin is operated by Origin Energy Limited in joint venture 
with Falcon Oil & Gas Ltd. In August 2021, the company 
performed extended production testing at Amungee 
NW-1H, a 3808 m well 60 km east of Daly Waters that 
includes an 1100 m horizontal section. The well was 
originally drilled and production tested in 2015–16, with 

production averaging 1.1 MMscf/d (million standard cubic 
feet per day). The results of a production log test in 2021 
indicated that most production was sourced from only 
four of the 11 hydraulic stimulation stages, and on this 
basis, normalised gas flow rates are now estimated to be 
5.2– 5.8 MMscf/d per 1000 m of horizontal section.

During 2021, Origin Energy undertook flow testing at 
the Kyalla 117 N2-1 well, which was spudded in October 
2019, targeting the liquids-rich shale gas play in the Kyalla 
Formation. The well was drilled to a vertical depth of 
1895 m, and hydraulic stimulation of a 1579 m lateral section 
occurred in September 2020. In January 2021, the well 
flowed unassisted for 17 hours with initial gas composition 
data indicating liquids-rich gas with 65% methane, 18.8% 
ethane and a C3+ gas component of 14.4%, with low CO2 
(0.9%). Extended production testing at Kyalla 117 during 
2021 demonstrated liquids-rich gas flows for intermittent 
periods although production was not sustained.

In August 2021, Origin Energy spudded a well to 
test the Velkerri wet gas play (Velkerri 76 S2-1), which 
was successfully drilled to a vertical depth of 2129 m; 
the well demonstrated the stratigraphic continuity of the 
prospective Amungee Member of the Velkerri Formation 
towards the eastern flank of the sub-basin within the wet 
gas window. Preliminary petrophysical interpretation of the 
well confirmed the reservoir quality of the B-shale, with 
4.3% total organic carbon over a gross thickness of 54.9 m. 
Further testing of Velkerri 76 is planned.

Santos Limited also have exploration tenure in the 
eastern Beetaloo Sub-basin in joint venture with Tamboran 
Resources Limited. In August 2021, Santos completed 
drilling the Tanumbirini-2H horizontal well in EP161 to a 
total depth of 4598 m, including a horizontal section of over 
1000 m in the B-shale of the Amungee Member. A second 
horizontal well (Tanumbirini-3H) was spudded in August 
and was drilled to a total depth of 4857 m. In late December 
2021, Santos completed fracture stimulation of both 
horizontal wells and commenced flow testing. Following a 
weather-related event in January 2022, flow rates from the 
Tanumbirini-2H peaked at 4.0 MMscf/d and subsequently 
stabilised at a 14-day average of 1.7 MMscf/d over a 
660-metre, unoptimised fracture stimulated horizontal 
section (normalised at 2.6 MMscf/d over 1000 m). Flow rates 
in the Tanumbirini-3H well peaked at 10.0 MMscf/d following 
shut-ins for the same weather-related event and planned 
maintenance. The well subsequently stabilised at a 10-day 
average of 1.5 MMscf/d over a 600-metre, unoptimised 
fracture stimulated horizontal section (normalised at 
2.5 MMscf/d over 1000 m). Tamboran Resources reported 
that modelling indicates the Mid-Velkerri shale is capable 
of flowing gas in excess of 5 MMscf/d per 1000-metres. In 
February 2022, the company reported that the Unrisked 2C 
Contingent Gas Resource for EP161 is 610 billion cubic feet 
(Bcf).

In September 2020, Empire Energy Group Ltd spudded 
the Carpentaria-1 well near the eastern margin of the 
Beetaloo Sub-basin; it was drilled to a depth of 1916 m and 
intersected extensive intervals of liquids-rich gas within 
shales of the Velkerri Formation. In October 2021, the 
company announced the result of hydraulic stimulation and 
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flow testing of the vertical well, with an average flow rate 
of 0.364 MMscf/d over 10 days. In November 2021, Empire 
Energy spudded the Carpentaria-2H horizontal appraisal 
well, 11 km north of Carpentaria-1. The vertical section 

of the well intersected 192 m of liquids-rich shale gas net 
pay across the four middle Velkerri pay zones (Velkerri 
A, B, Intra A/B and C). The well was drilled to a total 
measured depth of 3150 m with the horizontal section of 
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1345 m wholly placed within the Velkerri B Shale target 
window. Fracture stimulation and flow testing of the well 
is scheduled for 2022. The company also acquired a seven-
line, 164 km seismic survey in same area as the Carpentaria 
wells. Following the 2021 work program, Empire Energy 
announced a 2C Contingent Resource of 396 Bcf gas and 
a 2U Prospective Resource of 4.25 trillion cubic feet (Tcf) 
gas.

In April 2021, Empire Energy announced that it had 
acquired Pangaea (NT) Pty Ltd’s tenements in the western 
Beetaloo Sub-basin, which contain a 2C Contingent 
Resource of 129.9 Bcf gas and a 2U Unrisked Prospective 
Resource of 22.78 Tcf gas and 630 MMbbl liquids.

During 2021, Armour Energy Limited continued to 
progress the proposed demerger of their assets in the 
Northern Territory into a new entity named McArthur Oil 
and Gas Limited. In July 2021, the company announced 
that they had completed a large airborne survey over their 
McArthur Basin prospects, aimed at detecting anomalies in 
areas of upward fluid flow of migrating hydrocarbons above 
fluid pathways and/or hydrocarbon accumulations 

South Nicholson Basin/Lawn Hill Platform

In early 2021, Armour Energy announced the completion 
of the sale and purchase agreement to sell their remaining 
shares in several South Nicholson Basin permits in 
Queensland and the Northern Territory to Santos, including 
EPA172 and 177. 

Amadeus Basin 

The Territory’s current onshore gas production is entirely 
sourced from fields in the Amadeus Basin operated by 
Central Petroleum Limited. In 2021, 14.456 billion standard 
cubic feet (Bscf) of gas was produced in the onshore NT, 
a 6% increase on 2020. This comprised 10.633 Bscf from 
Mereenie, 2.486 Bscf from Palm Valley and 1.337 Bscf from 
Dingo. Onshore oil production in the Territory in 2021 was 
sourced entirely from the Mereenie Field, with 0.159 million 
barrels (MMbbl) of oil produced. Proven and Probable (2P) 
gas reserves (at July 2020) are 91.8 PJ gas and 0.97 MMbbl 
oil at Mereenie, 27.7 PJ gas at Palm Valley, and 36.1 PJ gas 
at Dingo. 

During 2021, Central Petroleum drilled and brought 
into production two new wells at Mereenie. Sustained gas 
flows were recorded from the shallower Stairway Sandstone 

interval above the primary production target (Pacoota 
Sandstone), increasing the potential for additional reserves 
to be added with future appraisal. A two well exploration 
program is scheduled to commence in March 2022, with 
the first well (Palm Valley Deep) targeting the Arumbera 
Sandstone below the producing Pacoota Sandstone at Palm 
Valley, and the second well (Dingo Deep) targeting the 
Pioneer Sandstone and Areyonga Formation at Dingo.

Central Petroleum also have a farm-in agreement 
with Santos targeting sub-salt and intra-salt plays of the 
Neoproterozoic lower Gillen-Heavitree System in the 
southeastern part of the basin, which have potential for large 
gas, helium and hydrogen accumulations. In October 2021, 
Santos farmed down its interest to 30% and introduced a 
new joint venture partner, Peak Helium Pty Ltd, to progress 
the re-drilling of the Dukas-1 well, which was drilled by 
Santos in 2019 to 3704 m before being suspended after 
encountering an over-pressured zone above the target 
reservoir formation. Santos will remain operator of the joint 
venture, with the re-drilling of Dukas currently scheduled 
for early 2023.

In February 2022, Central Petroleum farmed out interests 
in a number of its southeastern Amadeus Basin exploration 
tenements to Peak Helium Pty Ltd. Under the farm out, 
Central Petroleum will be free carried by Peak Helium for 
two new sub-salt exploration wells, one at Mt Kitty and the 
other at either Magee or the nearby Mahler prospect. Peak 
Helium also has a 100%-owned exploration permit on the 
southeastern margin of the basin. 

Mosman Oil and Gas Limited continued to explore for 
multiple plays for hydrocarbons, helium and hydrogen in 
EP145, located east-southeast of Mereenie. During 2021, 
the company acquired an airborne gravity gradiometry 
survey that enabled high resolution basement modelling, 
highlighting a basement high that Mosman consider is 
analogous to gas and helium sub-salt prospects elsewhere 
in the basin.

Georgina Basin 

In late 2021, Global Oil and Gas Pty Ltd commenced 
exploration for helium and hydrogen on EP127 on the 
southern margin of the Georgina Basin. The company 
undertook a near-surface, helium soil gas sampling program 
across 49 sites and identified an area of elevated helium gas 
values that the company reported was an indication of an 
active helium system in the area.
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Why grade is king in the Tennant Creek mineral field!
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Summary

The discoveries in the Tennant Creek mineral field (TCMF) 
of the Northern Territory by the Emmerson Resources’ 
team and joint venture partners marks a successful journey 
of systematic science-based exploration. The most recent 
drill intersection at Emmerson’s Hermitage project returned 
117 m of continuous mineralisation grading 3.4% Cu, 
finishing (due to drilling difficulties) in some of the best 
grades of 3 m at 15 g/t Au and 4.2% Cu. This intersection 
was ranked as the 16th best global copper intersection for 
2021. Adding to this are numerous ultra high-grade gold 
intersections from Emmerson’s Mauretania discovery, 
eg 22 m at 36 g/t Au (including 6 m at 122 g/t Au). 

These discoveries are attributed to adoption of new 
prediction and detection tools based on new data and 
geoscience, coupled with new technology. Conversely, 
‘doing the same things with the same technology in the 
same search space’ is a recipe for diminishing returns given 
the exploration maturity of the TCMF (Figure 1). 

For ‘Prediction’, Emmerson has supported numerous 
internal and external studies to better understand the 4D 

structural framework of the TCMF. This includes age-
dating, new structural analysis and, most notably, a 60 km 
2D seismic reflection survey co-funded by the Northern 
Territory Geological Survey. With the aim to image the 
upper crust and pinpoint major fluid conduits (thrust faults), 
plus map the spatial distribution of the Tennant Creek Suite 
of intrusions – which from age-dating are spatially and 
genetically linked to this family of iron-oxide copper-gold 
(IOCG) deposits that occur within this strongly deformed 
fold and thrust belt.

Initial interpretation from the seismic survey suggests 
that all major copper-gold deposits are associated with 
northward-verging, D1 listric thrust faults that have a depth 
extent down to about 10 km. This survey also identified new 
thrusts, one of which correlates with the northern gravity 
ridge that hosts a cluster of prospects and deposits including 
the Hermitage, Jasper Hills and Edna Beryl projects. 

Independent predictive targeting verification was 
undertaken by specialist company Kenex Pty Ltd utilising 
Emmerson’s Mineral Systems framework to produce 
predictive 2D maps for both Weights of Evidence (WoE) and 
Logistic Regression (LR) models. The theoretical Success 
Rate (predictive ability to find known mineralisation) for the 
WoE model was ~96% and the LR efficiency of prediction of 
99% – providing confirmation that the principal elements of 
Emmerson’s Mineral System were crucial to ore formation. 

Figure 1. Discovery history of the Tennant Creek mineral field.
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An attempt was made to extend the 2D into 3D predictive 
maps; however, this proved to be challenging given the 
vagaries in modelling the potential field data and projecting 
surface/subsurface features to depth in a fold and thrust belt.

There has been a long history in the application of 
various ‘Detection’ technologies in the TCMF with the first 
ground magnetic surveys in 1935 and first airborne magnetic 
survey in 1956. The efficacy of magnetics together with the 
pioneering of forward modelling and down hole magnetics 
lead to many discoveries – not surprising given the 
primary ironstones (host to the mineralisation) in Tennant 
Creek are typically composed of 50-90% magnetite with 
susceptibilities of 1-7 SI units. Unfortunately, there are also 
many false positive magnetic anomalies caused by barren 
magnetite ironstones (some 700 known ironstones in the 
field), further complicated by folded and faulted magnetite-
bearing (magnetic) sediments of the lower Warramunga 
Formation. This is coupled with the challenge of detecting 
relatively small footprint, mineralised and altered ironstone 
bodies that, by virtue of their structural setting, are typically 
steeply plunging and pipe-like.  

Emmerson has adopted a deliberate strategy to avoid 
the ‘diminishing returns’ pathway (Figure 1), particularly 
as most of the obvious magnetic anomalies have been 
the subject of historical exploration and drilling. Whilst 
Emmerson is not the first company in the TCMF to apply 
gravity geophysics, it has pioneered large regional and very 
detailed (20 m × 10 m stations) prospect-scale surveys. These 
surveys have assisted in developing a better understanding 
of the geological setting but were certainly not the ‘silver 
bullet’ in terms of direct detection of gold and copper-

bearing hematite (non-magnetic) ironstones. Emmerson 
has also trialled electrical, seismic, airborne, and downhole 
electromagnetic, magnetotellurics, sub-audio magnetics 
and others – all with varying degrees of success.

Fortunately, the evolution of our targeting/exploration 
model combined with the advent of cost effective, ultra-
high resolution drone magnetics has renewed confidence 
in reinvigorating the rich discovery history of the TCMF 
– with Emmerson making the first new discoveries in 
over two decades. These discoveries can be attributed 
to a multifaceted approach of investing in new and 
higher resolution data (the new drone magnetic surveys); 
refinement of the exploration model; and a preparedness to 
drill test early in the exploration cycle. Going forward, these 
high-resolution magnetic surveys are likely to play an ever-
increasing role in discovery, particularly in pinpointing 
subtle magnetic anomalies that may correspond with 
hematite-dominant ironstones formed along the predicted 
D1 corridors (thrust planes). This was conclusively 
demonstrated from our recent discovery at Mauretania 
where the oxidised, hematite-bearing primary fluids, likely 
associated with the Tennant Creek event (ca 1847–1851 Ma), 
carry high grades of gold (Figure 2). 

Similarly, the discovery of the Goanna copper and gold 
mineralisation in predominantly hematite ironstone, some 
100 m outside of the historic Gecko mine (and magnetic 
anomaly), underscores the potential of these fluids in 
forming economic concentrations of metals – although at 
Goanna, a later D3 event likely remobilised primary copper 
sulfides into vein arrays with the best grades (drillhole 
GODD015: 24 m at 4.12% Cu and 0.19 g/t Au) corresponding 

Figure 2. Mauretania Discovery – high grade gold in the oxide and primary zones.
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to the highest density of chalcopyrite–quartz veins. This 
discovery arose from trialling airborne electromagnetics 
(HeliTem), followed by induced polarisation (IP) surveys to 
pinpoint drill targets. 

Our recent intersection at the Hermitage project suggests 
this style of high-grade breccia-hosted mineralisation is a 
further variation on the TCMF-IOCG theme – intersecting 
a zoned iron-oxide breccia that consists of hematite-
jasper close to the surface, before grading into magnetite-
hematite-chlorite at depth. The metal zonation reflects the 
interaction of both supergene and primary processes with 
malachite occurring from 70 m to 120 m down the drillhole, 
grading to a thick zone of native copper, then transitioning 
to chalcopyrite-quartz-chlorite at depth. Both the copper 
and gold grades appear to be increasing with depth, with 
cobalt a likely later overprint to the primary assemblages. 

Conclusion

Our exploration strategy continues to be nimble and 
responsive to the advent of new techniques, technology, 
and discoveries – apart from the large investment in 

flying ultra-high resolution drone magnetics across the 
TCMF, we are also partners in the CSIRO UltraFine+™ 
geochemical project and are conducting collaborative 
research on ironstone fertility indices with the University 
of Tasmania (CODES). Our journey is underpinned 
through applying cutting-edge geoscience by geologists 
who have a passion for making discoveries, by strong 
partnerships with research and government, plus a 
supportive Board and shareholder base. Where possible, 
we are bringing our stakeholders along on the journey 
and have recently formed a landmark joint venture with 
the local custodians of the Jasper Hills project – where 
we hope to apply modern exploration to an area that has 
been off limits to exploration since the 1980s. 
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Introduction

During the Resourcing the Territory initiative (2018– 2022), 
key strategies to underpin the long-term growth of the 
Territory’s resource sector have included acquisition programs 
to increase resolution and quality of regional geophysical 
datasets, and pre-competitive geoscience studies in the Barkly, 
Gulf and Central Australia regions. This has led to a substantial 
improvement in the understanding of the framework geology 
and resource potential of these areas. The annual Geophysics 
and Drilling Collaboration (GDC) competitive grant 
program, which is funded under the Resourcing the Territory 
initiative, co-funded nearly 50 industry exploration drilling 
or geophysical acquisition projects during the four years of 
the initiative. The GDC program encouraged exploration 
in greenfields areas across the Territory whilst ensuring the 
resultant data was publically available to benefit the knowledge 
of the geology and resource potential of the Northern Territory

At AGES 2021, the Minister for Mining and Industry 
announced a major expansion and extension of the Resourcing 
the Territory initiative. This followed recommendations 
from the Territory Economic Reconstruction Committee 
to broaden the scope and increase long-term funding for 
the program. From 1 July 2022, annual funding for the 
program will increase from the current $6.5 million to 
$9.5 million per year, with the funding to be ongoing. This 
is the largest and longest term investment ever made by a 
Territory Government to support resources exploration 
and development. The expanded Resourcing the Territory 
initiative will be run by the Northern Territory Geological 
Survey (NTGS), with key programs to include:

• an increased focus on supporting exploration and 
development of ‘brownfields’ mineral provinces such as 
Pine Creek

• acceleration of geoscience mapping programs to attract 
and de-risk mineral exploration

• substantial expansion of the GDC grants program to 
allow up to $3 million in grants in both greenfields and 
brownfields regions

• data modernisation including improved management 
and delivery of very large datasets

• a rolling program of regional-scale geophysical data 
acquisition, with a focus on upgrading gravity and 
magnetic data coverage

• ongoing collaboration with our research partners, 
including Geoscience Australia through the Exploring 
the Future program

• studies of the Territory’s geological potential for critical 
minerals, geological storage and natural hydrogen

• rollout of legacy exploration drilling and geochemistry 
data capture across the Territory.

Upgrading the Territory’s coverage of geophysical data

The NTGS has a long history of prioritising regional-scale 
geophysical acquisition programs as a critical dataset for 
regional geological framework studies and to assist in 
defining prospective areas for exploration. Acquisition 
programs were accelerated under NTGS’s first funding 
initiative program, the 1998-2002 NT Exploration Initiative 
and continued to be a focus through successive initiatives. 
During the 2007-2014 Bringing Forward Discovery 
initiative, a new approach to the acquisition programs 
included inviting explorers with tenure within the survey 
areas to infill the resolution of the datasets acquired by 
NTGS. This approach provided a mutually beneficial 
outcome with efficiency of mobilisation and stakeholder 
engagement, and with all resultant data released into the 
public domain.

Under the 2018–2022 Resourcing the Territory 
initiative, the improvement in the quality and resolution of 
gravity, magnetic and radiometric data has been focused 
in areas where a minimum modern standard for resolution 
and/or accuracy of regional scale geophysical datasets 
is not met (Close 2020). The Tanami Region and the 
northern and western Aileron Province were identified as 
areas where the existing regional-scale airborne magnetic 
and radiometric data was collected in the late 1980s at 
500 m line spacing, 90 m terrain clearance and with radio 
positioning navigation. This data does not meet modern 
standards of geophysical resolution and spatial accuracy 
to adequately interpret the regional stratigraphic and 
structural framework of this highly prospective area. To 
address this, the NTGS Tanami Region Airborne Magnetic 
and Radiometric Survey (acquired in 2018; Dhu 2019) and 
the NTGS Mount Peake-Crawford Airborne Magnetic and 
Radiometric Survey (acquired in 2019; Dhu 2020) covered a 
combined area of ~63 000 km2, totalling 360 000 line km of 
differential GPS navigated 200 m spaced data at 60 m terrain 
clearance. Industry contribution to infill across these surveys 
to 100 m line spacing added a further 48 000 line km of data. 
The value of this increased resolution of regional-scale data 
to improve the understanding of stratigraphy and structure in 
the Tanami Region was illustrated by Blaikie and McFarlane 
(2021), Blaikie et al (2020), and Ekins et al (2020).

In 2019, NTGS contributed to the South West McArthur, 
Barkly Gravity Survey P201901 in collaboration with 
Geoscience Australia under their federally funded Exploring 
for the Future program. The survey infilled existing 4 km 
gravity station spacing to 2 km, comprising a total of 3303 
gravity stations. An acquisition program under Resourcing 
the Territory  (2018-2022) initiative to improve the resolution 
of gravity to 2 km station spacing over a 30 000 km2 area 
in the Tanami Region was planned to commence in June 
2020 (Dhu 2020), thereby complimenting the recently 
improved magnetic and radiometric data. Unfortunately, 
this program was not able to be acquired due to the impacts 
of the Covid-19 pandemic. 
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The final acquisition program under Resourcing 
the Territory (2018-2022) initiative is the NTGS 
Brunette Downs Ground Gravity Survey undertaken in 
collaboration with Geoscience Australia. This survey 
extends the South West McArthur, Barkly Gravity Survey 
P201901 and connects to the 2020 East Tennant Gravity 
Survey acquired by Geoscience Australia under their 
Exploring for the Future program (Dhu 2022). Acquisition 
commenced in 2021 with Covid-19 and weather impacts 
delaying the completion of the program. Ground gravity 
data is being acquired at 2 km station spacing across 
an area of ~57 000 km2. Five industry partners are 
collaborating with NTGS on the survey to infill ground 
gravity at 1 km or 500 m station spacing over their areas of 
interest. In total, over 17 000 new ground gravity readings 
will be completed. 

Unlocking the resource potential of the Barkly and Gulf 
regions

Under the Resourcing the Territory (2018–2022) initiative, 
the Barkly and Gulf regions have been the focus of integrated 
pre-competitive geoscience programs designed to improve 
the knowledge of the geological framework and resource 
potential of the area. Many programs were designed to 
complement and co-fund Geoscience Australia’s Exploring 
for the Future program (2016–2020) within the Tennant 
Creek to Mt Isa Focus Area3 and the MinEx CRC National 
Drilling Initiative (NDI) campaigns in the East Tennant 
and South Nicholson areas4. Significant investment in new 
pre-competitive geoscience data through these government 
programs and initiatives has improved the interpretation of 
the stratigraphic correlations within the greater McArthur 
Basin (Close 2014). New targeted geochronological data 
(Carson et al 2022) and organic geochemistry (Grosjean 
et al 2022) from the MinEx CRC’s NDI Carrara-1 well has 
placed the concealed and poorly understood Carrara Sub-
basin in regional context and significantly enhanced the 
prospectivity of this underexplored area. Revised geological 
mapping of the MOUNT DRUMMOND5 mapsheet (Simmons 
et al in press) has also indicated a greater outcrop extent of 
the Palaeoproterozoic Lawn Hill Platform successions, which 
includes age and lithological correlatives of the McArthur 
Group and is therefore highly prospective for base metal 
mineralisation and petroleum systems.

A key component of this effort has been to collaborate 
with Geoscience Australia and co-fund pre-competitive 
data acquisition programs in the Barkly region east of 
Tennant Creek under the Exploring for the Future program 
and through the MinEx CRC’s NDI. Previously there was 
insufficient geological information to attract explorers into 
the area as the prospective rocks are more than 100 m below 
the surface. The resulting large volume of new geoscience 
data generated in the Barkly Tableland region has led to a 
substantial increase in industry activity in this greenfields 

area. The Barkly Tableland east of Tennant Creek is now 
substantially covered by granted exploration licences 
covering ~50 000 km2 that have been applied for since late 
2018 (Figure 4 in Scrimgeour 2022). Targets for explorers 
in the area include both copper–gold in Palaeoproterozoic 
basement, and sediment-hosted copper and zinc in Palaeo- 
to Mesoproterozoic basins, all beneath sedimentary cover 
of the Georgina Basin. This area has not previously been 
systematically explored for these minerals. 

In 2020 and 2021, NTGS has co-funded 10 exploration 
programs in the Barkly Tableland through the GDC program, 
substantially increasing the volume of publicly available 
high-resolution geophysics and drill core in this frontier area. 

To continue the Warramunga Province mineral deposit 
series of mineral deposit atlases and 3D visualisation 
products from the WH Bryan Mining & Geology Research 
Centre at the University of Queensland (Valenta et al 2020, 
2021), NTGS has commissioned a further four Digital 
Information Packages (DIP) for the Nobles Nob, Juno 
and Northern Star deposits and the Gecko corridor. These 
products compile existing open file data and models of key 
mineral deposits in the Tennant mineral field and Rover 
field, and provide detailed characteristics of the mineral 
system and the regional setting. The data is delivered in a 
descriptive and 3D visualisation format to provide explorers 
with knowledge of the potential of the region and a guide 
for future targeting. These four new DIPs will add to the 
published Warramunga Province mineral deposit series 
for Warrego, White Devil, Explorer 142, Explorer 108, 
Curiosity and Rover 1 deposits.

The undercover Rover field to the southwest of the 
Tennant mineral field indicates an extension of the 
classic Tennant-style IOCG deposits buried beneath the 
Neoproterozoic to Palaeozoic Wiso Basin. The presence of 
the Explorer 108 Pb–Zn deposit in the Rover field suggests 
there is potential of the area to host significant Pb–Zn 
mineralisation, which would diversify the commodity base 
in the Tennant Creek area. Under Resourcing the Territory, 
and in collaboration with Geoscience Australia, NTGS has 
undertaken multidisciplinary studies that have substantially 
improved understanding of the geological framework and 
mineral deposit styles of the Rover field, as summarised in 
Farias et al (2022). These studies have demonstrated the 
wider potential for copper-gold mineralisation throughout 
the Warramunga Province, as well as the potential for 
sediment-hosted polymetallic mineralisation in what appear 
to be younger Palaeoproterozoic basins in the area. 

Stimulating greenfields exploration in central Australia

NTGS continues to work in the Aileron Province and 
Amadeus Basin in central Australia using modern techniques 
and an integrated approach to provide a consistent geological 
framework for these areas. The Amadeus Basin is a key 
focus for NTGS given its demonstrated endowment in oil 
and gas, and also its highly prospective potential for minerals 
including sediment-hosted copper and sandstone-hosted 
uranium. In addition, Amadeus Basin has extensive salt 
layers at multiple stratigraphic levels that have potential to 
seal any naturally occurring hydrogen and helium gases; they 

3 https://www.ga.gov.au/eftf/minerals/fis/tennant-creek-mt-isa
4 https://minexcrc.com.au/northern-territory
5 Names of 1:250 000 and 1:100 000 mapsheets are shown 

in large and small capital letters respectively, eg MOUNT 
DRUMMOND, Dneiper
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could also provide an important storage site for hydrogen. 
Regional mapping of the central and western Amadeus 

Basin will produce seamless stratigraphic and structural 
outcrop geology at 1:250 000-scale together with a 
complimentary pre-Mesozoic interpreted geology at 
1:500 000-scale (Verdel et al 2021). Characterisation of the 
Neoproterozoic stratigraphy, best exposed in the northeast 
Amadeus Basin (Normington and Donnellan 2020), provides 
a blueprint of diagnostic features of key formations that can 
be applied in areas of isolated exposures, as was utilised 
in the geological mapping of the western Amadeus Basin. 
Geological mapping of the HENBURY, LAKE AMADEUS 
and BLOODS RANGE mapsheets is completed, with map 
production well advanced; on-ground activity will now 
move to RODINGA in the eastern Amadeus Basin in 2022.

During 2021, NTGS also commenced a collaboration 
with Geoscience Australia and the Department for Energy 
and Mining in South Australia focusing on the stacked 
Palaeozoic to Mesozoic basins in the Simpson Desert region 
in the southeastern corner of the Northern Territory and 
adjacent regions of South Australia, including the Warburton, 
Pedirka and Eromanga basins. As part of this study, NTGS 
has compiled and reinterpreted the publically available data 
on the Pedirka Basin (Doig and Jarrett 2021; Doig 2022) 
and is working with our colleagues to incorporate this data 
into new stratigraphic frameworks and basin models to help 
assess petroleum, coal, natural hydrogen, groundwater, 
geosequestration, and geothermal resources in the region. To 
assist in determining correlations with the Amadeus Basin, 
Irindina Province and potentially the Thomson Orogen, 
NTGS is also undertaking geochronological studies of the 
lithologies at the base of targeted petroleum exploration 
wells in the Simpson Desert region (Kositcin et al 2022). 

Geological outcrop mapping at 1:100 000-scale of the 
northeastern Aileron and Irindina provinces (Close 2020) 
is providing the regional geological context for targeted 
base metal mineral-system studies. Analysis of copper 
and tungsten mineralisation in the northeastern Aileron 
Province around the Jervois mineral field, Bonya Hills 
and Molyhil areas identified two main styles of epigenetic 
mineralisation (McGloin and Weisheit 2022). This work 
combined new and previously published petrological, 
structural, geochemical, chronological, and stable isotope 
data, together with field mapping at a district-scale. The 
results were used to develop a new genetic model for the 
copper and tungsten (± molybdenite) mineralisation. 
This mineralisation is interpreted to be epigenetic and 
to have formed after the main episode Paleoproterozoic 
metamorphism and deformation in this area. Mineralisation 
is associated with magmatic-hydrothermal fluid flow 
and alteration related to intrusion of ca 1.73– 1.70 Ga 
fractionated felsic magmas, including those that formed 
the Marshall Granite and Samarkand Pegmatite. The study 
provides insight into sources, pathways and traps for metals 
that may have implications for mineral exploration in the 
northeastern Aileron Province. 

The systematic approach to analysis of existing base 
metal deposits in the Aileron Province has also been applied 
to the Home of Bullion copper–lead–zinc (± silver-gold) 
deposit. Documentation of the mineralisation, associated 

alteration and host rocks, plus improved constraints on the 
timing of mineralisation, has led to a testable classification 
of the deposit as siliciclastic-mafic VMS-style (Stuart 2022).

Precompetitive geoscience through co-funded industry 
grants program

The GDC program has been a highly successful grants 
program designed to encourage key geoscientific data 
acquisition in greenfields and brownfields areas of the 
Northern Territory. The program has been continuously 
funded since 2008 under a series of Northern Territory 
initiatives and has contributed to a significant increase 
in publically available data and geological knowledge in 
underexplored areas of the Northern Territory. Open file 
data from rounds 1 to 13 of the program includes over 
52 000 m of diamond drill core, 26 000 gravity stations, 
176 000 line km of airborne magnetics and radiometrics, 
and 29 000 line km of airborne electromagnetics.  

The program aims to address gaps in the critical 
understanding of the geology of the Northern Territory, 
share greenfields exploration risk with industry, support 
brownfields exploration to advance project development, 
and encourage projects that may open up new areas 
for exploration. The program ensures the data is made 
available to the wider exploration community. Applicants 
are encouraged to apply for co-funding for drilling and 
geophysical acquisition programs where the outcomes are 
expected to improve geological knowledge and resource 
targeting within a region, particularly at depth. 

Round 14 was expanded to include drilling in brownfields 
areas and attracted the most applicants and recipients since 
the program’s inception. The GDC program has continued 
to deliver improved regional-scale geophysical data and 
geological information at greater depths than previously 
explored, eg Vista Gold’s ‘Mount Todd near mine 
exploration’ project and Thor Mining’s ‘Magnetic trend’ 
at their Molyhil project, with both companies announcing 
significant mineralised intercepts from their co-funded 
brownfields drilling programs.

As part of the ongoing $9.5 million per annum 
Resourcing the Territory initiative, up to $3 million will now 
be allocated to increase co-funding amounts for a broader 
range of exploration activities. Round 15 co-funding criteria 
has been expanded to include four project categories, 
comprising greenfields drilling, greenfields geophysics, 
brownfields diamond drilling and a new category for 
brownfields targeting. Brownfields targeting is designed to 
encourage innovative geophysical techniques at a camp- or 
prospect-scale, and/or geochemical sampling, to generate 
targets for drilling near known deposits. This category also 
includes the opportunity for co-funding analysis of mine 
waste or re-analysis of existing sample sets for additional 
elements, particularly critical minerals. 

The program provides co-funding assistance for 50% of 
the exploration program cost up to: 

• $200 000 for selected greenfields drilling programs 
proposing a single, deep diamond drillhole or $150 000 
for multiple hole programs (diamond or RC)
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• $100 000 for selected greenfields (regional-scale) 
geophysical acquisition, or $150 000 for seismic 
reflection surveys greater than 25 km in length

• $150 000 for selected brownfields drilling programs 
(diamond drilling only)

• $100 000 for selected brownfields targeting programs. 

All reports, drill core and data from the projects are 
made public six months after the completion of project field 
work. 

Additional funding is also available through the Territory 
Supplier Incentive, which offers an additional $10 000 of 
co-funding per project to engage NT enterprises to complete 
works in the Territory. The GDC round 15 funding is for 
projects to be undertaken during 2022, applications will 
close on 29 April 2022.
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Mineralisation within the Batman-Driffield structural corridor
Peter Harris 1,2

1 Vista Gold, GPO Box 353 Berry Springs, NT 0830, Australia
2 Email: pharris@mttodd.com.au

Regional context

The Mt Todd area is located within the southeastern 
portion of the early Proterozoic Pine Creek Orogen, 
which consists of metasediments, granitoids, basic 
intrusives, and acid and intermediate volcanic rocks. 
The oldest rocks outcropping in the area are assigned 
to the Burrell Creek Formation, which conformably 
overlies the Mt Bonnie Formation and is unconformably 
overlain by the Tollis Formation. All are intruded by the 
Cullen granitoids, with the Tennysons and Yenberrie 
leucogranites of the Cullen Batholith intruding the 
sediments to the west of Mt Todd. The contact aureole of 
these intrusions is typically hornblende-hornfels facies 
metamorphism, whereas the regional lower greenschist 
facies metamorphism of the metasediments is of an 
earlier generation and is associated with structural 
deformation.

The gold mineralisation in the Mt Todd area is hosted 
by the interbedded greywackes, siltstones, and shales of the 
Burrell Creek Formation. These have a turbidite affinity and 
are interspersed with minor volcanics. The mineralisation is 
confined within a five km-long northeast-trending magnetic 
and structural corridor, with the Batman deposit being the 
largest zone of gold mineralisation within this corridor.

Two main regional structural trends can be inferred from 
the aeromagnetic and satellite images. The first is the Pine 
Creek Shear Zone, which lies adjacent to the project area 
and passes just to the east of the Yenberrie Leucogranite 
and trends north-northwest as far south as Katherine and 
northwards past the Burnside granite. This structure 
is interpreted to be of regional significance in focusing 
mineralisation (Figure 1). 

The second regional structural trend is defined by north-
northeast-trending features occurring in a close spatial and 
possibly conjugate association with the Pine Creek Shear 
Zone. Two such north-northeast-trending features are 
recognised in the project area, and both are geographically 
associated with the known gold mineralisation. The 
southernmost of these is the Batman-Driffield structural 
corridor, which consists of several subparallel linear 
features that connect Batman in the southwest with Driffield 
in the northeast. To the north of this corridor is the Cullen-
Australis structural corridor, which is the more strongly 
defined of the two features; it connects the margin of the 
granite in the southwest with the Australis area in the 
northeast. A series of north-northwest-trending features, 
which connect the northeastern extent of the Batman-
Driffield structural corridor with the southwestern extent 
of the Cullen-Australis structural corridor, is known as the 
Emerald Creek zone.

Gold mineralisation occurs in close association with 
these corridors, and in particular with the Batman-

Driffield structural corridor, which hosts the Batman, 
Golf-Tollis, Quigleys and Horseshoe deposits (Figure 2). 
Mineralisation here is demonstrably linked to reverse 
structures within the Batman-Driffield structural 
corridor, and, as recently recognised, to strike-slip 
structures that parallel the same.

The Pine Creek Shear Zone

The Mt Todd tenements straddle the lower portion of 
the Pine Creek Shear Zone, a large tectonic northwest–
southeast striking feature which historically hosts over 
20 Moz of gold. The shear zone appears to be split into four 
blocks, from north to south: the Bachelor, Burnside, Wandie 
and Katherine blocks. These blocks exhibit a regular spacing 
(~80 km) and are displaced northeasterly relative to each 
other on northeast–southwest-trending subsidiary faults 
(Figure 1).

The Wandie and Katherine blocks exhibit very little 
apparent displacement. The Batman-Driffield structural 
corridor and the Cullen-Australis structural corridor 
have been defined along the zone between the two blocks 
where they are interpreted as failed crustal features, 
with deformation occurring in subsidiary fractures 
and faults rather than as large-scale displacements as 
seen between the Bachelor and Burnside blocks to the 
north. These small faults and failures have acted as foci 
for mineralisation, especially on competency contrasts 
between unaltered country rock and the metamorphosed 
contact aureoles’ of intrusives, as illustrated in Figure 2 
(the biotite isograd).

The Batman-Driffield structural corridor

The majority of the gold at Mt Todd sits within the 
Batman-Driffield structural corridor. This corridor 
consists of a series of brittle failures within a zone that 
strikes northeast-southwest. The mineralisation is hosted 
within sheeted vein sets, or bedding-parallel failure zones, 
tending to strike north-south; these have been the focus 
of the majority of the exploration at Mt Todd, which has 
targeted either north/south-trending magnetic highs 
(related to pyrrhotite veining) or north/south-trending 
geochemical anomalies. The mineralisation is found 
proximal to the high-heat potential Yenberrie intrusive, 
which has been intersected in drilling beneath the Batman 
deposit at depths from 600–900 m. 

Mineralisation model at Mt Todd

The mineralisation model proposed is a modification of the 
Thermal Aureole Gold (TAG) system described by Wall 
(2005) where an intrusive drives the thermal system with 
mineralisation concentrating in structures above and/or 
proximal to the intrusive. The source of metals is primarily 
from the country rock. 
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It is proposed that the thermal driver of the mineralising 
system at Mt Todd is radioactive decay within uranium/
thorium-enriched intrusives, or high-heat potential 
intrusives (HHP; Klominsky 1996) that stay hot long 
enough to generate convective flow. 

Lateral slip on the Pine Creek Shear Zone, in combination 
with competency contrasts, demonstrably related to HHP 
intrusions, has given rise to failure planes expressed as 
sheeted vein systems, locally varying in thickness relative 
to bedding orientation (Figure 3). 

The Northern Cross lode (NXLD; Figure 4) was originally 
targeted from surface geochemistry and outcrop; it was 
intersected by 1990s’ RC drilling (QP419, 30 m at 0.89 g/t Au). 
The lode strikes parallel to the Batman-Driffield structural 
corridor; the hosted veins strike to 010, identical to those at 
Batman. However, the dips vary from vertical to west-dipping, 
which in part explains the failure of earlier drilling to identify 
these veinsets (sub-parallel to Batman was the preferred 
drilling orientation).

A number of Northern Cross lode-parallel structures can 
be seen in the gram-meter plot (Figure 4b). Some of these 
structures have only a few holes to define them; as such, they 
represent targets with significant potential to host high-grade 

zones, particularly where bedding rotates parallel to 010 and 
is steeply west-dipping. This can be seen as much larger vein 
blow-outs, such as at the Jones Brothers lode where the bedding 
is steeply west-dipping and striking to 010. Over 25 kg of gold 
was produced from 800 t of ore by early miners in this area.

Vein mineralogy within Batman and the cross-lodes 
differs from porphyry-related sheeted veins in that they 
appear to be formed in a reducing environment instead of a 
more typical oxidising one.

‘This enhanced metal mobility in the vapor phase 
yields a low-grade Cu-Au core and the impression of 
a subeconomic or failed porphyry Cu system. The low-
grade Cu-Au core is an expected consequence of both 
the fluid evolution in reduced porphyry Cu-Au deposits 
and the initial metal budget of the hydrothermal ore 
system. The recognition of a reduced porphyry Cu-Au 
system should prompt the mineral explorationist to 
search at distal sites deemed favorable for focusing and 
precipitating Au and Cu-rich vapors’ (Rowins 2000).

This concept is significant for Mt Todd as the gold is likely to 
have been transported in a vapour phase; hence, ore formation 
can be distal to the primary sheeted vein set (Batman), plus 
the distal structures are more likely to host the highest grades.

Figure 1. Pine Creek Shear Zone and apparent displacements, and outline of the 4 blocks mentioned in the text. Base map NTGS 500K 
geology. BDSC=Batman-Driffield structual corridor; CASC=Cullen-Australis structural corridor.
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Figure 2. The Batman-Driffield structural corridor, structure and occurrences, 1st vertical derivative magnetics, with biotite isograd blue 
dotted line. See Figure 4 for inset map.

Figure 3. Vein/bedding relationships.
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Figure 4. Mt Todd plan view. 
(a) First vertical derivative 
magnetics. (b) Gram-metre 
contours, associated structures/
target zones.

a

b
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Gold deposition in the Pine Creek Orogen – New wine, old bottles
Michael Green 1,2 and Marco Scardigno 1,

Introduction

PNX Metals Ltd is a multi-commodity explorer and aspiring 
producer with a large landholding (5512 ha Mining Leases, 
1528 km2 Exploration Leases; Figure 1) in the Central 
Domain of the Pine Creek Orogen (PCO). 

The PCO comprises two Palaeoproterozoic (2020 –1863 Ma) 
volcanic-sedimentary rock successions separated by an 
unconformity. These successions were intruded by thick 
dolerite sills (Zamu Dolerite) and the combined package 
underwent complex deformation and metamorphism 
(ca 1855 Ma Litchfield Event) prior to intrusion by voluminous 
granite (1835–1820 Ma Cullen Supersuite; Ahmad and Hollis 
2013). The PCO has been subdivided into three domains based 
on metamorphic grade, structural style, and composition of 
their dominant magmatic phases: the Litchfield, Central and 
Nimbuwah domains (Figure 1). The Central Domain is well 
exposed and known for a range of commodities including gold, 
uranium, tin and lithium. The known gold endowment exceeds 
20 Moz. The PCO is a significant component of the North 
Australia Craton (NAC) and despite numerous more recent 
sedimentary basins covering and encapsulating the PCO, 
geological events in the exposed PCO can be broadly correlated 
to other NAC entities such as the Tanami and Tennant regions. 

Gold in the PCO

Gold in the PCO is hosted within various units of the folded 
Palaeoproterozoic successions and is commonly associated 
with anticlinal axes formed during the ca 1855 Ma Litchfield 
Event. Historic exploration has successfully followed these 
anticlinal hinges along from exposed gold occurrences. 
Detailed airborne magnetic imagery shows that there 
are many unexposed anticlinal axes that have not been 
adequately followed and explored.

In detail, gold is either in or near quartz veins or along 
sedimentary rock beds within these fold axes. Gold-bearing 
quartz veins and associated sericite–chlorite–pyrite 
alteration overprint both the peak metamorphic minerals 
that define axial planar cleavages and the metamorphic 
minerals formed in the contact aureole around large granite 
bodies. Quartz vein-related gold mineralisation appears to 
post-date granite intrusion; however, gold mineralisation 
is concentrated in fold hinges that formed prior to granite 
intrusion. Şener et al (2005) obtained a SHRIMP U–Pb 
monazite age from quartz veins at the Goodall gold deposit 
that post-dates granite intrusion by ~100 million years 
(1727 ± 13 Ma). Gold has yet to be discovered within PCO 
granites despite their presence during the mineralisation event.

1 PNX Metals Limited, Level 1, 135 Fullarton Road, Rose Park 
SA 5067, Australia

2 Email: michael.green@pnxmetals.com.au

“It doesn’t take many observations to think you’ve spotted a trend, and it’s probably not a trend at all.” 
Dan Kahneman, 2002 Nobel Laureate

The Fountain Head Gold deposit was mined sporadically 
from 1883 with alluvial workings and minor hard-rock 
mining to less than 20 m depth. In 1995, Dominion Mining 
completed a trial pit; in 2006, GBS Gold started open-cut 
mining based on an initial Mineral Resource estimate of 
750 000 tonnes at 2.29 g/t Au for 55 000 oz of gold, which 
was defined along the axis of the Fountain Head anticline 
(Harris et al 2004). During sterilisation drilling in 2006, 
gold-rich quartz veins were identified oblique to the axial 
plane, and further testing intersected the Tally-Ho gold 
lodes (900 000 tonnes at 2.61 g/t Au for 75 500 oz of gold; 
Ahmad and Hollis 2013). 

At the Glencoe Gold deposit, ~2.5 km north of 
Fountain Head, the main gold mineralisation follows the 
axis of the Glencoe anticline, which is grossly parallel to 
the Fountain Head anticline. Two trial pits exposed the axial 
planar mineralisation, with two other trial pits targeting 
parallel structures. Recent work at Glencoe has identified 
gold-rich quartz veins oblique to the Glencoe anticline 
and thus is similar to those at Tally-Ho. It is likely that the 
oblique Tally-Ho-style gold-rich quartz veins at Fountain 
Head and Glencoe have a similar genesis and may represent 
a discrete style of mineralisation in the PCO worth exploring. 
A structural model involving reactivation of positive and 
negative flower structures formed during basin inversion is 
proposed to explain the relationship between anticlinal and 
Tally-Ho-style gold lodes.

PNX activities

PNX started work in the PCO in 2014 when it acquired a 
substantial land package from Crocodile Gold. Initially, 
PNX’s emphasis was on the high-grade gold–silver–zinc 
VHMS deposits at Iron Blow and Mount Bonnie. At these 
deposits, PNX has greatly expanded the size and confidence 
of the gold–silver–zinc resources. In conjunction with 
upgrading these resources, PNX began exploring its 
extensive landholding for additional VHMS and gold 
resources, now a continuing work programme. 

As part of its development strategy, PNX expanded its 
resource base with the acquisition of historical gold mines at 
Fountain Head in 2018 and Glencoe in 2021. PNX has since 
upgraded the gold resources at both deposits. Currently, PNX is 
working hard to expand its current resources, find new resources, 
and start staged development operations by commencing with 
construction of a gold plant at Fountain Head.

The discovery of new gold deposits in the PCO, such as 
the Tally-Ho-style gold lodes, will require an exploration 
strategy beyond the standard anticlinal model applied for so 
long. Tally-Ho can be viewed as a new style of gold deposit 
and should be considered as a novel exploration model. In 
addition, exploration models from other similarly folded 
and intruded regions, such as the Tanami region, should 
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also be considered and applied to the PCO. PNX Metals Ltd 
has a very strong landholding in the PCO and is applying 
these new concepts to its exploration strategy.
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Figure 1. Regional map showing the Central Domain of the Pine Creek Orogen, gold occurrences (taken from STRIKE3 ), Archaean to 
Palaeoproterozoic geology and PNX tenure. Background: NT-wide total magnetic intensity. GDA94, Zone 52.

3 https://strike.nt.gov.au/wss.html
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The Northern Territory Geological Survey (NTGS) data 
capture of legacy drilling and geochemical data from 
the priority area primarily covering the Barkly Region is 
nearly complete. Since April 2021, a further six 1:250 000 
map sheets have been completed and the data released. 
The digitising of hardcopy seismic sections and well logs 
continued with digital data now available for another 15 
wells and 14 surveys (Figure 1). The backlog of open 
filing for reports due for release after five years has been 
cleared and 25 interpretive petroleum reports were gazetted 
and released in November 2021. A new user guide, easily 
accessible via a tab within STRIKE, was launched. Delivery 
of larger datasets is now easier with the implementation of 
a new FTP platform and use of specific, persistent URLs to 
directly access the products and data. The platform delivering 
NVCL download and other web services has been upgraded 
giving faster response times and better performance. A new 
PetroleumTenementsML web service has been added.

New drilling and geochemistry data

The legacy data capture focusing on the capture of 
geochemistry and drilling data in the priority area from 
Tennant Creek and surrounds to the Queensland border 
and throughout the Barkly Region is nearing completion. 
During 2021–22, data has been captured from the 
WALHALLOW3, BAUHINIA DOWNS, ROBINSON 
RIVER, BEETALOO, TANUMBIRINI, and HELEN 
SPRINGS 1:250 000 mapsheets. Data for WALHALLOW 
was released on STRIKE in July 2021, for BAUHINIA 
DOWNS and ROBINSON RIVER in November 2021, and 
most recently data for BEETALOO, TANUMBIRINI, 
and HELEN SPRINGS mapsheets in February 2022. Data 
capture from the BONNEY WELL mapsheet is in progress. 

Since the commencement of the Resourcing the Territory 
initiative, some 120 400 drillhole collars, 561 700 drillhole 
samples and 256 100 surface samples with the associated 
sample results from 3201 reports have been captured.

The next focus for data capture is the Pine Creek area. 
A very large number of reports on the PINE CREEK 
1:250 000 and surrounding mapsheets have been identified 
for data capture, the largest concentration in the Territory. 
At present rates, it will take several years to complete just 
four 1:250 000 mapsheets, but it is a large proportion of the 
reports remaining to be captured across the NT.

Additional data from routine open filing and captured 
from early reports on active titles are also released during 
the year. Since April 2021, a further 8500 drillholes and 
40 000 drillhole samples and associated data have been 

released. These comprise data from both routine open filing 
and a large batch of previously captured legacy data from 
the Short Range 1:100 000 mapsheet. There has also been 
a revision of sample categorisation within the database that 
reduced the number of surface samples and increased the 
number of drillhole samples.

STRIKE

The restructured and updated STRIKE user guide was fully 
incorporated into STRIKE and released in July 2021. The 
new guide is accessible via a clearly labelled tab at the top 
of the map window, next to the Downloads tab. The guide 
is split into categories and sub-categories accessed through 
the main contents menu, which is displayed after choosing 
the user guide tab. The main menu also has options to print 
the guide and view the guide in a separate window. 

Downloading large products and data by FTP

Timely access to large NTGS products and data has been 
facilitated by a new FTP platform.  It provides instant 
download access without the need to log in, an improved 
client experience, and is more cost effective and efficient than 
physical mail. Those products and data that are too large to 
download via the GEMIS platform and are requested via 
the Request Cart are now able to be delivered using the FTP 
site. InfoCentre staff will email a persistent URL enabling a 
client to directly access and download the product or dataset 
ordered. Requests to the InfoCentre for a large number of 
reports or products can also be loaded to the FTP site as a 
group and accessed by a specific URL. For effective site 
management and performance, an expiry date is set for these 
requests, usually 14 days. The files are automatically deleted 
after this time and the link will no longer work.

Web services and National Virtual Core Library

NTGS has upgraded the infrastructure serving the Open 
Geospatial Consortium (OGC) compliant web services, 
including the National Virtual Core Library (NVCL) 
download functionality. The new server was successfully 
deployed in December 2021 with the latest software stacks. 
Performance and response times have significantly improved 
and the NVCL data download module is also further improved 
with cached datasets for even faster download performance. 

