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Minister’s foreword
Welcome to Alice Springs for the Annual Geoscience Exploration Seminar (AGES). 
Although the past year has been challenging for minerals and petroleum exploration due 
to the COVID-19 pandemic, there are big reasons to be excited about the future of the 
Territory’s exploration sector.

The Territory Government is determined to grow the resources sector and that’s why we 
are continuing the Resourcing the Territory initiative, and many of the recent outcomes of the 
initiative are highlighted in this volume. I also acknowledge the substantial co-investment 
and collaboration from the Australian Government through the Exploring for the Future 
initiative, which has led to the identification of exciting new exploration opportunities in 
the Barkly region. 

The resources sector, both in exploration and production, creates jobs, helps build our 
regions, grows wealth for Territorians, and contributes to improving essential infrastructure. 

A recent report by the Territory Economic Reconstruction Commission (TERC) highlighted that growth in the resources 
sector remains central to the Territory’s vision of reaching a $40 billion economy by 2030. TERC also noted the importance 
of increasing resources exploration to underpin the long-term contribution of the resources industry to our economy. The 
resources sector is already the Territory’s largest industry, and as Minister I will keep working with you to grow the sector.

I hope you enjoy AGES 2021, and the many networking opportunities it provides. I also hope 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.
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Highlights of mineral and petroleum exploration and development in 2020 
Ian Scrimgeour 1,2

Introduction

The year 2020 presented unique challenges for the Northern 
Territory’s resources sector as access restrictions and state 
border closures related to the COVID-19 (COVID) pandemic 
adversely impacted on the ability of explorers to visit their 
tenements and source contractors for exploration programs. 
This affected the Territory more than most jurisdictions as 
most explorers and drilling and geophysical contractors are 
located outside of the Northern Territory. However, there 
were still positive developments in the Territory’s resources 
sector: liquids-rich gas discoveries in the Beetaloo 
Sub-basin, the recommencement of iron ore mining, and 
an emerging exploration boom for copper and gold in the 
Barkly Tableland. The resources sector and government 
also worked collaboratively to successfully keep all of the 
Territory’s mines and petroleum fields operating through 
the pandemic and with no adverse health impacts.

According to the Australian Bureau of Statistics 
(ABS), mineral exploration expenditure in the Territory in 
2019– 2020 was $123.0 million, a 7% drop on 2018–2019 
when $131.9 million was spent. This fall could be largely 
attributed to a substantial drop in activity in the June 2020 
quarter, with only $24.4 million spent on mineral exploration 
in the Territory, down 25% on the June 2019 quarter. For the 
2020 calendar year, mineral exploration expenditure in the 
Territory was $110.8 million, a 16% drop on 2019. This is 
the lowest figure since 2017 when $91.2 million was spent 
but remains at higher levels than the downturn from 2014 to 
2017. (Figure 1). The proportion of exploration expenditure 
in the Territory that is in greenfields areas declined from 
38% to 31%. 

In addition to ABS exploration statistics, the Northern 
Territory Geological Survey (NTGS) collects statistics 
on the admissible exploration expenditure on exploration 
leases (EL) reported by industry to the Department of 
Industry, Tourism and Trade. This shows that expenditure 
reports submitted during 2020 (which may relate to activity 
in 2019 and/or 2020) totalled $50.4 million, a 31% decrease 
from the previous year. 

At the end of 2020, there were 773 granted non-
extractive mineral exploration licences (compared with 777 
at the end of 2019) and 617 outstanding exploration licence 
applications. Of these applications, 429 are on aboriginal 
freehold land. During 2020, 174 new applications were 
received (down from 184 in 2019), 71 were granted (down 
from 90 in 2019) and 146 licences ceased (down from 247 
in 2019). The area covered by EL applications has increased 
to 20%.

At the end of 2020, in the onshore Territory and coastal 
waters, there were 38 granted petroleum exploration 
permits, 3 retention licences and 5 production licences. 

Exploration and production highlights

Figure 2 shows selected mineral exploration highlights for 
2020. In the following summary of exploration and mining 
results for the Territory during 2020, all mineral resources 
are assumed to have been reported in accordance with the 
JORC or NI43-101 codes. Where resource categories are 
not listed, readers are directed to the original sources for 
this information. Most material cited here has been sourced 
from company websites, news releases and stock exchange 
announcements. As a result, details of exploration by some 
private and other non-listed companies, which do not 
report publicly, could not be included. Mineral production 
statistics for the Territory for 2019– 2020 collected under 
the NT Mineral Titles Act are given in Table 1. This 
shows mineral production value totalled $4.40 billion in 
2019– 2020. 

Gold – Tanami Region and Aileron Province

Newmont Corporation’s Tanami Operations, located 
550 km northwest of Alice Springs (Figure 3), remains 
the Territory’s largest gold operation, reporting 
500 000 oz of gold production during both 2019 and 2020. 
Mineralisation consists of high-grade gold-quartz veins in 
folded carbonaceous siltstone in the lower part of the Dead 
Bullock Formation. The operations include the flagship 
Callie deposit (>7.6 Moz), the 5.83 Moz Auron deposit, 
the >0.5 Moz Federation South Limb, and the 2016 
Liberator discovery. As of 31 December 2020, Proven 

© Northern Territory of Australia 2021. 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

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

0

20

40

60

80

100

120

140

160

S
ep

-2
01

3

Fe
b-

20
14

Ju
l-2

01
4

D
ec

-2
01

4

M
ay

-2
01

5

O
ct

-2
01

5

M
ar

-2
01

6

A
ug

-2
01

6

Ja
n-

20
17

Ju
n-

20
17

N
ov

-2
01

7

A
pr

-2
01

8

S
ep

-2
01

8

Fe
b-

20
19

Ju
l-2

01
9

D
ec

-2
01

9

M
ay

-2
02

0

O
ct

-2
02

0

Q
uarterly  ($M

)A
nn

ua
l (

$M
)

Quarterly Annual Trend A21-133.ai

Figure 1. Annual and quarterly mineral exploration expenditure 
from 2013 to 2020 for the Northern Territory according to the 
ABS. 