In February 2022, a new web service was established  for 
petroleum tenements (PetroleumTenementML). The new 
service provides basic information on petroleum titles and 
utilises a common vocabulary used by all the Australian 
jurisdictions to facilitate discovery and viewing at the national 
level. This service and the other OGC compliant web services 
(including boreholes, mineral occurrences) can be accessed 
through desktop software or via a number of spatial web portals, 
in particular, the Australian Geological Survey Organisations 
Network (AGSON) portal, previously known as AUSGIN.

1 Northern Territory Geological Survey, GPO Box 4550, Darwin 
NT 0801, Australia

2 Email: tracey.rogers@nt.gov.au
3 Names of 1:250 000 and 1:100 000 mapsheets are shown in 

large and small capital letters respectively, eg WALHALLOW, 
Short Range 
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Industry reports

The project to reduce the backlog of reports due for release 
under the five year ‘sunset clause’ in the Mineral Titles Act 
(MTA) has been completed. In July 2021, the remaining 118 
reports from 2015 were published.

Steady progress in the reviewing of older petroleum 
tenure reports to identify and prepare reports and data 
for release has continued. Twenty-five reports with 

interpretive information were gazetted and released in 
November 2021.

Digitising of older, hard copy seismic sections and 
well logs from petroleum industry reports is continuing. 
The newly digitised data has been added to records in 
the Petroleum Exploration Reports (PEX) collections on 
GEMIS. 

In the last 12 months, various logs of 15 wells in the 
McArthur Basin/Beetaloo Sub-basin, and Amadeus, 
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Figure 1. Wells and seismic surveys 
digitised and released as at February 
2022.
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Georgina and Pedirka basins, as well as around 200 sections 
from 14 seismic surveys in the McArthur, Amadeus and 
Eromanga basins, were digitised and released. Work on 
digitising further seismic surveys in the Eromanga/Pedirka 
basins and wells in the Amadeus Basin is in progress.

The wells and seismic surveys that have been digitised 
and released as at February 2022 are shown in Figure 1.

Resourcing the Territory website and NTGS Monthly Alert

The Resourcing the Territory website continues to evolve. 
The maps showing titles and mineral/petroleum resources 
have been refreshed and news items are regularly added. 
Subscribers to the NTGS Monthly Alert email newsletter 
have been increasing steadily, growing more than 60% since 
November 2019. One can subscribe to the newsletter via the 
links on the website at https://resourcingtheterritory.nt.gov.au.

New NTGS products

New or updated NTGS products released since April 2021 
include 9 Records, 4 new and 1 revised HyLogger Data 
Packages (HDP), 3 updated and 2 new Digital Information 
Packages (DIP), preliminary data for the NTGS Brunette 
Downs Ground Gravity Survey and  2 new and 5 revised 
geological GIS datasets. 

Records released cover geochronology results, epigenetic 
copper-tungsten mineralisation in the Aileron Province, 
lithology and petrology of the Rover Field, and x-ray 
diffraction data of shales in the greater McArthur Basin. 

DIP 033 containing analysis and interpretation of 
historical AEM datasets as part of the CSIRO–NTGS 
McArthur Basin Project was released in September 2021. 
DIP 034, a compilation of petroleum geoscience data from 
the stacked Warburton, Pedirka and Eromanga basins, was 
also released in September 2021.

Corrections to the GIS datasets for the 1:250 000 
mapsheets are ongoing. Revised data for PINE CREEK, 
DARWIN, ALICE SPRINGS, GREEN SWAMP WELL 
and HUCKITTA datasets have been released since April 
2021. Digitising of legacy 1:100 000-scale geological maps 
is also progressing. GIS datasets for the Elkedra Region 
and Geology of the Northeastern Amadeus Basin maps 
were released in February 2022.

Reference

Rogers T, 2021. Improving access to geoscience information: 
Recent highlights: in ‘Annual Geoscience Exploration 
Seminar (AGES) Proceedings, Alice Springs, Northern 
Territory, 20–21 April 21’. Northern Territory Geological 
Survey, Darwin, 30–31. 
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Conceptual sedimentary-hosted base metal targeting along the northern margin of the South 
Nicholson Basin
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Introduction 

Exploration activity along the northern margin of the 
South Nicholson Basin and within the region onlapping the 
Murphy Province has historically been focused on diamond 
and uranium potential. Exploration through this region was 
an extension of work completed in the southern McArthur 
Basin, immediately north of the Murphy Province 
(Figure 1). This is evidenced by the Coanjula diamond field 
to the west and various uranium occurrence to the east. 
Many of the uranium occurrences are hosted in the southern 
McArthur Basin basal unit, including the Westmoreland 
uranium deposit in adjacent regions of Queensland.

Whilst there is some drillhole coverage throughout the 
region, the available downhole data is predominately water 
sampling, gamma logs targeting uranium, and heavy liquid 
separation targeting diamonds. Although only scant multi-
element datasets are available, the lithological logs from the 
diamond and uranium exploration holes have proved useful. 
Historical airborne electromagnetic surveys (GEOTEM) 
were flown to detect massive sulfides associated with base 
metal mineralisation. Although targets were defined along 
the basin margin, follow-up drilling only tested conductors 
within the Murphy Province basement. Minor sulfide was 
encountered in the Murphy Metamorphics, but this is not 
currently considered a high priority target.

It is likely the northern margin of the South Nicholson 
Basin has never ranked particularly highly for base metal 
prospectivity due to the Mesoproterozoic age previously 

assigned to the Benmara Group, which is younger 
than the adjacent, well-endowed formations of the late 
Palaeoproterozoic Lawn Hill Platform and southern 
McArthur Basin. However, recent results from a U–Pb 
sensitive high-resolution ion microprobe (SHRIMP) 
geochronology program, undertaken by Geoscience 
Australia, revises the age of the Benmara Group to be late 
Palaeoproterozoic (Carson et al 2020). This has significant 
mineral exploration implications, especially given the 
middle- to upper-units of the Benmara Group were deposited 
during crustal extension ca 1640 Ma, coincident with the 
deposition of the McNamara Group, Fickling Group and 
McArthur Group. These formations are known to host 
significant Zn–Pb–Ag and polymetallic Cu–Pb–Zn–Ag–Co 
resources in the Mount Isa Province and southern McArthur 
Basin (Carson et al 2020) (Figure 2, Table 1).

Resolution Minerals’ exploration initiatives

The stratigraphic revisions have increased the extent of 
known ca 1640 Ma strata; however, the distance these extend 
westwards under the Georgina and Carpentaria basins 
is unknown (Carson et al 2020). The Northern Territory 
SEEBASE® is a depth to basement structural model that maps 
major basement structures and defines basin shape and depth to 
the base of undeformed sedimentary rocks, regardless of age. 
Within the Benmara region, SEEBASE clearly defines the limit 
of a relatively complex section of the basin margin (Figure 1). 
Resolution has utilised SEEBASE to prioritise preliminary 
exploration target areas and select additional ground for 
acquisition. As with many underexplored parts of Australia, 
this region has the challenge of cover masking prospective rock 

Figure 1. Benmara Project outline over 2021 NTGS SEEBASE 3D basement model indicating Resolution’s dominant ground holding of 
the prospective basin margin of the South Nicholson Basin. Coordinate system: GDA94, Z53.
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units, and it is through datasets like SEEBASE that exploration 
risk can be reduced.

Of significance on a regional structural scale is the 
intersection of two major prospective fault zones close to 
the basin margin. The Emu Fault Zone extends northwest 
from the Resolution’s Benmara project area, then bends 
north-northwest where it is spatially associated with the 
giant Zn–Pb–Ag McArthur River Mine, hosted in the 

Barney Creek Formation (Figure 3 and Figure 4). The Fish 
River Fault Zone extends east-northeast into Queensland 
where it coincides with the polymetallic Walford Creek 
Deposit, hosted in the Mount Les Siltstone (Figure 1–3 
and Figure 5). The spatial association between these major 
fault zones and base metal mineralisation implies structural 
control on deposit formation whereby the fault zones acted 
as conduits for metal-bearing fluids.

Sedimentary-hosted base metal deposits can form 
through either syngenetic or epigenetic processes; as such, 
they can be hosted in various sedimentary rock types 
including reduced facies, carbonates and fine-grained 
clastic sediments. At Resolution’s early stage of exploration 
in the region, we will continue to apply exploration methods 
that are effective screening tools across all sedimentary-
hosted base metal deposit styles (eg SEDEX, MVT, SSC 
and polymetallic).

Geophysical targeting for sedimentary-hosted base metal 
mineralisation can include detailed gravity and magnetic 
data to define structures and sedimentary sub-basins. 
Although not generally used for direction detection, in 
some circumstances where data coverage is detailed, a 
subtle gravity anomaly may be associated with high-density 
mineralised zones (Emsbo et al 2016).

Seismic data is an excellent technique for defining basin 
margin structures, especially when it has been reprocessed 
to enhance features in the near surface. Seismic datasets 
are common across basin settings given the region’s history 
of petroleum exploration; therefore, it is possible to obtain 
open-source regional-scale surveys that are applicable to 
mineral exploration.

Electrical methods such as EM or IP can be effective 
techniques for defining conductors both for direct detection 
of massive sulfide and detection of pyritic sedimentary host 
rocks. An important consideration when using electrical 
methods is the low conductivity contrast commonly seen 
between the host rock and the mineralised lode. In some 
cases, the lode has a much lower conductivity then the host 
rock. Dugald River is an example of a Zn–Pb–Ag deposit 
that has a low conductivity response and is positioned 
immediately beneath a conductive pyritic unit. The pyritic 
unit formed the chemical gradient to trigger mineralisation 
and in some sense, acted as an impermeable seal for the lode 
to build up against (A Burtt, pers comm 2022). 

Figure 2. Late Paleoproterozoic stratigraphic correlations across 
the South Nicholson region annotated with deposit examples for 
each group (Carson et al 2020).

Table 1. Summary of analogous 
mineralisation in the South Nicholson 
region (Betts et al 2003; Carson et al 
2020).
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Surface techniques such as radiometrics, ASTER, 
hyperspectral and surface geochemistry are excellent 
for exploring in areas of well-known target units that are 
extremely limited in the presence of cover, whether that be 
younger basin sedimentary rocks or transported regolith.

Downhole spectral alteration mapping is a technique 
that can facilitate vectoring through alteration trends and 
zonation. Fe–Mn carbonate alteration halos are present 
at the Lady Loretta, McArthur River and Century 
deposits and are thickest immediately surrounding the 

Figure 3. Geology of the Mount Isa–
McArthur basins of northern Australia 
showing the location of the Benmara 
Project relative to major tectonic 
elements and the position of SEDEX 
deposits (Emsbo et al 2016).

Figure 4. Simplified geological map of the fault architecture in the region around the HYC (McArthur River) deposit and a schematic 
cross section showing the relationship between fault architecture, stratigraphy and mineralisation (Emsbo et al 2016).
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ore zone. The halo can extend for distances varying from 
the hundreds of metres through to the tens of kilometre-
scale (Leach et al 2005; Figure 6).

Thallium (Tl) is a good geochemical indicator (trace 
element) and vector to stratiform Zn–Pb–Ag mineralisation 
and occurs at values of 100 to 1000 ppm through the Zn–Pb 
mineralisation and decreases to values of less than 1 ppm at 
distances of 1–20 km along the favourable host rock horizon 
(Leach et al 2005; Figure 6).

Resolution Minerals’ exploration activities

In 2021, Resolution commenced exploration on permit 
EL32228 to substantiate the area’s prospectivity with an 
airborne EM survey (VTEM Max) and a scout RC drilling 
program. The airborne EM survey identified km-scale 
conductors along the margin of the basin (Figure 7). A 
number of these conductors were tested by RC drilling, 
the best of which intersected thick (194 m) pyritic, 
carbonaceous, laminated mudstone and shale units akin 
to Barney Creek Formation (southern McArthur Basin) 
(Figures 8 and 9). This demonstrated that prospective, 
reduced units are present in the region. Furthermore, 
intense alteration zones were also noted, as well as 
multiple tuff horizons throughout the stratigraphy. Tuff 
horizons are common across the southern McArthur 
Basin, and if reliable age dates are obtained, these tuff 
units can be used as maker horizons in the stratigraphy 
(D Rawlings, pers comm 2022). 

The RC drilling intersected values of 0.1–0.2% Mn 
and 3–5% Fe within carbonaceous silty mudstones, 
indicating the presence of Fe–Mn carbonate alteration 
which is known to be associated with Zn–Pb–Ag 
mineralisation. (Figures 8 and 9). Drilling also 
intersected a maximum value of 42 ppm Tl, with multiple 
samples exceeding 1 ppm Tl; these results indicate that 
the drillholes could be within kilometres of an base 
metal deposit (Figure 5). There is an increase in Tl from 
west to east within the carbonaceous silty mudstones.

Petrology was undertaken post-program to confirm 
field logging observations. The sedimentary rock units 
identified in the petrology included laminated mudstones 
and carbonates that have been subjected to varying degrees 
of diagenesis and alteration. The presence of bitumen was 
noted within carbonates. Secondary pyrite was identified, 
which formed due to fluid infiltration during diagenesis, 
evidenced by fine grained pyrite being unrelated to primary 
sedimentary laminations (Mason 2022).

Whereas the RC drill chips were dark grey in colour 
and appeared carbonaceous, the sample matrix was too 
fine-grained for positive optical identification. Follow-up 
total organic carbon (TOC) analysis was completed on 
12 silty mudstone samples to confirm the presence of 
carbonaceous material. The average TOC value was 
2.18%, with a maximum value of 3.23%. This is highly 
significant given TOC of 1% is the minimum amount 
of organic matter required in reduced stratigraphy for 
an effective chemical gradient along which metal may 
commence precipitation (Jarrett et al 2020). Oil slick 
was noted on the surface of the sieving bucket during 
logging, which is a good field indicator for TOC 
exceeding 1% (Amalric G, pers comm 2022).

This preliminary work supports the positive potential 
for sedimentary-hosted base metal mineralisation 
deposition within the project area. The evidence includes:

• prospective-aged package of reduced sediments with 
TOC content in the order of 1–3%

• petrographic evidence for significant diagenesis and 
alteration

Figure 5. (a) Structural setting of the Walford Creek deposit 
showing the spatial association between mineralisation and the 
intersection between the Fish River Fault Zone and the Dividing 
fault. (b) Schematic cross section through the Walford Creek 
Deposit before and during Pb–Zn mineralisation (Betts et al 2003).

a

b
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Figure 6. Schematic Fe-Mn carbonate alteration halos. Note the increasing Tl with Mn (Leach et al 2005).

Figure 7. 3D perspective view looking north-west on the Benmara 2.5D Inversion. 2021 RC location relative to planned 2022 drilling 
areas. Coordinate system: GDA94, Z53.

2021 RC
(EL32228)

Planned 
2022

follow up

Planned 2022
Follow up on new 
tenure (EL32229)

• geochemical vectors including elevated Tl 
• favourable basin margin position
• proximity to the intersection of regional scale 

structures, which are demonstrated conduits for base 
metal mineralisation along strike. 

The combination of these geological ingredients make 
this a standout greenfield exploration project with an 
unconstrained search space. This has been the driver for 
Resolution acquiring a land package covering more than 
200 km strike length of the northern margin of the South 
Nicholson Basin, collectively forming the Benmara Project. 

Whilst preliminary work can be considered a successful 
‘proof of concept’, more detailed work is required to vector 
towards economic base metal mineralisation. Future 
exploration will include detailed magnetic and gravity 
surveys along the basin margin, followed by a litho-

structural interpretation. This methodology aims to define 
structurally-controlled sub-basins, which can form ideal 
trap sites for mineralisation, ie low energy depositional 
environments that are high in organic content. During 
future drilling programs, samples from tuff marker 
horizons will be collected for geochronology to confirm 
the position in the stratigraphy along the basin margin and 
within sub-basins.

There are multiple drill-ready targets within the project 
area. The best exceeds 10 km of strike length along the 
basin margin, which the company plans to drill test in the 
near term (Figure 7 and 8). In addition, the current VTEM 
Max coverage will be extended across the new leases 
(Figure 1) along untested portions of the basin margin 
to define further Benmara Group pyritic-carbonaceous 
sediments, thereby increasing the search space for 
potential base metal mineralisation.
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Figure 8. RC drill collar locations and cross section A–A' location (Figure 9). Prospective host rocks overlying dolomite (dolostone) 
unit analogous to Walford Creek and HYC stratigraphy. The thallium values increase (vector) towards a target zone with intersecting 
northwest and east-northeast-trending structures. The northwest structures trend towards the Emu Fault Zone associated with the 
formation of HYC. The east-northeast-trending structures form part of the Fish River Fault System associated with the formation of 
Walford Creek. Background TMI magnetics. Coordinate system: GDA94, Z53.

Figure 9. RC drilling lithological cross section A–A' . Section location reference on Figure 8 plan view. Note: Shale on this section 
reflects laminated silty mudstone as identified by petrology. Coordinate system: GDA94, Z53.
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Having confirmed the existence of a large and technically 
producible hydrocarbon resource within the Velkerri and 
Kyalla Formations, efforts in the Beetaloo Sub-basin have 
shifted towards the appraisal of possible development 
areas with the objective of demonstrating line-of-sight to 
commerciality.

Progressing along the learning curve quickly is critical 
for the success within the Beetaloo Sub-basin. As a result, 
Origin Energy and its Joint Venture partner, Falcon Oil & 
Gas Ltd, have undertaken a careful review of the potential 
challenges facing operators in the Beetaloo Sub-basin and 
have begun to build a technological toolkit to best enable 

the JV to accelerate along the learning curve. The toolkit 
employs both tried and proven technologies, as well as novel 
and customised solutions (Table 1). This hybrid approach 
recognises large gains can be made by applying relevant 
technologies used in commercial shale plays; however, it is 
also cognisant that new fit-for-purpose solutions will also 
be required to progress within the Beetaloo Sub-basin. 
Successfully building a technology toolkit is imperative for 
progressing along the learning curve quickly and unlocking 
the vast hydrocarbon resources in the Beetaloo Sub-basin.   
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Table 1. Key identified challenges and potential technology solutions for the appraisal and development stages in the unlocking of 
hydrocarbon resources in the Beetaloo Sub-basin.

Challenge

Potential technology solution

3D seismic application 
Reservoir and completion quality 
assessment along laterals utilising 
LWD* data and cuttings analysis 

Geosteering models utilising LWD 
data and cuttings analysis

High grading areas 
for delineation and 
appraisal

Potential ability to screen large 
development areas using detailed 
structural mapping and/or attribute 
analysis to high grade areas at a 
significantly lower cost than pilot wells 

Lateral well planning 
and placement

Detailed structural mapping allows 
enhanced well planning placement to 
avoid geohazards and well loses, and 
helps reduce well length outside target 
shales

High-resolution modelling of facies and 
associated rock quality in real time while 
drilling laterals enables a high degree 
of confidence for geosteering decisions 
to place wells in optimised facies, and 
reduce well length drilling in sub-optimal 
facies  

Fracture stimulation 
design optimisation 
and placement along 
lateral

Can inform placement of stages to 
avoid features proximal to the drilled 
lateral wellbore that may reduce 
stimulation effectiveness. Additionally, 
attribute analysis could allow optimised 
stimulation design by targeting a 
specific favourable identifiable attribute 

The development of reservoir and 
completion quality models along 
laterals could allow for smart 
completions where stage spacing and 
design are targeted or tailored to a 
specific identifiable facies

Geosteering modelling data gives 
insights into structural attributes 
(fractures, faults, etc.) along lateral wells 
that may either want to be targeted or 
avoided. It also provides data inputs for 
the reservoir and completion quality 
modelling processes   

Assessment of facies 
specific productivity 
and stimulation design 
evolution  

Successful employment of attribute 
modelling within target shales 
could allow for the assessment of 
hydrocarbon production vs resolvable 
attribute distinctive facies. With 
sufficient production and Production 
Logging Tool (PLT) data, relationships 
between resolvable attribute facies 
and hydrocarbon productivity may be 
established thus allowing enhanced 
targeting of facies 

Reservoir and completion quality 
models along laterals could be 
combined with PLT data, or enough 
well production data to evaluate the 
productivities of distinctive facies, in 
addition to testing varying completion 
strategies in different facies    

* logging while drilling 
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Summary

The Beetaloo Petroleum Supersystem of the greater 
McArthur Basin in the Northern Territory is part of a 
newly redefined continental-scale petroleum supersystems 
framework that aims to establish clear and consistent 
geological parameters and nomenclature, bridging 
exploration scales across northern Australia. This framework 
can be used to understand the regional petroleum potential 
and to make predictions to inform exploration programs in 
frontier basins with limited datasets. 

Introduction

Despite their great geological age, Proterozoic sedimentary 
basins have immense potential to host both conventional 
and unconventional petroleum systems in northern 
Australia (Munson 2014). Numerous oil and gas discoveries 
and hydrocarbon shows have been identified across the 
informally named greater McArthur Basin (Close 2014); 
moreover, there is also petroleum potential within the Lawn 
Hill Platform, and potentially the South Nicholson Basin 
(Gorton & Troup 2018, Jarrett et al 2020; Grosjean et al 
2022). This region is vast, extending over 200 000 km2 from 
Western Australia, through the Northern Territory and into 
northwestern Queensland (Figure 1).

The Territory’s premier unconventional shale gas and 
liquids plays are hosted in Mesoproterozoic-aged shales 
of the Roper Group within the greater McArthur Basin. 
These shales are broadly thickest in the Beetaloo Sub-
basin depocentre; however, they are known to extend 
over hundreds of kilometres across the Northern Territory  
(eg Jackson et al 1986, Warren et al 1998, Munson 2016, 
Williams et al 2019). Exploration is at an advanced stage 
with industry activity accelerating in 2021 (Riddle 
2021, Underwood 2021, White 2021, Scrimgeour 2022). 
Reported gas discoveries, including both liquids-rich and 
dry gas, confirm the presence of technically recoverable 
hydrocarbons (Figure 1, Table 1). Additionally, there may 
be organic-rich mudrocks in the contemporaneous Tijunna, 
Renner and South Nicholson groups, although exploration 
and knowledge of these groups is limited (Munson 2016, 
Jarrett et al 2018; 2019).

A primary issue for prospectivity assessment and 
exploration in the greater McArthur Basin is the limited 
availability of data. For example, whereas Mesoproterozoic 
successions in the Beetaloo Sub-basin have been extensively 
drilled, correlative units in the Birrindudu, South Nicholson 
and northern McArthur basins are frontier regions with 
limited or no well penetration or seismic data (www.strike.
nt.gov.au, Figures 1 and 2). This can lead to challenges in 

determining the extents of stratigraphic units (Williams 
2019), as well as their correlation and resource potential 
across the region (eg Munson 2016, 2019, Jarrett et al 2019). 

One method for making predictions for the resource 
potential in these underexplored areas of the Northern 
Territory, and more broadly in northern Australia, is to 
provide a consistent nomenclature and continent-scale 
petroleum systems framework across the region. The 
petroleum supersystem concept, introduced by Bradshaw 
(1993), is a methodology to understand hydrocarbon 
occurrences throughout Australia at a continental-scale. 
The petroleum supersystem links sedimentary packages 
of similar age, structural history, depositional environment 
and hydrocarbon potential, both within and between basins. 
Thus, the petroleum supersystems approach can potentially 
be a powerful exploration tool for predicting the petroleum 
systems elements in frontier basins with limited datasets 
(Bradshaw et al 1994). It is known that organic-rich shale is 
the primary element of both conventional and unconventional 
systems; petroleum supersystems can therefore be subdivided 
and classified by age of these source rocks. 

More than 25 years after the concept of the petroleum 
supersystem was introduced, Jarrett et al (2021) identified a 
need to update the Australia-wide Proterozoic supersystem 
framework due to the increased availability of new data and 
a greatly improved knowledge of regional geology. Work is 
currently being undertaken to formally classify and map the 
four recognised petroleum supersystems within the greater 
McArthur Basin (eg Jarrett et al in press). As a component of 
the Resourcing the Territory initiative, NTGS is conducting 
holistic, regional-scale petroleum studies across the greater 
McArthur Basin. Collaborations between NTGS, academia, 
Geoscience Australia, CSIRO, and industry partners have 
led to an enhanced understanding of the regional geology, 
architecture and resource potential of the basin (eg Munson 
2016, Revie 2017, Collins et al 2018, Delle Piane et al 2019, 
Jarrett et al 2019, Cox et al 2022, Jarrett et al in press).

Herein, we highlight some of the results of this ongoing 
program, with a primary focus on the revised petroleum 
supersystems framework, to better document and correlate 
the distribution of petroleum systems across the greater 
McArthur Basin. The Beetaloo Supersystem is the Northern 
Territory’s most prospective shale-gas play (Munson 2014). 
The system is relatively well documented with numerous 
studies on the geology (Rawlings 1999; Abbott & Sweet 
2001, Munson 2016), geochronology (Yang et al. 2018, Yang 
2019, Munson et al 2020, Subarkah et al 2022), source rock 
geochemistry (Warren et al 1998, Jarrett et al 2019, Cox 
et al 2022), reservoir properties (Delle Piane et al 2020), 
and petroleum prospectivity (Jackson et al 1986; Munson 
2014, Côté et al 2018, Altman et al 2020, Hall et al 2020). 
Therefore, the Beetaloo Supersystem is a good example 
to demonstrate the utility of this nomenclature to bridge 
exploration scales from the regional through to plays and 
thus, reduce the exploration search space. 
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Geology

The greater McArthur Basin (Close 2014) is a vast 
Palaeo- to Mesoproterozoic-aged terrane that extends over 
180 000 km2 from Western Australia, through the Northern 
Territory into northwestern Queensland (Figures 1 
and 2). The basin unconformably overlies Archaean 
and Palaeoproterozoic rocks of the Northern Australian 
Craton, and is unconformably overlain by Neoproterozoic 
to Paleozoic cover successions (Ahmad et al 2013). The 
greater McArthur Basin, as currently defined, incorporates 

sedimentary successions of the McArthur Basin sensu stricto, 
Birrindudu Basin and the Tomkinson Province, which are 
interpreted to have subsurface continuity based on seismic 
interpretation (Hoffman 2014), drilling, and geochronology 
studies (Munson et al 2020 and references therein). The 
Paleoproterozoic to Mesoproterozoic Lawn Hill Platform 
and the Mesoproterozoic South Nicholson Basin outcrop to 
the south of the Murphy Province. These successions are 
contemporaneous with those of the greater McArthur Basin, 
but at present there is no firm evidence to indicate that these 
depositional areas were interconnected. The study reported 
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Figure 1. Regional map of greater McArthur Basin (Close 2014), with hydrocarbon indications and shows, and stratigraphic packages 
(Rawlings 1999) on map of Northern Territory geological regions derived from NTGS 1:2.5M geological regions GIS dataset. Subsurface 
extent of Beetaloo Sub-basin after Williams (2019); petroleum shows collated from NTGS STRIKE and GEMIS online systems.
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herein is part of NTGS’ ongoing program to establish a robust 
sedimentary and stratigraphic framework across the Northern 
Territory in order to determine the relationships between these 
basins and provide a better understanding the resource potential 
(eg Munson 2016, 2019, in prep; Munson et al 2020, Jarrett et al 
2021, Simmons et al in prep).

Beetaloo Petroleum Supersystem 

Figure 2 shows the four redefined petroleum supersystems 
(Beetaloo, Lawn, McArthur and Redbank; Jarrett et al in 
press) and their group-level correlations for the greater 
McArthur Basin and beyond. The Mesoproterozoic 
Beetaloo Supersystem is the youngest of these petroleum 
supersystems and is associated with the unconformity-
bounded Wilton stratigraphic package of Rawlings (1999). 
The supersystem was formerly named the ‘Urapungan 
Supersystem’ (Bradshaw 1993) after live oil was discovered 
in drill core from BMR Urapunga 4 (Jackson et al 1986). 
However, this term is somewhat confusing to current 

explorers as the Urapunga region of the McArthur Basin has 
little petroleum potential due to extensive faulting, higher 
thermal maturity and thinner sedimentary successions 
(Munson 2016). The revised name is after the Beetaloo 
Sub-basin where current exploration has identified 
extensive petroleum resources. Organic-rich shales of this 
supersystem are thickest and most prospective within and 
adjacent to this sub-basin (eg Revie 2017, Cox et al 2022). 
Conventional oil and gas, shale-gas and liquids discoveries 
and shows, as well as fracture-stimulated flows, have all 
been demonstrated from the Beetaloo Supersystem (Côté 
et al 2018, Altmann et al 2020, Riddle 2021, Underwood 
2021, Scrimgeour 2022). However, it is important to note 
that there is also significant petroleum potential beyond the 
Beetaloo Sub-basin as highlighted in Williams (2019) and 
subsequently demonstrated through drill testing (Bruce and 
Garrad 2021, Underwood 2021).

Mapping the extents of petroleum supersystems 
(ie source rock distribution) involves the interpretation 
of a combination of criteria, including the distribution of 
outcrop, drill core intersections, and geophysical data 
(eg seismic, gravity, AEM, etc.). This methodology can 
be very challenging in frontier regions with limited or 
no subsurface control; often the best estimate of source 
rock distribution is at group rather than formation level. 
In the greater McArthur Basin, the Beetaloo Sub-basin 
and surrounding areas has the highest amount of seismic 
coverage, but there are still uncertainties with the 
interpretation of seismic data above 40 s depth (Williams 
2019). In this study, the Beetaloo Supersystem (Figure 3) is 
constrained to the minimum extent of the Wilton package 
(ie the Roper, Tijunna, Renner and South Nicholson 
groups), as defined by Geognostics Australia (2021) from 
a combination of outcrop extent, drill core penetration 
(Munson 2016) and geophysical interpretation. This outline 
therefore encompasses the entire petroleum supersystem 
within the package, and includes all the petroleum systems 
elements, such as source rocks, reservoirs and seals. 

This Wilton package sedimentary succession contains 
four mudrock units with elevated organic carbon content; 
in ascending stratigraphic order, they are the Mainoru 
Formation of the Collara Subgroup, and the Corcoran, 
Velkerri and Kyalla formations of the overlying Maiwok 
Subgroup. These potential source rock units correspond 
to four proposed basin-scale petroleum systems (Beetaloo 
systems 1 to 4 respectively) included within the Beetaloo 
Supersystem (Figure 4). Proposed regional correlations 
with basins to the west and east (the Birrindudu and South 
Nicholson basins) increase the prospectivity fairway for this 
supersystem. 

Petroleum systems and plays of the Beetaloo Supersystem

The Beetaloo Supersystem has been explored for both 
conventional and unconventional petroleum (eg Jackson 
et al 1986, Taylor et al 1994, Silverman et al 2007, Côté 
et al 2018). The petroleum systems and plays within the 
Beetaloo Supersystem are redefined below using the 
Magoon and Dow (1994) and Magoon and Schmoker (2000) 
total petroleum system nomenclature. 

Table 1. A summary of the contingent and prospective 
conventional and unconventional hydrocarbon resources of the 
Beetaloo Supersystem.

Formation/well Resource
Contingent

resource
(2C)

Prospective
resource 

(P50)
Reference

Velkerri Fm

Shale oil 
(MMBbl)A

96 Revie 
(2017)

3.5B
Empire 
Energy 
(2022)

Shale gas 
(Bscf)C

110 521 RPS 
(2013)

202 Revie 
(2017)

6 600 D 496 000D
Falcon 

Oil & Gas 
(2021)

553.5 B
Empire 
Energy 
(2022)

Amungee MbrE

(Amungee NW 
1H) F

496
Falcon 

Oil & Gas 
(2016)

Velkerri Fm 
(Carpentaria 1)F 41 3 500

Empire 
Energy 
(2020)

Kyalla Fm

Shale oil 
(MMBbl) 772 Revie 

(2017)

Shale gas 
(Bscf) 8 626G

RPS 
(2013)Moroak Sst

Tight gas 
(Bscf)

8 759

Bessie Creek Sst 66 077

A Million barrels (MMbbl) of oil or condensate
B A summary of Amungee A-, B- and C- shales within the EP187 permit
C Billion standard cubic feet (Bscf) of gas
D Calculated as the B-shale of the Amungee Member in permits EP76,   

EP98 and EP117
E Calculated as the B-shale of the Amungee Member, Velkerri Formation
F Calculated from the individual well in a publically available discovery 

report
G Calculated as the sum of the upper and lower Kyalla Formation
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Summaries of the petroleum system elements and 
potential plays within the Beetaloo Supersystem are listed 
in Figure 4 and Table 2. As the Roper Group is the most 
explored interval in the Beetaloo Supersystem, the Roper 
Group nomenclature is used to describe lower-order 
petroleum systems and plays in Figure 4. Correlative 
units across the region are compared/contrasted with the 
Roper Group. Table 2 expands on this with names for all 
hypothetical plays within the Beetaloo Supersystem for 
individual basins. 

Four broad petroleum systems are identified within 
the Beetaloo Supersystem based on the potential source 
rocks (Figure 4). They comprise two systems previously 
defined by Laurie et al (2012) within the Velkerri and 
Kyalla formations, and two older systems newly defined 
herein. The petroleum systems are sequentially numbered 
1–4, from the oldest organic-rich shale to the youngest in 
line with the method of Bradshaw et al (1994). Within each 
of these petroleum systems, a number of potential play 
types are possible. Table 2 lists the potential source rocks, 
conventional and unconventional reservoirs, and seals for 
each of the basin-scale petroleum systems. Although many 
of these play types are hypothetical or speculative, this 
high-level review demonstrates that the Roper Group has 
potential for at least 14 plays: 7 conventional plays, 4 tight-
gas plays, and 3 unconventional shale-gas and -liquids plays 
(Figure 4, Table 2). 

An example map of Beetaloo System 3 (Velkerri 
Formation) is shown in Figure 5. The outline of the 
maximum extent of the petroleum system is based on 
ground-truth data; it includes the outcropping extents of 
the Velkerri Formation (Munson 2016) and updated drill 
intersections, as well as a seismically-derived thickness 
map of the Velkerri Formation as defined in the region of 
best seismic coverage by Orr et al (2020; Figure 4). With 
increasing data, the extents of Beetaloo System 3 can be 
further refined and updated.

Petroleum systems elements

Hydrocarbon flows, shows and indications are known 
from at least 11 formations in the Beetaloo Supersystem 
in systems 1, 3 and 4 (Figure 4). At present, there are no 
known hydrocarbon shows from Beetaloo System 2 and it is 
therefore considered a speculative system.

Jarrett et al (2019) defined oil families from the 
Velkerri and Kyalla formations, and geochemically 
tied them to reservoirs in the Moroak Sandstone and 
Jamison sandstone, thus substantiating the Velkerri-
Moroak(!) and Kyalla-Jamison(!) petroleum systems. 
Geochemical correlation of a condensate from the 
Hayfield Sandstone in petroleum exploration drillhole 
Amungee NW 1A correlates with isotope geochemistry 
from the Kyalla Formation in Jarrett et al (2019), and 
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Figure 3. Extent of Beetaloo Petroleum Supersystem in the Northern Territory based on extent of Wilton package (Geognostics Australia 2021). 

substantiates the Kyalla-Jamison/Hayfield(!) petroleum 
system and tight gas play.

The four Beetaloo Systems are defined based on 
the principal Roper Group source rocks: the Mainoru, 
Corcoran, Velkerri and Kyalla formations. Collation of 
legacy data from these and all other shale units of the 
greater McArthur Basin has been a priority of the NTGS 
Resourcing the Territory initiative. Digital Information 
Package 014 (Revie et al 2022) consists of compiled shale 
resource data of the greater McArthur Basin and contains 
22 904 data points from 80 stratigraphic units, including 

6442 programmed pyrolysis data points from the Beetaloo 
Supersystem. The results demonstrate good to excellent 
source rock potential for the Beetaloo systems. Beetaloo 
systems 1 and 2 have limited well penetrations and a small 
amount of data that suggest fair to good source rocks with 
gas potential. Exploration data for Beetaloo systems 3 and 
4 are more extensive. Jarrett et al (2019) and Hall et al 
(2020) demonstrated the presence of excellent source rocks 
across the region with the potential to produce oil and gas 
(Figure 4). These source rocks are regionally extensive, as 
illustrated in Figure 5 for the Velkerri Formation.
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A Basin-scale petroleum systems are defined using the nomenclature of Magoon and Dow (1994) in the format ‘Source rock name-Reservoir name’ 
followed by a level of certainty (in brackets). The level of certainty is defined as (!) indicating a known petroleum system, (.) a hypothetical petroleum 
system and (?) a speculative petroleum system.

B The Beetaloo-Georgina(?) petroleum system could relate to any source rock from the Beetaloo System (Wilton Package) migrating into a stratigraphic 
trap of the overlying Georgina Basin and therefore not classed into one of the four Beetaloo Systems.

C The stratigraphic age of this unit still has large uncertainties, and its correlation with units of the McArthur Basin in uncertain; therefore the petroleum 
system level is tentative and may be updated with more precise geochronology.

Table 2. Summary of continent-scale petroleum supersystems, and potential basin-scale petroleum systems and plays in the Beetaloo 
Supersystem. Each basin-scale system is defined using the nomenclature of Magoon and Dow (1994). 
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  Beetaloo-Georgina(.)A,B Conventional oil/
gas

Shales from the 
Beetaloo systems Georgina Basin Georgina Basin 

regional seal

Beetaloo 
System 4

McArthur 

Kyalla-Jamison (!) Conventional oil 
or gas Kyalla Fm Jamison sst Hayfield mdst  

Kyalla-Jamison/Hayfield(!) Unconventional 
tight gas Kyalla Fm

Tight sandstones in 
the Jamison sst and 

Hayfield mdst
Hayfield mdst

Kyalla-Kyalla(.) Conventional oil 
or gas Kyalla Fm Kyalla Fm, Elliott 

sst. Mbr Kyalla Fm

Kyalla-Kyalla(.)
Unconventional 
shale-gas and 

liquids
Kyalla Fm Kyalla Fm Kyalla Fm

South 
Nicholson

Mullera-Tidna/
Conventional oil 

or gas Mullera Fm Tidna, Mittebah, 
Constance ssts

Mudstone in upper 
Mullera FmMittebah/Constance

(?)C

Mullera-Mullera(?)C
Unconventional 
shale-gas and 

liquids
Mullera Fm Mullera Fm Mullera Fm

Beetaloo 
System 3

McArthur

Velkerri-Bessie/Moroak(!) Conventional oil 
or gas Velkerri Fm Bessie Creek and 

Moroak ssts Kyalla Fm

Velkerri-Velkerri(?)
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shale-gas and 

liquids
Velkerri Fm Velkerri Fm Velkerri Fm
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Wondoan Hill/Stubb- Conventional oil 
or gas
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Sands in Wondoan 
Hill and Stubb fms

Mudstone in upper 
Stubb FmWondoan Hill/Stubb(?)

Stubb-Stubb(?)C
Unconventional 
shale-gas and 

liquids
Stubb Fm Stubb Fm Stubb Fm

Beetaloo 
System 2 McArthur

Cocoran-Bessie Creek(?) Conventional oil 
or gas Cocoran Fm Bessie Creek Sst Velkerri Fm

Cocoran-Hodgson(?) Conventional oil 
or gas Cocoran Fm Hodgson Sst Velkerri Fm

Beetaloo 
System 1

 South 
Nicholson Crow-Hedleys(?)C Conventional oil 

or gas Crow Fm Hedleys Sst./ Crow 
Fm, Tobacco Mbr Pandanas Fm

McArthur

Mainoru-Mainoru/Crawford(.) Unconventional 
tight gas

Mainoru Fm, Wooden 
Duck Mbr

Sandy units in 
Mainoru and 

Crawford Fms
Crawford Fm

Mainoru-Mainoru(?)
Unconventional 
shale-gas and 

liquids

Mainoru Fm, Wooden 
Duck Mbr

Mainoru Fm, 
Wooden Duck Mbr

Mainoru Fm, 
Wooden Duck Mbr

Mainoru-Arnold/Limmen(.) Conventional oil 
or gas

Mainoru Fm, Wooden 
Duck Mbr

Arnold and Limmen 
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Mainoru and 
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Sandstone formations with reservoir potential include 
the Hodgson Downs, Bessie Creek, Moroak, Jamison and 
Bukalara sandstones (Munson 2014; Figure 5). These 
sandstones have large ranges in porosity and permeability 
values. Some sandstones have good to excellent conventional 
reservoir quality in places but are also affected by secondary 
pore-filling cements that have greatly reduced or occluded 

porosity and permeability. As a consequence, these sandstones 
have a range of conventional and tight gas reservoir potential 
(Munson 2014, Altmann et al 2020; Figure 4).

Seals for conventional reservoirs within the basin 
and overlying successions are potentially provided by 
impervious overlying units, impervious intraformational 
rock layers, or faults (Munson 2014). The main seals in the 
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Beetaloo Supersystem include the Mainoru, Jalboi, Velkerri 
and Kyalla formations, the Hayfield mudstone, and regional 
Neoproterozoic seals in the overlying Georgina Basin 
(Munson 2014; Figure 5).

There are a number of unconventional play types within 
the Beetaloo Supersystem. Côté et al (2018) described five 

petroleum plays in the Beetaloo Sub-basin that could be 
developed within a ten year time frame: the Velkerri shale 
dry gas play and the Velkerri liquids-rich gas play (both 
within the Amungee-Amungee(!) petroleum system); the 
Kyalla shale gas play and the Kyalla hybrid liquid-rich gas 
play (both within the Kyalla-Kyalla(!) petroleum system); 
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Figure 5. The current maximum extent of the Beetaloo System 2 (Velkerri Formation) in the McArthur Basin defined as a polygon 
including outcropping Velkerri Formation (blue), wells that intersect the Velkerri Formation and isochores from seismic interpretation 
(from Orr et al 2020). 
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and the Hayfield Sandstone oil/condensate play of the 
Kyalla-Hayfield(!) petroleum system. These petroleum plays 
can be mapped across the basin. Unconventional systems 
such as shale-gas and liquids, as well as hybrid systems, 
have been modelled by Hall et al (2020), who demonstrated 
that the Amungee-Amungee(!) play is prospective for 
both dry gas and liquids-rich gas across the Beetaloo 
Sub-basin. Additionally, the Kyalla-Kyalla(!) liquids-rich 
gas play was shown to be prospective across the eastern 
side of the Beetaloo Sub-basin. These petroleum systems 
models have been verified with multiple successful tests 
across the Beetaloo (Figure 1). Note that Hall et al (2020) 
did not model beyond the Beetaloo Sub-basin as defined 
by Williams (2019). Future work should attempt to model 
beyond the sub-basin boundary using new 2D seismic and 
well penetration data (eg Empire Energy 2022). 

Figure 6 plots the stacked Amungee-Amungee(!) 
liquids-rich and dry gas plays across the Beetaloo Sub-basin. 
The combination of Figures 3, 5 and 6 demonstrates the 
reduction in exploration space from continental-scale 
(Beetaloo Supersystem) to basin-scale (Beetaloo system 3) 
to play-scale [Amungee-Amungee(!)], as defined herein. 

Limitations

Although a consistent nomenclature can be defined, 
challenges remain. Major limitations include poorly 
understood inter- and intrabasinal correlations, and 
inadequate surface mapping in regions with little shale 
outcrop or seismic data. An example of an interbasinal 
correlation issue is the stratigraphic relationship between 
the organically-rich Mullera Formation in the South 
Nicholson Basin and the Roper Group. It is yet to be 
determined if this formation is an age-equivalent of either 
the Velkerri Formation or the Kyalla Formation; it might 
even be the deeper-water facies equivalent of a sandstone 
unit of the upper Roper Group (Carr et al 2019). An example 
of an intrabasinal correlation issue is the age and correlation 
of the Stubb Formation (Tijunna Group) in the Birrindudu 
Basin. Maximum deposition ages of the Stubb Formation 
have large errors, and the stratigraphic equivalent of the 
formation in the Roper Group is uncertain (Munson 2016, 
Yang 2019). New methodologies, such as Rb–Sr dating of 
shales, may provide insights into the geochronology of the 
Beetaloo Supersystem (eg Subarkah et al 2022). Additionally, 
new interpretations and multi-basin correlations might be 
obtained using geophysical techniques, including deep-
crustal seismic surveys crossing sedimentary basins 
(eg Carr et al 2019, Carson et al 2020, Southby et al 2021). 
Ultimately, our knowledge of these petroleum systems can 
only improve with additional studies; it is anticipated that 
the petroleum system framework described herein will be 
readily updated so as to remain a valuable tool in reducing 
the exploration search space.

Conclusion

A better understanding and consistent nomenclature of the 
petroleum systems in the Proterozoic greater McArthur Basin 
and equivalent terranes is critical to facilitate the reduction 

of the exploration search space. Four regional petroleum 
supersystems across the Northern Territory provide a platform 
for consistent nomenclature at the sedimentary package and 
group level; in ascending stratigraphic order, these are: the 
Palaeoproterozoic Redbank and McArthur supersystems, 
the Palaeo- to Mesoproterozoic Lawn Supersystem, and the 
Mesoproterozoic Beetaloo Supersystem. This study focused 
on the Beetaloo Supersystem to highlight the utility of the 
regional- to play- to prospect-scale nomenclature. Within 
the Beetaloo petroleum supersystem, three sub-systems are 
defined that host 14 plays: 7 conventional plays, 4 tight-gas 
plays, and 3 unconventional shale-gas and -liquids plays. 
Within these plays, there are a range of prospects and leads 
that industry are actively testing. This project provides an 
updated framework for exploration across multiple scales, 
and allows for consistent description of potential petroleum 
systems in frontier regions of northern Australia.
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Rise of the Velkerri – A stacked shale play in the Beetaloo Sub-basin
Alex Bruce 1,2, Daniela Garrad 1, and Todd Hoffman1

Introduction

Empire Energy Group Limited (Empire) operates 
unconventional shale gas assets in the Northern Territory 
as Imperial Oil and Gas. In 2010, Empire successfully 
secured seven exploration permit applications across the 
greater McArthur Basin (Close 2014). During 2021, Empire 
increased its acreage holding in the Beetaloo Sub-basin and 
greater McArthur Basin with the acquisition of the Pangaea 
(NT) and Energy & Minerals Group (EMG) joint venture 
assets (EP167, EP168, EP169, EP198; Figure 1). This paper 
summarises Empire’s exploration and appraisal activity in 
EP187, which is located ~650 km southeast of Darwin on 
the eastern margin of the Mesoproterozoic Beetaloo Sub-
basin. Surface infrastructure includes the Carpentaria 
Highway running east-west through the centre of the 
permit and the McArthur River Pipeline, which parallels 
the highway, transporting gas from the Amadeus Pipeline 
to the McArthur River mine located ~100 km east of the 
EP187 resources area.

The Beetaloo Sub-basin is a 28 000 km2, completely 
subsurface, composite depocentre located in northern central 

Northern Territory (Williams 2019). The shale gas target 
intervals are contained within the Roper Group (Figure 2), 
where thickness preservation can be more than 5000 m in 
the relatively flat-lying sub-basin. The primary marine 
organic-rich shale targets of the Beetaloo Sub-basin are the 
Amungee Member of the Velkerri Formation (1417 ± 29 Ma 
to 1361 ± 21 Ma; Creaser and Kendall 2007, Kendall et al 
2009) and the Kyalla Formation. The shales of the Amungee 
Member, herein termed the ‘Velkerri shales’, are split into 
four stacked target intervals, listed in depositional order: A, 
Intra A/B, B and C Shale. The A, B, C Shales are organic-rich 
marine shales, whereas the Intra A/B is a hybrid shale-tight 
gas play. Most of the Beetaloo Sub-basin is unconformably 
overlain by the Neoproterozoic to Paleozoic Georgina Basin 
and the Mesozoic Carpentaria Basin, with Roper Group 
outcrop only observed toward the basin margins. 

Exploration history of the Beetaloo Sub-basin

Petroleum exploration drilling in the Beetaloo Sub-basin 
commenced in 1987 when Pacific Oil and Gas targeted 
conventional traps in the upper Roper Group with no 
commercial success. Dedicated drilling of unconventional 
targets began in 2011 with deepening and testing of the 
Shenandoah-1A well by Sweetpea Petroleum. This well 
subsequently flowed from one hydraulically stimulated 

1 Empire Energy Group Limited, Level 19, 20 Bond Street, 
Sydney NSW 2000, Australia

2 Email: abruce@empiregp.net

Figure 1. Empire's Northern Territory acreage holding.
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stage in the C Shale at 34 thousand standard cubic feet of 
gas per day (Mscf/day; Figure 3). In 2014, in the western 
area of the basin, Pangaea (NT) drilled the Tarlee-S3 well 
to appraise the Velkerri shale; and in 2015, spatially drilled 
Birdum Creek-1, Tarlee-1, Tarlee-2 and Wyworrie-1, which 
led to a gas discovery for the B Shale. During 2014, Santos 
announced encouraging results of its first vertical well in 

the basin, Tanumbirini-1, which targeted Velkerri shales 
within the deepest area of the sub-basin. Santos also drilled 
the shallow Marmbulligan-1 well on the flank of the sub-
basin. Origin Energy commenced its drilling activity in 
2015 with the Kalala-S1 and Amungee-NW1/1H vertical 
and horizontal wells, followed by Beetaloo-W1 in 2016. 
The following year, the sub-basin’s first horizontal well, 
Amungee NW-1H, was successfully fracture stimulated 
and production tested in the B Shale. The well had an 
average flow rate of 1.1 million standard cubic feet of gas 
per day (MMscf/day) for 57 days with minimum decline. 
A second production test with production logging of the 
well in 2021 showed that of the 1100 m cased section, 
85– 95% of production was from a 200 m zone near the heel 
(Falcon Oil & Gas 2021). This was likely due to a casing 
restriction and or plugs not being milled out, and resulted 
in a normalised flow rate of between 5.2–5.8 MMscf/
day/1000 m. A moratorium on hydraulic fracturing of 
onshore unconventional reservoirs commenced in mid-
2016 and was lifted during 2018, following which there 
was a period of baseline and regulatory updates. In late 
2019, Santos fracture stimulated the vertical Tanumbirini-1 
well over four stages of the Velkerri shales and conducted 
a 130-day flow test that exceeded 1.2 MMscf/day and 
stabilised at 0.4 MMscf/day with minimal decline. Due to 
COVID-19 restrictions, the flow test was shut-in for 160 
days; on restart, the well initially flowed at 10 MMscf/day 
and had an average flow rate of 1.5 MMscf/day for 9 days 
(Tamboran Resources Limited 2020, Riddle 2021).

Empire’s activities in the eastern Beetaloo Sub-basin 

At the time of Empire’s EP187 permit grant in 2015, the 
available data was limited to surface outcrop, shallow 
mineral boreholes, and publicly available potential field 
geophysical data. There was no seismic data over the permit 
or petroleum wells. However, numerous petroleum wells and 
legacy 2D seismic data in adjacent permits, combined with 
the available EP187 data, gave some indication that the shales 
of the Velkerri and Kyalla Formations extended into Empire’s 
permit at prospective depths and thicknesses (Figure 4). 

Figure 2. Beetaloo Sub-basin simplified stratigraphic column. 
Age dating adapted from Collins et al 2019.

Figure 3. Cumulative unconventional 
drilling and well testing activity in 
the Beetaloo Sub-basin. Horizontal 
drilling and production testing is 
steadily increasing. Note: conventional 
target drilling activity predates the 
graphed timeline.



55

AGES 2022 Proceedings, NT Geological Survey

Empire acquired the Broadmere 2D seismic survey 
during October 2019. The 231-km, 6-line seismic survey 
was designed on the basis of surface outcrop, potential field 
geophysics and shallow boreholes (Figure 5). The seismic 
survey had a nominal line spacing of 8 km with three of the 
lines on an approximately north-south trend to optimise for 
horizontal drilling, two lines oriented east-west, and a single 
line orientated southwest-northeast, with all intersecting the 
other lines in the survey. Two resources areas were identified 
and mapped, Carpentaria and Carpentaria East, separated by 
a north-northeast trending faulted anticline. Interpretation 
of the Carpentaria area was reasonably well constrained by 
‘jump correlations’ to legacy seismic in the area to the west, 
which included a tie-in to the Tanumbirini-1 well located 
50 km northwest of the permit boundary. The Carpentaria 
East area was less well-constrained, being separated from 
the Carpentaria area by a structurally complex anticline. 
Following the acquisition of the Broadmere 2D seismic 
survey, a best estimate (2U) Prospective Resources of 
2.3 trillion cubic feet (Tcf) in the Velkerri shales (A, B and C) 
and 14 million barrels (MMbbl) of condensate in the lower 
Kyalla Formation was independently assessed.

The Carpentaria-1 well location was selected in the 
Carpentaria area within a structurally benign interval 
identified from the acquired seismic. During September to 
October 2020, the Carpentaria-1 well was drilled vertically 
to a total depth of 1915 m. The well encountered the target 
intervals shallow to pre-drill prognosis but provided a 
robust well-to-seismic tie to minimise depth uncertainty in 
future drilling; the seismic interpretation was subsequently 
updated. The Kyalla Formation shales were determined to be 
too shallow and organically lean to be prospective in EP187. 
The Velkerri shales A, Intra A/B, B and C targets exceeded 
pre-drill expectation, with net pay of between 40 to 50 m 
per shale target and average total porosity of ~7–9%. The 
Velkerri shales are brittle with typically 50–60% quartz. 

Figure 4. EP187 data predating 
seismic and drilling activity. Note: the 
SEEBASE® product based on potential 
field geophysics of depth to basement 
and structure also provided confidence 
in the presence of shale gas resources.

Total organic carbon (TOC) averaged between 4 and 5% 
across the shale target intervals with a strong correlation to 
total porosity, which indicated organic porosity. Furthermore, 
the mud gas response had higher ethane, propane, butane, 
and pentane+ percentages than originally forecast. Openhole 
Diagnostic fracture injection tests (DFIT) indicate that the 
Velkerri shales are overpressured, which is consistent with 
observations throughout the sub-basin. 

A revised 2U Prospective Resources of 3.446 Tcf of 
gas and 27 MMbbl of condensate was independently 
assessed in the EP187 permit following the drilling 
of Carpentaria-1 and updating seismic mapping. The 
increase of Prospective Resources post-drill was 
driven by porosity and thickness exceeding pre-drill 
expectation, increased richness of the gas resources, and 
the inclusion of the hybrid Intra A/B. Empire achieved 
its maiden Contingent Resources of 41 billion cubic feet 
(Bcf) 2C for the area around the well across the four 
target intervals (A, Intra A/B, B and C).

During June 2021, the Carpentaria-1 well was fracture 
stimulated across the four-target shales, one stage per shale. 
The volume of proppant placed per stages is summarised in 
Table 1. Tracers were pumped into each stage to determine 
relative gas and water production during production testing. 
The relative contribution of each stage was determined 
during flowback and is displayed in Figure 6; the gas 
chromatography is summarised in Table 2. The gas has a high 
calorific content (mostly due to higher levels of ethane) and 
has low CO2 (<1%). Two phases of flowback were undertaken, 
with a hiatus due to operating constraints from COVID-19 
restrictions. The initial production test in July 2021 had an 
instantaneous peak flow rate of >1.6 MMscf/day, an average 
flow rate of 0.25 MMscf /day and final rate of 0.25 MMscf/ 
day (Figure 7). The second production test in October had a 
10-day average flow rate of 0.364 MMscf/ day, representing 
a 45% increase. The mechanism for the improved production 
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Figure 5. EP187 Base Velkerri B shale map following the 
acquisition and mapping of the Broadmere 2D seismic survey and 
the drilling of Carpentaria-1.

Figure 6. Carpentaria-1 relative contribution during production 
testing by stage.

Table 1. Carpentaria-1 fracture stimulation proppant volume by 
stage.

Stage Target Proppant Placed 
(pounds)

4 C Shale 454 000

3 B Shale 375 000

2 Intra A/B 252 000

1 A Shale 305 000

rate following the pause is an area of ongoing investigation; 
however, diffusion of stimulation fluid in the Velkerri shales 
is theorised to be a potential driver. This may be a similar 
phenomenon to ‘soaking’ shales in the USA that has been 
observed to improve productivity. A discovery report was 
lodged with the Northern Territory government following 
the production test. 

During November 2021, after the positive drilling and 
production testing results, Empire acquired the Charlotte 
2D seismic survey. The seven-line 164-km survey provided 
infill to the 2019 Broadmere 2D seismic survey. The nominal 
line spacing following infill was 4 km. Four of the lines were 
oriented east-west and two were north-south to aid geosteering 
of future horizontal wells. The survey provided additional 
coverage in the southern area of the permit over Carpentaria 
East. Following seismic processing and remapping in January 
2022, the Carpentaria East area was shown to be at equivalent 
drill depths or deeper than the Carpentaria area over a much 
larger area than previously interpreted. A minor fault in the 
southern end of the Carpentaria East area split the previously 

Table 2. Carpentaria-1 commingled flowback gas chromatography.
Component Mole %

C
1 Methane ~76

Hydrocarbons

C
2 Ethane ~16

C
3 Propane ~3.3

C
4 Butane ~0.9

C
5+ Pentane and Higher ~0.4

He Helium ~0.15

Inerts
H

2 Hydrogen ~0.01
CO

2 Carbon Dioxide ~0.74
Other Inerts ~2

single resources areas into Carpentaria East and the smaller 
Carpentaria South.

Whilst the Charlotte 2D Survey was being acquired, 
drilling commenced for the Carpentaria-2 vertical and 
Carpentaria-2H horizontal wellbores on the same seismic 
line as Carpentaria-1 (Figure 8 and Figure 9). The 
Carpentaria-2 well was drilled through the Velkerri shales 
for formation evaluation and depth control purposes. 
The well was then plugged back within the wellbore and 
kicked-off to drill the Carpentaria-2H horizontal well 
section. The Carpentaria-2 well intersected the same 
stratigraphic interval as Carpentaria-1 with near-identical 
thickness and reservoir properties, but ~240 m deeper. 
The Carpentaria-2H well targeted the Velkerri Formation 
B Shale and a 1345 m horizontal section was drilled within 
a 10-metre vertical target window (Figure 10). After 
drilling the well, the horizontal wellbore was successfully 
cased and suspended to total depth. Empire plans to 
fracture stimulate and production test the Carpentaria-2H 
well during 2022. 
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Figure 8. Seismic section of Carpentaria-1 to Carpentaria-2H.

Following the vertical and horizontal Carpentaria-2/2H 
wellbores and 2D Charlotte seismic survey, the Contingent 
Resources 2C was updated to 396 Bcf of gas and the 2U to 
4.25 TcfF of gas and 33 MMbbl of condensate in EP187. The 
2U Prospective Resources increase was primarily driven by 
the greater area of mapped shale at prospective depths in the 
Carpentaria East area following the acquisition of the 2D 
Charlotte seismic survey.

Other company appraisal activities in the Beetaloo 
Sub-basin

Other operators have also been active in the sub-basin over 
the last few years. In 2021, Origin Energy drilled the vertical 
Velkerri-76 well to appraise the liquids-rich potential of its 
acreage in the Velkerri shales. Also in 2021, Santos drilled, 

Figure 7. Carpentaria-1 production test flare.

Figure 9. EP187 Base Velkerri B shale map following the 
acquisition and mapping of the Charlotte 2D seismic survey and 
the drilling of Carpentaria-2H.

stimulated and commenced production testing of two 
horizontal wells from the Tanumbirini-1 well pad in the 
B Shale. Tanumbirni-2H had 11 fracture stimulation stages 
across a 660 m horizontal section and Tanumbirini-3H had 
10 stages across a 600 m horizontal section. During early 
production testing, Tanumbirini-2H had a 14 day average 
rate of 1.7 MMscf/day and Tanumbirni-3H had a rate of 
1.5 MMscf/day (Tamboran Resources Limited 2022). 

Looking ahead

Empire holds a large acreage position throughout the 
Beetaloo Sub-basin, both in the east (EP187) and the west 
following the 2021 acquisition of the Pangaea (NT) and 
EMG permits. Each permit is 100% held and operated by 
Empire. Since the original EP187 2D seismic acquisition 
in 2019 and following on from the drilling and testing 
results of Carpentaria-1, which flowed from all four stages 
in the stacked Velkerri shales, Empire has acquired the 
Charlotte 2D seismic and drilled the Carpentaria-2H well 
within a few kilometres from an existing pipeline. The 
Carpentaria-2H well is scheduled to be stimulated and 
production tested during 2022; this will represent the 
sub-basin’s fourth and longest horizontal well to be tested 
in the Velkerri B Shale. 

Both the vertical Carpentaria-1 and Carpentaria-2 wells 
intersected stacked Velkerri shales with excellent porosity, 
TOC, brittleness, and gas calorific content. Successive 
seismic acquisition programs have shown the Velkerri 
shales to be at prospective depths across greater areas. The 
seismic and drilling results have provided Empire with a 2U 
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Prospective Resources estimate of 4.25 Tcf and 33 MMbbl 
and 2C Contingent Resources of 396 Bcf in EP187 within 
the Velkerri shales.
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Summary

Interpretation of the nature and extent of basement rocks in 
many regions is hampered by lack of exposure and the limits 
of geophysical potential field data that tend to reflect the 
signatures of overlying upper crustal units; these limitations 
highlight the need for tools that image deeper. In the Northern 
Territory (NT) and northwest Queensland (NWQ), numerous 
crustal-scale seismic lines were collected from 1994 to 
2019 within the North Australia Craton (NAC; Figure 1). 
Although multiple interpretations have been published for 
some lines, definition of the underlying basement terranes 
has remained elusive in many areas. Recent work focused 

in the Mount Isa Province (Connors et al 2021) is being 
expanded west to the border zone between the NT and 
NWQ (Figure 1). This work presents a new understanding 
of the basement terranes that form the fundamental building 
blocks of the Mount Isa region; the work is based on crustal-
scale interpretation of all the major seismic lines (Figure 2) 
and is integrated with magnetotellurics and tomography in 
the mid to lower crust. Surface geology and potential field 
data has helped to constrain the upper crustal interpretation. 
The basement terranes defined along the western margin of 
the Mount Isa Province extend west into the NT, forming 
the underlying crust to the South Nicholson Basin (yellow 
outline; Figure 1) and Tennant Region.

Project scope and method

This study is focused on the crustal architecture, and more 
specifically, the geometry and extent of the basement 

Figure 1. Map of the study area 
and surrounding region showing 
interpreted terrane boundaries overlain 
on the 200 km High Pass of the Bouguer 
gravity (terrane boundaries west of 
Mount Isa are modified after Frogtech 
Geoscience 2018 and NTGS and 
Geognostics 2021). Terrane boundaries 
that extend to the surface or near surface 
are shown in red. The Altjawarra– Pitta 
Fault Zone (APFZ) and Gidyea 
Structure, shown in grey, are at mid-
crustal levels. Note that the surface 
projection of the Gidyea Structure (GS) 
lies well to the east of the mid-crustal 
location of the limit of the Central Isa 
(and Pitta Pitta) basement terranes 
(see Figure 2). Other major faults are 
shown in pink (dipping) and black with 
hatch (steep). The extent of the South 
Nicholson Basin (SNB) is outlined 
in yellow. Other features include: 
seismic lines (green = this study, blue = 
previous study, and brown); Mount Isa 
province outcrop (grey outline); and the 
Kalkadoon–Leichhardt Domain (KLD; 
purple outline). UBFZ = Urandangi–
Burketown Fault Zone.
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terranes of the mid to lower crust (Figures 1 and 2). 
Images of the nine deep crustal seismic lines in the 
NT–NWQ border zone were imported into ArcMap for 
section interpretation. The section interpretation was then 
imported into Leapfrog for quality control and 3D viewing 
(software provided courtesy of Seequent). Forward gravity 
modelling has been used to validate the interpretation 
of each seismic line using GM-SYS 2D in Oasis 
Montaj. Although this study focuses on the basement, a 
first-pass interpretation of the thickness and extent of the 
post-1780 Ma cover basins (Figure 3) has been completed 
in order to improve the accuracy of the forward gravity 
modelling and to better understand the geometry and 
depth of the ‘top of basement’ unconformity.

Mount Isa Province

The major lower crustal blocks beneath the outcropping 
Mount Isa region include a broad, trapezoidal, north–
south-trending basement terrane (Pitta Pitta) that reaches 
its shallowest level (~15 km depth) beneath the southern 
Kalkadoon-Leichhardt Domain (KLD); and a 24–30 km 
thick tabular terrane (Central Isa) that overlies Pitta Pitta 
and extends east beneath the eastern Mount Isa Province 
(Figures 1 and 2). The wedge-shaped eastern margin of 
these two terranes has been thrust over Numil crust along 
the Gidyea Structure (eg 06GA-M6; Figure 2). The large 

Pitta Pitta terrane has been overthrust from the west by 
the Altjawarra crustal block; the Central Isa terrane was 
later thrust west across both the Pitta Pitta and Altjawarra 
basement terranes along the Urandangi–Burketown 
Fault Zone. The integrated interpretation of regional 
basement terranes in plan view, based on outcrop and 
potential field data (Frogtech Geoscience, 2018; NTGS 
and Geognostics, 2021), and the cross section view (this 
study) indicate that the Tennant and Altjawarra basement 
terranes were in place to the south of the Murphy North 
and South basement terranes prior to accretion of the 
Pitta Pitta block. 

Northern Territory–Queensland border zone

The Barkly (19GA-B1-5), South Nicholson (17GA-SN1-5) 
and Camooweal (19Q-C1-3) seismic surveys collected in 
2017 and 2019 provide a higher density of seismic lines 
along the NT–NWQ border than available elsewhere 
(Figure 1). The current project involving detailed seismic 
interpretation and gravity modelling is focused on nine 
seismic lines along the border zone and has not been 
extended west and north to include the longer seismic lines 
of the Barkly and South Nicholson surveys. The broadly 
east–west trend to the terrane boundaries within the border 
zone was highlighted by Frogtech Geoscience (2018) using 
the potential field datasets. 

Figure 3. Simplified stratigraphic chart showing the main rock units in the study area and surrounding region (modified after Ahmad 
and Scrimgeour 2013 and Hinman 2017). The geological packages defined by the Northern Territory Geological Survey are shown to the 
left and the superbasins and supersequences defined in Queensland are shown to the right. Felsic igneous intrusions are indicated by the 
red asterisks; the main periods of deformation are shown by horizontal green lines. 
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The seismic data indicates that the Tennant basement 
terrane underlying the Tennant Creek region has limited 
depth extent as it forms an east-west-trending, bivergent 
block overlying Altjawarra to the south and the Murphy 
basement terranes to the north (Figure 4a). The south-
dipping, crustal-scale fault that juxtaposes the Murphy South 
and Tennant basement terranes is well imaged on 17GA-SN1 
and SN2 seismic lines just south of the Carrara Range 
(Figure 4a; Carr et al 2019; this study). The south-dipping, 
crustal-scale structures along this boundary zone are also 
imaged ~150 km to the west in the detailed magnetotelluric 
data (Jiang et al 2020) and preliminary interpretation of 
19GA-B1 (NTGS and Geognostics 2021; this study). The 
south-dipping Murphy South–Tennant boundary is also 
interpreted on the 17GA-SN4 and 06GA-M1 seismic lines 
at the southern margin of a basement high (Figure 4a); 
however, the plan view location of the boundary between the 
seismic lines is not well constrained. The terrane boundary 
may form a single irregular structure influenced by changes 
in basement rheology as currently depicted; it may be offset 
along younger structures (eg between SN4 and M1); or it 
may comprise several fault strands that step to the south 
from west (B1) to east (SN4; Figure 1). 

The boundary between Tennant and Altjawarra basement 
terranes is imaged as a north-dipping structure on 19Q-C2 
(Figure 4a) and a west-dipping structure that extends 
from 06GA-M3 (Connors et al 2021) onto 17GA-SN2 and 
19Q-C3 (Figure 4b). A distinct 1–2 sec TWT package of 
stronger reflections is present at the base of the Tennant 
crust on most seismic lines but is generally best imaged on 
the north-south lines (Figure 4). This basal zone appears 
to be repeated along several low angle thrusts beneath the 
northern boundary with the Murphy South terrane (on SN1 
and SN2) and also above the west-dipping boundary with 
the Altjawarra terrane (on SN2; Figure 4).  

Post-1780 Ma Paleoproterozoic to Mesoproterozoic 
cover basins

This study provides a first-pass, consistent interpretation 
of key boundaries within the cover basins (Figure 3) 
across all nine seismic lines in order to better understand 
the top basement geometry and to support the forward 
gravity modelling. The age of these seismic boundaries 
and intervening packages are not well constrained due to 
the limited outcrop and lack of deep drillholes. Outcrop 
data confirms the presence of upper Calvert Superbasin 
(Prize Supersequence) and lower Isa Superbasin (Gun 
Supersequence; Figure 3) in the south (C1, C2 and SN2) 
and South Nicholson Basin in the north (SN4; the general 
location of outcrop on Figure 4 is marked by ‘o/c’). In 
addition, field logging for drillhole Carrara-1 suggests 
the upper parts of Isa Superbasin are present beneath the 
Paleozoic Georgina Basin just south of the Carrara Ridge 
on SN1 (Southby et al 2021). 

Two consistent cover sequence boundaries have been 
tracked throughout the nine seismic lines in this study: 
boundary A is marked by a change in the seismic character 
evident on most seismic lines; boundary D is marked by an 
angular unconformity on several lines (SN1, SN2, C2 and 

C3; Figure 4). These boundaries are interpreted as the base 
of the South Nicholson Basin and base of the Isa Superbasin 
respectively. The three main sedimentary successions 
interpreted in the NT–NWQ border region seismic lines 
are: Calvert Superbasin (orange), Isa Superbasin (blue), 
and South Nicholson Basin (brown; Figure 4). These 
are equivalent to the upper Redbank/Goyder packages, 
Glyde/Favenc packages, and Wilton package respectively 
(Figure 3). 

The total sediment package shows significant variation 
in thickness through this region (eg Frogtech Geoscience 
2018; NTGS and Geognostics 2021). Based on the seismic 
lines in this study, the total sediment package is thinnest 
in the south on C1 (~1–1.5 sec TWT, 3–4.5 km) where the 
Calvert Superbasin overlies the Altjawarra basement terrane 
(Figure 4). Outcropping Prize Supersequence confirms 
the absence of the Isa Superbasin and South Nicholson 
Basin. The thickest sedimentary section (6–7 sec TWT, 
or 18 – 21 km) occurs along the Murphy South–Tennant 
boundary where the Carrara Fault shows extensional 
reactivation during deposition of the Calvert Superbasin. 
Stratal growth packages are most clearly evident in the 
Calvert Superbasin on SN2, C2 and C3 (associated with 
faults that have an apparent south or east dip; Figure 4) but 
are also interpreted within the Isa Superbasin further west 
on SN1 and SN5 (eg Carr et al 2019) and in the north of 
this study on M1 and M2, associated with the Riversleigh 
Fault. The Isa Superbasin (blue on Figure 4) is thinner in 
the south (0.5–1 sec TWT or 1.5–3 km) and thickens to 
the north on SN2, SN1, SN4, M1 and M2 (to a maximum 
of 3–4 sec TWT, or 9–12 km). The South Nicholson 
Basin seismic package ranges up to 1.5 sec TWT near the 
intersection between SN2 and C2 where the most complete 
section is preserved (Figure 4a), and thins to the north and 
south due to erosion beneath the Georgina Basin. On SN2 
and M2, the eastern boundary of the South Nicholson Basin 
is interpreted to be truncated by reactivation of east-dipping 
normal faults (marked by yellow asterisk; Figure 4).

Conclusions

Integrated interpretation of seismic, magnetotellurics, 
potential field, and geology datasets has resulted in the 
definition of the fundamental basement blocks beneath 
the NT–NWQ border zone and Mount Isa Province to the 
east, and has provided insights on their relative timing of 
accretion to the eastern NAC. The east–west-trending 
Altjawarra and Tennant terranes accreted to the core of the 
NAC along the southern margin of the Murphy terranes 
before collision of the north–south-trending, elongate 
trapezoidal block of the Pitta Pitta (Figure 1). The thick, 
tabular Central Isa terrane was thrust west over Pitta Pitta 
and across Altjawarra and Tennant prior to Kalkadoon Suite 
emplacement 1862 –1854 Ma (Figure 2).  

The seismic data in the NT–NWQ border region indicate 
that the Tennant basement terrane underlying the Tennant 
Creek region extends east beneath the South Nicholson 
Basin. The Tennant basement terrane forms an east–
west-trending, bivergent block overlying the Altjawarra to 
the south and Murphy basement terranes to the north, and 
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Figure 4. (a) 3D view looking to the east-northeast showing the nine interpreted seismic lines of the current study and line 06GA-
M3. The approximate location of the Carrara-1 well is indicated at left margin. (b) 3D view looking to the northwest showing the nine 
interpreted seismic lines of the current study. All seismic lines extend to 20 sec TWT (roughly 60 km depth). See text for discussion of 
the basement terranes and post-1780 Ma cover basins. The Isa Superbasin (blue) is equivalent to the Glyde and Favenc packages; the 
Calvert Superbasin (orange) is equivalent to the upper part of the Redbank Package and the Goyder Package (Figure 3). The yellow 
asterisk in both figures indicates the location of a reactivated normal fault interpreted to truncate the margin of the South Nicholson Basin 
(SNB). The Georgina Basin is indicated by the thin dark brown unit at surface (it ranges to ~600 m thickness around the Carrara-1 well; 
Southby et al 2021). The location of the NT-NWQ border on 17GA-SN1 and 17GA-SN2 is indicated by the purple line. The 3D surfaces 
of the seismic lines were constructed from the CDP points, and the interpreted images have been ‘draped’ onto these 3D surfaces in 
Leapfrog Geo (software provided courtesy of Seequent). Projection of flat images onto curved surfaces does not provide an accurate 3D 
location for the interpreted seismic image. This method has been used to assist interpretation in 3D, to QC the geological model, and to 
provide temporary images; but the method has not been used for detailed correlation between intersecting seismic lines. The red vertical 
lines indicate the intersection between seismic lines and provide an assessment of the error in 3D projection of the interpreted images. 

a 

b 
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therefore, has limited depth extent (Figure 4a). The total 
sedimentary package comprising the post-1780 Ma cover 
basins is thickest along the boundary between the Tennant 
and Murphy South terranes due to extensional reactivation 
of the Carrara Fault (Figure 4a). Syn-depositional faulting 
is well developed within the Tennant basement terrane 
(and the Murphy South terrane north of the current study 
area). First-pass interpretation of the cover basins indicates 
that the Isa and Calvert superbasins are widespread and 
vary significantly in thickness, at least in part due to syn-
depositional faulting (Figure 4). The South Nicholson 
Basin is interpreted to occur across much of the study area; 
however, its extent and thickness are constrained in part 
by the field logs for drillhole Carrara-1 and will require 
reassessment when the geochronological data is available. 

This study is focused on the basement terranes and 
crustal architecture; a more comprehensive assessment of the 
thickness and extent of the post-1780 Ma cover basins will 
require detailed interpretation of the SEG-Y seismic data. 
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Introduction

Exploring for the Future (EFTF) is an Australian Government 
program led by Geoscience Australia in partnership with 
state and Northern Territory governments. The first phase of 
the EFTF program (2016–2020) aimed to encourage industry 
investment in resource exploration in frontier regions 
of northern Australia by providing new precompetitive 
geoscience data and information about energy, mineral and 
groundwater resource potential. In order to address this 
overarching objective under the EFTF program, Geoscience 
Australia led the acquisition of two deep crustal reflection 
seismic surveys (the L210 South Nicholson and L212 Barkly 
Seismic Surveys) in the South Nicholson region, a large 
underexplored area that straddles northeastern Northern 
Territory and northwestern Queensland (Carr et al 2019a,b; 
Southby 2021; Figure 1). One of the key discoveries of these 

Exploring for the Future - SHRIMP U–Pb zircon geochronology from NDI Carrara 1 and 
implications for regional stratigraphic correlations, resource potential and geological evolution 
of the Carrara Sub-basin
Chris Carson1,2, Natalie Kositcin1, Paul Henson1, Claudio Delle Piane 3, Vincent Crombez 3, Emma Grosjean1, Amber Jarrett 4 
and Grace Butcher 1

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

2 Email:  chris.carson@ga.gov.au
3 CSIRO, Dick Perry Ave, Kensington WA 6151, Australia
4 Northern Territory Geological Survey, GPO Box 4550, 

Darwin NT 0801, Australia

surveys was the identification of a large sedimentary depocentre 
concealed beneath the Georgina Basin. This depocentre, 
termed the ‘Carrara Sub-basin’ by Geoscience Australia (Carr 
et al 2019a,b), is up to 8 km deep, as much as 120 km wide and 
at least 190 km from north to south. The Carrara Sub-basin 
is interpreted to contain thick sequences of Proterozoic rocks 
broadly equivalent to rocks of the greater McArthur Basin 
(Northern Territory), northern Lawn Hill Platform, and Mount 
Isa Province (Queensland): ie rocks that are known to be highly 
prospective for sediment-hosted base metal mineralisation 
and unconventional hydrocarbons. The identification of this 
previously unknown large Proterozoic basin concealed beneath 
the Georgina Basin has invigorated exploration interest and 
investment for both energy and sediment-hosted base metal 
resources across the South Nicholson region. 

In order to test geological interpretations derived 
from the EFTF seismic surveys and gain insights into the 
resource potential of the Carrara Sub-basin, the South 
Nicholson National Drilling Initiative (NDI) Carrara 1 deep 
stratigraphic drillhole was completed in late 2020; this was 
conducted as a collaboration between Geoscience Australia, 
MinEx CRC and the Northern Territory Geological Survey 
(NTGS). NDI Carrara 1 is the first drillhole to intersect the 

Figure 1. Location of the NDI 
Carrara 1 stratigraphic drillhole 
and seismic survey lines across the 
McArthur Basin, South Nicholson 
Basin and Carrara Sub-basin. Note 
the location of the world-class Pb– Zn 
Century Mine on the north-east 
trending seismic line (survey L180, 
06GA-M2). The indicated legacy 
geochronology sample location (white 
circle, to east of Beetaloo Sub-basin) is 
the location of Jackson et al (2000); see 
text for further discussion.
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Proterozoic rocks of the Carrara Sub-basin (Figure 1). It is 
located on line 1 of the South Nicholson seismic survey (line 
17GA-SN1; Figure 2) in the western flanks of the Carrara 
Sub-basin. NDI Carrara 1 reached a total depth of 1751 m, 
intersecting ~630 m of the Paleozoic Georgina Basin 
overlying ~1100 m of Proterozoic carbonates, black shales 
and siliciclastic rocks (the NDI Carrara 1 borehole report 
can be found at the Geoscience Australia data portal1). 

In order to better understand the geology of the Carrara 
Sub-basin and its resource potential, Geoscience Australia 
is currently undertaking a range of investigations on the 
lithology, stratigraphy and petrophysical properties of the 
sedimentary rocks from NDI Carrara 1 based on wireline 
data. In addition, Geoscience Australia is undertaking 
a range of EFTF-funded laboratory analyses of over 
400 physical samples from recovered core and cuttings. 
These analyses comprise geochronology and isotopic 
studies, mineralogy, inorganic and organic geochemistry, 
petrophysics, geomechanics, thermal maturity, and 
petroleum systems investigations. Current public data 
releases on NDI Carrara 1 are available at the Geoscience 
Australia EFTF web page1, which will be updated as further 
data are acquired and released. Hylogger™ data, collected 
and managed by the NTGS, is available at the NTGS 
Geoscience Exploration and Mining Information System 
(GEMIS) webpage2. NDI Carrara 1 drill core is publicly 
accessible at the NTGS Darwin Core Facility.

Geological background

The current geological interpretation of the concealed 
Carrara Sub-basin, based on EFTF seismic data (eg Carr 
et al 2019a,b), suggests the presence of thick sequences of 
sedimentary rock units equivalent to the highly prospective 
Proterozoic rocks of the Lawn Hill Platform and Mount Isa 
Province to the east. The key observation supporting this 
interpretation, in the absence of any direct surface outcrop or 
suitable well control, is the ability to confidently trace near-
continuous high-amplitude reflectors in 19GA-SN1 seismic 
line seamlessly into the legacy seismic line 06GA-M2 

1 https://www.ga.gov.au/eftf/projects/barkly-isa-georgetown/
south-nicholson-national-drilling-initiative

2 https://geoscience.nt.gov.au/gemis/ntgsjspui/handle/1/91582

(Figure 1). These reflectors emerge at the surface where 
they are coincident with outcrops of the late Proterozoic 
Lawn Hill Formation (upper McNamara Group) adjacent to, 
and host of, the world class Pb-Zn Century Mine (Figure 1). 
This observation permitted Carr et al (2019a,b) to correlate 
and extrapolate the McNamara Group westward into the 
Carrara Sub-basin. Further interpretation, grounded on 
this critical observation, concludes that the Carrara Sub-
basin contains the stratigraphic correlatives of all three late 
Paleoproterozoic superbasins (major unconformity bound, 
time equivalent rock packages) that were first described 
as part of the North Australian Basin Resource Evaluation 
project (NABRE) from the northern Lawn Hill Platform 
and the southern McArthur Basin (eg Bradshaw et al 2000; 
Jackson et al 2000; Southgate et al 2000). The superbasin 
packages present within the Carrara Sub-basin are the 
highly prospective Isa (ca 1670–1575 Ma, which includes 
the McNamara Group), Calvert (ca 1735– 1690 Ma), 
and Leichhardt (ca 1800–1750 Ma) superbasins. The 
Mesoproterozoic Roper Superbasin (incorporating the 
Roper and South Nicholson groups, ca 1500–1400 Ma; 
Abbott and Sweet 2000) overlies these Paleoproterozoic 
packages, separated by the regionally significant Isan 
unconformity. 

In order to further test the geological interpretations 
of Carr et al (2019a,b) and the regional stratigraphic 
relationships of the Carrara Sub-basin with adjacent 
resource-rich provinces, the deep stratigraphic drillhole 
NDI Carrara 1 was positioned on the seismic line 17GA-SN1 
in the western flank of the Carrara Sub-basin, (Figures 1 
and 2). The subsequent recovery of the drillhole’s high-
quality, near-continuous core (284–595 m SQ; 595–1751 m 
PQ) from the Carrara Sub-basin, in concert with the 
spectrum of baseline analytical work being conducted by 
Geoscience Australia through the EFTF program, as well 
as other work by government and university researchers, 
is greatly improving our understanding of this new basin. 
While recently published geochemistry baseline datasets 
(eg Butcher et al 2021; Carson et al 2021; Grosjean et al 
2022) have provided valuable insight into the Carrara Sub-
basin, the age of the sedimentary rocks intersected by NDI 
Carrara 1, and their chronostratigraphic relationships with 
adjacent resource rich regions, has remained an outstanding 
question. In this contribution, we present new sensitive high-

Figure 2. Seismic line 17GA-SN1, showing interpreted horizons and major geological structures (unmodified from Carr et al 2019a,b), 
the approximate extent of the Carrara Sub-basin (also after Carr et al 2019a,b) and location of the NDI Carrara 1 deep stratigraphic 
drillhole. Note the location of the inferred igneous body between roughly CMP 18000 and 23000; see text for further discussion. 
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resolution ion microprobe (SHRIMP) geochronology results 
from NDI Carrara 1 and establish regional stratigraphic 
correlations to better understand the energy and base-metal 
resource potential of this exciting frontier basin in northern 
Australia.

Samples

The preferred means of determining true depositional ages 
in sedimentary rock sequences is dating of interbedded 
volcanic or tuffaceous beds, particularly useful in 
Proterozoic sequences where paleontological control is 
absent, rare or ambiguous. While thin tuffaceous beds are 
notoriously difficult to identify in surface outcrops due 
to deep preferential weathering, suitable samples can be 
successfully identified within fresh drill core (eg Page and 
Sweet 1998; Page et al 2000). In order to provide constraints 
on the age of the Proterozoic sedimentary rocks recovered 
from NDI Carrara 1, and to enable regional stratigraphic 
correlation, we targeted 10 tuffaceous samples (Table 1) 
for U–Pb isotopic zircon analysis, which were undertaken 
using the SHRIMP IIe at Geoscience Australia, Canberra. 

For this study, the overlying Georgina Basin was not 
targeted for geochronology nor were samples collected with 
the intent of conducting detrital zircon geochronology. A 
geochronology record for the tuffaceous samples collected 
will be published shortly, after which detailed results will 
be available via Geoscience Australia’s geochron delivery 
system3. 

Of the ten samples collected, six from abundant 
glauconitic green tuffaceous beds, which dominate the 
interval ~1580 m to 1650 m (Figure 3), were preferentially 
targeted (Table 1) as they were considered to most likely 
represent true volcanic units and provide the best control 
on the age of sedimentation. These samples come from 
conspicuous volcanic units several tens of centimetres in 
thickness that occur in several locations interbedded with 
sediments interpreted to be deposited in a tidal-dominated, 
shallow water deltaic environment. The volcanic beds have 
sharp and clearly defined basal contacts and gradational 
upper boundaries. Notably, the host siliciclastic facies 
are typically darker where overlying the tuffaceous beds, 

3  https://www.ga.gov.au/geochron-sapub-web/

GA sample ID GA sample_no Top depth (m) Bottom depth (m) Lithology Age (± 95% c.l)

2021330157 7533587 706.26 706.34 lithic tuff # 1595 ± 19 Ma

2021330162 7533592 1012.21 1012.24 crystal tuff 1587.8 ± 6.3 Ma

2021330222 7533652 1204.38 1204.48 lithic tuff 1600.9 ± 5.7 Ma

2021330269 7533699 1429.89 1429.95 lithic tuff did not yield

2021330391 7534866 1579.10 1579.23 glauc tuff 1612 ± 20 Ma

2021330394 7534869 1583.95 1584.06 glauc tuff 1612.4 ± 6.7 Ma

2021330398 7534873 1594.99 1595.17 glauc tuff 1614.2 ± 6.5 Ma

2021330402 7534877 1608.42 1608.60 glauc tuff did not yield

2021330404 7534879 1611.05 1611.20 glauc tuff 1606.3 ± 6.0 Ma

2021330413 7534888 1653.57 1653.72 glauc tuff 1612.7 ± 5.3 Ma 

All ages are 207Pb/206Pb ages and uncertainties quoted at 95% confidence level. # maximum deposition age, all others (bold text) are 
magmatic ages; did not yield = insufficient zircons recovered from the sample; glauc tuff = green glauconitic tuff (eg Figure 3).

Table 1. Samples and summary of results from zircon SHRIMP U-Pb geochronology from NDI Carrara 1.

Figure 3. Tray number 579, NDI Carrara 1, interval 1609.23–1611.82 m (top of core to upper left, bottom to lower right). This interval 
of core illustrates some of the salient features of the glauconitic tuffaceous beds between ~1580 m to ~1650 m. Sample 2021330404 is 
indicated. Key features to note are the sharp basal contact with the fine-grained light coloured host siliciclastic facies (‘A’) and gradational 
upper contact with darker siliciclastic facies; the colour change presumably reflects changes in organic content. Note also thinner 
tuffaceous beds (eg at ~1609.50 m, ‘B’) and possible altered volcanic crystals or lapilli (at ~1610.40 m, ‘C’). Tape measure for scale.
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presumably reflecting an increase in organic content 
(Figure 3). 

Volcanic textures in sample 2021330413 (~1654 m; 
Table 1) are exceptionally well preserved. This sample 
contains dispersed fiamme comprising dark elongate 
lenses (Figure 4) aligned roughly parallel to bedding. We 
interpret the fiamme to be devitrified, compacted pumice 
clasts. The matrix is dominated by domains or ‘bundles’ of 
parallel ‘rods’ or fibres in various orientations (Figure 4). 
These bundles likely represent fragments of devitrified 
‘tube-pumice’ (eg McPhie et al 1993, p178), formed by 
elongation of bubbles in vesicular felsic magmas. Angular 
blocky equant glass fragments, elongate delicate needles, 
platy shards, and curvilinear and cuspate ‘Y’ shaped 
fragments are also common (Figure 4). The formerly 
glassy fragments are interpreted as bubble-wall junctions, 
fragments, and shards. The preservation of delicate 
undeformed and unflattened bubble-wall shards, and the 
random orientation of the tube pumice clasts, implies that 
hot welding compaction had not taken place (eg McPhie 
et al 1993); this is consistent with a subaqueous non-welded 
pyroclastic deposit. Geochemistry on the same sample 
2021330413 (Carson et al 2021) indicates a felsic volcanic 
composition (71–72 wt% SiO2) with A-type affinities 
(eg elevated Zr, HREE, Y and Nb), which is a common 
characteristic of felsic volcanic successions across 
northern Australia (D Champion, pers comm 2021). The 
remainder of the glauconitic tuffaceous units (Table 1) all 
contain populations of similar highly elongated, angular, 

fragile shards and curvilinear bubble-wall fragments, and 
in some cases, minor twinned, tabular euhedral K-feldspar 
and plagioclase crystal fragments. 

The protolith of the remaining four geochronology 
samples, which were collected higher in the drill core 
(between ~706 m and 1430 m; Table 1) and logged during 
drilling operations as lithic or crystal tuffs, is less obvious. 
Sample 2021330157 (~706 m) is a coarse-grained interval 
(~8 cm) dominated by sub-rounded lithic fragments 
hosted within a poorly sorted clay-rich matrix. The upper 
and lower contacts with the host black shales are sharp. 
Although logged as a lithic tuff, it may represent a higher 
energy debris flow deposit. Sample 2021330162 (~1012 m) 
is a thin green glauconitic bed (~3 cm) with diffuse 
indistinct margins, hosted within pale micritic shelf 
carbonates. Sample 2021330222 (~1204 m) is a friable, 
fragmented fine-grained claystone interval with adjacent, 
possible lapilli or altered microphenocrysts, hosted within 
black shales. 

Results

Zircons recovered from eight of the 10 samples (two samples 
did not yield zircon; Table 1) are clear, gem-like, stubby to 
elongate, prismatic euhedral zircons (and fragments) with 
sharp well-defined bipyramidal terminations, crystal faces, 
and edges. These morphologies are consistent with a primary 
magmatic origin. No evidence of secondary modification due 
to abrasion, pitting, and rounding of grains was observed. 

Figure 4. Photomicrographs (plane-polarised transmitted light) of volcanic textures from sample 2021330413. Note the abundance of 
glass shards, spines (S), bubble wall fragments (A), and lenticular relic devitrified fiamme (F). Circled regions show examples of well-
preserved tube pumice domains. Scale bar shown in lower right.
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Zircon U-Pb SHRIMP analysis on the five glauconitic 
tuff samples from the interval ~1580–1650 m returned 
unimodal 207Pb/206Pb weighted mean ages in the range 
ca 1606–1614 Ma (Table 1). These results are statistically 
identical at the 95% confidence level, and when all five 
results are combined, they return a weighted mean age of 
ca 1611 Ma. Older inherited zircons are rare or absent. Some 
zero age Pb loss is noted on several grains (analyses with 
>5% discordance were discarded). Common Pb contents are 
low, typically <0.2%, and Th/U values are similar for all 
samples, typically 0.8–1.2. These results provide a robust 
magmatic age constraining felsic volcanism from this 
interval of NDI Carrara 1 and, in turn, provide an absolute 
depositional age of the host siliciclastic rocks near the base 
of NDI Carrara 1. 

Samples 2021330222 (~1204 m) and 2021330162 
(~1012 m) return unimodal 207Pb/206Pb weighted mean 
magmatic ages of ca 1601 Ma and ca 1588 Ma respectively 
(Table 1). Th/U values are ~0.8–1.2 for sample 2021330222, 
whereas sample 2021330162 values are somewhat lower, 
typically ~0.5–1.0. Sample 2021330157 (~706 m) has 
a number of analyses that were not considered due to 
discordance and/or elevated common Pb contents. The 12 
accepted analyses have scattered 207Pb/206Pb zircon ages that 
are considered to be detrital grains, reworked from underlying 
material; the results of these are interpreted to represent a 
maximum deposition age of ca 1595 Ma (Table 1). 

Discussion

These new geochronology data from NDI Carrara 1 enable 
chronostratigraphic correlation with adjacent provinces 
where equivalent age data exists. Perhaps the most 
compelling and obvious stratigraphic correlation, and one 
with significant resource implications, is the correlation with 
subunits of the Lawn Hill Formation (McNamara Group) in 
north-western Queensland (Figure 1) based on the SHRIMP 
ages previously reported by Page et al (2000) and Page and 
Sweet (1998). A tuff hosted within dolomitic sandstone 
(Pmh4; Sweet and Hutton 1982; H4s of Andrews 1998) from 
the uppermost Lawn Hill Formation in the hanging wall 
of the Century Mine, returned a zircon SHRIMP age of 
1595 ± 6 Ma (Page and Sweet, 1998), establishing a reliable 
depositional age for unit Pmh4. Lower in the Lawn Hill 
Formation, subunit Pmh2 (Sweet and Hutton 1982; unit H2 
of Andrews 1998) is dominated by the abundance of green 
tuffaceous intervals that, notably, contain relic glass shards, 
quartz fragments and volcanic microtextures. Page et al 
(2000) reported two statistically identical SHRIMP zircon 
ages from Pmh2, of 1611 ± 4 Ma and 1616 ± 5 Ma, providing 
a reliable depositional age for the Pmh2 subunit of the middle 
Lawn Hill Formation. 

Our new results establish that the Proterozoic 
stratigraphy intersected by NDI Carrara 1 corresponds to 
the middle (Pmh2) to upper (Pmh4) Lawn Hill Formation, and 
directly correlate with the SHRIMP zircon ages from Page 
and Sweet (1998) and Page et al (2000) obtained from the 
Lawn Hill Formation in the vicinity of the Century Mine 
(Figure 5). Furthermore, these results confirm the initial 
stratigraphic correlation between the Carrara Sub-basin 

and the Lawn Hill Formation at Century Mine based on 
the seismic interpretation (Carr et al 2019a,b). Using the 
sequence stratigraphic terminology developed during the 
NABRE program (Figure 5; Krassay et al 2000, their 
figure 2), terminology in widespread use across the Lawn 
Hill Platform and western Queensland, the stratigraphic 
interval in NDI Carrara 1 corresponds predominantly to the 
Lawn Supersequence within the Isa Superbasin, specifically 
the Term 5-Lawn 1 Supersequence boundary at the base of 
NDI Carrara 1 to the Wide 1-2 Supersequence boundary 
at ~1012 m (Figure 5). The stratigraphy of the uppermost 
Proterozoic section in NDI Carrara 1 between ~1012 m 
to the angular unconformity with the overlying Paleozoic 
Georgina Basin at ~630 m remains to be established. The 
maximum depositional age provided by sample 2021330157 
at ~700 m constrains the age of host sediments to be 
younger than 1595 Ma; these sediments likely represent 
the very uppermost units of Lawn Hill Formation (Pmh5 
and Pmh6, Wide and Doom supersequences). However, the 
available data cannot discount the presence of an interval 
of the Mesoproterozoic South Nicholson Group or younger 
sediments. Further geochronological work is required to 
investigate such possibilities. 

Establishing that the middle (Pmh2) to upper (Pmh4) 
Lawn Hill Formation is present within NDI Carrara 1 has 
significant energy and base metal resource implications 
for the Carrara Sub-basin. This interval of the Lawn Hill 
Formation hosts the world-class sediment-hosted Pb-Zn 
Century deposit; the interval can be readily traced further 
to the east and to the north on the northern Lawn Hill 
Platform in industry seismic profiles (eg Bradshaw et al 
2000, their figures 4, 6 and 9). Furthermore, a gas discovery 
reported from Egilabria 2 (eg Gorton and Troup 2018) in 
carbonaceous shales of the Lawn 4 Supersequence (= Pmh4; 
Figure 5) on the Lawn Hill Platform, plus the widespread 
occurrence of Lawn 4 Supersequence organic-rich 
carbonaceous shales from across the Lawn Hill Platform, 
indicate an emerging unconventional hydrocarbon play 
in the Lawn Supersequence (eg Gorton and Troup 2018; 
Bradshaw et al 2018, their figures 5-8) described as the 
‘Lawn Petroleum Supersystem’ (eg Jarrett et al 2021, 2022; 
Jarrett and Munson 2022). The Lawn 4 interval corresponds 
to part of the stratigraphic interval intersected within NDI 
Carrara 1, confirming the unconventional hydrocarbon 
resource potential of the Carrara Sub-basin. Significantly, 
NDI Carrara 1 intersected only the upper components of the 
McNamara Group (and equivalents); therefore, it is probable 
that older, highly prospective, late Paleoproterozoic 
stratigraphy occurs below the termination of drillhole. 
This would include equivalents to the ca 1640 Ma Barney 
Creek Formation (host to the world class McArthur River 
Pb-Zn Mine), the ca 1640-1650 Ma Urquhart Shale (host to 
the world class Mount Isa Pb-Zn-Ag Mine) and numerous 
other sediment-hosted base metal occurrences within 
the McNamara Group, as well as stratigraphic units (eg 
River Supersequence) hosting the McArthur Petroleum 
Supersystem (eg Bradshaw et al 1994; Gorton and Troup 
2018; Jarrett and Munson 2022). 

The new SHRIMP ages from NDI Carrara 1 also 
establish chronostratigraphic correlations elsewhere 
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across the region. Jackson et al (2000) reported ages 
from measured sections of the Amos Formation 
(uppermost McArthur Group, Ahmad et al 2013) and 
the unconformably overlying Nathan Group (Balbirini 
Dolostone) in the southern McArthur Basin (Figure 1). A 
tuff in the Amos Formation returned an age of 1614 ± 4 Ma 
within uncertainty of dated tuffs from the lower Balbirini 
Dolostone (1613 ± 4 Ma and 1609 ± 3 Ma), whereas a 
tuff in the upper Balbirini Dolostone returned an age 
of 1589 ± 3 Ma. These ages constrain the deposition of 
the host sediments of the Amos Formation and Balbirini 
Dolostone (Jackson et al 2000). Volcanism at ca 1611 Ma 
has also been reported from the Doomadgee Formation, 
the uppermost formation of the Fickling Group, which is a 
package of shallow marine shelf carbonates, carbonaceous 

shales and sandstones (Sweet et al 1981) located on the 
southern flanks of the metamorphic Murphy Province 
(Figure 1). Page and Sweet (1998) reported an age of 
1613 ± 5 Ma from the middle Doomadgee Formation 
(Pfd2), while a tuff from the lower Doomadgee Formation 
returned a similar age (within uncertainty) of 1619 ± 5 Ma 
(Page et al 2000). All these ages, from the Amos Formation 
(upper McArthur Group), upper Balbirini Dolostone 
(Nathan Group), and Doomadgee Formation (Fickling 
Group), establish a robust regional chronostratigraphic 
correlation with units intersected in NDI Carrara 1. 

Our new ages, together with previously published ages 
from across a wide geographic region spanning from the 
Lawn Hill Platform in western Queensland to the southern 
McArthur Basin and the southern flanks of the Murphy 

Figure 5. Chronostratigraphic correlation chart illustrating the correlation between NDI Carrara 1 with the established stratigraphy 
from the Lawn Hill Platform with sub-divisions from Sweet and Hutton (1982), Andrews 1998 and Krassay et al (2000). NABRE 
geochronology from Page and Sweet (1998) and Page et al (2000). Vertical scale schematic only. The ages presented next to NDI 
Carrara 1 are the magmatic ages. The range in NDI Carrara 1 indicated by the ‘?’ is the interval for which the age of sedimentation 
remains ambiguous. See text for details.
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Province, not only permit robust regional stratigraphic 
correlations but also provide opportunity to comment 
on the nature and potential source of regional late 
Paleoproterozoic volcanism. The abundance of ca 1611 Ma 
volcanism and the unequivocal microtextural evidence for 
volcanism in NDI Carrara 1 (interval ~1580–1650 m), and 
similar aged volcanic units in the Lawn Hill Formation 
(subunit Pmh2 Sweet and Hutton 1981; Andrews 1998) and 
the southern McArthur Basin (Jackson et al 2000), indicate 
an episode of regional-scale ca 1611 Ma volcanic activity. 
The presence of glass shards, bubble wall fragments, and 
tube pumice suggest explosive fragmentation of viscous 
magma (eg McPhie et al 1993), whereas the preservation 
of delicate glass shards and spines without evidence of 
plastic deformation (Figure 4) suggest the tuffs were non-
welded pyroclastic deposits. 

The geographic source of volcanism that contributed to 
the deposition of tuffaceous units within Paleoproterozoic 
sediments across northern Australia has long remained 
somewhat speculative (eg Lambeck et al 2012). We propose 
that one possible candidate for a major Paleoproterozoic 
volcanic centre is located beneath the Barkly Tablelands. 
An intriguing circular deep low gravity feature, concealed 
beneath the Paleozoic Georgina Basin and South Nicholson 
Basin, was targeted during the 2017 EFTF South Nicholson 
Seismic survey (Figure 6; 17GA-SN1; Carr et al 2019a,b). 
Both seismic interpretations and preliminary potential 
field modelling (Carr et al 2019a,b) are consistent with this 
feature representing a felsic igneous body up to 50 km in 
diameter. The body clearly truncates northeast-trending 
structural ‘ridges’ visible in the regional gravity maps 
(Figure 6) that correspond to half-graben bounding faults 
described as part of the Brunette Downs rift corridor 
(Southby et al 2021). The half-graben fault systems of 
the Brunette Downs rift corridor are suggested to have 
experienced episodic extensional activity, most recently 
during the ca 1640 Ma River extension event (eg Southby 
et al 2021; Carson et al 2020). We also note that the 
proposed igneous body is overlain by a sag-style infill 
of Mesoproterozoic South Nicholson Group sedimentary 
rocks (Carr et al 2019b), exposed at the surface as the 
Mittiebah Sandstone, which has a zircon maximum 
deposition age of ca 1586 Ma (type section, Rawlings et al 
2008; Anderson et al 2019). These observations tentatively 
constrain emplacement of the igneous body between at 
least 1640 Ma and ca 1586 Ma.

We propose that this circular, deep gravity low may 
represent a large, late Paleoproterozoic felsic volcanic 
complex (Figure 6), possibly a collapsed caldera complex. 
The scale of this geophysical feature is consistent with 
that of large modern and historical calderas. Furthermore, 
the geographic distribution of 1640–1590 Ma tuffs in late 
Paleoproterozoic sediments across northern Australia 
is also consistent with modern examples of ash dispersal 
from major explosive volatile-rich felsic eruptions. The 
1611 Ma pyroclastic units preserved in NDI Carrara 1, some 
100 km to the east of the proposed caldera, together with 
the occurrence of ~1611 Ma tuffs in the upper McArthur 
and Nathan groups ~300 km to the north (eg Jackson et al 
2000) and ~200 km east to the Lawn Hill Formation at 

Century (Pmh2, Page et al 2000; Page and Sweet 1998), 
indicate ash distribution over an area (as a minimum) 
of ~50 000 km2. Volcanism appears most active and 
voluminous at ca 1611 Ma as recorded in NDI Carrara 1 
with over 20 clearly defined volcanic beds in the depth 
interval 1580–1650 m. Present day layer thicknesses range 
from several centimetres to as much as 50 cm, attesting 
to the abundance of ca 1611 Ma volcanism. Volcanism 
continued, albeit more sporadically and less voluminous, 
possibly until ca 1588 Ma, although we acknowledge that 
ca 22 million years duration of a single caldera is unlikely 
(McPhie pers. comm. 2021). 

The overlying drape of Mittiebah Sandstone indicates 
it was deposited in a small sag basin following cessation 
of volcanic activity due to thermal subsidence after 
ca 1586 Ma. We further speculate that the sediment 
packages on the western and eastern flanks of the caldera 
structure that deepen into the caldera core (Figure 6) may 
represent adjacent proximal pyroclastic products rather 
than lateral equivalents of the siliciclastic and carbonate-
dominated sequences deposited in the Carrara Sub-basin. 
While other regional volcanic centres may well exist, we 
speculate that the possible caldera identified in the Barkly 
Tablelands contributed to the abundance of tuffaceous 
material preserved within the late Paleoproterozoic 
sediments across northern Australia, encompassing 
the Mount Isa Province and the Lawn Hill Platform in 
Queensland in the east through to the McArthur Basin and 
as far as the Birrindudu Basin in the west. We acknowledge 
that our model, while highly speculative, is nevertheless 
consistent with the observations and currently available data.

Conclusions

The key findings and implications from the new SHRIMP 
zircon geochronology from NDI Carrara 1 are:

• establishment of the timing of volcanism and coincident 
sedimentation in the Proterozoic component of NDI 
Carrara 1 from ca 1611 Ma to at least ca 1588 Ma 

• confirmation of the chronostratigraphic correlation of 
some 700 m of Proterozoic core from NDI Carrara 1 
with the middle to upper Lawn Hill Formation on the 
Lawn Hill Platform in western Queensland, and with 
the upper McArthur Group and Nathan Group in the 
southern McArthur Basin

• confirmation that the Paleoproterozoic sedimentary 
rocks in NDI Carrara 1 represent stratigraphic 
equivalents to the host rocks of the world-class Pb-
Zn Century deposit, as well as to units that have also 
been identified elsewhere on the Lawn Hill Platform 
with potential for unconventional hydrocarbon systems 
(Lawn Petroleum Supersystem)

• confirmation of the energy and sediment-hosted base-
metal potential of the newly discovered frontier Carrara 
Sub-basin

• speculation on the existence and location of a large late 
Paleoproterozoic volcanic caldera complex as a source of 
regional volcanic tuffaceous sediments across northern 
Australia.
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Figure 6. (a) Bouguer gravity anomaly map showing the location of the deep circular gravity low, highlighting the location of the 
proposed late Paleoproterozoic volcanic centre. The deep gravity low truncates ridges of high gravity (most evident southwest of the 
gravity low), which are known to represent major half-graben bounding faults forming the Brunette Downs rift corridor (Southby 
et al 2021). South Nicholson and Barkly seismic lines and the outline of the Carrara Sub-basin (from Carr et al 2019a,b) are shown for 
reference. (b) The unmodified seismic interpretation of 17GA-SN1 (see Figure 2 for legend; Carr et al 2019b) showing the interpreted 
central igneous complex (C) and the overlying drape of Mesoproterozoic sediments (M). The annotations A and B represent proposed 
flanking volcaniclastic sediment aprons. See text for further details.

a

b
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Introduction

NDI Carrara 1 is a deep stratigraphic drillhole completed 
in 2020 as part of the MinEx CRC National Drilling 
Initiative (NDI) in collaboration with Geoscience 
Australia and the Northern Territory Geological Survey. 
It is the first stratigraphic test of the Carrara Sub-basin, 
a depocentre discovered in the South Nicholson region 
based on interpretation from seismic surveys L210 in 2017 
and L212 in 2019 (Figure 1), which were acquired as part of 
the Exploring for the Future program (EFTF), an Australian 
Government initiative aimed at improving the understanding 
of the nation’s resource potential, particularly in frontier or 
underexplored regions (Carr et al 2019, 2020). The drillhole 
intersected ~1120 m of Proterozoic sedimentary rocks, 
unconformably overlain by 630 m of Georgina Basin carbonate 
rocks; continuous cores were recovered from 284 m to total 
depth at 1750.85 m (Figure 2). A comprehensive geochemical 
program designed to investigate the resource prospectivity 
of this newly discovered depocentre has been conducted on 

more than 400 NDI Carrara 1 physical samples. This study 
focuses on organic geochemical results from analyses of 
hydrocarbon shows and rocks collected from NDI Carrara 1 
and their implications for the hydrocarbon prospectivity of 
the Carrara Sub-basin.

Geological background

The South Nicholson region is located between two 
world-class resource-rich provinces: the McArthur Basin 
in the Northern Territory to the northwest, and the Mount 
Isa Province in Queensland to the east (Carr et al 2020; 
Carson et al 2020; Jarrett et al 2020). The region includes 
sedimentary packages within the Neoproterozoic–
Palaeozoic Georgina Basin, Mesoproterozoic South 
Nicholson Basin and underlying Paleoproterozoic 
equivalents of the Mount Isa Province (Carson et al 2020; 
Jarrett et al 2020). The EFTF program has focused on 
this region over the past five years in order to address 
significant knowledge gaps (Carr et al 2016). A key 
outcome of the EFTF seismic acquisition program carried 
out in the South Nicholson region was the discovery of 
the ‘Carrara Sub-basin’ straddling the Northern Territory 
and Queensland border area (Carr et al 2019, 2020). 
Based on preliminary seismic interpretation (Carr et al 

Figure 1. Location of the NDI Carrara 1 
stratigraphic drillhole and seismic 
survey lines across the South Nicholson 
Basin and Carrara Sub-basin.
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2019, 2020), this depocentre was interpreted to contain 
strata equivalent in age to the late Paleoproterozoic Lawn 
Hill Platform, South Nicholson Basin, and the Georgina 
Basin. Recent analyses of the NDI Carrara 1 rocks have 
constrained the age of the succession within the Carrara 
Sub-basin and better defined the stratigraphy at this 
location (Carson et al 2022). SHRIMP zircon U – Pb 
geochronology has revealed that the stratigraphic interval 
between 1653 m and 1012 m was deposited between 
ca 1612 Ma and ca 1590 Ma and is coincident with 
felsic volcanism; thus, this interval is stratigraphically 
equivalent to the middle to upper Lawn Hill Formation, 
host to the world-class Pb-Zn Century Mine in the Lawn 
Hill Platform in western Queensland, and to the upper 
McArthur and Nathan groups in the southern McArthur 
Basin (Carson et al 2022). Analyses of a lithic tuff at 
706 m resulted in a maximum depositional age of ca 1595 
Ma; therefore, uncertainty remains regarding the age of 
the stratigraphic section between the unconformity at 
630 m and 1012 m.

Samples

A total of 438 rock samples were collected about every 4 metres 
down hole and processed according to the procedure described 
in Carson et al (2021). Of these samples, 420 were selected for 
Rock-Eval pyrolysis, including 87 cuttings from 15 to 283 m 
and 333 core samples from 284 m to 1750 m. For quality 
assurance purposes, duplicate analyses were conducted on 34 
rock samples. Great care was taken to avoid any hydrocarbon 
contamination during sample processing. The core samples 
represent the best quality samples for organic geochemical 
studies. The raw data and procedures for the Rock-Eval 
pyrolysis were reported in Butcher et al (2021). The oil stains 
analysed in this study are listed in Table 1.

Source rock hydrocarbon potential and thermal 
maturity

Rock-Eval pyrolysis was performed on NDI Carrara 1 rock 
samples collected at regular (on average) 4 m intervals to assess 

Table 1 Summary of oil stains samples analysed in NDI Carrara 1

GA sample no GA sample ID Drillhole Upper depth 
(mGL)

Lower depth 
(mGL)

Rc
(MPI-1) MPDF MPR

6725604 20200005 NDI Carrara 1 528.33 _ _ _ _

7373044 20210010 NDI Carrara 1 763.1 _ 1.08 0.54 1.82

7373046 20210012 NDI Carrara 1 763.1 _ 0.84 0.41 1.23

7373047 20210013 NDI Carrara 1 765.4 _ 1.09 0.54 1.74

Figure 2. NDI Carrara 1 composite 
log illustrating measured depth, 
stratigraphy, lithology, discrete 
occurrence of mineralisation and oil 
shows, total organic carbon (TOC; 
wt%), Hydrogen Index (HI; mg HC/g 
TOC) and methane concentrations 
from mud gas logging. 

Rc(MPI-1): Calculated Vitrinite Reflectance from Methylphenanthrene Index MPI-1 = 0.7 × MPI-1 + 0.22; MPI-1 = 1.5 × (2MP 
+ 3MP)/(P + 1-MP + 9MP); P = phenanthrene; MP = methylphenanthrene (Boreham et al 1988). 

MPDF: Methylphenanthrene Distribution Factor = (3-MP + 2-MP)/(3-MP + 2-MP + 9-MP + 1-MP) (Kvalheim et al 1987). 
MPR: Methylphenanthrene Ratio =  2-MP/1-MP (Radke et al 1982). These ratios were calculated from peak heights on the 
m/z 178 ion chromatogram for P and from m/z 192 ion chromatogram for MPs.
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their hydrocarbon-generating potential (Butcher et al 2021). In 
addition, detailed organic petrological analyses were conducted 
on 25 rock samples to determine the maceral assemblages and 
organoclasts, and the level of thermal maturity (Ranasinghe 
and Crosdale 2022). Vitrinite reflectance equivalent (VREq) 
values were calculated from bitumen reflectance using the 
equations provided in Luo et al (2021). 

The resulting Rock-Eval pyrolysis data were assessed 
for quality as a number of factors can lead to unreliable 
results (Hart and Steen 2015). Screening of the raw Rock-
Eval pyrolysis data was achieved by examining individual 
pyrograms and excluding results based on the appearance 
of S1 and S2 peaks. The S1 peak corresponds to the amount 
of hydrocarbons thermally desorbed at 300°C and present 
as ‘free’ hydrocarbons in the rock, whereas the S2 peak 
represents the amount of hydrocarbons formed by the 
degradation of kerogen during pyrolysis (Peters 1986; 
Butcher et al 2021). A total of 241 raw data out of 454 were 
removed by the quality control process. 

Total organic carbon (TOC) contents within carbonate 
rocks of the Georgina Basin range from 0.1 to 4.7 wt% with 
a mean of 0.4 wt% (Figure 2). Organic-rich marls between 
361 and 425 m are characterised by Hydrogen Index (HI) 
values greater than 300 mg hydrocarbons (HC)/g TOC, 

indicating excellent source rock potential for oil generation 
(Figures 2, 3). The oil-generating potential of these rocks 
is substantiated by the presence of the oil-prone liptinite 
maceral lamalginite (Ranasinghe and Crosdale 2022). 
Tmax values range from 406 to 442°C for the Paleozoic 
section, indicating an immature to peak mature level 
of thermal maturity for oil generation. This is in broad 
agreement with bitumen reflectance data between 361.71 
and 610.62 m, which suggest early to peak oil maturity 
(VREq in the range 0.63−0.71%; Figure 4). Below 630 m, 
there is a break in the maturity trend with an offset towards 
higher maturities as a result of the loss of sediments at 
the erosional unconformity. Based on bitumen reflectance 
data, the thermal maturity within the Proterozoic section 
is overmature with respect to oil generation and lies in the 
gas window ranging from wet gas (VREq ~1.5% at 685 m; 
Figure 4) to dry gas (VREq ~3.0% at 1750 m; Figure 4; 
Hantschel and Kauerauf 2009). Due to the high level of 
maturity and low hydrogen content, most rocks from the 
Proterozoic section have poorly defined S2 peaks, leading 
to erroneous Tmax values (Peters 1986); therefore, Tmax 
values were not used to estimate the thermal maturity for 
data where S2 <0.2 mg HC/g rock. This excluded most 
Proterozoic rocks from consideration.

Figure 3. Plots for NDI Carrara 1 rocks. (a) TOC versus S2 (logarithmic scale). (b) Tmax versus HI.
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Figure 4. Plot of vitrinite reflectance equivalent values (calculated 
from bitumen reflectance data) versus depth in NDI Carrara 1.

The Proterozoic sedimentary package contains several 
organic-rich sections:

• Carbonaceous mudstones between 680 and 725 m have 
TOC contents averaging 2.0% and maximising at 5.5% 
(Figure 2). With a mean associated HI of 80 mg HC/g TOC, 
this interval may have some potential for generating gas.

• From 950 to 1400 m, rocks, including micrites and 
shales, show good organic richness with present-day 
TOC contents averaging 1.2% and reaching up to 3.2% 
(Figure 2). With a mean HI value of 2 mg HC/g TOC 
in this interval, these rocks have no present-day source 
potential but may be an unconventional resources play. 
The thermal maturity of this interval, which varies 
between ~1.7 and 2.4% VREq (Figure 4), is within 
the ideal maturity range (1.3–2.5% VREq) for shale 
gas systems (Dembicki 2017). The present-day TOC is 
the residual TOC remaining in the rock as petroleum 
generation proceeds with increasing burial and thermal 
maturity. It is estimated that maturation processes can 
reduce the TOC content by as much as 70% and 50% 
for Type I and Type II kerogens respectively (Daly and 
Edman 1987); therefore, it is expected that the original 
TOC content (TOCo) to have been much higher in 
these Proterozoic shales. Reconstruction of the TOCo 
is needed to better estimate their petroleum generative 
capacity (Romero-Sarmiento et al 2013). Dembicki 
(2017) established that the minimum residual TOC for 
effective shale gas charge is 2 wt% and as a result, the 
best depth interval for a shale gas play within this section 
lies between 1040 to 1265 m (Figure 2).

Geochemistry of hydrocarbon shows

Oil stains were observed at several depths in NDI Carrara 1. 
A thick and viscous black oil stain was identified at 528.33 m 
in a carbonate vug from rocks of the Georgina Basin section 
(Figures 5a, b); and two dark oil patches were identified in 
grey micritic limestones of the Proterozoic section at 763.1 
and 765.4 m respectively (Figure 5c, d). 

The black oil stain at 528.33 m is similar in appearance 
to the oil stain/solid bitumen observed in vuggy porosity 
from Elkedra 2 to the southwest of NDI Carrara 1 (Boreham 
and Ambrose 2007). Oil was collected from the vug with a 
spatula and analysed for organic geochemistry. Molecular 
compositional analysis by gas chromatography reveals a 
unimodal C10−C35 linear alkanes distribution, maximising 
at C15 with an odd-over-even carbon number predominance 
(OEP) in the C15−C21 range (Figure 6a). Linear alkanes appear 
to be well preserved, indicating no evidence for in situ reservoir 
biodegradation, unlike most oil stains in the southern Georgina 
Basin (Boreham and Ambrose 2007). Lipid biomarkers 
including C27−C29 steranes and C27−C35 hopanes are present. 
Steranes, which are molecular fossils of sterols and considered 
markers for eukaryotic organisms (Hoshino et al 2017), did 
not appear in the geological record before the late Tonian 
(Brocks, 2018; Zumberge et al 2020). Therefore, the detection 
of steranes in the oil stain collected in the Georgina Basin 
points to a post-Mesoproterozoic age for its source rock and 
is consistent with a Cambrian age. The linear alkane OEP in 
the C15−C21 range is a feature typical of Ordovician rocks rich 
in the marine organism Gloeocapsomorpha prisca (Fowler 
1992), but is also observed in Cambrian rocks from a number 
of locations including the southern Georgina Basin (Boreham 
and Ambrose 2007; Flannery et al 2014), presumably from 
a similar ancestor. Sterane and hopane maturity parameters 
indicate that the oil was generated in the early peak oil window. 

Compound-specific carbon isotopic analyses of linear 
alkanes can also assist in defining and narrowing down 
the source of the oil stain. The C13–C27 linear alkanes have 
carbon isotopic compositions varying between -33.5 and 
-32.4‰ (Figure 7a). When compared to the source rocks 
and oil shows from the southern Georgina Basin (Boreham 
and Ambrose 2007), the linear alkane carbon isotopic 
profile of the NDI Carrara 1 oil stain falls within the range 
of values displayed by source rocks of the middle Cambrian 
Arthur Creek Formation (Figure 7a).

The Proterozoic oil stains at 763.1 and 765.4 m were 
also analysed for organic geochemistry. Droplets from the 
oil bleed at 763.1 m were collected by rubbing absorbent 
glass fiber against the core to obtain sample 7373046 
(Table 1). The glass fiber and the core pieces containing 
the stains at 763.1 m and 765.4 m (samples 7373044 and 
7373047 respectively; Table 1) were solvent extracted 
and their solvent extracts fractionated by silica gel 
column chromatography. The gas chromatograms of 
saturated hydrocarbon fractions reveal features common 
to Proterozoic bitumens, including the presence of an 
unresolved complex mixture (UCM) and a high abundance 
of branched methylalkanes compared to linear alkanes 
(Figures 6b-d; Pawlowska et al 2013). Biomarkers, such as 
tricyclic terpanes, hopanes and steranes, were not detected. 
The aromatic hydrocarbon fraction contained a series of 
polyaromatic compounds, including phenanthrene and 
methylated phenanthrenes, which were used to estimate 
the thermal maturity of the oil stains by calculating the 
methylphenanthrene distribution factor (MPDF; Kvalheim 
et al 1987) and the methylphenanthrene ratio (MPR; Radke 
et al 1982; Table 1). The absence of biomarkers in the oil 
stains in the Proterozoic rocks is most likely due to their high 
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Figure 5. Photographs of oil stains collected during the drilling of NDI Carrara 1. Intact core (a) and split core (b) showing black oil 
stains in vugs of the Georgina Basin at 528.33 m. Core showing black oil stains (c) at 763.1 m and (d) at 765.4 m. Photographs credit 
Minex CRC.

d c 

a b 

thermal maturity. Through a maturity sequence in the well 
Altree 2, Jarrett et al (2019) established that hopanes were 
not detected once the rocks had reached a thermal maturity 
greater than 0.39 for the MPDF and 1.03 for MPR. The NDI 
Carrara 1 oil stains collected in the Proterozoic section 
display values ranging from 0.41–0.54 for the MPDF ratios 
and 1.23–1.82 for the MPR ratios (Table 1); these values are 
in excess of the threshold values, beyond which hopanes are 
not detected due to thermal degradation. Linear alkanes of 
the Proterozoic oil stains in NDI Carrara 1 are on average 
3−4‰ more enriched in 13C than the Georgina oil stain, thus 
inferring a different source of higher maturity.

In addition to the oil stains, mud gas logging recorded gas 
shows with up to 2% methane concentrations as measured 
by the Pason gas detector during drilling (Figure 2). Spikes 
in gas concentrations coincide with high TOC contents. A 
sustained release of methane was observed from around 
1150 to 1500 m within Paleoproterozoic carbonaceous shales 
(Figure 2). Six gas samples collected from the possum 
belly of the shaker assembly during drilling between 1187 
and 1360 m consisted primarily of methane with traces of 
ethane and propane (Boreham et al 2022). The molecular 
composition and carbon and hydrogen isotope compositions 
of the individual gas components (methane, ethane, propane 

and carbon dioxide) suggest that the gases were sourced 
from local, thermally mature, organic-rich shales and 
siltstones (Boreham et al 2022).

Implications for petroleum systems in the Carrara Sub-
basin

The geochemistry of hydrocarbon shows has enabled us 
to identify several petroleum systems operating in NDI 
Carrara 1. Based on its molecular and isotopic composition, 
the oil stain at 528.33 m is geochemically similar to oil 
stains from the southern Georgina Basin and belongs to 
the Larapintine Supersystem defined in Bradshaw et al 
(1994) and more specifically, to the Cambrian Larapintine 1 
Petroleum System defined by Edwards et al (1997). Boreham 
and Ambrose (2007) had established that the southern 
Georgina Basin oil stains could be separated into three oil 
populations: L1_1GEO, L1_2GEO and L1_3GEO. These 
correspond to the Thorntonia Petroleum System, Arthur 
Creek Petroleum System and Hagen Petroleum System 
respectively. To better understand the source of the Georgina 
Basin oil stain from NDI Carrara 1, multivariate statistical 
analysis was carried out, based on the same parameters used 
in Boreham and Ambrose (2007); this resulted in the oil 
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Figure 6. Gas chromatography-flame ionisation detector traces of saturated hydrocarbon fractions of NDI Carrara 1 oil stains. (a) Sample 
6725604. (b) Sample 7373044. (c) Sample 7373046. (d) Sample 7373047. Alkanes are designated by their carbon number; numbers refer to 
chain length. AC22 = Internal standard 3-methylheneicosane. Pr = pristane; Ph = phytane; IP = isoprenoid.
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family dendogram shown in Figure 8. The NDI Carrara 1 
oil stain at 528.33 m clusters with the oil family L1_2GEO, 
suggesting it is derived from a source rock similar to the 
middle Cambrian Arthur Creek Formation. An affinity of 
the NDI Carrara 1 Georgina Basin oil stain with the Arthur 
Creek Formation is also supported by the similarity in 
n-alkanes-specific carbon isotopic values (Figure 7).

The geochemistry of NDI Carrara 1 oil stains in the 
Proterozoic section significantly differs from that of the 
Georgina Basin oil stain, pointing to a different petroleum 
system. These oil stains share many characteristics with 
Proterozoic source rocks and demonstrate the presence 
of a Proterozoic petroleum system in the Carrara Sub-
basin. Geochemical analyses of Proterozoic source rocks 
in NDI Carrara 1 are under way to better understand 

their relationship to the oil stains and establish the 
specific Proterozoic petroleum system they should be 
classified under. Three petroleum supersystems were 
initially defined within the Proterozoic (Bradshaw et al 
1994): the Palaeoproterozoic McArthur Supersystem, the 
Mesoproterozoic Urapungan Supersystem (now renamed 
the Beetaloo Supersystem; Jarrett and Munson 2022), and 
the Neoproterozoic Centralian Supersystem. Two more 
have recently been added by Jarrett et al (in press): the 
Palaeoproterozoic Redbank Supersystem and the Palaeo- to 
Mesoproterozoic-aged Lawn Supersystem. The gas shows 
detected in Paleoproterozoic shales between 1150 and 
1500 m are likely sourced from the local, thermally mature 
Paleoproterozoic Lawn Hill Formation and represent the 
first evidence for an effective Lawn Petroleum Supersystem 
in the South Nicholson region of the Northern Territory. 
The Lawn Petroleum Supersystem was named after the gas 
discovery in the well Egilabria 2 in northwest Queensland; 
there are likely correlatives also known from the Wattie and 
Bullita groups of the Birrindudu Basin (Jarrett et al 2021, 
2022) in strata stratigraphically equivalent to the gas-rich 
shales of NDI Carrara 1. Supplementary work is being 
undertaken to determine whether the oil stains at 763 m and 
765 m belong to the same petroleum supersystem as the gas 
shows.
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Dating and characterising a newly discovered sedimentary basin in the East Tennant region
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The greater McArthur Basin encompasses the exposed 
McArthur Basin in the north and northeast, the Beetaloo 
Sub-basin to the centre and southwest, the Tomkinson 
Province in the south, and the Birrindudu Basin in the west 
(Figure 1). These are all interpreted through seismic and 
geochronological data to be laterally continuous in the 
subsurface. To the east, equivalent successions occur in 
the South Nicholson Basin and in the Mount Isa region, 
which are separated from their western equivalents by a 
palaeogeographical high of the Murphy Inlier (Rawlings 
1999, Jackson et al 2000, Ahmad and Munson 2013). 
The Neoproterozoic to Devonian Georgina and Wiso 
basins, and the Mesozoic Carpentaria and Arafura basins 
unconformably overlie the region and bury a basement high 
long known to link the Murphy Inlier with the Tennant 
region (Figure 1). 

Stratigraphic drillhole NDIBK10, located ~200 km 
east of Tennant Creek, was drilled in this Murphy to 
Tennant region, targeting a low magnetic/gravity corridor 
that has been named the Brunette Downs Rift Corridor 
by Geoscience Australia in their ‘Barkly Deep Crustal 
Reflection Seismic Survey’ (Carson et al 2021). It is situated 
next to the Carrara Domain of the South Nicholson Basin, 
where it is bound by a steeply dipping basement-penetrating 
fault (Carson et al 2021). A complex fault zone separates its 
western edge from the Beetaloo-McArthur domain. It was 
originally targeted to intercept shallow basement; however, 
the drilling revealed sedimentary rocks of unknown origin 
below the basalts of the Helen Springs Volcanics. 

Aeromagnetic images show several southwest–
northeast-trending structures within the Brunette Downs 
Rift Corridor. Seismic interpretations of the structures 
reveal two southeasterly dipping half-grabens. These are 
controlled by steeply dipping, extensional faults with sub-
parallel subsidiary faults (Carson et al 2021). The half-
grabens extend to depths of ~6 km and are interpreted by 
Carson et al (2021) to contain all four ‘superbasin’ sequences 
of the Mount Isa region: the Paleoproterozoic Leichhardt, 
Calvert and Isa superbasins and the Mesoproterozoic Roper 
Superbasin. With this in mind, we suggest that the unknown 
sedimentary rock sequence in NDIBK-10 lies within a small 
version of these half-graben structures, beneath the Helen 
Springs Volcanics (base found at 297 m) and continuing 
to the basement (contact at 724 m). The top portion of the 
drillhole passes through ~300 m of the extensive Cambrian 
to Devonian Georgina Basin, which covers much of the 
surrounding region. The Georgina Basin was deposited in 
an intracontinental environment, and is thought to be part 
of the interconnected Centralian Superbasin during the 
Cambrian (Walter et al 1995). It may have been open to 

the Palaeozoic Pacific Ocean to the east. The base of the 
Georgina Basin is marked by the Helen Springs Volcanics 
of the Kalkarindji Province, which extends over large areas 
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of the Northern Territory, northern Western Australia and 
western South Australia (Ware et al 2018). It is part of a 
large igneous province that formed in the middle Cambrian 
from continental flood basalts (Ware et al 2018). The Helen 
Springs Volcanics overlie an unconformity and the newly 
discovered unknown sedimentary rock sequence.

The main aims of the study were to determine when the 
original sediments were deposited, under which depositional 
conditions, and whether the resulting sedimentary rocks 
still record the chemistry of the environment at which 
they formed or have been overprinted by later diagenesis 
or hydrothermal alteration. From these data, we can make 
an informed hypothesis of the possible provenance and 
correlations of this unknown sedimentary rock package. 

The sedimentary rocks were logged in detail from 
277– 740 m, between the base of the Helen Springs 
Volcanics and the basement (Figure 2). This stratigraphic 
sequence was divided into six distinct units that were 
defined in the NDIBK10 HyLogger™ Data Package 0107 

(Smith 2021) and correlated with changes in physical rock 
properties. The units are referred to as Sedimentary Unit 
A, B, C, D and E. The uppermost unit (Unit A) is separated 
from the rest by an erosional unconformity. Overall, there 
is evidence for two marine transgressions in the lower 
units, with an initial flooding above the basal unconformity 
that led to a regressive sequence built on the initial flooding 
surface and marked by the transition from the shelf sands 
of Unit E to the tidal flat deposits of Unit D. The sequence 
linking from Units D through to B forms a second major 
transgression: from a tidal lagoon facies (Unit D) through 
to a carbonate shelf (Unit C) that is drowned by a deep 
marine environment marked by the thinning-upward 
turbidites of Unit B. These transgressions are likely related 
to syn-depositional rifting and activation of the half-graben 
bounding faults. 

Multiple palaeo-redox proxies from shale geochemistry 
suggest that sediments were deposited in a primarily 
oxic environment, becoming less oxic up section (at 
~350 m depth). This change coincides with one of two 
transgressional sequences defined from the sedimentology. 
Shales from NDIBK10 have Eu* ranging from 0.819–0.924 
(average 0.85); Ce* values between 0.798–0.951 (average 
0.89); Mo values of 0.058–5.959 (average 0.66); and Th/U 
ratios which vary between 3.96–8.83. 

Maximum depositional ages (U–Pb in zircon) from 
both above and below the Unit A unconformity yielded 
ages of 902 ± 34 Ma (Unit A) and 1649 ± 37 Ma (Unit E) 
respectively, based on youngest concordant grain (Figure 3). 
This confirms that the thin Unit A is Neoproterozoic and 
likely represents a continuation of the pre-Cambrian part of 
the Georgina Basin in this area. In hopes of constraining a 
minimum depositional age for the older sediments, Rb–Sr 
in shales (Subarkah et al 2021), carbonates and glauconites 
were collected. A combined shale and carbonate sample 
from Unit C returned what is interpreted to be close to a 
minimum depositional age of 1547 ± 13 Ma. Combined with 
results from U–Pb geochronology, a depositional window 
between 1671 Ma and 1534 Ma was established.

How do these sediments correlate to the greater 
McArthur Basin and from where could they have been 
sourced? 

The greater McArthur Basin (and Beetaloo Sub-basin) are 
found to the north and west of the drillhole NDIBK10. To 
the west of the drillhole, sit the Warramunga and Tomkinson 
provinces, and to the far west, the Tijunna and Bullita 
groups in the Birrindudu Basin. All these areas provide 
potential correlatives of the sediments in NDIBK10. With 
such vast amounts of data, using multi-scale dimensional 
(MDS) plots provides a simpler way to visualise the 
detrital zircon spectra and make comparisons to potential 
correlatives and provenance source areas (Vermeesch 
2013). The age distribution of detrital zircons shows that 
the unknown sedimentary rocks are most similar to the 
lower McArthur Group (Glyde package) or Bullita Group 
(Favenc package). The shale Rb–Sr age, interpreted to be 
close to the age of deposition at 1547 ± 13 Ma, suggests that 
the Favenc Package (Figure 3) is the most likely of these 

Figure 2. Simplified stratigraphic log showing depth compared to 
all age results from sedimentary rocks, and depositional windows 
established from results. MSWD = Mean Squared Weighted 
Deviates; Int. Sr = Initial 87Sr/86Sr ratio with no ingrown radiogenic 
component; con. = Concordant; n = number of analyses.
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possibilities. The provenance of these detrital zircons can 
also be unravelled using a MDS plot. Both the Arnhem 
and Tanami provinces plot close to NDIBK10. However, 
both provinces are geographically distant to the drillhole 
and seemingly were not experiencing uplift during this 
timeframe. A possibility is the Aileron Province to the south 
due to uplift in the region during this time (Chewings Event 
at ca 1600–1570 Ma; Claoué-Long et al 2008), although 
determining this would require more robust detrital studies 
of both the lower McArthur Group and the paleo-tectonism. 
Another possibility is that the sediments were recycled from 
another sedimentary basin, thus the detrital studies would 
reflect the source basin's age distribution of zircons.

The work conducted illustrates the power of using a 
multi-proxy approach on an unknown sequence of rocks; 
it has been used to a) correlate between sequences and 
boreholes up to 1000 km apart; b) determine and understand 
the depositional environment using geochemistry and 
sedimentology; and c) unravel the tectonic evolution of the 
basin by examining source-to-sink pathways for sediments 
through time. 

From this study, we have determined the following: 

• Maximum depositional ages were established from 
both above and below the Unit A unconformity by 
using U–Pb in detrital zircons. These yielded ages of 
902 ± 34 Ma and 1649 ± 37 Ma respectively, based on 
youngest concordant zircon.

• A minimum depositional age of 1547 ± 13 Ma was 
established using Rb–Sr dating from a shale in 
Unit C. Glauconite (Rb–Sr) have been reset between 
1350–1250 Ma, suggesting a later Mesoproterozoic 
hydrothermal infiltration. 

• This sedimentary package is comprised of turbidites, 
carbonates and sands; and overall can be interpreted 
to represent two main transgressions whereby these 
sediments were deposited in a relatively oxic environment.

• The provenance of the detrital zircons within NDIBK10 
shows similarity to the Favenc package (and Bullita Group 
in the Birrindudu Basin), which could provide a correlative. 
Populations within these sediments also suggest derivation 
from the south Aileron Province; however, recycling of 
other basin material cannot be discounted. 
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A new Zambian-style copper province in the Northern Territory?
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Encounter Resources Ltd is one of Australia’s leading mineral 
exploration companies listed on the ASX. Encounter’s 
primary focus is on discovering major new copper deposits 
in Australia with a key focus on the Northern Territory. 

New, district-scale, high potential projects are vital to 
meet burgeoning copper demand 

Irrespective of the pace of global energy transition, new 
sources of copper supply are required in the medium 
term. Global copper production is currently in deficit and 

the effects of the COVID pandemic has put significant 
additional stress on current producers, particularly in South 
America. Mr Jeff Currie, head of commodities research at 
Goldman Sachs Group, said in February 2022: 

‘I’ve been doing this 30 years and I’ve never seen 
markets like this. This is a molecule crisis. We’re out 
of everything, I don’t care if it’s oil, gas, coal, copper, 
aluminium, you name it we’re out of it.’

In 2020, the world mined approximately 20 Mt of 
copper, of which 20–25% was sourced from sediment-
hosted stratiform copper ('SSC') deposits, with over 50% 
of this sourced from the Central African Copperbelt. 
Sediment-hosted copper systems are a high-grade and large 
deposit-style, which is why they are a key exploration focus. 
The Centralian and greater McArthur basins represent 

Figure 1. Encounter copper projects in the Northern Territory - project location plan.
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two large-scale Proterozoic basins that are considered 
conceptually highly prospective for SSC deposits.

An impediment to exploring for SSC deposits in Australia 
is the extensive and sometimes deep, younger cover sequences. 
Precompetitive data and work by Geoscience Australia 
through their Exploring for the Future program, together 
with recent data and studies by state geological surveys 
and universities, has fundamentally changed the geological 
understanding of the Centralian and greater  McArthur basins 
and increased the prospectivity for SSC deposits in Australia.

Encounter's exploration activity in the Northern 
Territory is focused on:
1. A series of camp-scale, copper and zinc opportunities 

in the greater McArthur Basin (Figure 1). This includes 
the Elliott copper project, which is being advanced in 
partnership with BHP via a $25m earn-in and joint venture.

2. The Sandover Project, located 170 km northeast of Alice 
Springs, covers a major structural corridor on the southern 
margin of the Georgina Basin (Figure 2) where historical 
exploration has identified copper oxides at surface in a 
stratiform position extending over 20 km of strike.

Sandover is interpreted to represent a locally preserved 
Neoproterozoic depocentre, overlain by more extensive 

Cambrian Georgina Basin sedimentary rocks. The major 
elements of the classic Zambian-style sediment-hosted 
copper system are present at Sandover, including:

• juxtaposition of Neoproterozoic sedimentary rocks 
against crystalline basement (Figure 3)

• evaporites
• reduced stratigraphic units to trap copper brines within 

a red-bed sequence
• evidence of a copper mineralisation event.

Drill cuttings from the Northern Territory government’s 
historic water bores were analysed by Encounter in 
2020– 21 utilising a handheld XRF unit. Regional-scale 
copper anomalism was identified in multiple water bore 
cuttings, and consequently, the Sandover project area tenure 
was significantly expanded. 

In October 2021, field reconnaissance at Sandover 
confirmed the presence of outcropping copper mineralisation 
associated with a local grey shale reduced unit within a 
broader ‘red bed’ sandstone sequence in a setting analogous 
to the Zambian ore shale.

Surface sampling was conducted in four field areas 
located up to 6 km apart (Figure 4) to ground-truth 

Figure 2. Sandover geological setting.
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Figure 3. Sandover schematic cross 
section A–A' (Figure 2).

Figure 4. Geological map showing cupriferous outcrop, drillhole locations and surface sampling (compiled from company reports and 
Haines 2004). Source:  Ahmad and Munson (2013). Additional locations annotated are the four areas Encounter sampled at Sandover in 
October 2021.
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previously mapped outcropping copper. Each area confirmed 
the presence of an outcropping red-bed sandstone sequences 
with multiple narrow, but strike-extensive, grey shale 
units containing copper oxide mineralisation (malachite). 
Sampling of copper mineralisation at surface returned 
assays up to 20.9% Cu and a suite of highly anomalous 
pathfinder elements: Zn, Ag, As, Bi, Mo and Pb (Figure 5). 

There has been limited historical drilling at Sandover 
between 1966 and 1970 (refer Figure 4). Two drillholes 
were completed by previous explorers near field Area 2 and 
no prior drilling has been completed at Area 1 (Figure 4). 
A review of historical geological data and its integration 
into our developing geological model is ongoing. 

Upcoming exploration at Sandover will focus on 
identifying extensions to the reduced units within 
the basin along strike and under cover. Deployment 
of sequence stratigraphy techniques and a petroleum 
systems approach to the basin will provide an important 

framework and will be a key tool for SSC exploration. 
Mapping the fundamental basin architecture through 
integration of multi-scale geophysical datasets will be 
imperative. Target generation will include a particular 
emphasis on identifying and interpreting the locations 
of reducing units' intersections with long-lived, basin-
forming structures. These are the areas with the potential 
to host major mineral deposits. 

The 2021 year has been a transformational period 
for Encounter with the rapid expansion of our copper 
portfolio with major ground acquisitions in the Northern 
Territory, including the Sandover project. Encounter is 
focused on discovering major new copper deposits in 
Australia with key focus in the prospective Centralian 
and greater McArthur basins in the Northern Territory. 
Sandover presents an exciting opportunity for a potential 
new Zambian-style copper-province in the Northern 
Territory.

Figure 5. Sample location Areas 1 
and 2 at Sandover in October 2021 
(refer Figure 1).
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Introduction

The Northern Territory Geological Survey (NTGS) is 
working to improve the quality, coverage, and resolution 
of geophysical data and hyperspectral drill core data in 
the Northern Territory. In 2021, work commenced on the 
acquisition of ground gravity data northeast of Tennant 
Creek and NTGS co-funded smaller scale geophysical 
projects through the Geophysics and Drilling Collaborations 
(GDC) program. NTGS also participates in the National 
Virtual Core Library, a collaboration between CSIRO, 
AuScope and Australian geological surveys to deliver the 
world’s largest drill core mineralogical database. Through 
this program, NTGS collects hyperspectral data and core 
imagery using the HyLogger™ instrument and processes 
these data to interpret downhole mineralogy.

NTGS regional-scale geophysical acquisition

Acquisition has commenced on the NTGS Brunette Downs 
Ground Gravity Survey in collaboration with Geoscience 
Australia and funded through the Northern Territory 
Government’s Resourcing the Territory initiative. This 
survey connects the 2020 East Tennant and South West 
McArthur, Barkly gravity surveys acquired by Geoscience 
Australia under the Federal Government’s Exploring for 
the Future initiative (Dhu 2021). Ground gravity data is 
being acquired at 2 km station spacing across an area 
of ~57 000 km2 (Figure 1). Five industry partners are 
collaborating with NTGS on the survey to acquire ground 
gravity at 1 km or 500 m station spacing over their areas of 
interest. In total over 17 000 new ground gravity readings 
will be completed.

Geophysics and Drilling Collaborations: Round 13 
geophysical projects

Seven co-funded geophysical projects were completed under 
round 13 of the GDC program (Figure 1). The projects 
acquired over 4500 ground gravity stations, 60 135 line km 
of airborne magnetic and radiometric data, 805 line km 
of airborne electromagnetic (AEM) data and 170 passive 
seismic stations.

Core Lithium Ltd acquired ground gravity data at 
500 × 500 m and 500 × 1000 m spacing over 375 km2 of 
the Finniss area in the Bynoe Pegmatite Field (Figure 1: 
CR2020-0372). The survey aimed to identify the geometry 
of the underlying granite roof in the Bynoe Pegmatite 
Field and to determine if the presence, style, and fertility 
of pegmatites is related to this geometry (Rawlings 2020). 
The project determined that granite geometry could be 
mapped using the new gravity data with three main granite 

bodies identified; it also determined that there is a spatial 
relationship between the pegmatite and granite geometries.

Ground gravity data was also acquired by Strategic 
Energy Resources Ltd over 3 areas within the east Tennant 
region (Figure 1: CR2020-0387). Over 3000 new gravity 
observations were made at 400 and 800 m spacing across 
805 km2. The gravity data will assist in exploration for iron 
oxide–copper–gold (IOCG) type deposits. Early observations 
reported recognition of cross-cutting structures and improved 
definition of the East Tennant Ridge (Chalmers 2020).

IGO Ltd completed an airborne magnetic and 
radiometric survey over the Western Willowra gravity 
ridge in the northwestern Aileron Province (Figure 1: 
CR2020-0493). The survey was flown at 50 m terrain 
clearance and 100 m line spacing with 26 484 line km 
of magnetic and radiometric data collected over an 
area of 2460 km2. The data will assist in understanding 
stratigraphy at depth in an area prospective for base 
metals (McGloin and Fitzpatrick 2021). Preliminary 
investigation of the data has identified shallow magnetic 
features less than 100 m below surface and thorium-rich 
areas suggesting shallow sub-crop, which would support 
the use of soil geochemistry as an exploration tool within 
the survey area.

Inca Minerals Ltd acquired 26 100 line km of airborne 
magnetic and radiometric data over almost 1200 km2 in the 
east Tennant region (Figure 1: CR2020-0572). The survey 
was flown at 50 m line spacing over 2 areas with the aim of 
delineating subsurface bodies that may be related to large-scale 
hydrothermal mineralisation and alteration (Heaslop 2020).

Also in the east Tennant region, an airborne magnetic 
and radiometric survey and a passive seismic survey 
were completed by King River Resources Ltd (Figure 1: 
CR2020-0626). The passive seismic survey collected 170 
stations over 82.5 line km with the data successfully used 
to model the base of Cambrian cover at 70 to 150 m depth 
(Chapman 2020). The airborne magnetic and radiometric 
survey was flown at 100 m line spacing, acquiring 
2620 line km over 405 km2. This survey was designed to 
assess the nature of basement and any targets beneath the 
basin sediments, ie primarily targeting IOCG-type deposits 
with magnetic signatures associated with ironstone (Chapman 
2020).

Airborne magnetic and radiometric data were also 
acquired by Gempart (NT) Pty Ltd over the Aileron Province 
and Amadeus Basin, 170 km east-southeast of Alice Springs 
(Figure 1: CR2021-0192). An area of 215 km2 was surveyed 
at 100 m line spacing for a total of 2455 line km. The data 
has been used to interpret the structure within the Eastern 
domain of the Casey Inlier (Bubner 2021).

An AEM survey was completed by iCopper Pty Ltd 
over the Ferdies Find Project located ~570 km northwest 
of Alice Springs (Figure 1: CR2021-0195). Over 750 
line km with the Xcite™ system were acquired at 400 m 
line spacing over an area of 310 km2. The survey aimed 
to assist with mapping bedrock beneath Cenozoic and 
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Figure 1. Location of geophysical projects, recently HyLogged drillholes and new HyLogger Data Package drillholes.
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Cambrian cover sequences including the Antrim Plateau 
Volcanics. Resistive zones associated with flood basalts 
and conductive palaeo-drainage features could be mapped 
in the data and a number of exploration targets were 
identified (Scott 2021).

Hyperspectral (HyLogger™) program

Since the start of 2021, six HyLogger Data Packages (HDP) 
have been published and over 9500 m of drill core from 41 
drillholes has been scanned with the HyLogger (Figure 1). 
HDPs have been produced for NDIBK10 (Smith 2021a) 
and NDIBK07 (Smith 2021b), two drillholes from MinEx 
CRC National Drilling Initiative in the east Tennant region. 
HDPs were also produced for EUR0032 (Smith 2020b) 
and HYDD100054 (Smith 2021b) in the Tanami Region, 
14MCDDH002 (Smith 2020a) in the McArthur Basin, and 
RNRCD029 (Smith 2021d) in the Pine Creek Orogen. All 
four drillholes were co-funded by NTGS in round 12 of the 
GDC program. 

Regional-scale airborne magnetic and radiometric 
data audit

Regional-scale airborne magnetic data is available over the 
whole of the NT, while airborne radiometric data is available 
for most of the NT. The NT-wide magnetic and radiometric 
grids, maps and derived products are created by merging 
these individual surveys together to provide a regional-scale 
view of the Earth’s magnetic and radiometric response. The 
individual surveys have been acquired since the 1970s by 
industry, NTGS and the Federal Government. During this 
time there have been significant advances in survey design, 
acquisition systems and data processing techniques for 
both magnetic and radiometric surveying (Nabighian et al 
2005, Minty et al 2009). This has resulted in the quality of 
individual surveys varying significantly.

Intrepid Geophysics have been contracted by NTGS to 
audit this compilation of regional-scale airborne magnetic 
and radiometric surveys. The project involves assessing 
63 survey projects made up of multiple individual survey 
parts, compiling and organising the audited data and 
related reports, and building a spatially located attributed 
geodatabase of these projects and surveys. A series of 
survey quality criteria are being developed in collaboration 
with NTGS that can then be applied to the geodatabase to 
quantify survey quality. The outcomes from this project 
will inform further geophysical acquisition and data 
processing projects. 
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The ‘Australia’s Future Energy Resources’ project: Investigating the energy resources potential 
in central Australia
Tom Bernecker 1,2, Barry Bradshaw 1, Jeremy Iwanec 1, Aleks Kalinowski 1, Nadège Rollet 1 and Eric Tenthorey 1
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Introduction

As part of the Australian Government funded Exploring for 
the Future (EFTF) program, the ‘Australia’s Future Energy 
Resources’ (AFER) project is a four-year multidisciplinary 
undertaking to investigate the potential of energy resource 
commodities in selected onshore Mesozoic and Paleozoic 
sedimentary basins. In the context of Australia’s path 
towards a low-carbon economy, the project is focused 

on energy resources that will support this transition, 
including natural gas and hydrogen. It also assesses the 
presence of residual oil zones that could be produced via 
carbon dioxide (CO2) injection and represent a potentially 
new underground CO2 storage resource. 

The initial phase of the AFER project is focused on the 
central Australian region encompassing the western and 
central parts of the Eromanga Basin and the underlying 
Triassic and Paleozoic basin successions (Figure 1). 
Work is being undertaken primarily in collaboration with 
the South Australian Department of Energy and Mining 
(SA DEM) and the Northern Territory Geological Survey 
(NTGS). 

Figure 1. Western Eromanga focus area showing the western boundary of the Eromanga Basin and the extents of older Triassic, Permian 
and pre-Permian basins. Also shown: the outline of the energy resource assessment area, locations of wells that have been sampled for 
infill palynological analysis, and seismic lines that are being reprocessed. 
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Project activities

The AFER project comprises four modules, each of which 
has a distinct low-carbon energy resource focus:

Module 1: Energy resource assessment 
• This component of the AFER project is undertaking 

basin-scale assessments of hydrocarbon resources, 
as well as evaluating greenhouse gas storage 
opportunities in the western Eromanga Basin and 
underlying Triassic and Permian basin successions. 
A workflow, based on exploration play-types, is 
being used to systematically evaluate the key risk 
elements for each resource type through the analysis 
of spatial data and drilling results to map target 
areas for exploration. The resource assessments will 
improve understanding of the region’s ‘yet-to-find’ 
hydrocarbon resource potential, map the areas that 
are likely to have favourable geological conditions 
for carbon dioxide storage projects, and identify 
other potential subsurface gas-storage opportunities. 
Common-risk segment maps are being produced 
to highlight the fairways for effective reservoir and 
seal intervals and fluid flow pathways. This will 
also provide a framework for future assessments of 
other sediment-hosted resources (eg deep unallocated 
groundwater, sediment-hosted minerals).

Module 2: Hydrogen studies
• AFER will play an important role in supporting the 

establishment of the Australian hydrogen industry. 
Part of the hydrogen module includes an assessment of 
the potential for hydrogen production via electrolysis 
through the use of geothermal energy generated 
from deep-seated hot sedimentary aquifers. Natural 
gas linked with carbon capture and storage is also a 
consideration, and can also be used for clean hydrogen 
production. Another area of focus is the identification of 
suitable underground storage sites, such as subsurface 
salt accumulations, that will be able to store the 
produced hydrogen until it is required for domestic use 
or for export. This will be accomplished by mapping 
the nationwide distribution of thick subsurface salt 
accumulations; the results will assist with better 
infrastructure planning for the Australian hydrogen 
industry. Finally, natural (geologic) hydrogen has 
been reported in the NT’s Amadeus Basin in addition 
to other locations across Australia. Further studies 
undertaken in this module aim to investigate what 
constitutes a hydrogen system and produce guidelines 
for geologic hydrogen exploration. 

Module 3: CO2-enhanced oil recovery (CO2-EOR) in 
residual oil zones (ROZ)
• In collaboration with CSIRO, the potential application 

of CO2-EOR to unlocking new oil and CO2 geological 
storage resources in residual oil zones is being 
investigated. Residual oil zones are geological 
reservoirs that contain potentially economically 
producible oil resources and offer opportunities 

for large-scale geological storage of CO2, but their 
occurrence and potentially accessible oil resources 
are not well understood in Australia. Development 
of ROZ could be economically beneficial, help to 
address greenhouse gas emissions, and provide 
increased energy security through the new production 
of domestic oil resources.

Module 4: Onshore basin inventories
• This module aims to encourage exploration by 

describing the current status of knowledge of the 
geology, petroleum systems, and exploration history 
in selected underexplored basins. A major component 
of the module revolves around a ‘gap analysis’ leading 
to recommendations for future work to improve the 
understanding of energy resources prospectivity. 
Depending on data availability, petroleum system 
modelling will be carried out to highlight the oil and gas 
potential in underexplored provinces.

Focus areas in the Northern Territory

While the scope of the AFER project is a nation-wide 
evaluation of the occurrence of low-emission energy 
resources, especially in the context of hydrogen and carbon 
capture utilisation and storage (CCUS), the initial focus lies 
on the eastern-most border region between South Australia 
and the Northern Territory (Figure 1). Geologically, this is 
a region in the Simpson Desert that encompasses several 
superimposed intracratonic sedimentary basins that are 
separated by regional unconformities. Basin successions 
range in age from early Paleozoic to Quaternary. The 
tectonostratigraphic understanding of these basin 
successions varies depending on the degree of subaerial 
exposure and subsurface data coverage, with many data 
and knowledge gaps remaining as far as the evolution of the 
mainly concealed and underexplored Paleozoic and Triassic 
basins are concerned. 

Early Paleozoic rocks from the western part of the 
Warburton Basin represent the oldest basin succession 
in the region. Our current understanding of the geology 
of the western Warburton Basin is constrained by the 
lack of surface exposures, the small number of well 
penetrations, limited biostratigraphic age control, and 
the relatively sparse seismic data coverage with often 
limited resolution of the Early Paleozoic section. Previous 
interpretations from the limited well penetrations suggest 
that the western Warburton Basin includes Cambrian 
shelf and platform carbonate and mudstone sequences, 
red-beds of inferred Ordovician age, and siliciclastics of 
inferred Late Ordovician to Devonian and possibly early 
Carboniferous age (Munson 2014). Seismic interpretations 
by Central Petroleum suggest a potential thick Devonian 
carbonate-rimmed platform and reef complex in the 
Northern Territory part of the western Warburton Basin 
(Ambrose et al 2012). Metasedimentary rocks of unknown 
age have also been penetrated in several drillholes 
(Munson 2014). The chronostratigraphy of the Warburton 
Basin is still not well understood and will be the focus of 
future studies by the NTGS and SA DEM.
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Permian and Triassic sediments beneath the western 
Eromanga Basin include several siliciclastic and coal-
bearing sequences, which have been the focus of multiple 
petroleum and coal exploration programs. Consequently, 
there is greater certainty in the geological knowledge of 
these successions compared to the underlying western 
Warburton Basin. However, many data and knowledge 
gaps remain regarding the tectonostratigraphic history, 
petroleum systems, groundwater systems, and exploration 
potential for low carbon energy commodities. Until 
recently, the Permo–Triassic strata were incorporated into 
the early Permian Pedirka Basin and the Triassic Simpson 
Basin (Questa 1990, Hibburt and Gravestock 1995, Radke 
2009). This differentiation of Permian and Triassic basins 
is in contrast to the Cooper Basin, and is based largely 
on the presence of a regional late Permian to Early 
Triassic unconformity that removed much of the Permian 
succession prior to deposition of Triassic strata. However, 
data acquired during Central Petroleum’s NT petroleum 
drilling program from 2008– 2013 has shown evidence for 
late Permian strata in several wells, and only a limited time 
break between Permian and Triassic strata in the Blamore-1 
well. Consequently, the stratigraphic framework has been 
revised to show strata extending through most of the early 
and late Permian, and the basin successions have been 
redefined in the NT into a single Permo–Triassic Pedirka 
Basin (Ambrose and Heugh 2012, Ahmad and Munson 
2013, Doig 2022; Figure 2). The AFER project is working 
with the NTGS and SA DEM to improve our understanding 
of the Permian and Triassic geological frameworks through 
sampling of well cores and cuttings to further constrain ages 
and depositional environments of these sedimentary rocks. 

The large Jurassic to Cretaceous intracratonic Eromanga 
Basin extends over an area of more than 1 000 000 km2 
across central and eastern Australia. Geoscience Australia’s 
AFER project area incorporates the western part of the 
Eromanga Basin, which includes the main basin depocentre 
in the Poolowanna Trough where up to 3000 m of fluvial, 
lacustrine and marine sediments are preserved (Passmore 
1989, Gallagher et al 2008). The western Eromanga Basin 
forms part of the Great Artesian Basin and hosts important 
groundwater resources for remote communities in central 
Australia (Wohling et al 2013, Miles et al 2015). Geoscience 
Australia is assessing the status of groundwater in the 
Great Artesian Basin through the Great Artesian Basin 
Groundwater (GABG) project and the EFTF National 
Groundwater Systems project. These studies have provided 
an updated understanding of the chronostratigraphic 
framework of the Eromanga Basin and regional correlations 
of key chronostratigraphic surfaces (Hannaford et al 2022, 
Norton and Rollet 2022) 

Exploration history

The western Eromanga Basin and underlying Paleozoic and 
Triassic basins are considered to be underexplored with 
only 42 petroleum wells and 5 stratigraphic wells drilled 
since exploration began in the 1950s. However, the broader 
central Australia region has a long history of exploration 
for hydrocarbons. Lower Palaeozoic units in the Warburton 

Basin were the initial target for petroleum exploration in the 
northeast of South Australia and yielded the first shows in 
carbonates, which were intersected in the Gidgealpa 1 well 
in 1963. The wells Gidgealpa 3, 16 and 23 all encountered 
small gas shows in pre-Carboniferous sediments.

The exploration history of the western Eromanga region 
dates back to the early 1960s when the emphasis was on 
targeting the early to middle Paleozoic Amadeus Basin 
succession (McDills 1, Hale River 1). In 1963, the discovery 
of Permian gas to the south in the Cooper Basin turned 
attention to successions of similar age in the Pedirka Basin 
(eg Colson 1). The presence of an active petroleum system 
in the Poolowanna Trough was demonstrated in 1977 with 
uneconomic flows of oil and condensate from Triassic 
and Jurassic reservoirs in well Poolowanna 1. Exploration 
activities intensified in the western Eromanga region 
following the Poolowanna discoveries. However, the quick 
succession of commercial oil and gas discoveries in the 
Cooper and central Eromanga basins shifted the exploration 
focus away from the western Eromanga region (Ambrose 
et al 2007, Ambrose et al 2006). Consequently, no wells 
have been drilled in the South Australian part of the western 
Eromanga region since the 1980s. 

Exploration was rejuvenated in the NT area during Central 
Petroleum’s conventional and unconventional exploration 
program between 2008 and 2010. Central Petroleum initially 
focused on conventional hydrocarbons, with the drilling 
of wells Blamore 1 and Simpson 1 in 2008. Although no 
hydrocarbons were recovered, evidence for oil generation 
and migration was found with residual oil zones in Jurassic 
reservoirs at Blamore 1, and Triassic reservoirs at Simpson 1 
(Ambrose et al 2007, Central Petroleum 2008). Blamore 1 also 
intersected thicker than expected interval of early–late Permian 
coal-bearing strata (Purni Formation), which was identified 
as a potential target for unconventional gas (coal seam gas; 
Ambrose and Heugh 2012). Exploration subsequently shifted 
to western areas of Eromanga Basin to explore the potential 
for biogenic coal seam gas, but the coal seam intervals tested 
lacked significant gas content (Central Petroleum 2008). 

Several exploration companies, including Central 
Petroleum, Santos, TriStar and BR Simpson, have recently 
obtained exploration acreage in the western Eromanga 
region. Coal-bearing sequences around the shallower 
basin margins continue to be explored for extractable coal 
resources and underground coal gasification or coal to liquid 
resources (Ahmad and Munson 2013). Several conventional 
hydrocarbon plays have been identified and mapped by 
SA DEM in Permian, Triassic and Jurassic intervals. 
Residual oil zones may also provide new conventional 
plays, particularly within Jurassic and Early Cretaceous 
reservoirs. Unconventional plays may also occur, including 
deep-seated coal seam gas plays and tight oil plays in the 
main Permian and Triassic depocentres. 

Energy resource assessment work flow

The energy resource assessment module for the AFER project 
is evaluating and mapping the presence, effectiveness, and 
interconnectivity of key geological elements that control the 
distribution of conventional and unconventional petroleum 
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Figure 2. Stratigraphic column of the 
Pedirka Basin modified from Munson 
and Ahmad (2013). Timescale is from 
Ogg et al (2016). Palynostratigraphy is 
after Price (1997) as modified by Hall 
et al (2015), Bodorkos et al (2016) and 
Laurie et al (2016).  From Doig (2022). 
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resources. Mapping these play elements will also enable 
the evaluation of potential geological storage intervals for 
CO2 and hydrogen, as well as deep unallocated groundwater 
resources for potential ‘green’ hydrogen fuel production. 

The resource assessment approach is based on 
exploration play-types and has been developed over several 

decades by the petroleum industry (eg Longley and Brown 
2016). The Player™ software created by GIS-Pax provides 
a systematic play-based exploration workflow in an ArcGIS 
platform, and is being used to evaluate the presence and 
effectiveness of the main conventional petroleum systems’ 
play elements of reservoir, seal, trap and charge. This 
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play-based workflow will provide key insights into the 
geological controls on hydrocarbon occurrences and will 
identify the failure mechanisms of each play using a data 
driven approach. The play-based exploration workflows to 
assess conventional hydrocarbons are also being modified 
to assess the geological elements and criteria that are 
essential to evaluate unconventional petroleum resources 
and geological storage potential for CO2 and hydrogen 
within the study area. Time-slice based reservoir and seal 
fairway maps, together with petroleum systems models 
for fluid flow history, will also provide guidance for the 
identification of deep-seated aquifers and their potential 
to provide feedstock for hydrogen production, with 
possible associated geothermal energy production from 
hot sedimentary aquifers. Understanding crustal fluid flow 
and migration pathways of brines through reservoirs and 
locations of palaeo oil columns may also assists with future 
assessments of sediment-hosted mineral resources.

The first step in the energy resource assessment workflow 
has been taken through defining the chronostratigraphy 
for the play intervals in the western Eromanga Basin and 
the underlying Permian and Triassic strata. The western 
Eromanga Basin play scheme has been developed in 
conjunction with Geoscience Australia’s GABG project to 
ensure that the energy resource play intervals are calibrated 
to the recently published chronostratigraphic scheme 
for groundwater resources in the Great Artesian Basin 
(Hanniford et al 2022; Figure 3). Play interval schemes are 
also being developed in collaboration with the NTGS and 
SA DEM and will incorporate new palynological data from 
the AFER project as well as new core analysis results from 
the NTGS. 

Post-drill analysis forms a key component of evaluating 
the resource potential of a region by ensuring that a 
consistent, systematic approach is used to evaluate the 
presence and effectiveness of reservoirs, seals, trapping 
mechanisms, and hydrocarbon charge within each play 
interval. The AFER project has recently commenced a post-
drill analysis of all exploration wells in the assessment area. 

Using well data and interpretations from newly 
reprocessed seismic data and results from a petroleum 
systems study by SA DEM, the next step in the resource 
assessment workflow will be to produce gross depositional 
environment, hydrocarbon charge, depth-structure and 
isopach maps. These maps will be integrated with post-drill 
analysis results to create play maps for each risk element and 
then ‘stacked’ (spatially analysed) in the Player Software to 
create common-risk segment maps, which will highlight 
potential exploration targets for each Permian, Triassic, 
Jurassic and Cretaceous play interval. 

CO2 geological storage resources in residual oil zones (ROZ)

Carbon dioxide enhanced oil recovery (CO2-EOR) is a 
technology that can produce residual or difficult-to-move oil 
while simultaneously geologically storing CO2; it typically 
is used as a tertiary production method in conventional 
oil fields (Figure 4). Generally, the aim of CO2-EOR is 
to recover the maximum amount of oil for the minimum 
amount of injected CO2 due to the availability and high 

cost of CO2. It is possible, however, to find examples where 
the amount of CO2 used for EOR is equal to or larger than 
the CO2 produced through the life-cycle of the resulting 
oil (referred to as CO2-EOR+; Tenthorey et al 2021a). The 
AFER project is investigating the potential application of 
this technology to residual oil zones in Australia with a view 
to maximising CO2 geological storage while growing our 
hydrocarbon portfolio through as yet poorly characterised 
and untapped but potentially producible oil resources. 

While Australia currently does not have an established 
CO2-EOR industry, at least in part (and somewhat 
ironically), due to the difficulty in obtaining sufficient CO2 
for such operations, several carbon capture and storage 
(CCUS) projects due to come online within the next few 
years could potentially provide a continuous supply of 
anthropogenic CO2 for EOR utilisation and, ultimately, 
geological storage. It should be noted that the majority of 
the currently operating or planned CCS projects are seeking 
to store CO2 in depleted fields or near existing oil/gas 
operations, which would provide infrastructure and other 
resources that could be used for EOR. 

Residual oil zones are naturally water-flooded reservoirs 
that contain a moderate saturation of immobile oil (up to 
~30%); this oil can be produced through CO2-EOR – much 
like a conventional oil field that has undergone earlier stages 
of production. ROZ can be found beneath the oil–water 
contact associated with a conventional oil field, or they can 
be found with no associated main pay zone. Production 
of oil from these reservoirs is currently limited to the 
USA where the CO2-EOR industry is well-established 
and where geological conditions, especially in the San 
Andres Formation of the Permian Basin, are particularly 
favourable. Examples include the Seminole oil field, where 
an additional 225 MMbbl of oil is forecast to be produced 
from its ROZ alone; and the Kinder Morgan’s Tall Cotton 
field, which has no main pay zone and was producing some 
3000 barrels of oil per day by the end of 2018 after four 
years of development (Trentham et al 2015, Allison and 
Melzer 2017, Trentham and Melzer 2019, Kinder Morgan 
2018, 2020).

Through this project, and in collaboration with CSIRO, 
we aim to determine whether technically accessible and 
potentially commercially viable oil resources can be found 
in ROZ within Australia’s hydrocarbon basins that could 
be produced through CO2-EOR and, in turn, provide 
additional CO2 storage resources. The ‘search’ component 
of the workflow combines petroleum systems knowledge, 
petrophysical analysis, and other evidence such as shows 
and fluid inclusions. These are needed to locate possible 
ROZ and quantify the potential oil resource, initially in 
brownfields areas where conventional oil production has 
taken place and data is plentiful, then in greenfields areas 
and under-explored basins that are also within the scope. 
The ‘production’ component of the workflow includes 
core-flooding/fluid flow experiments that seek to quantify 
potential oil recovery and CO2 storage potential in typical 
Australian ROZ, and to inform reservoir models and 
potential recovery/storage engineering approaches.

Previous high-level studies of CO2-EOR and ROZ 
potential in Australia (eg Pepicelli 2018, Rendoulis 2018, 
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Tenthorey et al 2021b and Kalinowski et al 2022) found 
considerable promise in several of Australia’s mature 
hydrocarbon provinces, with significant estimated 
remaining oil in place; the studies speculated that ROZ 
could be found in these and in several under-explored 
regions (possibly as greenfields-style fields). The 
Amadeus and Pedirka basins, for example, show evidence 
of oil migration and some residual oil examples, although 
further characterisation is required to determine whether 
substantial residual oil volumes are present (Tenthorey 
et al 2021b, Kalinowski et al 2022). Another example is the 
offshore Bonaparte Basin, which hosts some of the largest 
documented residual oil columns in Australia, some over 
40 m thick (Newell 1999, Brincat 2001, Kalinowski et al 
2022).

The study is currently focused on the mature Cooper-
Eromanga hydrocarbon province where oil production has 
been ongoing since the 1980s, and where some of the rare 
Australian examples of EOR have been conducted, such as 
at the Tirrawarra and Fly Lake oil fields (Brown and Barley 
1986, Frears 1998, Gravestock et al 1998, Pedler 2009, 
Radke 2009, Harley 2021). Conditions there are generally 
favourable for CO2-EOR (eg Rendoulis 2018, Tenthorey et al 
2021b). Screening of a substantial number of oil fields in the 
South Australian portion of the basin has identified several 
fields and formations that will now undergo further detailed 
petrophysical analysis in combination with the study of other 
evidence from shows, fluid inclusions, and core analysis 
(where available) in order to confirm the presence of ROZ and 
define and quantify potential oil and CO2 storage resources.

Western Eromanga seismic reprocessing

Seismic data coverage over the western Eromanga Basin is 
relatively sparse with about 15 000 line km of 2D seismic 
data acquired across an area of 190 000 km2. No 3D seismic 
surveys have been acquired outside the Cooper Basin. The 
coverage and quality of seismic data varies across the region: 
the earliest data is of late 1950s vintage and the most recent 
2D seismic surveys were acquired by Central Petroleum in 
2013. Much of the NT area is covered by relatively vintage 
seismic data compared to the SA area of the basin, with 
regional seismic data mainly consisting of single-fold lines 
acquired during the 1960s and 1970s, infilled by multi-fold 
data acquired in the 1980s. A key uncertainty for conventional 
hydrocarbon exploration has been understanding the 
structural integrity of traps before drilling as most prospects 
were defined on sparse, relatively low quality seismic data; 
moreover, several previously drilled traps appear to have 
been breached during a Cenozoic phase of fault reactivation 
(Ambrose et al 2002, 2007). 

The AFER project is helping to reduce the uncertainty in 
identifying valid traps for exploration by reprocessing about 
3750 line km of legacy seismic data across both SA and NT 
(Figure 1). Modern processing techniques are being used to 
improve the resolution of 1980s’ and 1990s’ vintage seismic 
data. Reprocessing has initially focused on seismic data in 
SA where about 2000 km of 1974 to 1994 vintage data has 
been reprocessed. This first phase of seismic reprocessing 
is now completed and will soon be available through 
Geoscience Australia’s EFTF portal. 

Figure 4. Diagram illustrating the residual oil zone concept, 
showing oil and water saturation variations across reservoirs in 
(a) greenfield (no main pay zone) and (b) brownfield (associated 
with a main pay zone) scenarios (from Sanguinito et al 2020).
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Initial results are highly encouraging with a significant 
uplift in resolution. Previously, the legacy seismic data 
showed poor resolution of structures and only allowed 
confident regional mapping of a few high amplitude seismic 
horizons (Figure 5). The reprocessed seismic data provides 
greater resolution of structures allowing fault planes to be 
confidently interpreted to assess their timing and potential to 
either breach traps or provide valid structural traps. Greater 
stratigraphic resolution is also provided allowing confident 
interpretation and mapping of play intervals in the western 
Eromanga Basin and underlying Permian and Triassic 
basins. Also, the greater resolution of the pre-Permian 
section provided will deliver an improved understanding of 
the western Warburton Basin and underlying basement.

In addition, a further 1750 line km of seismic data is 
being reprocessed, which includes ~650 km of data from 
the NT. This second phase of seismic reprocessing supplies 
additional infill and ties to wells, which will enable 
improved regional mapping of play intervals and post-drill 
assessments of previous prospect failures due to the drilling  
of invalid or breached structural traps. The phase 2 seismic 
reprocessing is scheduled for release early in the 2022/23 
financial year. 

Permian and Triassic palynological infill sampling

A key requirement for undertaking reliable play-based 
resource assessments is to have confident interpretations 

Figure 5. Comparison between (a) legacy and (b) reprocessed seismic data from line 84-WMD over the western flank of the Poolowanna 
Trough. The reprocessed seismic data shows a significant uplift in the structural and stratigraphic resolution of the seismic data. 
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and correlations of regional play intervals in wells. The 
most recent phase of exploration drilling by Central 
Petroleum has highlighted the many gaps in our knowledge 
of the age and regional correlations of stratigraphic units 
within the Permian and Triassic basin successions. An 
improved understanding of Late Permian and Early 
Triassic intervals is particularly important to effectively 
determine the depositional history leading up to the Permo–
Triassic boundary, the hiatus represented by the associated 
unconformity, and the implications for basin definitions. 
The AFER project, in collaboration with NTGS and SA 
DEM, are addressing this geological uncertainty through 
infill sampling and palynological analysis of Permian 
and Triassic stratigraphic units in key wells. MGPalaeo 
have been engaged to undertake palynological analysis of 
samples that contain suitably preserved palynomorphs. 

Eights wells from the SA DEM Adelaide core shed 
were sampled in December 2021, with a total of 60 samples 
collected. These samples are currently being analysed and 
results are planned for release in April 2022. In addition, a 
total of 68 samples were collected from eight wells in the 
NTGS Alice Springs core shed in February 2022. Much of the 
NT sampling has targeted fully cored Permian sections from 
four of the Central Petroleum coal seam gas exploration wells 
(CBM93-002, CBM93-004, CBM107-001, CBM107-002). 
Several samples have been collected immediately above 
and below tuff intervals recently identified and sampled by 
NTGS; these samples will potentially enable some spore-
pollen zones in the Purni Formation to be calibrated against 
isotopic ages derived from these tuffs. Results from the 
NT palynological sampling and analysis are planned to be 
released in June 2022. 

Outlook

Geoscience Australia’s AFER project will continue over 
the next two years under the Commonwealth Government 
EFTF Program and in collaboration with related studies 
by NTGS and SA DEM. The AFER project is providing 
pre-competitive reports and integrated spatial datasets to 
support exploration for low-carbon energy resources in 
the central Australian region. A diverse range of national-
scale studies are being undertaken to identify: ‘yet-to-find’ 
hydrocarbon resources; areas with potential hydrogen 
resources (naturally occurring, green and blue); residual 
oil zones that can be produced while utilising and storing 
CO2; and areas with high potential for underground storage 
of hydrogen and CO2. Products from the AFER project 
will assist government with the formulation of future 
energy strategies, including Australia’s path to a low 
carbon economy. Publications, interpretations and new data 
collected during the project will be made publicly available 
at regular intervals through the EFTF website and the GA 
data portal. 

The project will contribute to the expansion of Australia’s 
energy commodity resource base. The development of 
untapped energy resource accumulations will require an 
expansion of existing infrastructure and/or the creation 
of new networks. Such undertakings will translate to the 
creation of new jobs, many of which will require specialist 

skills, and could be an important driver for increasing 
Australia’s resource wealth. It is anticipated that the 
results of this project will high-grade the energy resources 
prospectivity of the eastern boundary region between the 
Northern Territory and South Australia. Given the area’s 
proximity to the Cooper Basin, the existing infrastructure 
has potential to be expanded westwards for resource 
development and production. 
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Introduction

The Pedirka Basin3 is a Permian to Triassic intra-cratonic 
sedimentary basin located in the southeast corner of the 
Northern Territory and extending into South Australia 
and Queensland (Figure	 1). In the Northern Territory, it 
unconformably overlies either the Warburton Basin or 
Amadeus Basin and is unconformably overlain by the 
Eromanga Basin. It is separated from the time equivalent 
Cooper and Arckaringa Basins to the east and south by the 
Birdsville Track Ridge and Musgrave Province respectively 
(Munson 2014). The Pedirka Basin is made up of a stacked 
succession of fluvioglacial, fluvial, lacustrine, coal swamp, and 
continental red-bed deposits up to 1.5 km thick (Munson 2014).

As a component of the Resourcing the Territory 
initiative, the Northern Territory Geological Survey (NTGS) 

is investigating the geology and resource potential of the 
Pedirka Basin. As part of this work, NTGS has compiled 
and reinterpreted the publically available data on the 
Pedirka Basin. This abstract highlights the ongoing work 
currently being undertaken to update the stratigraphic chart 
of the basin previously published in Munson and Ahmad 
(2013) and Munson (2014). The updated stratigraphy has 
implications for a wide range of subsurface activities, 
including assessment of petroleum, coal, natural hydrogen, 
groundwater, geosequestration, and geothermal resources.

New data compilation and collection

The Pedirka Basin in the Northern Territory has scarce 
outcrop, sparse 2D seismic coverage and minimal drilling, 
being intersected by just 18 exploration wells. Due to this 

Figure	1. Simplified geology of the Pedirka Basin and well locations. Modified from Munson and Ahmad (2013). Cross 
sections of Figure 4 shown in red.

3 Ambrose et al (2012) and Ahmad and Munson (2013) included 
the Triassic strata referred to as the Simpson Basin in SA in the 
Pedirka Basin; this nomenclature is used in this paper.
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limited data coverage, there are many uncertainties related 
to geological knowledge of the basin. In order to make 
the available data more accessible, NTGS has complied a 
Digital Information Package (DIP 034, Doig and Jarrett 
2021) to manage and provide comprehensive petroleum 
geoscience data for the stacked Warburton, Pedirka and 
Eromanga basins. This package includes published open 
file company reports and core sampling reports from newer 
analyses of drill core residing in NTGS and Geoscience 
Australia core repositories. It also records stratigraphic and 
location information where possible for each sample value 
(Table 1), enabling users to generate products tailored for 
their individual needs.

NTGS has also collected HyLoggerTM data for over 
2200 m of core across 5 wells in the Pedirka Basin 
(Figure 1), primarily in the Purni Formation. This has 
created a wealth of new data and has lead the NTGS to 
refine the interpretation and definition of the stratigraphy of 
the Pedirka Basin. Highlights of this new interpretation are 
described below.

New insights into Pedirka Basin stratigraphy

Crown Point Formation

The Crown Point Formation (Figure 2; Wells et al 1966) 
is the oldest formation of the Pedirka Basin. It outcrops 
on the western flank of the basin where it sits directly 
on basement rocks of the Musgrave Province. It has 
been intersected in drillholes in the Eringa and Madigan 
troughs and the Colson Shelf but is absent to the east in 
the Poolowanna Trough (Hibburt and Gravestock 1995, 
Munson and Ahmad 2013; Figure 1). In the subsurface, it 
unconformably overlies the Amadeus/Warburton basins 
or, where these are absent, the Musgrave Province. 
Palynological data from Northern Territory and South 
Australia indicate that this formation was deposited 
over the time represented by the APP1 palynological 
zone (latest Carboniferous to Permian Asselian time; 
Figure 2; Doig and Jarret 2021). The formation is 
therefore time equivalent to the Merrimelia Formation 
and Tirrawarra Sandstone of the Cooper Basin and the 
Boorthanna Formation of the Arckaringa Basin (Hall 
et al 2015, Hibburt 1995). It is made up of a variety of 
lithologies including conglomerate, cross-bedded pebbly 
and coarse sandstone, ripple-laminated fine sandstone 
and siltstone, and claystone-dominated intervals with 
varvite bands (Crowell and Franks 1971, Giuliano 
1988). These sediments were deposited in glaciofluvial, 
glaciolacustrine and periglacial conditions (Munson and 
Ahmad 2013).

Drillhole CBM107 2 intersected 63 m of Crown Point 
Formation; this has been hylogged and lithologically 
logged in order to gain further insight into the nature 
of the Formation. A general coarsening-upwards 
succession was observed, with fine-grained varvite 
beds grading to sand-dominated glacial diamictites and 
finally, well-sorted and -rounded clean quartzose fluvial 
sandstone. This succession represents a large-scale 
depositional environment cycle from glacial-dominated 
to retreating glaciers and finally to a fluvial environment 
with distal glaciers. However, at a more detailed scale, 
the facies types can be seen to interfinger, indicating 
that significant lateral facies variation was present across 
the basin during deposition of the formation. This is 
directly analogous to the environment interpreted for the 
Merrimelia Formation and Tirrawarra Sandstone to the 
south in the Cooper Basin. In that basin, initially glaciers 
were dominant such that only glacial depositional 
environments existed. As glacial influence waned, 
glacial depositional environments began to fluctuate 
with both glacial and fluvial sediments (‘Tirrawarra type’ 
facies) being deposited at the same time across the basin, 
resulting in interfingering of facies types. The glaciers 
retreated further until only ‘Tirrawarra-type’ facies were 
deposited (Alexander et al 1998)4.

The quartz-dominated fluvial sandstone facies has 
been termed the ‘Tirrawarra Sandstone equivalent’ by 
Ambrose et al (2002), Ambrose (2006), and Ambrose and 
Heugh (2012). These authors designated this sandstone 
as a separate correlateable unit above the Crown Point 
Formation. However, detailed inspection of drill core 
in well CBM 107 2 shows that this sandstone facies 
interfingers with glacial diamictites (Figure 3). This 
sandstone is not considered a separate formation but rather 
a facies type within the Crown Point Formation; therefore, 
the use of the term ‘Tirrawarra Sandstone equivalent’ 
should be abandoned.

Crown Point Formation–Purni Formation contact

The lateral variations in facies types within the Crown 
Point Formation results in the varying nature of the contact 
between the Crown Point Formation and the overlying 
Purni Formation depending on location. Identifying the 
contact is also made difficult due to the presence in some 
locations of a basal, low stand, clean sandstone in the 
lowermost Purni Formation that gradually fines up into 
carbonaceous mudstones and a series of several fining-
upwards sequences. This basal sandstone of the Purni 
Formation is very similar to the clean, fluvial sandstone 
facies of the Crown Point Formation, and is differentiated 
only by the presence of occasional carbonaceous material. 
It is clearly identifiable in drillholes Dalmatia-1 and Mt 
Hammersley-1 in South Australia and has also been 
identified in drillholes Colson-1, Simpson-1 and CBM93 2 
in the Northern Territory. In drillhole CBM93 2, a pebble 
conglomerate bed at 997.1 m is interpreted to be the base of 

Table 1. Data types compiled in DIP 034 (Doig and Jarrett 2021).

Well Data
Location, formation tops, shows, casing depth, cores, 
deviation, bottom hole temperature, drill stem tests, 
wireline logs

Petroleum 
Data

Total organic carbon, pyrolysis, organic petrology, 
vitrinite reflectance, porosity, permeability, density, 
extracted organic matter, hydrocarbon geochemistry, 
gas geochemistry, sorption isotherms, gas desorption, 
bulk isotopes, water chemistry, biostratigraphy, zircon 
geochronology

4 See Alexander et al (1998) Fig 6.12 and 6.13 for excellent 
diagrams illustrating the changing depositional environments 
of the Merrimelia Formation and Tirrawarra Sandstone.
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Figure 2. Stratigraphic column of the 
Pedirka Basin modified from Munson 
and Ahmad (2013). Timescale is from 
Ogg et al (2016). Palynostratigraphy is 
after Price (1997) as modified by Hall 
et al (2015), Bodorkos et al (2016) and 
Laurie et al (2016)
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the Purni Formation; above this, there is a fining-upwards 
transition to lacustrine mudstones. In contrast, the basal 
clean sandstone is absent in drillhole CBM107 1 and the 
contact is a sharp change from glacial diamictite of the 
Crown Point Formation to lithic sandstone of the Purni 
Formation. 

Although the basal lithology of the Purni Formation is 
variable, the overlying lacustrine mudstones, which form a 
series of fining-upwards sequences, have been intersected 
in many wells in the Eringa Trough; they are particularly 
thick in drillhole CBM107 1 (~1180–1235 m). This may 
represent a semi-regional maximum flooding surface 
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and could be a useful correlation tool within the Purni 
Formation.

The basal clean sandstone and fining-upwards sequence 
found in drillholes Simpson-1 from (1969–2000 mMD) 
and Colson-1 (2250–2263 mMD) was interpreted by 
Central Petroleum (2009b) to be the ‘Tirrawarra Sandstone 
equivalent’ of Ambrose et al (2002). However, based on the 
interpretation described above, this unit better fits into the 
Purni Formation. Although the base of the Purni Formation 
in some locations is a lithologically distinct unit, referring 
to it as the ‘Tirrawarra Sandstone equivalent’ is misleading 
as it is most likely not time-equivalent with the Tirrawarra 
Sandstone of the Cooper Basin.

Purni Formation 

The Purni Formation is a sandstone-dominated unit with 
coal seams up to 30 m thick (Ambrose and Heugh 2012) and 
lesser amounts of siltstone, shale and carbonaceous shale. 
It is interpreted to have been deposited in a low-energy, 
meandering fluvial/paludal environment (Munson and 
Ahmad 2013). 

The Purni Formation has been informally divided into 
subunits by several authors (Youngs 1975, Ambrose and 
Heugh 2012); these divisions have now been reviewed and 
updated into four units (units A–D; Figure 2) by NTGS 
in collaboration with Geoscience Australia and the South 
Australian Department of Energy and Mining (Bradshaw 
et al in press). Subdivision of the formation is based primarily 
on palynological evidence as there is limited lithological 
variation between units. These new units should not be 
confused with the subdivisions of Youngs (1975), which are 
only in the APP2 palynological zone and do not include the 
younger strata found in the northwest of the basin.

Unit A is the basal unit of the Purni Formation and 
falls in the APP2.1 palynological zone. As described 
above, the base of this unit in some locations is locally 
a clean, low stand sandstone that fines upwards into a 
lacustrine mudstone, which represents a semi-regional 
maximum flooding surface. Above this mudstone, the unit 
is sandstone-dominated with thin coal seams that increase 

in thickness towards the top of the unit. Maximum coal 
seam thickness recorded in this unit is over 30 m in 
drillhole CBM93 1. This unit is time equivalent with 
the lower part of the Patchawarra Formation and the 
Stuart Range Formation in the Cooper and Arckaringa 
Basins respectively (Hibburt 1995, Alexander et al 1998, 
Gravestock 1998, Hall et al 2015).

Unit B overlies Unit A and was deposited over the 
APP2.2 to APP3 palynological zones. APP2.2 age strata 
have only been recorded in two wells (CBM93 2 and 
CBM107 1; Figure 4a). In most locations, APP3 age strata 
of unit B overlies the APP2.1 strata of unit A, indicating 
the unit A–B contact is an unconformity in many parts 
of the basin. Unit B is also a sandstone-dominated unit 
with very thick (30 m) coal seams in the oldest APP2.2 
age strata. Above this, in the APP3 age strata, coal seams 
are generally 5–15 m thick. This unit is time-equivalent 
with the upper part of the Patchawarra Formation, the 
Murteree Shale and the Epsilon Formation of the Cooper 
Basin (Hall et al 2015), and the Mt Tooindina Formation of 
the Arckaringa Basin (Hibburt 1998).

Units B, C and D are lithologically very similar and 
have been defined based on palynology. Unit C falls within 
the APP4 palynology zone and is time equivalent with the 
Roseneath Shale and Daralingie Formation of the Cooper 
Basin (Hall et al 2015). The absence of APP 4.3 palynology 
zone in all the wells and the thickness variations between 
wells suggest that the top of this unit is an unconformity, 
probably equivalent to the Daralingie unconformity of the 
Cooper Basin (Hall et al 2015).

Palynological data demonstrates that unit D is in the 
APP5 palynological zone and is therefore time-equivalent 
with the Toolachee Formation of the Cooper Basin 
(Gravestock 1998, Hall et al 2015). 

Walkandi Formation

The Triassic section of the Pedirka Basin in the Northern 
Territory (called the Simpson Basin in South Australia; 
Hibburt and Gravestock 1995) is generally poorly understood 
due to limited intersections in existing wells and a lack of 

0 200 800 1000400 600
Distance along section (mm)

NVCL NTGS Node - 8713211_CBM107_2 Tray 0058, 550 to 553.7 m

Diamictite

Clean fluvial sandstone

A22-104.ai

Figure 3. Core photo of CBM107 2 from 550–553.7 m showing interfingering of clean fluvial sandstone and glacial diamictite facies 
types of the Crown Point Formation.
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Figure 4a. Cross sections flattened on the top Purni Formation showing the internal units of the formation. Location of sections shown 
in Figure 1. Gamma and sonic log shown in red and blue respectively. Palynology samples shown right of each well in grey.

chronostratigraphic data. It is divided into two formations: 
the Walkandi Formation and the unconformably overlying 
Peera Peera Formation.

The lowermost formation of the Triassic section is the 
Walkandi Formation, a continental red-bed succession 
consisting of interbedded shale, siltstone and fine-grained 
sandstone (Questa 1990, Ambrose and Heugh 2010). It 
unconformably overlies the Purni Formation, or where that 

is absent, the early Palaeozoic succession of the Warburton 
Basin (Munson and Ahmad 2013).

Ambrose and Heugh (2012) and Central Petroleum 
(2009a, 2010) interpreted the Triassic red-beds of the 
Walkandi Formation to be present in drillhole CBM107 1 
and Blamore-1. NTGS hylogged and lithologically logged 
this section of interest in CBM107 1 and found the interval 
707.9–738.8 m to be distinct from the Purni Formation 
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Figure 4b. Cross sections flattened on the top Purni Formation showing the internal units of the formation. Location of sections shown 
in Figure 1. Gamma and sonic log shown in red and blue respectively. Palynology samples shown right of each well in grey.

based on the red-brown staining, lack of carbonaceous 
material and a less pervasive kaolinitic matrix (Figure 5). 
The Walkandi Formation is described as ‘oxidised, pale 
grey, grey-green, brick-red, brown and maroon shale and 
siltstone interbedded with minor pale grey-green, very fine- 

to fine-grained sandstone’ (Moore 1986); the red staining 
is very common in the Early Triassic time-equivalent 
Arrabury Formation (Cooper Basin) and Rewan Formation 
(Bowen Basin; Alexander et al 1998, Green 1997). On 
this basis, NTGS concurs with the interpretation that this 
section in CBM 107 1 is Walkandi Formation. However, 
there is currently no chronostratigraphic data to support 
this interpretation.

Review of the HyLogger data for drillhole CBM93 3 
noted a 4 m (582–586 m) unit between the Purni Formation 
and the overlying Algebuckina Sandstone (Eromanga Basin) 
that exhibits similar red staining in siltstones and sandstones 
to that observed in the Walkandi Formation in CBM107 1. If 
this thin unit is also Walkandi Formation, the spatial extent of 
the Walkandi Formation as presented by Munson and Ahmad 
(2013) should be slightly expanded as shown in Figure 1.

Discussion

The presence of Late Permian sedimentation in the Pedirka 
Basin is significant as it shows that deposition occurred 
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Figure 5. Core photo of CBM107 1 from 707.8 to 711.5 m showing red-brown staining typical of early Triassic strata.

throughout the Permian. It also indicates that the time break 
between the Purni Formation and the Walkandi Formation 
is comparable with hiatus between the Permian and Triassic 
strata in the Cooper Basin to the south (Hall et al 2015). 

The presence of Late Permian coals also has significant 
implications for the development and evolution of the 
Pedirka Basin. It indicates there was a long history of coal 
deposition, particularly on the western side of the basin. 
Furthermore, this finding implies that the main depocentre 
in the Pedirka Basin was the Eringa Trough during the 
Permian. Subsequently, during the Triassic, the focus of 
deposition shifted southeast to the Poolowanna Trough 
(Figure 1). This is analogous to the depositional history of 
the Cooper Basin where coal deposition was focused in the 
northwestern Patchawarra Trough during the Permian, with 
subsequent basin tilting to the southeast, leading to greater 
deposition in the Nappamerri Trough during the Triassic 
(Hibburt and Gravestock 1995, Gravestock and Jensen-
Schmidt 1998).

The large time span covered by the Purni Formation and 
the evidence of internal hiatuses probably means that the 
Purni Formation is made up of several formations; however, 
due to limited lithological variation and lack of sufficient 
chronostratigraphic data, a more definitive subdivision is 
not currently possible.

These findings support the spatial distribution of Triassic 
rocks extending beyond the Poolowanna Trough and into 
the Madigan and Eringa Troughs as presented by Munson 
and Ahmad (2013). It is clear from thickness changes across 
the basin that the focus of deposition shifted south eastward 
from Eringa Trough to the Poolowanna Trough during the 
Triassic. 

Future work

Understanding the stratigraphy of the basin is limited by 
the amount of lithological and chronostratigraphic data 
available. In order to address this knowledge gap, the 
NTGS, in collaboration with Geoscience Australia and 
the South Australian Department of Energy and Mining, 
have collected samples from various formations across the 
basin in the Northern Territory and South Australia for 
palynological analysis. Dating of these samples is hoped to 

contribute to a fuller interpretation of the stratigraphy and 
depositional history of the basin. 

Conclusions

As a result of the work carried out by the NTGS, the 
stratigraphy of the Pedirka Basin has been updated as shown 
in Figure 2. The use of the term ‘Tirrawarra Sandstone 
equivalent’ has been abandoned based on observations 
of interfingering facies types within the Crown Point 
Formation. The internal subdivision of the Purni Formation 
of Ambrose and Heugh (2012) has been refined and updated. 
HyLogging and inspection of the core in drillhole CBM107 1 
has noted the presence of the Walkandi Formation and  thus 
supports the depositional extent of this Triassic formation 
presented by Munson and Ahmad (2013).
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Figure 1. The Northern Territory SEEBASE® image with basins 
labelled. 

Intoduction

The East Tennant region, located between Tennant Creek 
and the Northern Territory–Queensland border and centred 
on the Barkly Roadhouse (Figure 1), is an emerging 
new frontier both for the geological understanding of the 
North Australian Craton and for mineral exploration. 
Geophysical datasets acquired as part of Geoscience 
Australia’s Exploring for the Future program identified 
the potential of the East Tennant region as a new mineral 
exploration fairway (Hackney et al 2020; Schofield et al 
2020) with prospective Paleoproterozoic rocks completely 
concealed beneath relatively thin cover (typically less than 

200 m; Bonnardot et al 2020; Czarnota et al 2020). Prior 
to the East Tennant Project’s program of precompetitive 
geoscience work, which commenced in 2016, only a few 
mineral exploration boreholes had been drilled to intersect 
Paleoproterozoic basement and, as a result, the basement 
geology of the region has remained poorly understood.

Although geophysical data provide tantalising insights 
into the potential of the East Tennant region to host mineral 
resources, the task of enabling and facilitating future 
mineral exploration requires new data to resolve the regional 
stratigraphy and geological event history. In order to test 
geophysical interpretations and obtain samples to undertake 
detailed analysis, a ten-hole stratigraphic drilling program 
was undertaken in the East Tennant region in late 2020 as 
part of the MinEx CRC’s National Drilling Initiative (NDI; 
Schofield et al 2021; Figure 1).

This stratigraphic drilling intersected variably 
deformed and metamorphosed sedimentary and igneous 
rocks with lithological characteristics similar to those in 
the Tennant Creek area (Clark et al 2021a) and confirmed 
that, overall, these basement rocks occur at relatively 

Shining new light on the (previously) dark depths of the East Tennant region
Anthony Schofield 1,2, Andrew Clark 1, Natalie Kositcin 1, Andrew Cross 1, Michael Doublier 1, Roger Skirrow 3, Geoff 
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Figure 1. Location of stratigraphic boreholes completed as part of the East Tennant NDI campaign and selected basement-
intersecting legacy boreholes. Background image shows isostatic residual gravity (Lane et al 2019) shaded by the first vertical 
derivative of reduced to pole total magnetic intensity (Minty and Poudjom Djomani 2019). Faults are from Clark et al (2021b).
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shallow cover depths. In places, the Paleoproterozoic 
basement rocks have been altered and mineralised (Clark 
et al 2021a). Analyses of drill core samples from the East 
Tennant NDI campaign included whole rock geochemistry, 
geochronology, and petrophysical characterisation. The 
results have revolutionised our understanding of the East 
Tennant region by establishing its geological framework 
and mineral potential, as well as its tectonostratigraphic 
context within the North Australian Craton.

New data

Prior to stratigraphic drilling in the East Tennant region, 
new geophysical (broadband and audio magnetotellurics, 
gravity; Wynne 2019, Jiang et al 2020, Jiang et al 2022) and 
geochronology constraints from legacy samples (Cross et al 
2020, Clark et al in prep) were acquired. These data were 
instrumental in developing drill targets for the East Tennant 
NDI campaign.

A range of non-destructive geophysical, mineralogical, 
geological and geochemical data were acquired during or 
immediately following completion of drilling, including 
geological logs, wireline geophysical data, portable XRF 
and Minalyze geochemistry, and HyLoggerTM scans 
(see Schofield et al 2021 for details). This was followed 
by comprehensive drill core sampling and destructive 
analyses. Key to constraining the regional stratigraphy and 
geological event history beneath cover were 21 U–Pb zircon 
ages acquired using the SHRIMP at Geoscience Australia. 
Geochronology results can be accessed via Geoscience 
Australia’s Geochron Delivery system6. The summary 
data are also available from the Geochronology and 
Isotopes Data persona7 of the Data Discovery Portal. The 
new age constraints were complemented by additional 
geochronology from MinEx CRC researchers, including 
Ar–Ar, Rb–Sr, and LA–ICP–MS U–Pb zircon analyses.

Tectonostratigraphic evolution of the East Tennant area

The new data have been synthesised and a new stratigraphic 
and geological event framework developed as summarised 
in Figure 2 and briefly described below.

Pre-1890 Ma metasedimentary rocks

Borehole NDIBK04 was drilled into the hanging wall 
of the southeast-dipping Lamb Fault (Figure 1) and 
intersected the oldest rocks known from the East Tennant 
region. Sparse zircon from deformed, predominantly 
pelitic metasedimentary rocks yielded a unimodal date of 
ca 1969 Ma. These are overlain by a lithologically diverse 
package of metacarbonate and fine-grained siliciclastic 
metasedimentary rocks that yielded more abundant zircon, 
which gave an unimodal date of ca 1894 Ma. Although both 
are strictly maximum ages for deposition of the supracrustal 
precursors, the uniformity of the age distributions and the 

euhedral morphologies of the zircon crystals and fragments 
implies first-cycle erosion and short sedimentary transport 
distances; this suggests these ages are approximate true 
stratigraphic ages.

This age of stratigraphy has not been recorded in the 
Tennant Creek area or the Murphy Province and is unique 
to borehole NDIBK04; therefore, the regional extent of 
pre-1890 Ma supracrustal rocks is unknown. They may 
be spatially restricted, or they may represent an older 
sedimentary succession that underlies the Alroy Formation 
(see below) and Warramunga Formation in the East Tennant 
region and the Tennant Creek area respectively.

1870–1860 Ma Alroy Formation

The Alroy Formation (Clark et al 2021a) consists of deformed, 
predominantly pelitic, supracrustal metasedimentary rocks 
with maximum depositional ages between ca 1873 Ma and 
ca 1864 Ma. The Alroy Formation was deformed during D1 
and is intruded by 1855–1845 Ma granites, which provide a 
minimum age of ca 1855 Ma for the Alroy Formation. These 
ages strongly resemble those of the Warramunga Formation 
in the Tennant Creek area (Cross et al 2020), and as such, 
we regard the Alroy Formation as a temporal correlative. 
Based on geophysical data and borehole constraints, we 
interpret the Alroy Formation as the dominant stratigraphic 
unit occurring at the cover–basement interface in the East 
Tennant region.

1860–1855 Ma D1/M1

The Alroy Formation preserves evidence of early low-
grade metamorphism (M1), cleavage development, 
and tight upright folding (D1) associated with crustal 
shortening. Evidence of this event has been heavily 
overprinted by D2/M2 and can be difficult to recognise. 
However, in some samples (eg in borehole NDIBK06, 
where the D2/ M2 overprint is less pervasive), D1/M1 
assemblages are preserved as aligned inclusions of fine-
grained, opaque oxide minerals, muscovite, and chlorite 
within M2 porphyroblasts such as andalusite. The timing 
of D1/M1 is not directly constrained in the East Tennant 
region. As the adjacent Tennant Creek area experienced a 
similar style of tectono-metamorphism at 1860–1855 Ma 
(Donnellan 2013, Clark et al in prep), we infer a similar 
age for D1/M1 in the East Tennant region.

1855–1845 Ma felsic and mafic plutonism

Revised geophysical interpretation of the basement 
geology of the East Tennant region (Clark et al 2021a) 
revealed far greater volumes of granitic rocks than previous 
interpretations. Drilling intersected several of these plutons, 
which typically consist of biotite ± hornblende granite and 
granodiorite with variably developed tectonic fabrics. 
Magmatic ages range from ca 1854 Ma to ca 1847 Ma, 
defining a widespread, relatively short-lived, voluminous 
magmatic event contemporaneous with geochemically 
similar felsic igneous activity in the Tennant Creek 
Supersuite (Tennant Creek area) and Nicholson Granite 

6 http://www.ga.gov.au/geochron-sapub-web/geochronology/
shrimp/search.htm

7 https://portal.ga.gov.au/persona/geochronology
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Complex (Murphy Province). In addition, Cross et al (2020) 
dated a mafic intrusive rock intersected in legacy borehole 
DDH004 at 1849 ± 3 Ma. Although mafic igneous rocks 
are much less common than felsic rocks, this intersection 
demonstrates the presence of coeval mafic and felsic 
magmatism in the East Tennant region.

1845 Ma D2/M2

The second major tectonic event to affect East Tennant 
(D2/ M2) is characterised by amphibolite-facies 
metamorphism in many of the NDI boreholes. The 
timing of this event is constrained by in-situ U–Pb 
monazite geochronology to ca 1845 Ma (ie syn- to post-

Figure 2. Time-space diagram for East 
Tennant and the Tennant Region.

magmatism; Clark et al in prep), with the regional increase 
in the geothermal gradient probably driven by voluminous 
1855–1845 Ma plutonism. However, M2 metamorphic 
assemblages are also spatially associated with high-
strain zones, indicating that M2 was also accompanied by 
significant deformation (D2).

The Gulunguru Fault (Figure 1) appears to represent 
a major metamorphic discontinuity: on its north side, pre-
1845 Ma rocks are characterised by lower metamorphic 
grades despite being buried far deeper than the higher-grade 
assemblages on the south side of the fault. This discontinuity 
coincides with differences in the post-1845 Ma sedimentary 
record (Figure 2, and see below), as well as a change in 
the electrical conductivity character of the crust (Figure 3), 
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Implications for mineral systems

Stratigraphic drilling has yielded a wealth of new data, the 
interpretation of which, in conjunction with geophysical data, 
has important implications for mineral systems prospectivity 
in the East Tennant region as a number of key elements 
required for the formation of large mineral deposits have 
been identified. We now recognise that felsic magmatism 
in the East Tennant region is far more voluminous than 
previously interpreted, and that plutonism drove elevation of 
the regional thermal regime at 1855–1845 Ma. In addition, 
Jiang et al (2022; see also Figure 3) identified previously 
unrecognised major structures that show evidence for 
crustal-scale fluid flow in the East Tennant area, providing 
a conduit for transport of metals, fluids and ligands from 
depth. Finally, ore depositional gradients (eg chemically 
reactive rocks and redox boundaries: Schofield et al 2020; 
Clark et al 2021a) are present in the near-surface, providing 
potential locations for metal precipitation.

Moreover, the stratigraphic drilling has demonstrated 
direct evidence for mineral systems in the East Tennant 
region as shown by mineralisation intersected in borehole 
NDIBK04. Syn-deformational quartz-sulfide veins are 
common, with sulfides dominated by pyrrhotite at depth 
and pyrite at shallower levels, and with minor sphalerite 
and chalcopyrite. Discrete zones have gold–arsenic–
copper–zinc–silver–bismuth mineralisation hosted by 

suggesting that the Gulunguru Fault could represent a major 
crustal boundary.

Post-1845 Ma evolution

The geological history following ca 1845 Ma deformation 
and metamorphism is dominated by basinal sedimentation 
punctuated by short-lived and low-volume igneous 
activity. North of the Gulunguru Fault (Figure 2) in 
the Brunette Downs Rift Corridor, Southby et al (2021) 
interpreted from seismic data a series of sedimentary 
sequences correlated with those in the Isa Superbasin and 
McArthur Basin. Most of these packages are absent south of 
the Gulunguru Fault. However, in borehole NDIBK10, shale 
from a siltstone- and shale-dominated sedimentary package 
yielded an Rb–Sr date of 1547 ± 13 Ma, which is interpreted 
to constrain the timing of diagenetic processes shortly 
following deposition (Rasch 2021). This package has been 
correlated with the Favenc package of the McArthur Basin. 
South of the Gulunguru Fault, these younger sedimentary 
successions are restricted to localised depocentres and are not 
interpreted to be widespread across the East Tennant region.

Deformation associated with the ca 1710 Ma Davenport 
Event is not easily recognised in the East Tennant region. 
However, given the widespread deformation associated 
with this event to the west and south, it is likely that East 
Tennant is affected to some (?limited) degree.

Figure 3. Segment of deep seismic 
reflection line 19GA-B1 showing 
(a) geological interpretation of 
major structures and important 
geological interfaces, and (b) 3D 
resistivity model (where warmer 
colours are more conductive and 
cooler colours are more resistive) 
with the seismic image and 
geological interpretation overlain. 
Figure modified from Jiang et al 
(2022).

b

a 20 km
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variably graphitic metasedimentary schists with maximum 
depositional ages of >1890 Ma. The gold mineralisation 
shares some geological and geochemical features with iron-
sulfide copper–gold (ISCG) or base metal-rich orogenic gold 
deposits (Skirrow et al in prep). We interpret mineralisation 
to be synchronous with D2 deformation based on detailed 
petrographic observations. Broader comparisons suggest 
that this mineralisation could be similar in timing to 
gold–copper–bismuth mineralisation in the Tennant Creek 
goldfield and gold mineralisation elsewhere in the North 
Australian Craton (Skirrow et al in prep). 
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Introduction

The Barkly Tablelands area east of Tennant Creek, Northern 
Territory has been the subject of substantial exploration 
focus over the past few years. This is mainly due to the 
collaborative efforts of pre-competitive studies undertaken 
by Geoscience Australia (GA), Northern Territory 
Geological Survey (NTGS) and the Mineral Exploration 
Collaboration Program (MinEx CRC) National Drilling 
Initiative (NDI) – which have encouraged interest from a 
number of exploration companies in the region. 

The deposits of the Tennant Creek district occur 
as polymetallic (gold–copper–bismuth referred to as 
Au– Cu– Bi), selective partial-replacements of small 
metasomatic ironstones (magnetite–hematite), which form 
within the clastic metasedimentary rocks of the Warramunga 
Formation (Partington and Williams 1999). Ironstones 
typically occur as flattened elongate bodies that range in 
size from a few tonnes to over 15 Mt; all are considered to 
be hosted by the Warramunga Formation (Donnellan and 
Johnstone 2004, Donnellan 2013).

The Tennant Creek Au–Cu–Bi deposits have been broadly 
classified as a type of iron oxide–copper–gold (IOCG) 
style deposit (Skirrow et al 2019). There are several key 
geological commonalities identified within the deposits of 
Tennant Creek, most notably the generally close association 
with the ironstones within the region (Rattenbury 1992). 
However, it is noted that not all ironstones are mineralised. 
Alteration patterns are typically similar across the deposits 
and associated with pipe-like chlorite-rich alteration zones 
above and below the deposits; alteration is commonly 
accompanied by carbonate and talc, with local muscovite 
and variable quartz (Huston et al 2020).

Knox Resources Pty Ltd (Knox; a wholly owned 
subsidiary of Greenvale Mining Ltd) is an early explorer 
within this region and its exploration is focused on 
Tennant Creek-style ironstone associated Au–Cu–Bi 
mineralisation, part of the IOCG group of deposits. 

Knox Resources’ tenements 

Knox was a successful applicant under an open tender for 
nine Exploration Licences (ELs) over four distinct locations 
covering some 4475 km2 between the IOCG provinces of 
Tennant Creek and Mount Isa (Figure 1). Knox’s tenements 
are located near the Barkly Roadhouse and lie within the 
Warramunga Province.

On 23 September 2020, Knox was granted ELs over seven 
of the lease areas, with the remaining two being subject to 
negotiation with the indigenous freehold landowners. Knox 

has since submitted a further four EL applications in the 
East Tennant region, all of which remain in the application 
process. 

Geophysics and drilling collaboration program 

The Knox tenement package is covered by NTGS airborne 
magnetic 200–400 m line-spaced survey data from the 
Tennant Creek, Georgina, Barkly and Bonney Well surveys. 
NTGS gravity survey coverage is mostly 4 km × 4 km 
spaced stations in the Tennant Creek, Barkly and South 
Nicholson surveys, plus some 2 km × 2 km spaced stations 
as a result of the 2019 infill East Tennant survey. 

In 2021, Knox undertook geophysical infill programs 
across several of its tenements, comprising 27 879 line km 
of 100 m line-spaced airborne magnetics and 2274 infill 
gravity station measurements. As part of this program, 
Knox applied to the NT Government under the Geophysics 
and Drilling Collaborations program for funding of part 
of these surveys. The applications included 911 gravity 
stations at a station spacing of 1 km × 1 km within EL32282 
and EL32296, and a 12 618-line km magnetic survey over 
EL32284 and EL32283. Both NTGS applications were 
submitted in early May 2021 and were successfully granted 
in June 2021. The surveys were acquired in July–August 
2021 with the subsequent data processed and gridded by 
Resource Potentials Pty Ltd (Resource Potentials).

These co-funded geophysical infill programs have 
proved instrumental in the interpretation of the prospective 
Tennant Creek sequences’ structures and exploration targets 
beneath the extensive Georgina Basin cover within the 
licence areas; and have provided further geological insights 
into the new frontier of East Tennant region.  

Stripping the cover

Knox commissioned SRK Consulting (Australasia) Pty Ltd 
to undertake an exploration review and targeting program 
with the focus on the potential for Au–Cu–Bi IOCG-style 
mineralisation within Knox’s ELs in the East Tennant 
region.

The thickness of the early Palaeozoic Georgina Basin 
and overlying Cenozoic cover is recognised as a significant 
exploration risk for this style of IOCG deposit in the 
underlying Paleoproterozoic sequences in the East Tennant 
region. To help reduce some of this risk, the review and 
targeting work included developing a ‘solid geology’ model 
to effectively remove the overlying cover sequences from 
the underlying Paleoproterozoic basement (Figure 2). To 
do so, solid geology interpretations were integrated with 
available high-resolution and regional seismic data lines, 
published 1:100 000 geological mapping, published solid 
geology interpretations of Tennant Creek and Frew River, 
and open-source drilling data, along with other published 
literature.
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Figure 1. Knox Resources’ tenement locations on SEEBASE® imagery.

The interpretation process commenced with the selection 
of Paleoproterozoic outcrop data and structure from the 
1:100 000 geology maps. This initial solid geology dataset, 
together with limited drillhole data, formed important 
calibration data during the interpretation of the magnetic 
and gravity patterns and trends within and under the cover 
sequence. The magnetic reduced to pole and 1st vertical 
derivative images proved the most useful for this task. 

The interpretation of the solid geology and structure 
was undertaken at a scale ranging between 1:25 000 and 
1:50 000. The location accuracy of the interpretation is 
estimated to be about ±100 m, reflecting both the 400 m line 
spacing of some of the magnetic data used and the depth of 
sedimentary cover.

The structures interpreted included faults, bedding 
trends, dykes, and fold axes. The faults were subdivided 
into either major or minor, where major structures could be 
distinguished by displacements of several kilometres and 
expressions in the regional gravity data.

Magnetic data were used to interpret areas of 
either magnetite destruction or enhancement. Areas of 
magnetite destruction were found to be typically located 
around fault zones within magnetic host rocks and were 
interpreted to be associated with hematite alteration. 
Areas of magnetic enhancement were interpreted to be 
caused by the addition of magnetite, potentially linked to 
hydrothermal fluids.

The concentration of magnetite, hematite (in addition 
to sulfide minerals) with Tennant Creek-style IOCG 

mineralisation may be expressed in gravity data by a 
weak high. Several gravity highs over areas of interpreted 
Warramunga Formation were interpreted across the region.  

Depth to basement estimates

To better understand the extent of cover thickness across 
Knox’s East Tennant project area, an interpretation of 
depth to Paleoproterozoic basement was undertaken using 
the available geological, drilling and the high-resolution 
geophysical data. This interpretation involved the following 
steps:

• calculation of depth to magnetic sources by Euler 
deconvolution undertaken by Resource Potentials. All 
sources modelled by this method used surficial, intra-
basinal (eg Cambrian volcanics), top basement and deep 
crustal sources

• separation of top basement sources using magnetic, 
gravity data and geological interpretation

• interpolation of depth contours using selected modelled 
source depths, gravity and magnetic imagery calibrated 
with drillhole and outcrop data

• gridding of interpolated contours (Figure 3).

IOCG mineral systems review

To assess the prospectivity of the Knox’s East Tennant Project 
area, a mineral system review of the region was undertaken 
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Figure 3. Interpreted depth to basement within EL 32282, EL 32296 and EL 32295.

Figure 2. Interpreted solid geology within EL 32282, EL 32296 and EL 32295.

for the Tennant Creek- or Au–Cu–Bi IOCG-style systems. 
This work encompassed a review of the available literature 
and data to identify the underlying components (fluid source, 
fluid driver, fluid pathway and fluid trap) of the IOCG system 

and define these as discrete mappable elements. Due to the 
extensive cover in Knox’s project area, geophysical data such 
as magnetics and gravity were critical tools to interrogate 
the key mineral systems elements for target vectoring. Each 
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of the mineral system elements and mappable features are 
briefly summarised as follows: 

Fluid source and driver.
• There is a spatial and temporal relationship between 

mineralisation and intrusives within Tennant Creek. 
While there is some uncertainty in the source of the 
metals in the system, there is consensus that there is a 
magmatic component to the fluids, as well as connate 
brine fluids. In addition to providing a source of fluids, 
the granites acted as a potential local thermal driver, 
circulating fluids through favourable pathways (eg faults 
or fold structures). Therefore, proximity to granites 
was identified as an important targeting element for the 
Tennant Creek IOCG mineral system. 

Pathway.
• There are a diverse range of structural controls 

associated with the Tennant Creek IOCG deposits as 
these deposits are typically associated with structurally 
complex areas. A relationship to local-scale folding 
is evident in Tennant Creek where many of the host 
ironstones can occur in parasitic fold hinges of thrust 
structures or fold axial planes. They are considered to 
have formed by fluid migration along the dominant S1 
(typically east–west) cleavage. Crustal-scale structures 
are additionally important fluid flow corridors acting to 
focus migrating fluids from intrusive sources at depth. 
Faults have been interpreted based on both the magnetic 
and gravity datasets throughout the project area and 
defined as major or minor structures. 

Trap.
• The trap (or focus area) mechanisms for mineralisation 

within the region are relatively well understood with 

ironstones within the Warramunga Formation acting 
as a chemical trap for the mineralising fluids. Deposits 
therefore generally show a strong magnetic and/or 
gravity response reflecting these ironstones. 

Each of the exploration criteria was spatially assessed 
using GIS against known mineral deposits within 
Tennant Creek to evaluate their relative importance to 
mineralisation, with each feature then ranked accordingly. 
Exploration targeting across the East Tennant project area 
was conducted applying a ‘fuzzy logic’ overlay methodology 
within ArcGISTM using each mapped and ranked exploration 
criteria. From this, a mineral potential map was derived as 
the product of the combined ranked exploration criteria 
(Figure 4). Several scenarios were evaluated to test the 
model sensitivity, as well as to cross-validate against input 
datasets.

Exploration targeting summary

The fuzzy logic targeting process resulted in several 
conceptual targets being reviewed, ranked and prioritised 
for follow-up exploration. Over 20 high priority targets 
were defined in EL32282, EL32296 and EL32295. Two 
of the high priority targets are the ‘Twin Peaks’ targets, 
which were characterised by spatially related ‘bulls-
eye’ magnetic and gravity anomalies within a zone of 
interpreted magnetite-destructive alteration bound 
between east–west regional faults. Unconstrained 
inversion of gravity and magnetic data was conducted 
by Resource Potentials using high resolution gravity and 
magnetic datasets in order to assist with drill planning 
for these targets. The top of the west and east target 
features were estimated to be 300 m and 450 m deep 
respectively.

Figure 4. Mineral potential map illustrating areas of higher prospectivity in warmer colours.
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Drilling planning and results

Four drillholes were planned to test both the Twin 
Peaks targets and to gain a better understanding of the 
underlying Paleoproterozoic stratigraphy in the EL area. 
Based on inversion modelling, both targets presented 
as similar features consisting of magnetic anomalies 
slightly offset from moderate density bodies (Figure 5).  
To date, the drill program has completed a single hole in 
each of the Twin Peaks targets, with KNRDD002 drilled 
into the western target for a total depth of 796.6 m, and 
KNRDD004 into the eastern target for a total depth of 
900.9 m.

Drilling intercepted Proterozoic basement underlying 
approximately 350 m of Georgina Basin cover rocks. 
Preliminary logging of interpreted Proterozoic sequences 
has identified variably sheared, faulted and brecciated 
metasediments with chlorite, haematite and silica alteration 
present.

The drill core was despatched to ALS Laboratories in 
Townsville for core cutting, sample preparation and assay. 
Further test-work to be completed includes gas pycnometer 
density, magnetic susceptibility measurements, 
petrographic section preparation, microscopy and sample 
descriptions. A downhole geophysical survey has also 
been planned for the Twin Peaks targets using a triaxial 
magnetometer.

Conclusions

Knox is continuing to explore its East Tennant leases with 
further drilling of several target areas. The acquisition of 
the detailed aeromagnetic and gravity data over the granted 
ELs through the Geophysics and Drilling Collaborations 
program is believed to have greatly helped to further 
the understanding of the prospectivity and geology of 
the East Tennant region. This data has allowed a better 
interpretation of important structural corridors, distribution 
and architecture of prospective geological horizons, and 
potential fluid sources; thus providing greater confidence 
for drill targeting across Knox’s East Tennant project area. 
Several target areas identified from this data will be followed 
up in upcoming exploration work, including additional drill 
testing.

This co-funding initiative has proven an invaluable 
contribution to Knox’s exploration program targeting a 
successful discovery.  
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Summary

The Warramunga Province of the Palaeoproterozoic 
North Australian Craton in the central Northern Territory 
represents a prospective terrane for mineral exploration. 
A well-known example is the Tennant Creek mineral field,  
which has a rich history of gold, copper, bismuth, silver, and 
selenium production. Some 80 km southwest of the Tennant 
Creek mineral field is the entirely undercover Rover field, 
which presents an opportunity to diversify exploration and 
production in the region. Although the Rover field hosts 
three deposits containing established mineral resources, 
the geological framework, nature and timing of mineral 
systems remained poorly understood.

This study has determined that the Rover field basement 
is composed of three zones (northern, central and western), 
each hosting a different mineral system. The northern 
zone is dominated by coherent volcanic rocks of mafic 
and intermediate compositions, with a distinct high-Mg 
porphyritic basalt (Bluebush basalt) preserving evidence 
of minor magmatic copper–nickel–chromium and local 
epigenetic base metal mineralisation. Two considerations make 
the northern zone notable from the geological and mineral 
system perspective. Firstly, the mineralised mafic rock has an 
enriched mid-oceanic ridge basalt (E-MORB) composition, 
reworked from a Palaeoproterozoic mantle-derived crust, 
different to the other arc-like mafic rocks in the Province. 
Secondly, the location of the Bluebush basalt is coincident 
with a positive gravity anomaly, tonalitic igneous rocks, and a 
crustal-scale lithospheric discontinuity interpreted to represent 
a Proterozoic suture and terrane boundary within the North 
Australian Craton (Sippl 2016). We argue that the northern 
zone represents a ca 1.76 Ga spreading zone. 

The central zone is dominated by coherent and 
volcaniclastic, intermediate to felsic rocks derived from 
melting of the same Archean crust as that of the 1850 Ma 
Tenant Creek Supersuite. The central zone is associated with 
gold–copper–bismuth mineralisation (Rover 1 and Explorer 
142 deposits) comparable to the Tennant Creek mineral field 
mineralisation. The metal assemblage and alteration in Rover 1 
is similar to the Juno-type deposits; and the Explorer 142 
deposit has more similarities with the Eldorado-type deposits. 
However, unlike the Tennant Creek mineral field deposits, 
mineralisation in the Rover field was formed by more oxidised, 

magmatic-sourced, low-salinity (around 9 wt% NaCl eq) and 
cooler fluids (homogenisation temperatures in the range of 
100–200°C), and is hosted in a 1.84 Ga sequence equivalent 
to the Yungkulungu Formation of the Ooradidgee Group. This 
sequence is younger than the 1.86 Ga Warramunga Formation, 
which hosts the Tennant Creek mineralisation. 

The western zone, separated from the central zone by 
a noticeable change in the basement gravity and magnetic 
signatures, is dominated by ca 1.84–1.85 Ga fractionated 
volcaniclastic rocks and related base metal mineralisation 
(Explorer 108 deposit and Curiosity prospect). The fluids 
associated with mineralisation in Explorer 108 were oxidised, 
low-salinity, with homogenisation temperatures of around 
210°C. Sulfide δ34S data from Rover 1 and Explorer 142 
(central zone) and Explorer 108 (western zone), all yielded 
narrow ranges of around 10‰, typical of magmatic sources 
and similar to that of the Tennant Creek mineral field 
mineralisation and the Palaeoproterozoic copper–gold 
and base metal mineralisation the Jervois mineral field in 
the Aileron Province (Simmons and McGloin 2020). The 
pervasively altered volcanic rocks that host the base metal 
mineralisation in the western zone (Huston et al 2020) 
suggests the possibility of sulfur sourced from the nearby 
volcanic rocks. In situ apatite U–Pb geochronology indicates 
that the base metal mineralisation and/or remobilisation in 
the western zone occurred at around 1.73– 1.74 Ga. Some lines 
of evidence suggest a syngenetic origin (eg mineralisation 
associated with exhalative horizons, separating a footwall 
sequence from a different hanging wall volcanic sequence); 
others suggest an epigenetic origin (eg large alteration 
footprint on the hanging wall sequence and mineralisation 
locally remobilised after shearing). We favour a syngenetic 
origin with later (epigenetic) modification from structural 
reactivation and hydrothermal fluid flow revival. We 
argue that the western zone felsic volcaniclastic rocks and 
mineralisation formed in a sub-basin modulated by a dextral 
transtensional regime.

Introduction 

Under the Northern Territory Governments’ Resourcing 
the Territory initiative, the Northern Territory Geological 
Survey (NTGS) has made an emphasis on ‘Unlocking the 
Resource Potential of the Barkly and Gulf Regions’. A major 
project under this theme has focused on characterising the 
framework geology and mineral systems of the Rover field. 
The Rover field is also part of the Tennant Creek–Mount 
Isa focus area of the Australian Government’s Exploring 
for the Future initiative. The Tennant Creek–Mount Isa 
region has benefited from regional geophysical surveys 
(eg AusAEM airborne electromagnetic, AusLAMP 
magnetotelluric, and AusArray passive seismic surveys) 
and recent deep drilling datasets collected from the East 
Tennant region (MinEx CRC’s National Drilling Initiative; 
Clark et al 2021). 
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The Rover field, unlike the Tennant Creek mineral field, is 
entirely covered by 70–200 m of Wiso Basin sedimentary rocks 
such that the basement stratigraphy is not fully understood and 
largely underexplored. Herein, we present new petrological, 
geochemical, structural, and chronologic data that builds on 
previous work and fills the knowledge gaps on the geological 
evolution and mineral systems of the Rover field.

Geological settings

The Rover field is located in the Palaeoproterozoic North 
Australian Craton (Myers et al 1996, Cawood and Korsh 
2008), which extends across most of the northern Australia 
and underlies ~80% of the Northern Territory (Figure 1). This 
craton is a composite of Neoarchean to Palaeoproterozoic 
terranes overlain by the widespread and locally thick Palaeo- 
to Mesoproterozoic sedimentary basins, the Neo- to Early 
Palaeozoic Centralian Superbasin (Walter et al 1995), and 
a veneer of Mesozoic and/or Cenozoic sedimentary basins 
(Ahmad and Munson 2013). The Rover field is located in the 
Warramunga Province, which is bordered in the south by 
the unconformably overlying Palaeo- to Mesoproterozoic 
Davenport Province, and in the north by the Palaeo- to 
Mesoproterozoic Tomkinson Province (Donnellan 2013, 
and references therein). To the west, there is the younger 
Neoproterozoic- to Palaeozoic Georgina Basin and to 
the east, the dominantly Cambrian Wiso Basin. These 
basins unconformably overlie the Warramunga Province. 
The Warramunga Formation, and the correlative Junalki 
Formation and Woodenjerrie beds, represent the oldest rocks 
of the Warramunga Province, being deposited before the 
ca 1860–1850 Ma Tennant Event (Ahmad and Munson 2013).

The Warramunga Formation has no exposed base and 
is mostly composed of weakly metamorphosed turbiditic 
greywacke, locally tuffaceous, with lesser siltstone, shale, 
and argillaceous ironstone, referred in the literature to as 
‘haematitic shales’ (Donnellan 2013, Huston et al 2020 
and references therein). Ironstones within the Warramunga 
Formation host most of the gold–copper–bismuth 
mineralisation in the Tennant Creek mineral field. 

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

sedimentary sequences, which vary upward from deep-
water to sublittoral/littoral and finally fluviatile facies 
(Donnellan 2013). Donnellan (2013) recognised three 
volcanic episodes in the Ooradidgee Group. The oldest, 
at ca 1850 Ma, is represented by the Monument and 
Yungkulungu formations, and the mafic Edmirringee 
Volcanics; a second event, bimodal, at ca 1840 Ma, is 
represented by the Epenarra Volcanics and the Bernborough 
Formation; and a third event, at ca 1814 Ma, is represented 
by the Treasure Volcanics.

The Davenport Event resulted in the folding of 
Ooradidgee Group and overprinting of the Tennant Event 
deformation in the Warramunga Formation (Donnellan 
2013). This phase of deformation is interpreted to be 
broadly coeval with emplacement of the ca 1710 Ma Devils 
Suite (Blake et al 1987, Donnellan 2013) and correlative 
with tectonism and magmatism of similar age in the Aileron 
Province (eg McGloin et al 2020). Two phases of concentric 
folding overprint the Ooradidgee Group (Blake et al 1987): 
a first folding event that resulted in northwest-trending 
folds, which were superimposed with northeast-trending 
folds by a second event.

The Rover field

The Rover field hosts three mineral deposits and several 
prospects. Recent work by the Sustainable Minerals Institute 
of the University of Queensland (Valenta et al 2020) aimed 
to improve understanding of the geology of the Rover field 
by reviewing and compiling available datasets. Results from 
Valenta et al (2020), supported by geochronology studies 
of Cross et al (2021) and Smith (2001), indicate that large 
areas of the Rover field comprise basement rocks of the 
Ooradidgee Group with only minor Warramunga Formation 
(and equivalents: Huston et al 2020).

The Rover field hosts three defined deposits with mineral 
resources reported in accordance with the 2012 JORC code. 
The gold–copper–bismuth Rover 1 deposit has Indicated 
and Inferred Mineral Resources of 4.75 Mt at 1.73 g/t Au, 
1.63% Cu, 0.08% Co, 0.10% Bi and 2.30 g/t Ag, containing 
263 500 oz of gold, 77 400 t of copper, 3800 t of cobalt, 
4900 t of bismuth and 350 300 oz of silver (Castile Resources 
2022b). The gold–copper Explorer 142 deposit is estimated 
to contain an Inferred Mineral Resource of 176 000 t at 
0.21 g/t Au and 5.21% Cu for 1000 oz of gold and 9200 t of 
copper (Castile Resources 2022a). The base metals Explorer 
108 deposit has a Mineral Resource of 11.9 Mt at 11.1 g/t Ag, 
2.0% Pb, and 3.2% Zn for 4.25 Moz of silver, 237 000 t of 
lead, and 385 000 t of zinc, above a lower cut-off grade of 
2.5% combined Pb–Zn (Leggo et al 2019). There are several 
other prospects in the field, eg the Curiosity prospect with 
lead–zinc–copper mineralisation, located ~1.3 km southeast 
of the Explorer 108 deposit (Leggo et al 2019; Huston et al 
2020 and references therein). 

Results

To characterise the stratigraphy of the Rover field, 12 
key mineralised and seven unmineralised drillholes from 
the NTGS core repository and Castile Resources’ core 
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Figure 1. Generalised geology map of the Warramunga Province, modified after Donnellan (2013). Map shows location of the Rover 
field and drillholes in relation to the Tennant Creek mineral field.
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Figure 2. Rover field interpreted basement geology (Valenta et al 2020), and location of prospects and drillholes mentioned in the text.

farm were re-logged and sampled for analysis by various 
techniques. These techniques comprised petrology, whole-
rock geochemistry, sulfide sulfur isotopes, fluid inclusion 
thermometry, mineral liberation analysis (MLA) imagery, 
hyperspectral logging, whole-rock Sm–Nd, SHRIMP 
U–Pb zircon, and in situ LA–ICP–MS U–Pb apatite 
geochronology. The petrology from the unmineralised 
rocks is reported in Farias (2021a); and the petrology of the 
rocks from the mineralised Bluebush area in Farias (2021b).

 In this work, the Rover field is defined as the area within 
7815000–7765000 mN and 320000–400000 mE (Map Grid 
of Australia, zone 53K; GDA94 map datum) as depicted in 
Figure 2. 

The Rover field Geological framework

Several lines of evidence indicate three different zones 
across the Rover field basement (northern, central and 
western), each hosting a different mineral system:

The northern zone is characterised by dense basement 
rocks (positive Bouguer anomaly), and smooth mottled and 
striped magnetic features (Figure 3). The Bluebush area, 
within the northern zone, is characterised by a thick, enriched, 
mid-oceanic ridge basalt (E-MORB Bluebush basalt), which 
hosts minor orthomagmatic copper–nickel–chromium and 
epigenetic base metal mineralisation (Farias 2021a). There 
are also large tonalitic igneous intrusive rocks to the east of 
Bluebush (Page 2010). Towards the southern end of the zone, 
coherent intermediate volcanic rocks are interlayered with 
basaltic layers (Farias 2021b). The whole-rock Sm–Nd isotopic 

data of the Bluebush basalt yielded positive εNd(t) values and 
a two-stage depleted mantle model age, implying juvenile 
rocks derived from a Palaeoproterozoic mantle-sourced crust. 
The Bluebush basalt has similar εNd(t) values to the regional 
Treasure and Edmirringee volcanics (Figure 4). 

The central zone hosts the gold–copper–bismuth 
mineralisation of the Rover 1 and Explorer 142 deposits 
and several other gold–copper prospects. The potential 
field geophysical datasets suggest a basement with a density 
similar to the southern part of the northern zone. However, 
unlike the northern zone, the magnetic features are dominated 
by striped east–west-trending long anomalies, most likely 
sourced by magnetic iron-rich bodies (or ‘ironstone’, as 
referred to in the Tennant Creek mineral field literature). 
Volcaniclastic rocks of intermediate compositions, with 
minor coherent volcanic felsic rocks, dominate the basement 
in the central zone (Farias 2021b). The whole-rock Sm–Nd 
isotopic data from the coherent volcanic rocks indicate that 
they were reworked from an Archean crust. The Tennant 
Creek Supersuite and Ooradidgee Group igneous rocks' 
Sm–Nd isotopic data suggest that they also were derived 
from the Archean crust.

The western zone hosts the base metal Explorer 108 
deposit and Curiosity prospect. The geophysical dataset 
show a marked difference between the western and central 
zones. The western zone is characterised by a lower to 
negative Bouguer anomaly and smooth magnetic patterns 
with no indication of the east–west-trending magnetic 
bodies. The difference is unlikely to be due to variations 
in the covering Wiso basin thickness across the zones as 
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Figure 3. Rover field with interpreted zones. (a) Bouguer anomaly. (b) Total magnetic intensity, reduced-to-pole tilt derivative 
image. (c)  Resistivity, 35 km depth.  
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Figure 4. Sm–Nd isotope 
geochemistry of the Rover field 
and Warramunga Province.
(a) εNd(t) values from the Rover field 
samples (this study) compared 
with other Warramunga igneous 
rocks. (b) Two-stage depleted 
mantle model ages for the same 
samples in (a). (c) Detail of εNd(t) 
values in Rover field samples 
(grouped by zones) compared 
with other Warramunga Province 
igneous rocks.

3  https://www.ga.gov.au/about/projects/resources/auslamp
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the basin thickness is 200–250 m on both sides (over the 
Explorer 108 deposit in the western zone and Explorer 142 
deposit in the central zone). From the isotopic point of 
view, the western zone has some of the more fractionated 
volcanic and volcaniclastic rocks of the entire Rover field. 
The whole-rock Sm–Nd data from the fractionated volcanic 
rocks in Explorer 108 indicate the lowest εNd(t) values of 
the field (Figure 4c) with model ages that support a source 
similar to the homogeneous and recycled Archean crust that 
formed the central zone and Tennant Creek mineral field 
igneous rocks.

In addition to the gravity data, the long-period 
magnetotelluric data collected across the Australian 
continent as part of the Australian Lithospheric Architecture 
Magnetotelluric Project (AusLAMP) show different 
resistivity values across the Rover field. The 35 km depth 
profile of the resistivity model presented by Geoscience 
Australia3 shows differences between the northern–central 
zones and the western zone (Figure 3c). The latter is 

characterised by lower resistivity values (high conductivity) 
that contrast with the more resistive northern and central 
zones. 

Crustal-scale structure in the region

Sippl (2016) identified major discontinuities in the 
Moho from interpretation of a north–south passive 
seismic transect through central Australia. One of these 
discontinuities is characterised by a 8–10 km vertical 
offset in the Moho, which is interpreted to represent a 
Proterozoic suture and terrane boundary within the North 
Australian Craton. The surface expression of this south-
dipping crustal structure is located somewhere between 
the Davenport and Warramunga provinces, on top- or north 
of the seismic stations WRAB and BL07 (Figure 5). The 
gravity and magnetic grids outline a regional northwest–
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Figure 5. (a) Passive seismic 
stations (Sippl 2016) overlain on 
Bouguer anomaly map of part of the 
Warramunga Province with Rover field 
south of the yellow dashed line, and 
the Tennant Creek mineral field north 
of the dashed line. (b) Interpretation of 
the Moho with a vertical exaggeration 
profile (Sippl 2016). Blue arrow in (b) 
indicates the position of BL07 and 
crustal discontinuity. 

southeast-trending fabric in the Warramunga Province, 
depicted in the structural interpretation of the Tennant 
Creek mineral field (Donnellan 2013), and the Rover field 
(Valenta et al 2020). If we assume a northwest–southeast 
trend on the crustal discontinuity, the location of the 
structure broadly coincides with the contact between the 
Tennant Creek mineral field and the Rover field, ie where 
the juvenile and denser Bluebush mafic rocks are located 
(Figure 5). We hypothesise that: (i) the crustal-scale 
structure, in combination with the volume and composition 
of the mafic rocks in Bluebush area (E-MORB), suggests 
the presence of a potential extensional spreading zone in 
a rift setting (Donnelly et al 2004); and (ii) this crustal-
scale structure played an important role as a conduit of 
hot magmas and mineralising fluids in the Warramunga 
Province.

Rover field mineral systems

Each of the three zones of the Rover field has a different mineral 
system. In the central zone, there is gold–copper–bismuth 
mineralisation at Rover 1 and Explorer 142 deposits, which 
are comparable with the mineralisation of the Tennant Creek 
mineral field. The western zone hosts base metal (lead–zinc–
silver ± copper) mineralisation in the Explorer 108 deposit and 
the Curiosity prospect. In the northern zone, orthomagmatic 
copper–nickel–chromium mineralisation is associated with 
the E-MORB mafic rocks in the Bluebush area.

In the following sections, we discuss the nature of the 
mineralising fluids and propose models for the mineral 
systems in the central and western zones respectively, 
plus highlight the potential for orthomagmatic copper–
nickel–chromium in the northern zone. This is followed by 

BILBY
stations

mineral
occurrence

prospect abandoned
mine

deposit

b

0.3

27.9S27S26.1S25.2S24.3S23.4S22.5S21.6S20.7S19.8S

GB

18.9S

0

50 0

-0.3

Latitude

Arunta  Block
Amadeus Basin

Gawler
Craton

R
F 

am
pl

itu
de

(s
ca

le
d 

to
 P

)

D
ep

th
 (k

m
)

a

A22-120.ai

Davenport
Province 

Warramunga
Province

Tomkinson
Province 

BL07

Tennant Creek
mineral field

Rover field

Bluebush



AGES 2022 Proceedings, NT Geological Survey

134

Figure 6 (a) Fluid inclusion data from 
Tennant Creek mineral field compared 
with Rover 1. West Peko deposit 
type (ii) inclusions are intimately 
associated with mineralisation in 
West Peko deposit (modified from 
Skirrow and Walshe 2002). The black 
spots in the light blue zone represents 
the Rover 1 inclusions, positioned in 
the lower temperature range of the 
Tennant Creek mineral field fluid 
inclusion. (b) Photomicrographs 
in transmitted light from Rover 1 
sample. Left, showing quartz with 
moss texture and clearer quartz 
crystal in a vug. Right, arrays of 
vapour- and liquid-rich inclusions in 
vuggy quartz.
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discussions on the calculated mineralisation ages. Finally, 
the exploration implications are noted.

Gold–copper–bismuth mineralisation in the Rover field 
(central zone)

Fluid inclusions (Rover 1)

In the Tennant Creek mineral field, the low- to moderate-
salinity aqueous fluids of type ii inclusions at the West 
Peko gold–copper–bismuth deposit (Figure 6; data from 
Skirrow and Walshe 2002) are intimately associated with 
gold and native bismuth in both the ironstone and in the 
shear-hosted gold–bismuth zone. The wide salinity range 
observed in West Peko is interpreted to represent the 
mixture between low-salinity gold–copper–bismuth-rich 
fluids with saline calcic brine fluids (type iv; Skirrow and 
Walshe 2002). Zaw et al (1994) reported fluid inclusion 
data from the Juno deposit, also in the Tennant Creek 
mineral field. The inclusions from the mineralising fluid 
yielded homogenisation temperature of 300–350°C and 

high salinity (mode 35 wt% NaCl eq), interpreted to 
represent hydrothermal connate basin brines. Some of the 
fluid inclusions yielded lower temperature (200–250°C) 
and lower salinity (10–30 wt% NaCl eq), which was 
interpreted to represent the fluid from an earlier phase of 
the mineralisation. 

In Rover 1, the fluid salinity values are more restricted 
and the homogenisation temperatures are lower than those 
of the Tennant Creek mineral field deposits. The low to 
moderate fluid salinity from the Rover 1 copper-rich zone 
(around 9 wt% NaCl eq) overlaps with salinity values of 
the mineralising fluids of the West Peko deposit (Figure 6). 
The homogenisation temperatures in Rover 1 (~100– 150°C) 
partially overlap with the lower values calculated for 
the West Peko deposit. The spread of homogenisation 
temperatures from maximum values of ~200°C to more 
frequent lower values in Rover 1, with a mode typically 
around 120°C, is ~100°C lower than the temperature of 
metal deposition at West Peko and ~50°C lower than the 
gold-rich Eldorado deposit, another Tennant Creek mineral 
field deposit (Skirrow et al 2002). 
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On this basis, we suggest that the mineralising fluids 
in the Rover 1 deposit were derived from a single source 
(no mixture with other more saline fluids as with the calcic 
brines as in Tennant Creek mineral field) and precipitated 
metals at temperatures in the range of 100–200°C. The 
temperature estimate likely represents the first and cooler 
stages of mineralisation. The microthermometric data, 
in combination with the hosting quartz texture (mossy to 
colloform vein textures) and the presence of liquid-only 
inclusions, suggest an epithermal or low temperature 
hydrothermal system. However, the potential partial 
leakage of fluid inclusions due to dynamic recrystallization 
(undulose extinction noticed in quartz) could be the cause 
of these lower temperature estimations (Fall and Bodnar 
2018).

Sulfide and oxide assemblages (Rover 1 and Explorer 142)

In the Tennant Creek mineral field deposits, the presence 
of pyrrhotite associated with pyrite and magnetite is 
indicative of reduced mineralising fluids (Skirrow and 
Walshe 2002). In contrast, the alteration of magnetite 
to hematite coexisting with pyrite (and no pyrrhotite) is 
expected in more oxidising fluids (Skirrow and Walshe 
2002). The Rover 1 and Explorer 142 deposits have no 
pyrrhotite, and magnetite is partially to totally replaced 
by hematite, suggesting overall oxidising conditions. In 
the core of massive magnetite bodies of Rover 1, there are 
local cases of specular hematite partially to totally replaced 
by magnetite (eg Figure 7a), indicating fluctuation in the 
oxygen fugacity levels across the magnetite-hematite 
buffer zone (Frost 1991). We interpret that early specular 
hematite (from primary BIF or hematitic shale horizons) 
was reduced to magnetite (ironstone formation) that in 
turn was oxidised to hematite during the mineralising 
stages. In the shear-hosted gold–bismuth zone of Rover 1 
(Figure 7b), the magnetite is completely altered to 
hematite, suggesting an increase of oxygen fugacity 
over the magnetite–hematite buffer zone during the 
gold–bismuth mineralisation and shearing. The stronger 
hematite alteration in Explorer 142, compared with the 
Rover 1 deposit, also suggests more oxidising conditions. 

Sulfide – sulfur isotopes

The sulfide – sulfur isotopes 34S/32S ratio changes (expressed 
as δ34S) are mostly due to natural, mass dependant 
fractionation processes. The large variability of δ34S values 
in sedimentary sulfides (Seal 2006, Simmons and McGloin 
2020 and references therein) contrast with the restricted 
0–10 ‰ of magmatic sulfides (Seal 2006, Wilson et al 2006, 
Huston et al 2011). However, physicochemical factors like 
pH, temperature, and oxygen fugacity of fluids can shift 
δ34S values towards smaller or larger ratios (Wilson 2006, 
Hoefs 2009 and references therein).

The δ34S values of Rover 1 and Explorer 142 overlap with 
magmatic and sedimentary sulfur from worldwide studies 
(Hoefs 2009), making it difficult to differentiate between 
these reservoirs. However, the discrete range (±10 ‰) and the 
lack of sulfate (and evaporites) in the stratigraphic column 

(Farias 2021b) that could source sulfur (Seal 2006, Huston 
et al 2011) suggest that the sulfur was likely sourced from 
magmatic/hydrothermal fluids and/or leached from the 
hosting volcanic rocks. In addition, the δ34S values from 
sulfides in the Rover field align with consistent near-zero 
δ34S values of the Tennant Creek mineral field deposits 
(Large 1975, Wedekind 1988, Wedekind et al 1989, 
Nguyen 1989 and Huston et al 1993) and with deposits 
across the southern Aileron Province, all of which are 
partially sourced from magmatic reservoirs (Simmons and 
McGloin 2020; Figure 8).

Model for gold–copper–bismuth mineralisation (Rover 1 
and Explorer 142)

Based on our new results, we found that the gold–copper–
bismuth mineralisation in Rover field was modulated by 
fluids that fluctuated the oxygen fugacity levels across the 
magnetite-hematite buffer zone, starting with reduction of 
primary hematite to magnetite, followed by the oxidation of 
the magnetite into hematite. The former is associated with the 
ironstone formation and the latter with mineralisation. The 
fluid inclusions suggest low homogenisation temperatures 
associated with quartz epithermal textures, and low to 
moderate salinity most likely representing the first stages of 
mineralisation or ironstone formation. The narrow values 
of salinity and the sulfide sulfur isotopes indicate a single 
magmatic-sourced fluid rather than mixture with saline 
basin brines. 

The iron oxide-associated gold–copper–bismuth 
deposits of the Tennant Creek mineral field were formed 
and modified by fluids of various oxidation states ranging 
from reduced to oxidised (Huston et al 1993, Skirrow and 
Walshe 2002). Large (1975) interpreted that the mildly 
acidic basin fluids heated by the nearby intrusions, leached 
the gold, copper, and bismuth from the magnetite-rich facies 
of the Warramunga Formation. The metal-doped fluids 
were channelled to lower pressure zones, such as anticline 
sites with favourable chemical hosts (calcite-bearing BIF) 
where metals precipitated after strong host rock alteration 
and replacement. Huston et al (1993) proposed a slightly 
different genetic model for the formation of Tennant Creek 
mineral field deposits that involves two main stages: the 
oxide stage and the sulfide stage. The oxide stage occurred 
during the north–south-directed shortening Tennant Event 
when reduced and iron-rich connate brine fluids reacted 
with the oxidised hematitic shales and formed the ironstone 
in fold hinges (at around 250°C). This was followed by 
the second stage when granitic intrusions introduced 
oxidised, gold–copper–bismuth-bearing hydrothermal 
fluids that mixed with connate fluids and precipitated the 
metals during interaction with the ironstones (at around 
350°C, after shortening waned). The Tennant Creek 
mineral field deposits range from a copper- and sulfide-
rich, reduced end-member represented by West Peko, 
Peko, and Warrego deposits, through gold- and bismuth-
rich, sulfide-poor, intermediate oxidation subtypes (Juno, 
White Devil, TC8 deposits) to a very oxidized gold-rich 
end member represented by the Eldorado deposit (Huston 
et al 1993, Skirrow and Walshe 2002).
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Figure 7 (a) Sample BW20PGF101 
from drillhole WGR1D003-1 at 418 m. 
Specular hematite partially replaced by 
magnetite. Plane-polarised, reflected 
light. (b) Sample BW20PGF101. 
Magnetite pseudomorphs of specular 
hematite. Plane-polarised, reflected 
light. (c) Sample BW20PGF127A. 
Detail of the shear zone where 
bismuthinite (Bi) and gold are hosted. 
Gold is typically composited with 
bismuthinite. Plane-polarised, reflected 
light. (d) MLA image of sample 
BW20PGF127A from WGR1D002-5 
at 560.45 m. This sample represents 
the gold-rich zone below the copper 
mineralisation. Detail of the micro 
shear zone that hosts bismuthinite, 
coffinite (Cfn), chalcopyrite (Ccp) and 
gold. Note the boudinaged magnetite 
pods with interstitial bismuthinite 
and the coffinite aligned to the S-C 
fabric of the shear zone. Gold (in red 
circles) and chalcopyrite are intimately 
associated with bismuthinite and 
coffinite and locally remobilised by S2.
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The gold–copper–bismuth deposits of the Rover field 
share many features with the Tennant Creek mineral 
field deposits, but also have some significant differences. 
Similarities include: 

• ore mineralogy (gold, chalcopyrite and bismuthinite in 
various proportions) and alteration mineralogy 

• association of ore minerals with ironstone (discordant 
massive magnetite-hematite bodies) 
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Figure 8. Sulfur isotopes from Rover field compared with other deposits from the Aileron Province and across Australia. Modified from 
Simmons and McGloin (2020). δ34S in Rover field and Tennant Creek mineral field and sulfide values for Palaeoproterozoic mineralisation 
in the Aileron Province and other selected Archean and Proterozoic Australian mineral provinces. See references in Simmons and McGloin 
(2020). Tennant Creek mineral field: Values for the Juno (Large 1975), Warrego (Wedekind 1988), White Devil, and Gecko K-44 mines 
(Huston 1989). Nguyen et al (1989) obtained a narrower range (-2.5 to 3.9 per mil) for White Devil. Most values are from pyrite, chalcopyrite, 
and bismuth sulphosalts (Solomon et al 2000). Data that exceeds the extent of the plot should be considered relative (ie >30‰ or <30‰).
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• mineralisation hosted in a turbiditic package 
• local shear-hosted gold-bismuth mineralisation
• structural architecture of the host rock characterised 

by east–west-trending and sub-vertical S0-1 axial planar 
foliation. 

Differences include:

• a lack of pyrrhotite in the mineral paragenesis of the 
Rover field deposits, implying overall more oxidising 
conditions 

• maximum depositional age of the host rocks varies 
by some 10–20 Ma: ca 1850–1840 Ma Ooradidgee 
Group for the Rover field and ca 1860 Ma Warramunga 
Formation for Tennant Creek mineral field. 

We found many similarities (and some differences) 
at the macroscopic and microscopic level between the 
deposits in the central zone of Rover field and the Juno 
deposit in the Tennant Creek mineral field (described by 
Large 1975). Similarities include magnetite and hematite 
textures and paragenesis. Rover 1 has the same set of 
magnetite–hematite textures described for the Juno 
deposit. The colloform magnetite, typical of the central 
parts of the Juno orebody, suggest that some iron was 
deposited from solutions as hydroxide gel. However, 
hematite and not magnetite, is typically the precipitated 
phase of such iron hydroxide gels (Large 1975, and 
references therein). Large (1975) concluded that in Juno, 
iron was transported in a relatively acidic solution in the 
form of chloride complexes. The iron precipitated from gel, 
first as hydrated forms of colloform iron oxide (hematite), 
which was subsequently replaced by magnetite. The 
subparallel cracks observed in the colloform magnetite 
were interpreted as a product of dehydration. The same 
colloform and acicular magnetite with subparallel cracks 
were noted in Rover 1 (Figure 7a) suggesting similar 
mechanism of early hematite replacement by magnetite, 
and a drop of oxygen fugacity below the magnetite-
hematite buffer zone.

The alteration paragenesis and zonation noticed in Juno 
suggested to Large (1975) the following fluid evolution. The 
acidic and chloride-rich hydrothermal solution replaced the 
chlorite and muscovite with quartz, and leached magnetite 
from the host rock. As the solution moved through the 
rocks, the interaction with the calcite-bearing banded iron-
formation (hematitic shales) resulted in a gradual increase 
of pH. The fluids then became saturated in Fe, Mg and 
Al, resulting in the replacement of host rock minerals 
by chlorite. Subsequently the hematite and magnetite 
precipitated and started forming the massive magnetite–
hematite ‘ironstones’. In the outer zones of the ironstone, 
the fluid became under-saturated in alumina with respect 
to chlorite but sufficiently saturated in Mg to allow talc 
formation rather than chlorite. Further away, in the outer 
shell of the orebody, dolomite became the stable phase as 
soluble silica decreased, resulting in talc partially replaced 
by dolomite. The narrower magnesium-chlorite halo after 
dolomite represents the final phase of alteration after 
which the fluid reached equilibrium with the host rock. 

In Rover 1, unlike in the Juno deposit, the dolomite and 
silica are the groundmass of cockade magnetite breccias 
in the core of the ironstone bodies with only interstitial 
intergrown talc and chlorite. In Explorer 142, the silica 
and chlorite are more dominant than the iron oxides, with 
dolomite present only locally in veinlets.

The Juno deposit is zoned with overlapping gold, 
bismuth and copper mineralisation. The gold-rich 
zone in the core of the massive magnetite ironstones is 
rimmed by bismuth, which in turn, has a copper-rich 
outer shell. The zonation is interpreted to be the result 
of metasomatic zonation from a single and chemically 
evolving fluid. The gold and copper were carried as 
chloride complexes and precipitated as oxygen fugacity 
and temperature dropped and pH increased (Large 
1975). Copper, precipitated on the edge of the massive 
magnetite bodies where pH was higher and oxygen 
fugacity lower after formation of magnetite (which 
consumed O2). The formation of dolomite represents the 
highest pH level in the outer orebody envelope. It was 
also noted that a decrease in temperature from ca 350°C 
to ca 200°C would result in an increase of about 3 units 
in pH, hence an alternative model considers the increase 
in pH as a result of temperature drop from the base to the 
top of the lode. Rover 1 and Explorer 142 deposits have a 
different zonation. In Rover 1, the best copper and gold–
bismuth values are overlapping typically at the base of 
the massive magnetite–hematite bodies (ironstone) with 
some isolated high-grade gold–bismuth intervals in the 
deeper chlorite-altered host rocks, usually associated 
with hematite-chlorite-rich shear zones. In Explorer 142, 
the gold–bismuth mineralisation partially overlaps with 
copper mineralisation in the upper contact of the ironstone 
with the chlorite-altered host rock. A possibility is that, 
given the lower temperatures of the Rover field deposits, 
the fluid reached copper saturation sooner than in the 
Tennant Creek mineral field and after the pH increased 
and oxygen fugacity dropped. The gold and bismuth in 
the Rover field seem to be related to shear zones in the 
altered deeper rocks. The shear zones are interpreted to 
overprint the main fabric of the rocks; therefore, the gold 
and bismuth mineralisation is interpreted to be a product 
of remobilisation or a later oxidising event. 

Base metal mineralisation in the Rover field (western zone)

Fluid inclusions (Explorer 108)

Similar to Rover 1, the Explorer 108 f luid inclusion 
analyses suggest low to moderate salinity f luids. 
The homogenisation temperatures for the two-phase, 
aqueous inclusions are quite variable but generally 
higher than the Rover 1; they exhibit a mode typically 
around 210°C. The mosaic and mossy vein textures, in 
combination with the estimated temperatures, suggest 
that the mineralising f luids in Explorer 108 are part 
of an epithermal system. The presence of liquid-only 
inclusions indicates that the f luids continued to cool 
to temperatures below 70°C. The relatively consistent 
salinities suggest no f luid mixing. 
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Petrology of mineralised rocks (Explorer 108 and 
Curiosity)

The samples examined from the mineralised zones on 
Explorer 108 and Curiosity are the products of strong 
replacement and recrystallization in a syn-tectonic 
hydrothermal system. This strong replacement obscures 
the nature of the protolith. The observed replacement and 
infill mineral assemblage involved hydrothermal addition of 
SiO2, Fe, Mg, Ca, CO2, S and base metals. Magnetite seems 
to be the earliest phase, followed by pyrite and hematite. The 
hematite is paragenetically later, hypogene and intimately 
related to the base metal sulfides. Among the base metal 
sulfides, the Fe-poor sphalerite is paragenetically earlier than 
chalcopyrite and galena. The presence of low-Fe sphalerite 
and magnetite partially altered to hematite, implies that the 
precipitation of base metal sulfides was under oxidising 
conditions at or above the magnetite-hematite buffer zone.

Sulfide – sulfur isotopes 

The Explorer 108 deposit yielded δ34S sulfide values ranging 
between 3.99‰ to 2.13‰, with a mean of 3.08‰ (n=9). 
These values are more dispersed than those of the Rover 1 
and Explorer 142 deposits; however, they are within the 
± 10‰ range expected in magmatic sulfur (Simmons and 
McGloin 2020). In volcanic-hosted massive sulfide (VHMS) 
deposits (discussed further below), δ34S values in sulfides are 
typically 17.5 ± 2.5 ‰ lower than the contemporary seawater 
sulfate δ34S composition (Sangster 1968, Huston 1999). The 
seawater sulfate δ34S values during the Palaeoproterozoic 
averaged ~16‰ (Strauss 1993, Shanks 2014), meaning that 
sulfides formed from reduction of seawater sulfate should 
have δ34S values of about -1.5‰. However, sulfides from 
Palaeoproterozoic VHMS deposits typically have values near 
zero ‰, probably due to sulfur being leached from volcanic 
rocks by hydrothermal fluids, and not entirely from seawater 
sulfate reduction as the Palaeoproterozoic seawater had 
limited sulfate content compared with Phanerozoic waters 
(Eastoe et al 1990, Huston 1999). The wide and pervasive 
alteration of the volcanic and volcaniclastic rocks that host 
the Explorer 108 and Curiosity mineralisation (Huston et al 
2020) suggests the possibility of sulfur leached from the 
nearby volcanic rocks, hence a magmatic source.

Model for base metal mineralisation 

Based on the previous results, we interpret that the base 
metal mineralisation in Explorer 108 and Curiosity was 
modulated by an oxidised, low to moderate salinity, 200°C 
hydrothermal fluid loaded with magmatic-sourced sulfides 
that strongly replaced the host rock. 

Unlike at the Rover 1 and Explorer 142 deposits, the 
Explorer 108 deposit is hosted in volcaniclastic rocks and is 
dominated by zinc, silver and lead mineralisation. The copper-
rich Curiosity prospect is hosted in a turbiditic sequence, very 
near to the contact with an upper volcaniclastic package. They 
are both associated with large alteration haloes that extend 
over 100 m from the observed base metal mineralisation 
(Large et al 2001: figure 4, Huston et al 2020: figure 10b).

According to Burke (2015) and Savage (2020), the Explorer 
108 deposit and Curiosity prospect share characteristics with 
sediment-hosted massive sulfide deposits comparable to the 
Mount Isa-style mineralisation model. These deposits share 
features including the presence of regional feeder structures 
and nearby granites that drive convection cells along these 
structures; lodes of copper, lead and zinc (metal zonation); 
and the presence of large volumes of iron in the form of 
pyrite. Savage (2020) suggests a model where the zinc–lead-
dominated mineralisation at Explorer 108 represents the 
distal phase of a zoned mineralisation system, with Curiosity 
potentially being the copper-rich end member.

We found that the base metal mineralisation in the 
western zone of the Rover field also shares characteristics 
with some VHMS deposits (Large 1992 for Australian 
deposits, and Ohmoto 1996 for generic descriptions). Some 
of the commonalities are: host sequence architecture, 
deposit size and geometry, metal zonation and paragenesis, 
alteration, and sulfide textures. VHMS deposits are mostly 
sub-aqueous, volcanic-related mineral systems that form 
in extensional and transtensional tectonic settings (mid-
ocean ridges, back-arc basins, intra-oceanic arc rifts, and 
continental arc rifts; Piercey 2010). These deposits are 
major sources of zinc, copper, lead, silver and gold, as well 
as significant sources of other critical metals. They typically 
occur as multiple lenses of polymetallic massive sulfides 
that form at or near the seafloor in submarine volcanic 
environments and form clusters at district scale (Galley and 
Hannington 2007). Typically, VHMS deposits are formed 
during a hiatus in sedimentation in the sediment–water 
interface (for a purely syngenetic model), or in the early 
stages of diagenesis when the hanging wall rocks are being 
deposited (for an epigenetic model). The VHMS systems 
associated with post-Archean felsic or bimodal volcanism 
(as in Rover field) are hosted by volcanic and volcaniclastic 
sequences enriched in high field-strength elements and the 
heavy rare earth elements (HREE). These compositions 
reflect mid- to shallow-crustal melting depth (where garnet 
is not stable) and high temperature magmatism typical of 
rifting. Most of the felsic to intermediate volcanic rocks from 
the Rover field western zone plot within the type FII– FIIIa 
field, suggesting melting at mid- to shallow-crustal levels, 
with the felsic volcaniclastic rocks from Curiosity in the 
most prospective tholeiitic field [(Lesher et al (1986) and 
Hart et al (2004) for definition of FII and FIII-IV types)]. 

In terms of host sequence architecture, both deposits 
are located at the contact, or very near the contact between 
different rock packages: a footwall and a hanging wall 
package. Explorer 108 is in between a volcaniclastic 
sandstone (footwall) and an upper volcanic breccia (hanging 
wall), whereas Curiosity is hosted in a turbiditic package 
near the contact with a volcaniclastic sandstone (hanging 
wall). Another aspect that relates to the VHMS deposits is 
the presence of exhalative horizons between the footwall 
and hanging wall packages (Slack 2012) in Explorer 108. 
These chemical sedimentary stratiform horizons usually 
deposit on top of the hanging wall package during the 
sedimentation hiatus and are coeval with the volcanic 
activity/vents that produces the base metal mineralisation 
(Peter et al 2003, Grenne and Slack 2005). 
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Figure 9. Microphotographs of mineralisation in Explorer 108 
and Bluebush. (a) Sphalerite (mid grey) containing ultrafine 
chalcopyrite inclusions (‘chalcopyrite disease’ texture) at right, 
and bordering against galena (whitish) and chalcopyrite (yellow). 
The small pale grey inclusion is hematite and the dark inclusions 
silicates. Plane-polarised, reflected light. (b) Porphyroblastic 
pyrite forming spheroidal and sub-radiating aggregates that 
have local replacement by chalcopyrite, pyrrhotite, galena and 
sphalerite. Plane-polarised, reflected light. (c) Bluebush basalt. 
Sample TC20PGF064B at 348.8 m. Flame-like exsolution of 
pentlandite in pyrrhotite suggesting low-temp exsolution. Also 
chalcopyrite and pyrite. Ccp = chalcopyrite; Pn = pentlandite; 
Py = pyrite; Po = pyrrhotite.
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The large alteration footprints and alteration mineralogy 
noted in Rover base metal deposits is common in VHMS 
deposits, ie sericite, phengite, Mg-chlorite, talc, and 
magnetite. In Curiosity, there is a phengite alteration halo in 
the hanging wall of the orebody, as detected in the shortwave 
infrared hyperspectral data (Smith 2015). Phengite 
alteration is typical of hanging wall sediment alteration in 
massive sulfide deposits (Galley and Hannington 2007) and 
has been used in the past to argue for an epigenetic model of 
the mineralisation (Lampinen et al 2019).

The Explorer 108 and Curiosity have an ill-defined 
metal zonation and stratabound mineralisation, with a 
lead–zinc zone (low temperature association in VHMS 
systems) associated with magnetite on top of copper-rich 
stringer zones (higher temperatures in VHMS systems). 
The sulfide petrology shows cases of potential zone 
refinement typical of VHMS systems (Ohmoto 1996). 
Zone refinement happens when high temperature fluids 
invade low temperature zones and remobilise lead and 
zinc, replacing them with copper minerals (Piercey 2010). 
During zone refinement, chalcopyrite partially replaces 
sphalerite resulting in ‘chalcopyrite disease’ (inclusions of 
chalcopyrite in sphalerite rims; Figure 9a). There are cases 
of framboidal and atoll pyrite in a chalcopyrite–sphalerite 
matrix, suggesting biogenic sulfides formed at the sub-
seafloor that later nucleated zinc and copper mineralisation 
(Piercey 2010; Figure 9b). Large (1992) recognised this 
pyrite texture in several Australian VHMS deposits. 
Taylor et al (2010) argues that framboidal-like sulfide 
textures in massive sulfide deposits are the product of early 
diagenetic diffusion of base metals in a gel-like medium: 
an epigenetic characteristic, not syngenetic as previously 
interpreted (Leitch 1981, Eldridge et al 1983, England and 
Ostwald 1993, Hannington et al 1999). The texture could 
also indicate marcasite (FeS2), stable in low temperature 
acidic fluids, replaced and pseudomorphed by pyrite as the 
temperature and pH increased (Murowchick and Barnes 
1986). Another characteristic shared with VHMS systems 
is the sub-seafloor sulfide replacement where mineralising 
fluids permeate the subsurface and alter the primary 
minerals. In Curiosity, detrital pyrite grains in the siltstone-
sandstone are rimmed by chalcocite or bornite, and 
sometimes chalcopyrite (Farias et al 2021). This suggests 
mineralising fluids or brines reacted with detrital sulfides 
and precipitated part of the metal load.

Based on the previous discussion, we determined 
that the base metal mineralisation in the western zone 

also shares characteristics with sediment-hosted massive 
sulfides (Burke 2015, Savage 2020), although given the 
dominant volcanic nature of the host rocks and evidence 
mentioned above, we favour a model akin to VHMS systems 
as depicted in Figure 10. Both Explorer 108 and Curiosity 
preserve some of the primary bedding and mineralisation 
but are also overprinted by the north–south shearing that 
potentially remobilised the base metals. The apatite ages 
(Farias et al 2021) from this sample are interpreted to 
constrain the time of remobilisation (epigenetic stage) 
rather than the syngenetic stage. Explorer 108 and Curiosity 
could represent an altered version of a felsic–siliciclastic-
hosted VHMS (Galley and Hannington 2007 and references 
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Figure 10. Explorer 108 and Curiosity schematic model.
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therein) or an analogue of magnetite-rich VHMS, eg the 
Archaean Gossan Hill deposit in the Yilgarn craton (Sharpe 
and Gemmell 2002).

Orthomagmatic copper–nickel-chromium mineralisation 
(northern zone)

Magmatic nickel–copper–chromium mineralisation is the 
result of immiscible separation and concentration of nickel, 
copper, chromium and platinum group elements in sulfide 
liquid from magmas of mantle origin like komatiites and 
tholeiitic basalts (Arndt et al 2005, Dulfer et al 2016). Most 
of the Australian nickel production comes from komatiite-
hosted nickel sulfide deposits, unlike the tholeiitic intrusion-
hosted nickel–copper–PGE deposits such as the Noril’sk, 
Voisey’s Bay and Jinchuan deposits, which contribute the 
largest worldwide production (Dulfer et al 2016). Regardless 
of the host, there are a series of geological settings that are 
required for the formation of these deposits (eg Naldrett 
2004): (i) sufficient Ni–Cu–Cr in the magma; (ii) sulfur 
content reaching S-saturation in the magma and producing 
immiscible sulfide liquids that harvest the metals from the 
magma; (iii) concentration and capture of these Ni–Cu-
rich sulfide liquids to form a deposit. Most nickel is hosted 
in olivine, and the copper–chromium in sulfide. Due to the 
high melting temperature of these host minerals, the release 
of the metals require moderate to high temperatures and high 
partial melting intensities. Most of the conditions mentioned 
therein are met in large igneous provinces (LIPs; Ernst and 
Jowitt 2013) where mantle plumes impact upon relatively thin 
lithosphere and trigger decompressional melting. 

The composition of the mineralised Bluebush basalt is 
akin with an E-MORB array rather than a typical komatiite. 

However, the Bluebush basalt is indeed mineralised with 
a sulfide paragenesis expected for a magmatic nickel–
chromium–copper mineral system (Figure 9c). We found 
the following evidence indicating potential for magmatic 
Ni–Cu–Cr in the northern zone of the Rover field: 

• the basalt is weakly mineralised 
• the whole-rock epsilon neodymium values and HREE-

depleted pattern suggest a primitive mantle-derived source
• the Bluebush area is coincident with a large gravity 

anomaly and a crustal-scale discontinuity (10 km vertical 
offset; Sippl 2016 discussion therein); lateral changes 
in the lithospheric thickness are thought to assists the 
channelling and focusing of the mantle plumes towards 
the thinner lithosphere (Ernst and Jowitt 2013) 

• the interpreted apatite U–Pb age of this mafic unit 
(1758 ± 78 Ma; Farias et al 2022) partially overlaps with 
the time of base metal mineralisation in the western 
zone. 

There is a possibility that the Warramunga Province was 
reactivated during that time (Figure 11) after the extensional 
Murchison Event, which is related to extensive mafic 
magmatism (Donnellan 2013), and before the Davenport 
Event, Devil’s Suite magmatism (Donnellan 2013) and 
associated Cu–W–Sn mineralisation (McGloin et al 2020). 

Timing of the base metal and copper–nickel 
orthomagmatic mineralisation 

The estimated ages of the base metal mineralisation in 
Explorer 108 and Curiosity in the western zone of the Rover 
field are within error of the copper–nickel–chromium 
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Figure 11. Schematic block diagram of the Rover field and Tennant Creek mineral field areas during the proposed extensional setting 
during the 1.70–1.76 Ga period.
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mineralisation of the Bluebush area in the northern zone 
(Figure 12). The apatite U–Pb ages for the base metal 
mineralisation are 1740 ± 55 Ma and 1724 ± 77 Ma for 
Curiosity and Explorer 108 respectively; and 1758 ± 78 Ma 
for the mineralisation at Bluebush (Farias et al 2022). 
Despite the large uncertainties (2σ; Figure 12), the apatite 
U–Pb ages indicate that these deposits are younger than 
the ca 1847–1851 Ma gold–copper–bismuth mineralisation 
of the Tennant Creek mineral field (Fraser et al 2008). 
The Rover field base metal and copper–nickel–chromium 
mineralisation are closer in age to the copper–tungsten 
mineralisation reported for the Explorer 27 prospect 
(1711 ± 8 Ma and 1719 ± 8 Ma Re–Os model ages; McGloin 
and Creaser 2019, McGloin et al 2020), and the Orlando East 
and Navigator 6 prospects (SHRIMP U–Pb-Th monazite 
ages of ca 1659 Ma) of the Tennant Creek mineral field 
(Skirrow et al 2019); as well as to the ca 1710 Ma Devils 
Suite magmatism (Blake et al 1987, Donnellan 2013).

The rare earth elements (REE) patterns across all 
samples share a common feature: the apatite grains are 
texturally related to mineralisation, have positive to near-
positive Eu/Eu* anomalies and lower light rare earth 
elements (LREE) and HREE content when compared 
with the apatite in the altered host rock. It is interpreted 
that the apatite in contact with mineralisation grew 

under the influence of hydrothermal fluids (for Curiosity 
and Explorer 108) and nearby sulfide and epidote (for 
Bluebush; Farias et al 2021). The apatite with negative 
Eu/Eu* anomalies and overall larger REE content 
represents earlier phases of mineralisation (for Curiosity 
and Explorer 108) or is magmatic apatite (Bluebush), 
chronologically indistinguishable from the apatite related 
to mineralisation. 

Implications for exploration

This study has identified evidence for three mineral 
systems in the undercover Rover field: copper–nickel–
chromium mineralisation in the north zone; gold–copper–
bismuth in the central zone; and zinc–lead–silver ± copper 
mineralisation in the western zone. 

In the northern zone, the Bluebush mafic rock (host 
of the copper-nickel mineralisation) has been accurately 
modelled after a ground gravity survey (Page 2010). Further 
high resolution gravity surveys in the region could unveil 
the real spatial distribution of these mafic rocks; inductive 
polarisation (IP) surveys could narrow the search space, 
vectoring towards sulfide-rich zones. 

In the central zone, the potential of gold–copper–bismuth 
mineralisation is linked to the magnetic ironstones, easily 
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Figure 12. Rover field geochronology results compared with Warramunga Province key tectono-magmatic and mineralising events.  
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detectable in regional magnetic surveys. The use of ultra-
high resolution, unmanned aerial vehicle magnetic surveys 
could assist in the discovery of previously undetected 
magnetic anomalies (Bills 2021). However, not all magnetic 
ironstones are mineralised and the alteration footprint 
of these systems are quite narrow. Explorers should also 
consider the potential for gold–bismuth-rich mineralisation 
associated with hematitic, rather than magnetic ironstones. 
The gold–bismuth mineralisation appears to be associated 
with shear zones crosscutting the main fabric of the host, 
hence the mapping and targeting of these structures becomes 

quite relevant. In the past, several electrical resistivity and 
IP surveys were used in an attempt to target ironstone-
hosted mineralisation under the Wiso basin (Walters 2017) 
but proved ineffective due to the geophysical interference 
from the conductive Wiso basin over the basement signal. 

In the western zone, the base metal mineralisation is 
also associated with magnetite and is hence, a magnetic 
target. In the past, IP and detailed residual Bouguer 
gravity has been successful in identifying such base metal 
mineralisation (eg Curiosity prospect; Burke 2015) making 
these techniques, together with detailed magnetic surveys, 
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efficient tools for exploration. Additionally, as noted in 
Huston et al (2020) and Smith (2015), the alteration footprint 
of the base metal mineralisation in the western zone is large, 
extending up to the unconformity with the Wiso basin. This 
means that exploration of base metal mineralisation should 
include geochemical vectoring post-drilling, even after 
intersecting seemingly barren rocks.
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Introduction

Castile Resources Limited’s Rover Project, located ~100 km 
west-southwest of the town of Tennant Creek, consists of 
seven granted tenements 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; and EL27039 hosts the 
Explorer 108 lead–zinc resource and the Explorer 142 IOCG 
prospect.

Use of geophysics in identifying IOCG under cover by 
recognizing coincident magnetic and gravity anomalies has 
been well established for over 50 years as evidenced by the 
initial discovery of Rover 1 in 1971. While this methodology 
is successful in identifying the ‘IO’ part, it is considerably 
difficult, if not impossible, to discriminate fertile ironstones 
in the Rover field without drilling. Airborne or ground-

based electromagnetic and resistivity techniques have also 
proved to be ineffective given the depth to basement and the 
multiple conductive aquifers within the Wiso Basin.

A pilot downhole electromagnetic (DHEM) survey 
program was undertaken at Rover 1 in 2006–2007 and was 
found to be an applicable method of identifying sulfide 
mineralisation, verifying on-hole, and more importantly, 
off-hole mineralisation. 

This article presents results of DHEM surveys 
undertaken at Explorer 142, part of the program conducted 
at Rover 1, Rover 3, Explorer 108 and Explorer 142. Surveys 
were carried out by Gap Geophysics and interpreted by 
Newexco. 

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 
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 

Figure 1. Rover Project tenure and advanced prospects over total magnetic inversion (TMI) base map.
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accommodation and cooking facilities, fuel storage, and 
communications and core processing facilities.

Regional geology

The Rover Project is situated within the Rover field, an 
interpreted extension of the Warramunga Province of the 
Tennant Region in the 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 contains three geological 
provinces: the Palaeoproterozoic Warramunga Province, 
the unconformably overlying Palaeoproterozoic Davenport 
Province to the south, and Paleo–Mesoproterozoic 
Tomkinson Province to the north (Donnellan 2013). The 
Neoproterozoic to Palaeozoic Georgina and Wiso basins 
overlie Proterozoic rocks of the Tennant Region to the 
east and west respectively. The Palaeoproterozoic Aileron 
Province occurs to the south of the area; the contacts with 
Tennant Region geological provinces are obscured by the 
Georgina and Wiso basins.

Known outcrop of the Warramunga Province is 
approximately centred on the township of Tennant Creek 
and consists of the Warramunga Formation, 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 display open 
to closed folding on east–west-oriented open upright 
axes. They exhibit a well-developed axial-planar slaty 
cleavage formed during the 1850–1845 Ma Tennant Event. 
Overprinting cleavage and kink banding is attributed to 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 gold–copper–bismuth, 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 
targets for the region. 

Volcano-sedimentary rocks of the Ooradidgee Group 
(ca 1850–1820 Ma) unconformably overlie the Warramunga 
Formation and its correlatives, extending to the south 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 Quaternary 
sediments blanketing extensive flat-lying Cambrian 
siltstones, dolomitic siltstones, and dolostones of the 
Wiso Basin. The Wiso Basin unconformably overlies the 
Proterozoic basement and displays a thickening trend from 
less than 70 m in the east to greater than 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 20 km east 
of EL25511. 

Recent research by NTGS geologists (Farias et al 
2021), using zircon dating and detailed petrology and 
geochemistry, have identified the Proterozoic basement 
rocks of the Rover field as being significantly younger than 
the Warramunga Group (1850 Ma vs 1860 Ma) and are likely 
to be extrusive and volcano-sedimentary counterparts to the 
intrusive rocks of the Tennant Creek Supersuite. Lithotypes 
and facies indicate the rocks are equivalent to basal parts 
of the Ooradidgee Group, in particular the Yungkulungu 
Formation.

Mineralisation

There are two distinct styles of polymetallic mineralisation 
identified within the Rover field: Tennant Creek-style IOCG 
copper–gold ± cobalt–bismuth–silver and sediment-hosted 
massive sulfide (SHMS) lead–zinc–silver.

Rover 1 and Explorer 142 conform closely to typical 
Tennant Creek-style IOCG mineralisation. Both deposits 
have structurally-controlled, intense magnetite–quartz–
carbonate to chlorite hydrothermal alteration zones within 
a sequence of folded turbidite. The magnetite ironstone 
bodies are the main host to copper and gold mineralisation, 
which manifests as sulfide phases infilling breccia zones 
and chloritic shears within and bounding the ironstone 
bodies. Gold mineralisation is mostly hosted in the lower, 
chlorite-dominant ‘root’ zone of the system.

Explorer 108 polymetallic deposit differs significantly 
from the IOCG mineralisation, both in primary 
metallogeny and alteration style, and being dominantly 
a lead–zinc–silver stratabound deposit. Economic 
mineralisation at Explorer 108 is associated with 
dolomite-altered metasedimentary units, with stronger 
mineralisation in proximity to the basal contact with 
underlying felsic volcanic rocks, manifesting as irregular, 
narrow aggregates or bands of semi-massive sulfides. 
Subvertical, foliated and brecciated zones of lead–zinc 
mineralisation in a chlorite-talc rich groundmass up 
to 15 m wide are present in the underlying unit, which 
are interpreted to represent feeder structures into the 
dolomitic-sedimentary host unit.

Explorer 142

Within the context of the Rover field, Explorer 142 is a 
similar-sized, coincident magnetic and gravity anomaly to 
Rover 1. Figure 2 provides a direct scaled comparison of 
the total magnetic intensity (TMI) response and distribution 
of known ironstone bodies. From the data and modelling 
to date, there is not enough ironstone discovered at 
Explorer 142 to support the size of the TMI response. Given 
the relative width of the known ironstone bodies (10 m at 
Explorer 142 and up to 50 m at Rover 1), it is apparent there 
is scope for additional material to be found at Explorer 142, 
ie to the west and particularly down dip to the east.
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The currently known mineralisation at Explorer 142 is 
restricted to narrow high-grade copper sulfide lodes on the 
footwall side of the ironstone. As yet, unlike Rover 1, no 
strong chlorite–magnetite-altered gold-bearing root zone 
has been identified. DHEM is being trialled to detect not 
just significant copper mineralisation, but also strong pyrite 
endowment similar to that associated with high-grade gold 
mineralisation at Rover 1 (Savage 2021).

Downhole electromagnetics (DHEM)

In 2007, DHEM surveys were undertaken at Explorer 108, 
Explorer 142 and Rover 1. The initial surveys at Rover 1 
confirmed that the technique was able to effectively 
identify copper mineralisation hosted within magnetite 
ironstone bodies. The surveys undertaken at Explorer 108 
and 142 suffered from poor data quality, with noise levels 
double what can be expected from the system used, mostly 
attributed to interference from conductive Wiso basin 
aquifers, and possibly related to large transmitter loops. At 
the time, the data was discounted as it had not displayed any 
obvious anomalies. Table 1 compares survey specifications 
between 2007 and 2021. 

As part of a wholistic review of geophysical data 
collected to date over the Rover Project (Ebner 2020), 
the historic DHEM data was re-examined. One survey 
of particular interest was the Explorer 142 survey of 
drillhole NR142D003. The hole was surveyed to 750 m, 
62 m short of EOH at 812.5 m. An off-end response 
was identified in the B-field A (Ba) electromagnetic 

component at 750 m comprising a weak inflection 
consistent with an approaching trough that may represent 
an off end-of-hole source. Corroborating inflections were 
also observed in Bu (neg-pos) and Bv (pos-neg) mid-
time cross components (Figure 3). This long-wavelength 
anomaly, while weak, had the potential to represent a 
large distal conductor and justified re-survey to obtain 
a better signal at a lower noise base to identify a more 
robust vector to source.

In mid-2021, several holes were re-entered, cleaned 
out and cased as recommended in the geophysics review. 
NR142D003 was able to be cleaned out to end of hole 
and cased in preparation for a new DHEM survey. The 
additional 62 m added to the survey depth was hoped to 
extend the truncated anomaly profile and resolve anomaly 
forward models. DHEM surveys on the prepared holes were 
conducted by Gap Geophysics. 

Figure 2. Comparison of Explorer 142 (left side) and Rover 1 (right side) TMI anomalies, known ironstone distribution and mineralisation.

Table 1. DHEM setup comparison between 2007 and 2021 surveys.
Survey year

2007 2020
Contractor GPX GAP

Receiver
Receiver SMARTem DigiAtlantas
Sensor Atlantis Fluxgate
Frequency 4.167 Hz 1 Hz

Transmitter
Transmitter GGT-30 GAP
Current 46A 135A
On 0.000 ms 6.650 ms
Off 0.300 ms 0.133 ms
Timing 60.3 250.132
TX loop 1000mE x 600mM Two 300mE x 300mN
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Figure 3. 2007 DHEM survey of 
NR142D003 showing (a) transmitter 
loop configuration and (b) logged field 
components.

Two surveys were completed on NR142D003 using 
two transmitter loops (Figure 4) to improve constraints 
on a potential off end-of-hole source identified in the 
2020 review. Data underwent initial QA/QC prior to being 
supplied to Newexco for interpretation. The results were of 

good quality and show complex anomaly interactions from 
~700 m to EOH in all three components in both DHEM 
surveys of NR142D003 (Figure 5). On-hole anomalies 
centred around the ironstone at 740 m are likely associated 
with the intersected ironstone. However, the off end-of-hole 
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Figure 4. 2021 DHEM resurvey of 
NR142D003 showing transmitter loop 
configuration for loop 1 (green) and 
loop 2 (blue). 

Figure 5. 2021 DHEM resurvey of 
NR142D003 showing logged field 
components for loop 1 (green) and loop 
2 (blue). 
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bedrock anomaly inferred from the review was pushed further 
down hole in both datasets, notably in the rising amplitude 
of the Bu component of Loop 1 and the convergence of the 
Bv component of Loop 2. Coupled with a rising trend in the 
TMI towards the end of the hole, the data indicates the hole is 
approaching a conductive and magnetic source (Pearce 2021). 

These anomalies are unlikely to be sourced by the 
intersected ironstone or associated with surface signals. 
They are also not considered to be sourced from previously 
intersected Explorer 142 copper mineralisation from 
historic drilling after modelling the effect of this known 
mineralisation.

Subsequent modelling has not achieved a strong degree 
of fit due to the end-of-hole anomaly, making the dataset 
incomplete. Modelling was also complicated by competing 
signals from anomalies further up the hole. The best 
attempts suggest two alternate model positions: one as an 
off-hole source at EOH (Figure 6); the other as an off-end, 
off-hole source (Figure 7). Both of these responses can be 
of significance, being either new copper zones, or indicative 
of massive pyrite and by extension, potentially high-
grade gold mineralisation, which has not been previously 
identified at Explorer 142.

Given the uncertainty over which of the possible 
conductor models may be applicable, but considering 

the potential for an off-end-of-hole magnetic source from 
the logged TMI, it was decided to extend the hole in an 
attempt to fully model the partial profile trends at end-of-
hole evident in Loop 1: Ba neg, Bu pos; and Loop 2 Ba pos 
and Bv neg. Drillhole NR142D003 was extended out an 
additional 169.8 m to 982.3 m depth, drilling through fine 
grain metasedimentary units. The new DHEM survey is 
expected to be undertaken in early 2022.

Conclusions

DHEM is an effective method of determining the fertility 
of prospective ironstone bodies in the event of drilling 
a potential ‘near miss’, ie being able to identify potential 
copper mineralisation at some distance to the drilled hole. 
The loop designs and increased data stacks used in the 2021 
DHEM resurveys have provided considerably better quality 
data and have been able to more effectively discriminate 
potential basement conductors compared to the original 
2007 surveys. 

The results of the modelling at Explorer 142 by Newexco 
identified two potential conductor targets. Neither of the targets 
appear to be related to existing ironstone or mineralisation 
trends, and thus, possibly represent entirely new mineralisation 
zones of either copper or gold mineralisation.

Figure 6. NR142D003 loop 1 (left) and loop2 (right) linear profiles Ch 17 – 21 (3 – 7.5ms). Black and red profiles represent field and 
modelled responses respectively. Model profiles generated using ironstone (blue), actual copper mineralisation (green) and off-hole, 
end- of-hole forward model (red) plates.
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The Carpentaria Basin of the NT – more sand than the Sahara
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In January 2020, Territory Sands Pty Ltd was granted four 
Extractive Mineral Exploration Tenements (EMEL) south 
of Larrimah township to explore for Frac sand. First pass 
drilling in October 2020 indicated potential for high-quality 
quartz sand deposits over multiple kilometres in strike 
length and of sufficient quality to pass API spec for Frac sand 
with minimal processing. Further geological investigation 
30 km west of Larrimah indicated the potential for deposits 
of construction sand/concrete sand suitable for export to 
Singapore via the port of Darwin. Successful first-pass 
drilling took place in September 2021. Elsewhere, further 
research led to the application of 23 EMELs in the Newcastle 
Waters region where exploration indicated the potential to 
uncover large deposits of silica sand in proximity to the 
Adelaide–Darwin railway line. 

Projects

Territory Sands Pty Ltd are exploring three sand projects in 
the Carpentaria Basin 470–700 km south of Darwin between 
Larrimah and Newcastle Waters (Figure 1): the Larrimah Frac 
Sand Project, the Middle Creek Construction Sand Project, 

and the Newcastle Waters/Murranji Silica Sand Project.
The Larrimah Frac Sand Project contains three Frac 

sand deposits, 5–40 km south of Larrimah, over which 
the company has nine Extractive Mineral Lease (EML) 
applications. Permitting is expected to take at least 12 
months. In October 2021, 152 air core holes were drilled for 
3492 m to delineate three deposits totalling 108 Mt of sand 
(non-JORC).

The Middle Creek Construction Sand project contains 
four granted EMELs and two EML applications. The 
tenements are located 30–40 km west of Larrimah. In 
September 2021, 36 air core holes were drilled for 750 m 
delineating 130 Mt of construction sand (non-JORC).

The Newcastle Waters/Murranji Silica Sand Project is 
located northwest of Elliot, between the Stuart Highway 
and the Adelaide–Darwin railway line. Extensive fine- to 
medium-grained sand sheets exist in this area to depths 
exceeding 70 m. Twenty-three EMELs are pegged in this 
area. First-pass drilling will take place here in 2022.

Geology

The sand beds around Larrimah in the Carpentaria Basin 
are 5–30m thick and interbedded with siltstone. Limestone 
and sandstone underlie the sand deposits. The sand beds are 
generally flat lying (Figure 2 and 3), unconsolidated and 
dry. The silt and clay content averages 15–25%. Geological 
mapping of outcrop is poor according to the Larrimah First 
Edition Geological Map 1969 edition. The Carpentaria Basin 
sedimentary rocks above the limestone are Cretaceous in age 
and shallow marine in origin. The sand has weathered from 
poorly-sorted to well-sorted friable sandstone that outcrops in 
numerous places throughout the basin (Figure 4 and 5). The 
unconsolidated sands around Larrimah have some similarity 
to the Howard Sand Member of the Cretaceous Darwin 
Formation (Doyle 2001) in the vicinity of the Howard Springs 
area; however, around Larrimah the sand is dry, cleaner and 
contains much less sticky clay. 

Initial geological investigations of the sand in the Newcastle 
Waters/Murranji area indicate thicker but finer grained sand 
deposits that may be suitable for high-purity silica sand.

Processing and test work

Frac sand from Larrimah can be processed by standard 
methods to produce a high-quality, clean quartz sand 
(Figures 6 and 7). The average of 20 × 5 kg composite 
samples, which were upgraded by washing, screening, and 
gravity and magnetic separation, yielded an average silica 
content of 99.45% SiO2 and a highest value of 99.7% SiO2. 
Frac sand testwork from an American laboratory produced 
crush test results of 9 K and 10 K psi for heavy 100 mesh 
sand with extremely low turbidity.Figure 1. Location map of Carpentaria Basin sand projects.

© Northern Territory of Australia 2022. 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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Figure 2. Flat-lying sand bed over 2.4 km strike length underlying siltstone at the Vermelha deposit.

Figure 3. Shallow flat-lying sand over 3.2 km strike length at the Forest Hill South deposit.

Figure 4. Cretaceous sandstone outcrop 30 km south of Larrimah.

Figure 5. Friable sandstone from Larrimah.
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Figure 7. Larrimah 40/70 mesh proppant quartz grains.Figure 6. Larrimah 20/40 mesh proppant quartz grains.
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Characterising VMS mineralisation at the Palaeoproterozoic Home of Bullion copper deposit, 
Aileron Province
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Introduction

The Home of Bullion deposit is a medium-sized copper–
lead–zinc (± silver-gold) deposit located 28 km east of 
Barrow Creek in the northern Aileron Province, central 
Australia. Discovered in 1923, samples returned some of 
the highest reported copper grades in Australia (46.6% 
Cu; Blanchard 1936), and the deposit produced ~1000 t of 
copper by 1951 (Sullivan 1953). Subsequent exploration 
has focused on defining extensions to the deposit, which 
has total Mineral Resources of 2.5 Mt at 1.8% Cu, 2% 
Zn, 1.2% Pb, 36 g/t Ag and 0.14 g/t Au (Kidman Barrow 
Creek Pty Ltd 2015).

Despite a near 100 year history of mining 
and exploration, the characteristics and style of 
mineralisation remain largely unstudied. Early 
investigations determined a strong structural control to 
mineralisation, and mafic amphibolites were suggested 
to be the source of copper (Sullivan 1951, Griffiths 
1970). Field mapping and petrographic studies concluded 
mineralisation was stratiform with metasomatic 
alteration, which lead to a proposed volcanogenic 

massive sulfide (VMS) classification (Drown 1993, 
Drown 1996, Benger 2006). However, there is a lack of 
definitive evidence for volcanic rocks associated with 
mineralisation.

Under the Resourcing the Territory initiative, the 
Northern Territory Geological Survey (NTGS) has 
undertaken a project to improve understanding of the 
geological framework and style of mineralisation at the 
Home of Bullion deposit. The project generated new 
constraints on the timing of mineralisation, improved 
knowledge of the mineralisation and host rocks, and 
developed a geochemical profile of mineralisation and 
associated alteration.

Geological setting

The Home of Bullion deposit (Figure 1) is hosted by 
the Palaeoproterozoic Bullion Schist, which comprises 
thinly bedded metamudstone and metasandstone with 
minor bedding-parallel mafic amphibolite (Haines 
et al 1991). Outcrops hosting the Home of Bullion 
deposit have been metamorphosed to lower amphibolite 
facies, forming quartz–muscovite schists (± biotite, 
chlorite, andalusite, cordierite, garnet) and amphibole–
plagioclase mafic amphibolites (± chlorite, phlogopite, 
clinozoisite, titanite, quartz), all overprinted by a weak 

Figure 1. Map of geological regions showing the location of the Home of Bullion deposit.
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foliation (McGloin et al 2018). Andalusite, garnet 
and biotite are all partially to completely replaced by 
chlorite and sericite during retrograde metamorphism 
at greenschist facies, which also involved growth of 
chlorite porphyroblasts.

Lower amphibolite facies metamorphism is considered 
coeval with multiple deformation events (McGloin et al 
2016). The first event (D1) generated west-northwest-trending 
tight to isoclinal folds, bedding-parallel foliation (Figure 2) 
and limb-parallel reverse shear zones (Figure 3). A second 
event (D2) generated a mm- to cm-scale crenulation cleavage 
(Figure 2) and north-northwest-trending reverse faults that 
cross-cut F1 fold axes. Later events involved minor shearing 
and folding.

Mineralisation and alteration

Mineralisation occurs in four sheared tabular lodes in the 
Bullion Schist: the Main Lode, East Lode, South Lode 
No 1, and South Lode No 2. Stratiform mineralisation 
occurs on overturned fold limbs between closely spaced 
(<10 m) bedding-parallel shear zones (Figure 3) adjacent 
to a metamorphosed mafic amphibolite. Banded textures 
and horizons of schist are observed in the gossan (Drown 
1993), and a <10 cm-thick chert unit is found along the 
northern boundary. The metamorphic assemblage in the 
mineralised rocks includes Mg-rich chlorite and phlogopite 
(± cordierite, cummingtonite, plagioclase, rutile; Stuart 
in prep). Sulfides are recrystallised and in textural 
equilibrium with silicates, indicating they formed as part 
of the metamorphic assemblage and were likely present 
in the protolith (Stuart in prep). Foliation is defined by 
chlorite and phlogopite, and in some samples, orientation 
of amphiboles and sulfide aggregates is also observed 
(Figure 4). Major sulfides in the primary mineralisation 
(hypogene zone) are pyrrhotite (<40%), sphalerite (<12%) 
and chalcopyrite (<30%), with minor galena (<2%). Other 
phases associated with sulfide mineralisation are native 
bismuth, bismuthinite, chalcocite, arsenopyrite, stannite, 
pyrite, and marcasite. The primary mineralisation has 
grades in the range of 3–5% Cu, 1–6% Pb, and up to 15% 
Zn (Haines et al 1991).

Chlorite and sericite alteration is common in outcrops in 
the vicinity of the Home of Bullion deposit. The proportion 
of chlorite varies widely within the massive sulfide zones 
(0–65%) and in the surrounding host rocks (0–70%). In 
most samples, chlorite is foliated and is interpreted to have 
formed prior to metamorphism, possibly as a result of 

Figure 2. Field photograph of the Bullion Schist. The S0/1 foliation 
is crenulated to form a sub-vertical S2. Pencil is 7 mm wide.

Figure 3. Schematic cross-section through the Home of Bullion deposit showing interpreted structural setting of mineralisation 
(McGloin et al 2016).
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hydrothermal alteration (Stuart in prep). The intensity of 
chlorite alteration does not appear to be linked to distance 
from mineralisation, although deformation may have 
interrupted and displaced the stratigraphy sufficiently to 
mask such a relationship.

The lodes display vertical zonation typical of supergene 
alteration, with a leached oxidised zone and supergene 
mineralisation overlying the primary mineralisation. The 
leached oxidised zone at and near the surface contains 
goethite, limonite, copper carbonates, cerussite and silica, 
with grades of 2–12% Cu, 1–5% Pb, <2% Zn, 30– 60 ppm Ag, 
and <1 g/t Au (Drown 1993). The supergene mineralisation 
is found between 36 and 60 m depth and has significant 
amounts of chalcocite and tennantite with grades of 12– 24% 
Cu (including a maximum value of 49%), 2–3% Pb, 1% Zn, 
30–60 g/t Ag, and 1.5 g/t Au (Haines et al 1991, Drown 1993, 
Ferenczi 2005). Historical mining targeted the oxidised 
and supergene ore zones, both of which have largely been 
excavated from the Main Lode.

Timing of mineralisation

The maximum mineralisation age is constrained by the 
age of the Bullion Schist. At the Home of Bullion deposit, 
the Bullion Schist has an interpreted maximum depositional 
age of 1833 ± 15 Ma (sample BC15MVM001; Yang et al 
in prep). Minimum depositional ages are constrained by 
a metamonzogranite and a metadolerite that cross-cut the 
Bullion Schist within 10 km of the deposit, yielding igneous 
crystallisation ages of 1823 ± 9 Ma and 1822 ± 27 Ma 
respectively (samples BC15MVM005 and BC15MVM008; 
Yang et al in prep).

A minimum mineralisation age is provided by the timing 
of metamorphism and deformation of the Bullion Schist and 
mineralised bodies (Figures 3, 4). Andalusite porphyroblasts 
are subparallel to S1, the dominant foliation in outcrops 
adjacent to mineralisation. Monazite inclusions in andalusite 
porphyroblasts yielded ages constraining andalusite growth 
between 1813 ± 30 Ma and 1762 ± 14 Ma (Reno et al 2019). 

New geochemical profiles

Trace element geochemistry indicates that protoliths to the 
mafic amphibolites range from basalt to basaltic andesite. 
The discrimination plot of Pearce (2008) uses immobile 
trace elements to identify oceanic or continental crust 
character of mafic rocks. Mafic amphibolites plot outside 
of the oceanic basalt field in the volcanic arc array near 
the metasedimentary units. This suggests the mafic 
amphibolites did not form in oceanic lithosphere but in a 
setting that involved extensive crustal input into the original 
mafic magma (Figure 5). This may be a result of the magma 
originating in a subduction zone or crustal contamination 
during magma ascent (Pearce 2008); additional samples 
would be required for further interpretation of the magma 
source and tectonic setting.

Both mafic amphibolites and metasedimentary units 
are characterised by variable compositions (Figure 6), 
including SiO2 (27–80 wt%), Al2O3 (9–24 wt%), MgO 
(0.7–17 wt%), and Fe2O3 (3–16 wt%). Differences in the 
immobile element aluminium likely reflects compositional 
variation in the sedimentary and igneous components of 
the protolith to the Bullion Schist. Variations in the mobile 
elements silicon, magnesium and iron reflect varying 
degrees of alteration, possibly related to mineralisation. 
On the box plot of Large et al (2001), metasedimentary 
units plot between the sericite and chlorite/pyrite mineral 
nodes, spreading back towards the least altered dacite 
box (Figure 7). Mafic amphibolites plot close to the least 
altered basalt box, with some close to the ankerite/dolomite 
node and others closer to the chlorite/pyrite node. The 
alteration box plot suggests the host rocks were affected 

Figure 4. Photomicrograph of massive sulfide zone from the 
South Lode No 1 (sample BC15MVM013). Foliated chlorite 
(pale grey), pyrrhotite (black) and cummingtonite (pale yellow). 
Cummingtonite is locally replaced by brown smectite–chlorite. 
Cross-polarised light.

Figure 5. The Th–Nb proxy diagram of Pearce (2008) showing 
discriminations between oceanic and non-oceanic basalts using 
immobile trace elements.

1000 µm
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by hydrothermal alteration, with variable enrichments in 
Fe and Mg. Pathfinder elements, which strongly correlate 
with copper, zinc and lead, include gold, bismuth, cadmium 
and stibnite (Figure 6). Concentrations of the pathfinder 
elements range from below detection limits to high values 
similar to those measured in the ore bodies.

Style of mineralisation

Previous workers have classified Home of Bullion as a VMS 
deposit based on the copper–lead–zinc (± silver– gold) 
assemblage, the stratiform nature of mineralisation, and 
evidence for metasomatic alteration (Drown 1993, Drown 
1996, Benger 2006). Outcrops around the Home of Bullion 
deposit are dominated by pelitic metasedimentary units 
with minor basaltic to basaltic andesitic amphibolites, 
consistent with a siliciclastic-mafic type VMS environment 
(Shanks and Thurston 2012). Siliciclastic-mafic type 
VMS deposits form in sill-sediment complexes that may 
occur in mature oceanic back-arc basins, active spreading 
centres proximal to continental margins, or in continental 
margin rifts (Franklin et al 2005, Piercey 2011, Shanks 
and Thurston 2012). Geochemical proxies indicate the 
mafic amphibolites did not form in oceanic lithosphere, 

Figure 6. Downhole geochemical profiles for drillholes HDD44-W4 and HDD43-W2, which intersect the Main lode and South lode 
No 1 respectively. The Alteration Index (AI) of Ishikawa et al (1976) and chlorite–carbonate–pyrite index (CCPI) of Large et al (2001) 
are used to show common trends associated with hydrothermal alteration. AI = 100 x (K2O + MgO) / (K2O + MgO + Na2O + CaO); CCPI 
= 100 x (MgO + FeO(tot)) / (MgO + FeO(tot) + Na2O + K2O).

Figure 7. The alteration box plot of Large et al (2001), showing 
common trends associated with hydrothermal alteration. 
Alteration Index and CCPI calculated as per Figure 6.
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suggesting a continental margin setting is more likely. This 
is supported by the interpretation that the Aileron Province 
comprised a large basin on the southern margin of the North 
Australian Craton during deposition of the Bullion Schist 
(Ahmad and Scrimgeour 2013).

Metal ratios in VMS deposits are reflective of the 
tectonic setting and underlying strata. Composition of the 
igneous rocks is a key factor in mineralisation: mafic VMS 
types tend to have high copper, high gold and low lead 
contents, whereas felsic VMS types tend to have high zinc, 
high lead and low copper contents (Franklin et al 2005, 
Piercey 2011). With high copper, high zinc and low lead 
contents, the Home of Bullion deposit does not conform to 
previous observations for a typical siliciclastic-mafic type 
VMS deposits – this suggests a previously unrecognised 
felsic component may be involved in mineralisation.

VMS deposits worldwide have a common metal 
and alteration zonation that is preserved even after 
metamorphism up to granulite facies (Large 1992, 
Bonnet and Corriveau 2007, Shanks and Thurston 2012). 
In siliciclastic-mafic deposits, lenses of massive sulfide 
overlie footwall feeder or stringer zones of intense quartz–
chlorite–chalcopyrite veining within altered host rocks. 
Host rocks display intense chlorite alteration close to the 
mineralisation, which decreases in intensity outwards 
into a sericite zone. At Home of Bullion, whole rock 
compositions indicate chlorite, sericite and minor ankerite/
dolomite alteration (Figure 7). However, there is no 
difference in composition of samples in the hanging wall 
and footwall for both the Main and South No 1 lodes, and 
the degree of alteration is not strongly linked to proximity to 
mineralisation. Most mobile and pathfinder elements have 
symmetric profiles around the Main and South No 1 lodes. 
Gold and cadmium pathfinder elements have asymmetric 
profiles around the Main lode where they are both found 
in higher concentrations above mineralisation (Figure 6). 
If this pattern reflects alteration in the footwall of a VMS 
system, it suggests the sequence is locally overturned. This 
is consistent with the interpreted structural architecture 
for the deposit that shows the mineralisation occurring 
on an overturned F1 fold limb (Figure 3). Other elements 
and alteration indexes lack the zonation typical of VMS 
systems, although this may have been obscured by post-
mineralisation deformation.

Conclusions

Local stratigraphy at the Home of Bullion deposit is 
characterised by metasedimentary quartz–muscovite 
schists and minor mafic amphibolite. Mineralisation 
occurs in tabular, stratiform bodies spatially associated 
with mafic amphibolite and bedding-parallel faults. Sulfide 
mineralisation occurs as stratiform pyrrhotite, sphalerite 
and chalcopyrite, forming four lodes, which comprise the 
copper–lead–zinc (± silver–gold) deposit. Geochronology 
and field relationships indicate mineralisation occurred 
either during sedimentation or shortly after, and prior 
to deformation and metamorphism. Based on the above 
evidence, Home of Bullion can be classified as a siliciclastic-
mafic VMS deposit.

However, there are several observations that do not 
fit with this classification. The deposit lacks the footwall 
alteration sequence typical for VMS deposits, and there 
is no obvious ‘feeder zone” with intense alteration and 
veining below the deposit. Additionally, the metal ratios 
of the primary mineralisation do not conform to published 
descriptions of VMS deposit styles involving mafic rocks, 
suggesting an additional metal source or process was 
involved in mineralisation. The timing of mafic amphibolite 
formation has not been constrained, and the lack of 
mineralisation around other mafic amphibolite bodies has 
not been explained. 

Mineralised lodes appear to be at least partly structurally 
controlled, occurring in fault slices on the southern limbs 
of anticlines. A focus on the role of deformation in deposit 
formation or lode concentration together with detailed 
mapping of other exposures of the Bullion Schist may 
be useful in identifying additional areas prospective for 
mineralisation.
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The application of geophysics in the discovery of brownfields’ copper mineralisation at Jervois, 
Northern Territory
Atiqullah Amiri 1,2

Introduction

KGL Resources Limited (KGL) is a Brisbane-based, 
ASX-listed (ASX:KGL) company focused on the 
development of the Jervois polymetallic mineral deposits 
located in the Northern Territory of Australia, ~386 km 
by road, east-northeast of Alice Springs (Figure 1). The 
potentially exploitable metallic minerals at Jervois include 

copper, silver, gold, lead, zinc, cobalt and tungsten. The 
initial focus for KGL is the mining of copper ores and 
the processing and marketing of copper concentrates also 
containing payable silver and gold by-products.

KGL is the 100%-holder of four mineral leases and 
two exploration licences that comprise the Jervois Project 
(Figure 2).

The main site activities for KGL during 2021 have 
been drilling for expansion and improved definition of the 
mineral resources at three main deposits, namely Reward, 
Bellbird and Rockface. The combined Mineral Resources 
for the deposits have been defined as 22.65 Mt at 2.04% 

1 KGL Resources, level 5, 167 Eagle Street, Brisbane QLD 4000, 
Australia

2 Email: bjlevings@kglresources.com.au

Figure 1. Location of copper–silver–
gold Jervois Project.
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Figure 2. Jervois Project mineral 
tenements and location the major 
deposits and Cox’s Find prospect.

Cu, 25.5 g/t Ag and 0.26 g/t Au (JORC 2012 Indicated 
and Inferred categories) containing 461 600 t of copper, 
18.54 Moz of silver and 186 800 oz of gold (KGL 2020, 
2022a, b). These resource figures represent a 12.6% increase 
in contained copper over the previous mineral resource 
estimate published in 2020.

KGL has also undertaken further exploration at Jervois, 
including a large MIMDAS induced polarisation–resistivity 
(IP) survey, down-hole electromagnetic surveys (DHEM) 
and drilling of selected targets.

Drilling recommenced at Jervois on 16 February 2021 
after a Covid-19 enforced hiatus of nearly 12 months. A 
total of 86 holes were completed during the year for an 
advance of 29 117 m. Of this total, 10 holes (4769 m) can 
be classified as exploration drilling, with the remainder as 
resource growth and definition drilling.

This paper presents a case study of the exploration 
of a known and previously drilled copper occurrence at 
Cox’s Find and the geophysics-led discovery of significant 
copper at Cox’s Find South. 

Geological and exploration setting

The regional geological setting of the Jervois Project is 
described extensively by Mayes (2017). The project lies in 
the far eastern part of the Aileron Province in the Arunta 
Region, which forms the southern portion of the North 
Australian Craton (Figure 3). 

The sedimentary and volcanic rocks of the Jervois 
area date at ca 1800 Ma and have been metamorphosed 
to amphibolite–upper amphibolite facies, probably at 
ca 1720– 1700 Ma. The host rocks to the mineralisation 
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are the Bonya Schist, which comprises predominently 
psammitic-siltstone-pelites and associated felsic igneous 
rocks.

The Jervois sequence is folded and the western limb is 
truncated by a large fault resulting in younger Georgina 
Basin rock being juxtaposed on the Jervois sequence. The 
result is the large, well-known ‘J-fold’, which is readily 
observed in satellite imagery and aerial photographs 
(Figure 4).

Morgan (2021) showed that Rockface, Reward and 
Bellbird, which are currently considered the major mineral 
deposits at Jervois (Figure 4), are generally stratabound 
and hosted within the rocks that form the J-fold. These 
metasedimentary rocks typically present, with varying 
mineral content, as garnet-chlorite-magnetite schist. 
Laterally they can include quartz tourmaline and banded 
epidote and calc-silicate rocks. 

Exploration over the last four years has shown that 
there are two styles of mineralisation at Jervois: lower 
grade syn-depositional or stratabound disseminated sulfide 
mineralisation, and higher grade structurally-controlled 
mineralisation. The latter can occur in shoots and may 
represent remobilised stratabound mineralisation. The 
orientation of the shoots varies, with the Rockface 
mineralisation dipping 80o north, while on the western and 
eastern limbs of the J-fold at Bellbird and Reward respectively, 
the shoots are essentially vertical (Morgan 2021).

Figure 4 shows that in addition to the major known 
deposits, a plethora of copper occurrences have been found 
along the J-fold, many of which are yet to be explored in 
any detail. Better understanding of the both the structural 
setting and the clear geophysical fingerprint of the known 
deposits has provided compelling incentives for exploring 
these occurrences using both IP and DHEM. One such an 

Figure 3. Regional geological setting of Jervois.

occurrence that was explored is Cox’s Find and this paper 
presents the results of that program.

The earliest reference found to Cox’s Find is a map by WA 
Robertson entitled ‘Cox’s Copper Deposits, Jervois Range, 
Northern Territory (July 1958)’. Robertson mapped a 
sequence of quartz schists and quartz granulite, including a 
staurolite unit, and recorded ‘visible copper mineralisation’ 
and ‘copper lode >3%’. Figure 5 shows a picture of the 
shallow historical prospect workings at Cox’s Find. 

Since the first mapping and prior to 2021, 21 drillholes 
totalling 1988 m of mostly RC were completed with limited 
success. Figure 6 shows the location of previous drilling 
at Cox’s Find. Three drillholes intersected some significant 
mineralisation (Table 1; KGL 2013).

MIMDAS method and its application at Jervois

The choice of the MIMDAS method was based on a 2020 
review of the historical geophysical data in the Jervois region 
(Hine 2021). This included historical Orion 3D IP, airborne 
EM, surface and DHEM, magnetics, gravity, and very early 
generation MIMDAS data. The review highlighted the fact 
that strong chargeability anomalies are produced by the 
Rockface Main lens, Bellbird lenses, Reward and Cox’s 
deposits; the only exception is the Rockface North lens, 
which was not resolved. Modelling shows that the Rockface 
North lens, which does not have a large sulfide alteration 
halo, is too small to be detected at great depth by surface IP. 

The 2020 review also showed that surface EM was 
only truly effective for the Rockface Main lens and parts 
of the Reward deposit (specifically the Reward Deep 
South lens). Most of the other lenses, although containing 
quite high-grade copper mineralisation, were only weakly 
conductive (5–50 Siemens) and thus could only be detected 
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Figure 4. Outcrop map showing 
the ‘J-fold’ and the many copper 
occurrences at Jervois.

when very close to surface. This limits the usefulness of 
surface EM or airborne EM, but not DHEM (see next section). 

Overall, IP was considered a more effective exploration tool 
because it could detect both low and high conductance targets.

The Jervois MIMDAS survey was carried out by 
contractors GRS Pty Ltd in June 2021, with survey design 
and data interpretation by geophysicist Kate Hine of Mitre 
Geophysics Pty Ltd. The Cox’s Find portion comprised nine 
north-northwest-oriented lines of ‘true 3D’ IP and four 
northwest-oriented lines of 2D IP. The 3D data were 
acquired in sets of 3 lines, spaced at 250 m with electrodes 
spaced at 100 m laid out along each line (3D multi pole-
dipole geometry) with transmitter points in between the 
electrodes on each line. The 2D lines were also spaced 
250 m and used 100 m electrode separation. 

The data were modelled primarily in UBC3. Several 
models were run to test the robustness of the various features 
and allow qualitative estimate of the depth of investigation. 
One ambitious model was even attempted to incorporate 2014 
Orion data but this failed to give any meaningful results, 
possibly because the inversion ‘pays more attention’ to 
numerically overwhelming (40 000) Orion data points at the 
expense of fitting the minority (8000) MIMDAS data points.  

Figure 5. Copper mineralisation in shallow workings at Cox’s Find.
3  University of British Columbia inversion modelling computer 

program
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DHEM method and its application at Jervois

Over 150 holes have been surveyed with DHEM at the 
Jervois Project. DHEM often works where surface EM does 
not because DHEM has much lower noise sensitivity and its 
receiver is much closer to the target whilst simultaneously 
being much further from any interfering overburden signal. 
The 2020 geophysics review highlighted that DHEM is 
effective for both detecting and delineating the mineralisation 
at Bellbird, Reward, and particularly at Rockface. One 
notable feature is the large variation in mineralisation 
conductance. At Bellbird, the mineralisation typically 
models as about 5–35 Siemens (S) conductance, ie very weak 
conductance. At Rockface, the conductance ranges from 
100–500 S, ie moderate to strong conductance. Some parts of 
Reward (eg Reward Deep South) have similar conductance to 
Rockface, but the majority of Reward is similar to Bellbird. 

Unlike IP, which responds to the bulk surface area of 
(primarily) disseminated sulfides, DHEM detects only 
interconnected (more massive) sulfides. This ability to 
discriminate disseminated sulfides from more-massive 
sulfides means that DHEM is a very reliable tool at Jervois 
for establishing the size, geometry and location of lenses 
associated with particular drillhole intersections, as well as 
the location, size and geometry of any ‘near-miss’ lenses. In 
the case of drilling IP anomalies, DHEM can help confirm 
whether any particular zone of disseminated mineralisation 
is likely to have an associated higher-grade core. 

IP survey results at Cox’s Find

The main MIMDAS geophysical feature in the Cox’s Find 
South is a broad, strike-extensive chargeability anomaly. The 
anomaly is over 1.5 km long and extends between Rockface 
at its southwestern end to Cox’s Find at its northeastern end 
(Figure 7). There is also a small and localised chargeability 
anomaly associated with the mineralisation at Cox’s Find 
itself, plus a strong response at the very southwestern end 
due to the effect of Rockface, which is partly outside the 
survey area. 

Initial drill testing and results

Drillhole KJCD482 was drilled to test the IP chargeability 
anomaly at a position ~400 m below surface and 500 m 
southwest of the Cox’s Find outcrop (Figures 7 and 8). The 
hole intersected two broad zones of weakly disseminated 
sulfide mineralisation composed of mainly pyrite and 
chalcopyrite. The upper zone is 60 m thick, from 471– 531 m 
downhole, and averaged 0.5% S and 0.15% Cu. The lower 
zone is 98 m thick, from 645–743 m downhole, and assayed 
0.6% S and 0.04% Cu. Empirically, the large volume of 
disseminated copper and iron sulfide implied by these 
results was considered to adequately explain the IP anomaly.

From 523 m, within the upper zone, is a 3 m downhole 
intersection of more intensely disseminated and thin 
stringer-vein style chalcopyrite and bornite mineralisation. 
The host lithology is biotite-muscovite meta-psammopelite. 
Silicification is the main alteration phase with localised 
garnet development (Figure 9). Localised alteration of 
biotite to chlorite occurs along with late-stage magnetite 
to hematite (Figure 10). K-feldspar/scapolite alteration is 
observed along fractures, and carbonate veinlets cross-cut 
all other alterations styles. 

Table 1. Significant mineralisation was found in three drillholes 
out of twenty-one in previous in drilling at Cox’s Find.

Drillhole From (m) To (m) DH length (m) Cu%
JOC131 55 57 2 2.16
KJC062 68 71 3 2.57
KJCD085 128 130 2 6.47

Figure 6. Location of drilling at Cox’ Find. KGL 2021 holes (red labels); previous holes (black labels); DHEM conductors (rectangles); 
topography (background image).
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Mineralisation is multiphase with disseminated sulfides, 
dominantly pyrite, pervasive throughout the entire interval 
(Figure 11). Both pyrite and chalcopyrite occur as localised 
foliation-controlled mineralisation (Figure 12). Chalcopyrite 
and bornite appears as late cavity-fillings in syn-deformational 

quartz veins (Figure 13). Post-deformational carbonate 
veinlet mineralisation is mostly bornite and chalcopyrite 
(Figure 13). Post-deformational brecciated quartz vein 
mineralisation appears as porphyroclasts of earlier veins and 
host rocks (Figure 14). Collectively the late-stage veining and 

Figure 7. IP depth slice at 0 m RL of 
Cox’s South target showing the large 
IP anomaly (coloured blocks, warmer 
colours higher chargeability) along 
strike to the southwest from Cox’s 
Find prospect. Drilling is depicted 
as grey traces; planned drillhole as 
a black trace. The large conductor 
plate from KJCD482 is the dark green 
rectangle. Other smaller conductors 
(smaller green rectangles) are evident 
from KJC461, KJC462 and KJCD483, 
but these are not considered priority 
targets.

Figure 8. Cross section of Cox’s 
South discovery hole, KJCD482 
showing MIMDAS IP anomaly 
(coloured blocks, warmer colours 
higher chargeability) and the DHEM 
conductor target. A follow-up hole 
will be drilled to target the conductor 
~200 m along strike to the southwest.

Figure 9. Quartz vein with localised 
micro garnet (Gr) alteration, with a 
thin diffuse carbonate-feldspar (Ca-K) 
veinlet.



169

AGES 2022 Proceedings, NT Geological Survey

Figure 10. Localised alteration, 
showing Biotite (Bi) to chlorite (Ch) 
and magnetite (Mt) to hematite (He).

Figure 11. Disseminated pyrite 
(Py_DS) and (S2) foliation-controlled 
pyrite.

Figure 12. Post S2 deformational 
quartz vein (Qv) with chalcopyrite 
(Cp) and foliation-controlled (S2) 
chalcopyrite and pyrite mineralisation 
(FC_Cp-Py).
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alteration styles are considered evidence for the existence of 
massive sulfide shoots in the vicinity of hole KJCD482.

Assays returned a copper grade of 1.92% over the 3 m 
interval along with 14.7 ppm Ag (KGL 2021).

Another hole, KJCD483, was drilled to test a broad 
modelled IP response ~350 m southeast of the Cox’s Find 
outcrop. The hole intersected weakly disseminated pyrite 
and chalcopyrite mineralisation as well as encouraging 
alteration over broad zones, which likely explains the IP 
anomaly. One interval of 2.53% Cu was intersected in 
KJCD483 over a downhole interval of 1.14 m from 234.11 m. 

DHEM survey results at Cox’s Find

Down hole electromatic surveys were carried out in 16 holes 
at Jervois during 2022 (Figure 15). Significant DHEM 
conductors typically associated with copper mineralisation 

Figure 13. Photo is of drill core from 
KJCD482 showing syn deformational 
quartz vein (Qv) with chalcopyrite 
(Cp) and bornite (Bo) cavity-filling 
parallel to the S2 foliation (centre of 
the photo). A carbonate veinlet (Ct, left 
side of photo) hosts bornite and cross-
cuts the Qv vein. K-spar/scapolite (K) 
alteration evident along the fracture 
toward the right of photo.

were detected at Cox’s South IP anomaly (KJCD482), 
Rockface (KJCD481D3 and KJCD481D4), Rocky Road/
Rockface East (KJCD485) and Reward.

DHEM on KJCD482 showed a very large, but low 
conductance response centred at 525 m downhole. The 
response is a positive axial component anomaly extending 
from 350–700 m downhole, and a cross over in the U and 
V component. The hole was surveyed twice: once with a 
B-field digi-Atlantis, and a second time with the BH43 coil 
probe. Coil probes are generally better at mapping weak 
anomalies, and this is certainly true from the KJCD482 
response. 

Modelling of the anomaly indicated a 700 × 500 m (very 
approximate dimensions), very low conductance source (2S), 
steeply northwest dipping (77o towards 310o). The centre of 
the source is southwest of the KJCD482. This correlates 
well with the IP, which also increases in strength towards 

Figure 14. Post deformational 
brecciated quartz vein. Pyrite (Py) 
chalcopyrite (Cp). Porphyroclasts 
containing chalcopyrite and pyrite.
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the southwest. The orientation of the DHEM conductor also 
correlates well with the outcropping Cox’s Find deposit 
located 500 m to the northeast.

The narrow copper mineralisation in KJCD483, located 
350 m to the east of the Cox’s Find outcrop, was not directly 
associated with an in-hole DHEM conductor, although a 
small 50 m × 50 m weak off-hole conductor plate is located 
above the hole, ~30 m away from the copper intersection. 
The IP response tested by KJCD483 has been re-modelled 
and is now considered to be mostly the result of ‘over 
modelling’ of noisy data, which, along with the negative 
DHEM response, has shifted the target to a lower priority 
for further drilling.

Summary and conclusions

The Jervois J-fold is recognised as the large-scale host-
structure of three significant copper deposits: Reward, 
Bellbird and Rockface, as well several smaller deposits and 
prospects. 

The 1 km segment of the J-fold, stretching from Cox’s 
Find prospect to Rockface, had not been explored by modern 
geophysical methods and, although highly prospective, 
had never been drilled. In 2021, this segment of the J-fold 
was included in an extensive MIMDAS IP program that 
covered 9 km of J-fold strike from Rockface to the northern 
boundary of the Unca Creek EL. 

The prospective Rockface-Cox’s Find ‘gap’ was the only 
segment of the J-fold to be covered by ‘true’ 3D IP. In the 
‘gap’, the MIMDAS survey detected a moderate to strong, 
mostly deep-seated IP response, consistent with strike and 
dip projections of the known Cox’s Find deposit. Drillhole 

KJCD482 tested the IP response to a depth of 784.2 m. 
The hole intersected weakly disseminated pyrite and 
chalcopyrite in two broad zones, with the combined length 
of 158 m. The implied volume of sulfide mineralisation 
intersected in the hole is considered to adequately explain 
the IP anomaly. 

Within the upper zone, a 3 m interval commencing 
at 523 m downhole exhibited stronger disseminated 
chalcopyrite mineralisation. The presence of bornite was 
noted. Assays from the 3 m interval averaged 1.92% Cu, 
which is close to the overall grade of the Jervois mineral 
resources. 

Hole KJCD482 was surveyed by 2 different DHEM 
probes, with the coil probe proving to be more sensitive to 
the low conductance style of mineralisation encountered in 
the hole. A large (700 m strike by 500 m dip) EM conductor 
was modelled, which is consistent with KJCD482 copper 
intersection and with a dip and strike closely corresponding 
to the orientation of the Cox’s Find deposit. The modelled 
centre of the conductor plate lies to the southwest of 
KJCD482, a region where the IP response is also stronger. 

The DHEM conductor, as modelled, extends to within 
tens of metres of planned Rockface underground mine 
openings, which has enhanced the potential economic 
significance of this exploration target (Figure 7).

The association of the observed geophysical features 
with the copper discovery in hole KJCD482 indicates a 
continuity of mineralisation that is absent in the previous 
Cox’s find near-surface drilling. This demonstrates the 
power of the combination of exploration techniques 
employed by KGL. 

The success of the geophysics-led discovery of copper 
mineralisation at Cox’s Find South is a validation of the 
KGL’s exploration approach.

Future program

Due to the potentially economic copper grades and thickness 
intersected in drillhole KJCD482 and the clear association of 
this copper mineralisation with a large but low conductance 
EM conductor, a follow-up hole is planned to further test 
the Cox’s Find South target. The new hole will be targeted 
to intersect the modelled DHEM plate ~210 m southwest of 
the copper interval in KJCD482, and ~500 m below surface. 
The new hole will be surveyed by DHEM with the results 
to be used to refine the DHEM model and inform additional 
follow-up drilling.
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Introduction 

The Northern Territory Geological Survey (NTGS) is engaged 
in an ongoing program in the area northeast and east of Alice 
Springs focused on improving understanding of the Aileron 
and Irindina provinces and their potential for a range of mineral 
resources. The Irindina Province covers an area of ~15 000 km2 
northeast of Alice Springs and comprises a fault-bounded 
succession of Neoproterozoic to Cambrian metasedimentary 
rocks that were intruded by voluminous mafic magmas 
and minor felsic plutons from the Cambrian through to the 
Devonian (Figures 1, 2). The Province is well-exposed in the 
Harts Range and extends southeast, undercover, towards the 
Northern Territory–Queensland border (Figure 1). 

Regional geological mapping, combined with 
petrographic, metamorphic, geochemical, isotopic, 

chronologic and structural studies by NTGS in Quartz5, 
ALCOOTA and HUCKITTA, has led to a revision of 
the stratigraphy of the Irindina Province (Reno et al 2019, 
Weisheit 2019, Weisheit et al 2019, Weisheit et al in review, 
Beyer et al in prep, Whelan et al in prep). In the context 
of this new stratigraphic framework, herein we characterise 
the mafic magmatic units in the Province and their potential 
to host a range of mineral systems.

Geological setting 

The Irindina Province is a metamorphosed Neoproterozoic 
to Cambrian, fault-bounded sedimentary basin comprising 
high-grade metamorphic equivalents of sedimentary rocks 
in the Centralian Superbasin, and voluminous (meta)mafic 
and subordinate felsic igneous rocks (Buick et al 2005, 
Maidment 2005, Maidment et al 2013, Scrimgeour 2013, 
Whelan et al 2010, Wallace et al 2015, Weisheit et al 2019, 
Reno et al in review). The Irindina Province is interpreted 
to be preserved in the core of 100 km-wide, crustal-scale, 

Figure 1. Extent of the Irindina Province at surface and interpreted under cover shown on total magnetic intensity image with a 50% 
transparent mask. Drillhole collars are shown by red dots and major deposits and prospect mentioned in the text are labelled (green star). 
Inset shows the location relative to the Northern Territory.

5  Names of 1:250 000 and 1:100 000 mapsheets are shown in capital 
and small capital letters respectively, eg HUCKITTA, Quartz
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Figure 2. Geological regions map showing the surface extent of mafic magmatic rocks and major structures in the Irindina Province. 
Sample locations for geochemical analysis are shown by dots coloured by lithostratigraphic unit.

bivergent detachment-dominated structures, which 
juxtaposed rocks of the Irindina and Aileron provinces (eg 
Korsch et al 2011, Reno et al in review). These structures 
are interpreted to have formed during the Ordovician as 
a 30– 35 km deep dextral strike-slip pull-apart basin (eg 
Mawby et al 1999, Maidment et al 2013). Rocks of the 
Irindina Province experienced up to upper amphibolite to 
granulite facies metamorphism during the ca 480– 460 Ma 
Larapinta Event (eg Mawby et al 1999, Hand et al 1999, 
Buick et al 2001, Buick et al 2005, Maidment et al 2013, 
Scrimgeour 2013 and references therein). The Irindina 
Province was exhumed along reverse, sinistral shear 
zones during east-northeast compression during the 
Ordovician– Carboniferous Alice Springs Orogeny and 
juxtaposed with the Palaeoproterozoic Aileron Province 
(Collins and Teyssier 1989, Scrimgeour and Raith 2001, 
Teasdale and Pryer 2002, Buick et al 2008, Korsch et al 
2011, Scrimgeour 2013 and references therein). 

Revised province stratigraphy

The Irindina Province has a long history of nomenclatures 
changes. The area represented by the present-day spatial 
extent of the Province was initially described as the Harts 
Range group (Joklik 1955, Shaw et al 1982, Shaw et al 1985), 
consisting of mixed metamorphosed igneous–sedimentary 
rock sequence that included the Entia Gneiss and Bruna 

Igneous Complex and the concordantly overlying Irindina 
and Brady gneisses. The stratigraphy was revised by Sivell 
and Foden (1988) who informally termed the dominantly 
supracrustal succession as Harts Range Complex, 
comprising siliciclastic metasedimentary rocks, metabasite 
and calc-silicate rock, with subordinate marble, quartzite 
and felsic gneiss (Scrimgeour 2013 and references therein). 
In these early definitions, the Harts Range Complex was 
considered Palaeoproterozoic in age (eg Ding and James 
1985, Collins and Shaw 1995). Haines et al (2001) further 
revised the stratigraphic nomenclature of the package to the 
Harts Range Metamorphic Complex, which was considered 
to comprise the Irindina Gneiss (including the Naringa 
Calcareous, Stanovos Gneiss and Riddock Amphibolite 
members), and the stratigraphically overlying Brady Gneiss 
(Maidment 2005, Scrimgeour 2013). 

Scrimgeour (2003) proposed formally subdividing 
the Arunta Region into provinces on the basis of distinct 
differences in protolith age, and tectonothermal and 
magmatic histories. The term Irindina Province has 
been used thereafter. Subsequent zircon chronologic 
studies established that the protoliths to the 
metasedimentary succession were deposited during the 
Neoproterozoic– Cambrian and represent age correlatives 
to stratigraphy in the Amadeus and Georgina basins (Buick 
et al 2005, Maidment 2005, Maidment et al 2013). The 
succession was intruded by Cambrian mafic and felsic 
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magmas (Lawley 2005, Maidment 2005) and voluminous 
pegmatites in a number of phases throughout the Devonian 
(Mortimer et al 1987, Cooper et al 1988, Hand et al 1999, 
Buick et al 2001, 2008; Storkey et al 2002, Maidment 2005). 
Detrital zircon chronologic studies by Maidment et al (2013) 
led to a further revision of the stratigraphy, splitting the 
Brady, Irindina and Stanovos gneisses into upper and lower 
units, and including the Harts Range meta-igneous complex 
within the Irindina Gneiss. This unit contains mafic and 
intermediate orthogneisses (eg the Riddock Amphibolite; 
Figure 3).

Regional geological mapping by NTGS in ILLOGWA 
CREEK, HUCKITTA and ALCOOTA, coupled with data 
and information from targeted academic studies, has led to 
further revisions of the stratigraphy of the Irindina Province 
(Figure 3). The succession and the igneous units that 
intrude it are best exposed on Quartz, with the exception 
of the Naringa Calcareous Member (Irindina Gneiss), which 
is only recognised in ALICE SPRINGS. There have been 
no contemporary studies on the Naringa Gneiss; as such, 
the revised Province stratigraphy we present here places 
the Naringa Gneiss in its stratigraphic position according to 
previous definitions for comparative purposes.

Work by NTGS has subdivided the Harts Range 
Metamorphic Complex into a number stratigraphic units on 
the basis of protolith lithology, detrital zircon provenance, 
igneous crystallisation age, geochemistry, and Nd and 
zircon Hf isotope characteristics. The metasedimentary 
succession previously defined as comprising units of the 
Brady and Irindina gneisses has been subdivided into 
alternating metamudstone, metagreywacke, marble, calc-
silicate rock, and metasandstone units (Figure 3). The 
term Irindina Gneiss has been abandoned and constituent 
units of the metasedimentary succession now include the 
Stanovos Quartzite and the Pinnacle, Last Hope, Eurobra, 
Spriggs and Brady gneisses. 

Sedimentation in the basin was punctuated by two broad 
episodes of magmatism: ca 540–500 Ma and ca 410–360 Ma. 
The ca 540–500 Ma magmatism includes the voluminous, 
copper–cobalt mineralised Riddock Metagabbro (formerly 
Riddock Amphibolite), anorthositic Entire Gneiss, bimodal 
Indiana Igneous Complex, Log Cabin Granite and the 
Coggans Gabbro. This episode of magmatic activity in a 
regional, extensional stress regime initiated high-grade 
metamorphism of the Irindina Province (eg Lee 2001, Lawley 
2005, Maidment 2013). The second episode of magmatic 
activity at ca 410– 360 Ma is dominantly felsic with minor 
mafic intrusions and includes the nickel–copper–platinum 
group element mineralised Lloyd Gabbronorite, the Mary and 
Corkwood Hill granites and voluminous pegmatite intrusions, 
which are prospective for rare earth elements, niobium, 
tantalum and uranium (Drake-Brockman 1995, Drake-
Brockman et al 1996a, b; Follington 1997, Hussey 2003). 

Cambrian ultramafic–mafic magmatism

There are three geochemically and isotopically distinct 
episodes of Cambrian-aged mafic magmatism in the 
Irindina Province: mafic–ultramafic Riddock Metagabbro, 
mafic Coggans Gabbro, and anorthositic Entire Gneiss.

Riddock Metagabbro

The Riddock Metagabbro, formerly Riddock 
Amphibolite, was previously included as a member 
of the former Irindina Gneiss (Shaw et al 1982, Shaw 
et al 1990). The Riddock Amphibolite was included 
in the ‘Harts Range meta-igneous complex’ of Ding 
and James (1985), Storkey et al (2005) and Buick et al 
(2005). The Riddock Metagabbro was included in 
‘Group 1’ amphibolites of Zhao et al (1994), described 
by Sivell et al (1985), Sivell and Foden (1988), and 
Whelan et al (2010). It also forms the Suite E of 
Wallace et al (2015).

The Riddock Metagabbro represents the most 
voluminous episode of mafic magmatism in the 
Irindina Province. Exposures of the unit are recognised 
in ALCOOTA, HUCKITTA, ALICE SPRINGS and 
ILLOGWA CREEK; it is interpreted to extend under 
cover of the Eromanga and Pedirka basins southeast 
into HAY RIVER. Low metamorphic grade versions 
are recognised in drill core at the Caroline prospect 
in HAY RIVER (Sherington et al 2009; Figure 1). 
Riddock Metagabbro occurs as laterally extensive, 
foliation-parallel sheets, continuous along strike for 
>100 km, with thicknesses reaching in excess of 1500 m 
in western ALICE SPRINGS and Quartz, particularly 
in the vicinity of Mount Ruby. Ultramafic compositions 
occur as small, <30 m diameter, rounded to irregular-
shaped intrusions, locally forming swarms of up to 20 
small intrusions, particularly in western Quartz. These 
are interpreted to represent either the remnants of feeder 
conduits to the main sill-like intrusion, or slightly post-
date the main phase of magmatism. The metagabbro 
is intimately interlayered with metamudstones of the 
Yambla Gneiss; this relationship led previous workers to 
suggest an extrusive origin for some of the mafics (Sivell 
and Foden 1985, Hoatson and Stewart 2001). However, 
pervasive transposition of compositional layering, 
recrystallisation of igneous assemblages, and obscured 
primary contract relationships precludes a confident 
identification of volcanic textures and intrusive versus 
extrusive relationships. 

Riddock Metagabbro (Figure 4) has a range of 
compositions, including olivine-bearing pyroxenite, 
picrogabbro, gabbro, and diorite. Rocks are medium- to 
very coarse-grained and (sub-) equigranular (low strain; 
Figure 4a) to porphyroblastic (high strain; Figure 4b); 
they commonly have a recrystallised granoblastic 
texture. Layer-parallel intrusions comprise anhedral 
hornblende and plagioclase with relict clinopyroxene, 
orthopyroxene, and rare olivine in more ultramafic 
compositions. Trace phases include magnetite, zircon, 
and titanate. Metamorphic grade ranges from lower 
greenschist facies in HAY RIVER, through amphibolite 
facies in HUCKITTA, ALCOOTA and ALICES 
SPRINGS, and up to granulite facies in Quartz. 
Compositional layering and moderate to strong layer-
parallel foliation are common; evidence for partial 
melting and migmatite formation is common in higher 
grade rocks (Figure 4c). Porphyroblastic garnet up 
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to 15 cm diameter (Figure 4d) is often characterised 
by symplectite textured rims comprising plagioclase 
and orthopyroxene. In rare areas of low strain and 
low metamorphic grade, primary igneous textures are 
preserved. These features tend to be observed in small 
rounded mafic–ultramafic intrusions rather in layer-
parallel sills.

Zircon SHRIMP and LA–ICP–MS U–Pb dating 
(Buick et al 2001, Claoué-Long and Hoatson 2005, 
Maidment 2005, Beyer et al 2013) yielded a range of ages 
interpreted to reflect both inheritance and new zircon 
growth during high-grade metamorphism. The youngest 
inherited age of ca 560 Ma (Maidment 2005) and oldest 
metamorphic age of ca 471 Ma (Buick et al 2001) 
provide maximum and minimum ages for magmatism 
respectively. The unit intrudes the Cambrian Spriggs 
Gneiss and is intruded by the ca 520 Ma Indiana Igneous 
Complex, further constraining the timing of the mafic 
and ultramafic magmatic event to the Terreneuvian age 
of the Cambrian.

Entire Gneiss

The Entire Gneiss was first described by McColl and 
Warren (1979), and subsequently described as the Entire 
anorthosite of Katz (1981) and Ding et al (1983), and as 
the Entire anorthositic gneiss by Sivell et al (1985). The 
gneiss comprises discordant transposed intrusions of 
anorthositic gneiss exposed in western Quartz. It is 
possible the anorthositic gneiss extends into western 
ALICE SPRINGS, although this remains to be tested. 
Previous studies have suggested the anorthositic gneisses 
are the result of cumulate processes and that they share 
a co-magmatic relationship with former Riddock 
Amphibolite; together these units were interpreted to 
represent a stratiform igneous complex (Sivell et al 1985) 
emplaced in a rifting continental margin (Sivell et al 1985, 
Sivell and McCulloch 1997). The Entire Gneiss is herein 
defined as a distinct stratigraphic unit on the basis of rare 
cross-cutting relationships and distinctive geochemical 
and isotopic characteristics.

a b

c

d

Figure 4. Field photographs of Riddock Metagabbro showing: (a) coarse-grained equigranular pyroxene–hornblende gabbro preserving 
apparent igneous textures, (b) hornblende–plagioclase gneiss of Riddock Metagabbro, showing well-developed gneissic layering, with 
hornblende forming porphyroblasts in more leucocratic layers, (c) magmatic Riddock Metagabbro, preserving large, rounded enclaves 
of the source, and (d) coarse-grained garnet in plagioclase–hornblende gabbro of the Riddock Metagabbro.
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Figure 5. Exposed section through anorthositic Entire Gneiss at 
the Hillrise corundum mine.

Figure 6. Typical outcrop of Coggans Gabbro.

The Entire Gneiss ranges in composition from 
anorthosite to anorthositic gabbro. Both comprise varying 
proportions of anhedral plagioclase and hornblende 
(Figure 5), and locally contain garnet, corundum (locally 
mined) and clinopyroxene, with trace zircon and titanite. 

An LA–ICP–MS U–Pb zircon age of 453 ± 2 Ma was 
interpreted to record the effects of metamorphism of the 
igneous protolith (Beyer et al 2013) based on the chemical 
and morphological character of the zircons. Dating of two 
zircon cores yielded latest Neoproterozoic to Cambrian ages 
(ca 596 and 523 Ma) and provide a maximum constraint on 
the timing of igneous crystallisation (Beyer et al 2013).

Coggans Gabbro

The Coggans Gabbro exposed in southeastern Quartz 
is not currently recognised elsewhere in the Irindina 
Province. The unit was previously mapped as unassigned, 
metamorphosed basic igneous rock (Shaw et al 1982, Shaw 
et al 1990). Lawley (2005), Maidment (2005) and Whelan 
et al (2010) included these rocks in the informal Stanovos 
igneous suite; they were included in Suite A and B of 
Wallace et al (2015). Some studies have proposed an affinity 
to the Kalkarindji Large Igneous Province (Lawley 2005, 
Whelan et al 2010, Wallace et al 2015). However, on the 
basis of distinct geochemistry and isotope characteristics, 
these mafic rocks are defined as a new stratigraphic unit in 
their own right (Whelan et al in prep).

Coggans Gabbro outcrops as small (<500 m across), 
plug-like and teardrop-shaped intrusions (Figure 6) of 
medium- to coarse-grained gabbro consisting of anhedral 
clinopyroxene, commonly mantled by green-brown 
hornblende, and euhedral, randomly oriented plagioclase; 
opaque oxide and rare titanite are accessory. Relict igneous 
textures are preserved in the core of intrusions. A weak 
grain-shape foliation defined by hornblende–clinopyroxene 
aggregates is only observed at the margins of intrusions.

LA–ICP–MS U–Pb zircon dating of a sample of 
Coggans Gabbro yielded a weighted average 206Pb/238U age 
of 506 ± 10 Ma (Beyer et al 2013), which constrains the 
timing of zircon crystallisation and is interpreted to record 
the timing of magmatic activity.

Devonian mafic magmatism

Lloyd Gabbro

The Lloyd Gabbro is exposed as a series of small (<300 m 
diameter) plug-like intrusions in southeastern and 
northwestern Quartz. The Lloyd Gabbro was previously 
described by Whelan et al (2010) and included in ‘Suite C’ 
of Wallace et al (2015). 

The Lloyd Gabbro is distinct from other mafic rocks of 
the Irindina Province in being undeformed and characterised 
by a strongly, reversely polarised magnetic signature. 
The unit comprises medium- to coarse-grained, olivine 
gabbronorite and olivine gabbro (Figure 7a). Locally, it has 
a pitted appearance from weathered-out olivine phenocrysts 
(Figure 7b), characteristic of mafic rocks, particularly 
picrite. Primary igneous microstructures preserved in 
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thin section include ophitic-texture olivine rimmed by 
orthopyroxene, chromium-spinel and plagioclase coronas. 
The unit also contains clinopyroxene, nepheline and 
phlogopite. The sulfide mineralogy of the Lloyd Gabbro 
includes ortho-magmatic pentlandite and chalcopyrite, and 
small amounts of magnetite. 

SHRIMP U–Pb zircon geochronology yielded a 
crystallisation age of 411 ± 5 Ma, interpreted to record the 
timing of igneous activity (Beyer et al 2013). 

Geochemistry, isotopes and petrogenesis

The four magmatic episodes described above are recognised 
primarily in Quartz (Figure 3). They are distinguished 

a b

Figure 7. Photographs of Lloyd Gabbro. (a) Typical boulder 
outcrop showing orange-brown weathering rind. (b) Pitted 
appearance of olivine-rich gabbros.

on the basis of distinct field relationships, geochemistry, 
and isotope characteristics. The chemical and isotopic 
characteristics are summarised in Table 1 and discussed 
below.

Riddock Metagabbro

Riddock Metagabbro has a considerable variation in the 
abundance of major elemental oxides. Variations in Al2O3, 
Fe2O3, CaO, Sc, Sr, Y and Zr at around 10 wt% MgO are 
indicative of changes in the fractionating assemblage of the 
magma from which the Riddock Metagabbro crystallised: 
olivine and clinopyroxene are controlling phases at higher 
MgO abundance, and plagioclase becomes more important 

Table 1. Summary of distinguishing geochemical and isotopic characteristics of mafic magmatic 
units in the Irindina Province.

Stratigraphic Unit

Distinguishing 
characteristics

Riddock 
Metagabbro Entire Gneiss Coggans Gabbro Lloyd Gabbro

Normative 
modes Olivine Olivine–plagioclase Olivine Olivine

Major 
elements

SiO2 39.2–55.4 wt% 
MgO 4.6 –25.3 wt% 
Al2O3 5.1–23.3 wt% 
Mg# 42–88

SiO2 47.4–50.5 wt% 
MgO 2.2–3.6 wt% 
Al2O3 22.2–26.2 wt% 
Mg# 44– 60

SiO2 47.5–51.3 wt% 
MgO 5.5–9.2 wt% 
Al2O3 12.6 –17 wt% 
Mg# 49– 64

SiO2 43.7–47.2 wt% 
MgO 17.6 –24.1 wt% 
Al2O3 6.9 –9.7 wt% 
Mg# 73–79

Rare earth 
elements

Ce* 0.4–1.7 
Eu* 0.4–1.8 
[La/Sm]N 0.4–3.1 
[La/Yb]N 0.4– 6.1

Ce* 0.9 –1 
Eu* 1.1–2 
[La/Sm]N 2.2–4.1 
[La/Yb]N 5.4– 9.1

Ce* 1–1.1 
Eu* 0.7–1 
[La/Sm]N 1.2–1.9 
[La/Yb]N  1.5–3

Ce* 0.9 –1 
Eu* 0.9 –1 
[La/Sm]N 1.9 –2.5 
[La/Yb]N 3.6 –5.5

Incompatible 
elements Ti/Y 112– 497 Ti/Y 191–480 Ti/Y 206 –295 Ti/Y 340–400

εNd +7.8 to +5.2 -13.9 +0.6 to +0.8 +1.9 to +1
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at lower MgO abundances, which is also evidenced by the 
development of a small Eu anomaly. Ti/Y ratios indicate 
that compositions range from low- to high-Ti6. Mg# varies 
considerably (Table 1). Taken together with Eu anomaly and 
Al2O3 abundances, some samples are likely representative 
of parental magma compositions7. Riddock Metagabbro 
has uniformly relatively flat REE element patterns with 
LREE depleted relative to MREE (Figure 8a), interpreted 
to resemble the REE patterns of N-MORB (Sivell 1988, 
Whelan et al 2010). Further support for an N-MORB source 
includes relative enrichment in K and Pb, depletion in Th 
and Sc, and a generally smooth, relatively flat HFSE pattern 
relative to those of Primitive Mantle and N-MORB. Tectonic 
discrimination diagrams show the Riddock Metagabbro 
plotting dominantly in the mantle array and in the fields for 
N-MORB and E-MORB. 

Riddock Metagabbro is characterised by remarkably 
homogenous Nd isotope signatures across its outcropping 
extent, with εNd ranging between +7.73 to +5.18. It is 
interpreted to have been dominantly derived from a 
depleted mantle source, with model ages ranging between 
0.82–0.63 Ga. The variation of ~2.5 epsilon units may 
reflect minor contamination during emplacement. These 
geochemical characteristics are consistent with the Riddock 
Metagabbro being emplaced within a rifted margin or 

intracratonic rift setting (Sivell 1988, Whelan et al 2010). 
On the basis of their dataset and the presence of Cu–Co 
mineralisation at Basil, Wallace et al (2015) favour a 
model where the Riddock Metagabbro was sourced from 
a bonninite magma and emplaced in a back-arc basin 
associated with the Delamerian west-dipping subduction 
zone in northern Queensland. However, the metamorphic 
evolution of the broader Irindina Province is not consistent 
with such a model for the Riddock Metagabbro. Previous 
studies, and those of NTGS, indicate the pressure and 
temperature history of the terrane is consistent with burial 
metamorphism in a deep pull-apart basin rather than the 
result of an elevated geotherm due to thinned crust in a 
back-arc basin setting (eg Mawby et al 1999, Hand et al 
1999, Buick et al 2001, Buick et al 2005, Maidment et al 
2013, Scrimgeour 2013, and references therein, Reno et al 
in review).

Entire Gneiss

The Entire Gneiss comprises 85.6–75.9 modal % 
plagioclase and has a restricted range in major elemental 
oxides with SiO2 49.9–47.4 wt%, Al2O3 22.2–26.2 wt%, 
and MgO 3.6– 2.2 wt%. The unit has Mg# ranging from 
44–60 and Ti/Y ratios consistent with both high- and 
low-Ti compositions. Entire Gneiss has a well-developed 
positive Eu anomaly consistent with plagioclase controlling 
the fractionating assemblage of the magma from which 
the anorthositic gneiss crystallised. REE patterns 
are characterised by shallow sloping LREE (La/SmN 

a b

R
oc

k/
C

ho
nd

rit
e 

* 1
.5

Rare Earth Element

Rare Earth Element

Rare Earth Element

Rare Earth Element

R
oc

k/
C

ho
nd

rit
e 

* 1
.5

R
oc

k/
C

ho
nd

rit
e 

* 1
.5

R
oc

k/
C

ho
nd

rit
e 

* 1
.5

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Yb Lu

c

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Yb Lu

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Yb Lu

d

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Yb Lu

A2
2-

12
9.

ai

Figure 8. Chondrite-normalised rare earth element patterns comparing (a) Riddock Metagabbro (b) Entire Gneiss (c) Coggans Gabbro 
and (d) Lloyd Gabbro. Normalising values are after Sun and McDonough (1995).

6 Low-Ti and high-Ti basalts are Ti/Y <310 and Ti/Y >310, 
respectively (Peate 1997)

7 Parental liquids characterised by: Eu/Eu* ≥0.9 to ≤1.1, Mg# 
≥65 to ≤70 and Al2O3 <19 wt% (Glass 2011)
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2.18– 4.14) and relatively flat HREE at approximately 10 
times chondrite (Figure 8b). Primitive mantle-normalised 
incompatible element patterns are characterised by 
relatively smooth, flat LREE and HFSE, with pronounced 
positive Pb, K and Ba anomalies and more subdued 
negative Nb, Ta, P, and Ti anomalies. Entire Gneiss is 
characterised by an unradiogenic Nd isotope composition 
(εNd = -13.86) and represents the most isotopically evolved 
sample in the Irindina Province. Tectonic discrimination 
diagrams show the Entire Gneiss plotting dominantly in 
the mantle array and in the fields for E-MORB. Previous 
studies (eg Sivell and Foden 1985, Sivell and McCulloch 
1991) invoked a cumulus origin for the Entire Gneiss that 
they interpreted to be co-magmatic with the Riddock 
Metagabbro. However, based on field relationships, their 
vastly different isotopic signature, and the relatively 
isotopic homogeneity of the Riddock Metagabbro, such 
a model would require significant amounts (>50%) of 
assimilation coupled with cumulate processes to produce 
the isotopic signature of the anorthosite.

Coggans Gabbro

The Coggans Gabbro represents the only known exposure 
of ca 506 Ma mafic magmatism in the Irindina Province. 
On a TAS classification diagram, the Coggans Gabbro 
ranges from gabbro to gabbroic diorite and is olivine-
normative. Composition ranges from 42.9–52.3 wt% SiO2 
and 5.48–9.17 wt% MgO, with iron-enrichment typical 
of a tholeiitic magma. Coggans Gabbro is characterised 
by Mg# ranging from 49–64 and Ti/Y values of <310, 
indicating the magma from which it was crystallised is 
consistent with a low-T basalt. Chondrite-normalised 
REE patterns show relatively flat to gently sloping 
LREE to HREE (La/YbN 1.48–3.13), and a weakly-
developed or absent Eu anomaly (Figure 8c). Primitive 
mantle-normalised incompatible element patterns are 
characterised by relative enrichment in LILE compared 
to primitive mantle, and show positive Th and Pb, and 
negative Nb, Ba, Sr, and Sc anomalies. The chemical 
characteristics described here are similar to those of 
the Kalkarindji Suite of the Kalkarindji Large Igneous 
Province, as also suggested by Lawley (2005); however, 
the Coggans Gabbro has a more isotopically evolved 
signature than the Kalkarindji Suite, with εNd ranging 
between +0.64 to +0.75 in the Coggans Gabbro and 
-3.0 to -4.5 in the Kalkarindji Suite (Glass and Phillips 
2006). Wallace et al (2015) hypothesise a model in which 
the Coggans Gabbro represents a yet to be identified 
Continental Flood Basalt Province in the broader 
Kalkarindji LIP but which does not represent a direct 
intrusive correlative (cf Whelan et al 2010). 

Lloyd Gabbro

The Lloyd Gabbro is the youngest known exposure of 
mafic intrusive rock in the Irindina Province. Similar to 
the Entire Gneiss, it has a restricted range in geochemical 
compositions with SiO2 ranging from 43.7–47.2 wt%, MgO 
from 17.6–24.13 wt%, Mg# from 73–79, and high Ti/Y 

ratios of 340–400 indicative of a high-Ti source. The Lloyd 
Gabbro is characterised by low Al2O3, TiO2, Na2O, P2O5, 
LILE (except Ba), V, Zr, Hf, Sc, Sr, Y, and Zn; and high 
Co, Cr, Ni, Cu, Nb, Ta, and Ba. Chondrite-normalised REE 
patterns are characterised by smooth, gently sloping LREE 
through HREE (La/YbN 3.62–5.49) without an Eu anomaly 
(Figure 8d). Primitive mantle-normalised incompatible 
element patterns are similarly smooth with the exception of 
depletion in Cs relative to Rb and enrichment in Pb for one 
sample. Lloyd Gabbro has a relatively juvenile Nd isotope 
signature (εNd +1.86 to +0.95) reflecting assimilation 
of country rock, likely gneisses of the metasedimentary 
succession of the Irindina Province, during emplacement. 
This is supported by the presence of xenocrystic zircon of 
comparable age to detrital zircon in the metasedimentary 
succession of the Irindina Province (Beyer et al 2013). 
Wallace et al (2015) propose a model whereby inversion and 
exhumation of the Irindina sub-basin resulted in melting 
of a deep garnet-bearing mantle source. However, REE 
element patterns are not consistent with a model of residual 
garnet in the source region.

Mineralisation

The Irindina Province has demonstrated potential for a 
range of mineral systems (Mithril Resources Ltd 2008, 
McKinnon-Matthews 2010, Sharrad et al 2015). Despite 
this, the terrane remains relatively under-explored compared 
to other basement terranes within the Northern Territory. 
Hoatson et al (2005) highlighted the potential of the province, 
particularly the Riddock Metagabbro, to host orthomagmatic 
PGE-sulfide or Ni–Cu–Co-sulfide associations. 

In addition to demonstrated potential, the Province has 
a favourable geological setting for hosting mineral systems. 
Notably, it underwent multiple phases of deformation and 
long-lived fluid flow facilitated by movement along crustal-
scale boundary structures during the Palaeozoic (eg Collins 
and Teyssier 1989, Scrimgeour and Raith 2001, Teasdale and 
Pryer 2002, Buick et al 2008, Korsch et al 2011, Scrimgeour 
2013 and references therein, Reno et al 2020 ). 

Copper–nickel–platinum group elements

The Blackadder and Baldrick prospects, located in 
southeastern Quartz (Figure 1), comprise nickel–copper–
platinum group element-sulfide mineralisation associated 
with olivine-bearing gabbro of the Lloyd Gabbro. Initial 
rock chip samples at Blackadder assayed up to 3.8% Ni and 
9.6% Cu, with anomalous cobalt, platinum and palladium 
(Mithril Resources Ltd 2008). The prospects were drilled 
by Mithril Resources Ltd in 2009, with a best intersection 
of 9 m at 0.48% Ni and 0.3% Cu from the Baldrick prospect, 
including both oxide and sulfide mineralisation (Mithril 
Resources Ltd 2009). 

Similar enrichment was observed in weathered 
ultramafic rock exposed on an isolated hill at Hammer 
Hill in northeastern Quartz (Figure 1). Initial assay results 
identified anomalous nickel, chromium and cobalt, although 
drilling at the prospect failed to intersect significant 
mineralisation (Lindsay-Park 2005).
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Copper–cobalt

The Basil copper–cobalt–silver deposit was discovered by 
Mithril Resources Ltd in 2009 within a 10 km-long trend 
of copper-bearing gossanous outcrop and hydrothermal 
alteration associated with a large-scale EM anomaly 
(McKinnon-Matthews 2010). Additional parallel zones 
containing copper-bearing gossans occur at the Polly 
and Manuel prospects. The deposit occurs proximal 
to the Basil Shear Zone (Figure 2), part of a crustal-
scale shear system that forms the boundary between the 
Irindina Province and the Palaeoproterozoic Aileron 
Province (Korsch et al 2011). The deposit is hosted in the 
Riddock Metagabbro and is interpreted to have undergone 
significant recrystallization and deformation during the 
Palaeozoic (Sharrad et al 2015). 

Basil has an Inferred category Mineral Resource of 
90 Mt at 0.28% Cu and 0.03% Co at a 0.1% Cu cut-off, or 
26.5 Mt at 0.57% Cu and 0.05% Co at a 0.3% Cu cut-off 
(Mithril Resources 2012). Mineralisation occurs as massive 
(20–50%) and stringer sulfides comprising pyrrhotite, 
pyrite and chalcopyrite. Sharrad et al (2015) described 
sulfides occurring within metamorphic phases (eg garnet) 
and rounded metamorphic zircon occurring within 
sulfides. On this basis, they interpreted mineralisation to 
have formed pre- or at the latest, syn-regional high-grade 
metamorphism. Sharrad et al (2015) also noted the presence 
of scapolite in the mineralised succession and suggested 
that evaporitic sediments may have played a role. They 
classified the Basil deposit as a metamorphosed VHMS 
deposit but noted that there are some aspects of Basil that 
did not quite fit this model. For example, the absence of a 
clear hydrothermal alteration halo, which they hypothesized 
was either destroyed, or the mineralisation was detached 
from its associated alteration during metamorphism and 
movement along the Basil Shear Zone (Sharrad et al 2015). 
Sharrad et al (2015) and Wallace et al (2015) preferred a 
Cyprus-type VHMS model for the mineralisation based on 
its Cu–Co-rich and Pb-poor nature. 

Summary and implications

The Irindina Province is a highly prospective terrane that 
remains relatively under-explored despite its recognised 
potential for mafic-hosted mineralisation (Hoatson et al 
2005) and the discoveries of the Ni–Cu–PGE prospects 
(eg Blackadder, Baldrick), including a defined Cu–Co 
mineral resource at Basil. Exploration has heavily focused 
on well-exposed areas in ALICE SPRINGS and Quartz 
(eg McKinnon-Matthews 2010, Mithril Resources 2012) 
with comparatively little exploration occurring in areas 
undercover (eg Sherington et al 2009). However, given 
the interpreted undercover extent of the Province, the full 
potential of the terrane to host a range of mineral systems 
remains to be tested.

The mafic stratigraphic units of the Irindina Province 
all have geochemical signatures indicative of magmatism in 
an extensional environment. Nd isotopic data show a broad 
isotopic progression from juvenile to increasingly evolved 
mafic magmatism with decreasing age of emplacement. The 

Riddock Metagabbro in the early Cambrian is interpreted to 
have provided a heat source that partially melted protoliths 
to the metasedimentary succession of the Irindina Province 
and facilitated bimodal magmatism ca 560–520 Ma; the 
known extent of this event is restricted to the Quartz 
mapsheet. The N-MORB-like geochemistry of the Riddock 
Metagabbro and isotopically primitive signature are 
consistent with large degrees of partial melting during 
extensive rifting in an intracratonic setting. Emplacement 
of the crustally-contaminated Coggans Gabbro may 
indicate far field effects of deep partial melting, the result 
of the plume that activated the Kalkarindji Large Igneous 
Province (eg Wallace et al 2015). Localised intraplate 
extension is interpreted to have resulted in the emplacement 
of small volumes of the crustally-contaminated, sulfur-
saturated mafic magma of the Lloyd Gabbro. 

In the context of the revised stratigraphy described 
herein, coupled with geochemistry and isotopic studies 
and existing literature, there are a number of important 
implications for exploration in the Irindina Province:
• The Irindina Province sits within the core of 100 km-

wide, crustal-scale, bivergent detachment-dominated 
structures (eg Korsch et al 2011). This shear zone 
system is interpreted to be mantle-tapping and likely 
multiply-reactivated during the Palaeozoic. This system 
may have acted as a conduit for metal-rich fluids and 
magmas (eg Sharrad et al 2015).

• Some of the mafic rock (eg Coggans Gabbro) may form 
part of the Kalkarindji Large Igneous Province and may 
have untapped potential for mineralisation. 

• Mafic rocks in the Irindina Province have proven 
potential for a range of mineralisation, including 
Cu– Co–Ag and Ni–Cu–PGE, and may be a source for S 
as a crucial ingredient in forming sulfide deposits.

• The majority of the Irindina Province remains untested 
beneath cover.
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