AGES 2021 Proceedings, NT Geological Survey

2

W
E

S
T

E
R

N
 A

U
S

T
R

A
L

IA

Q
U

E
E

N
S

L
A

N
D

S O U T H  A U S T R A L I A

Tennant Creek

Yulara

Katherine

Jabiru

Alice Springs

DARWIN

Mereenie 1 Dingo

Blacktip

Palm Valley 1

Minerals

oil pipeline
gas pipeline

Energy
producing 
gas/oil field

road minor roadrailway

200 km1000

ArchaeanPalaeo–Mesoproterozoic
basins

Palaeo–Mesoproterozoic
orogens

Neoproterozoic–
Palaeozoic

Mesozoic–
Cenozoic

PIPELINE

G
AS

TANAM
I

NORTHERN   GAS         PIPELINE

operating mine prospectJORC resourceRunder feasibilityFin approvals
processA care and

maintenance

Castile Resources Ltd – 
Rover 1 Au-Cu
30.4m @ 35.6 g/t Au,
1.46% Cu, 0.18% Bi,
0.09% Co & 3.31 g/t Ag

Arafura Resources Ltd – 
Nolans REE-P
75.7m @ 2.8% TREO,
11% P2O5 

Mandrake Resources – 
Berinka Au-Cu-Ag
3m @ 1.8 g/t Au, 
2.1% Cu, 32 g/t Ag

KGL Resources Ltd –
Jervois Cu-Ag-Au
Reward South:
22.1m @ 1.0% Cu, 7.6% Pb,
5.3% Zn, 763 g/t Ag,
0.44 g/t Au

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

PNX Metals Ltd –
Fountain Head Au
Resource upgrade
2.94 Mt @ 1.7 g/t Au

Bacchus Resources Pty Ltd –
Woolwonga Au
10m @ 10.4 g/t Au
19m @ 4.48 g/t Au

Vista Gold –
Mount Todd Au
29m @ 1.0 g/t Au

A21-132.ai

IGO Ltd – 
Grapple 
Au-Ag-Cu-Zn-Pb-Co
1m @ 3.2 g/t Au,
11.4 g/t Ag, 2.6% Cu,
0.59% Zn 

IGO Ltd – 
Grimlock Co-Ni
12m @ 0.13% Co,
0.64% Ni

IGO Ltd – 
Goldbug Au
16m @ 1.5 g/t Au

IGO Ltd – 
Swoop Co-Ni
10m @ 0.13% Co,
0.51% Ni

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

Core Lithium Ltd – 
Finniss Li
Grants: 16m @ 2.02% Li2O

Core Lithium Ltd – 
Bynoe Au
Hurricane: 10m @ 1.5 g/t Au

Blina Minerals NL – 
Bluebird Au-Cu
20m @ 1.79g/t Au,
1.67% Cu,
15m @ 3.46% Cu,
0.61 g/t Au

Emmerson
Resources Ltd – 
Mauretania Au-Cu
12m @ 2.5% Cu;
0.26 g/t Au,
0.14% Co

RR

F

A

A

A

Merlin
(diamonds)

Bootu Creek (Mn)

Frances Creek (Fe)

Sill 80 (illmenite)

McArthur River
(Zn, Pb, Ag)

Gove Operations (Al)
Dhupuma Plateau (Al)

Gemco (Mn)

Tanami Operations (Callie) (Au)

Nathan River (Fe)

F

Winchelsea Mining Pty Ltd –
Winchelsea Mn
No published JORC resource 

A

Figure 2. Map of the Northern Territory showing selected mineral exploration highlights for 2020.

and Probable Ore Reserves were 36.2 Mt at 5.05 g/t Au, 
containing 5.07 Moz of gold. Additional Measured and 
Indicated Mineral Resources total 21.1 Mt at 2.19 g/t Au 
for 1.49 Moz of gold; Inferred Mineral Resources are 

19.6 Mt at 4.29 g/t Au for 2.71 Moz of gold. This follows a 
major increase in Reserves and Resources in the December 
2019 with the addition of 1.5 Moz of Reserves, 1.1 Moz 
of Measured and Indicated Resources and 1.6 Moz of 
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Commodity Unit of 
quantity

2019–2020 1,4,5

Quantity 
produced 2

Quantity 
sold

Quantity sold  
($) 3

Metallic minerals

Bauxite tonnes 12,135,492 12,423,766 $547,511,496

Gold 6 grams 2,123 0 $0

Gold dore 7 grams 15,836,843 15,974,559 $1,189,797,722

Iron ore tonnes 0 0 $0

Manganese tonnes 6,293,557 6,248,295 $1,609,821,632

Mineral sands 
concentrate tonnes 37,325 37,325 $12,361,417

Lead 
concentrate tonnes 26,867 24,804 $34,364,886

Zinc 
concentrate tonnes 178,014 174,529 $219,597,551

Zinc lead 
concentrate tonnes 407,443 387,711 $540,764,325

Metallic 
minerals value n/a $4,154,219,029

Gemstones

Diamonds carats 0 0 $0

Gemstones carats 0 0 $0

Mineral 
specimens kilograms 800 350 $49,228

Gemstones 
value n/a $49,228

Non-metallic minerals

Crushed rock tonnes 885,133 967,557 $25,790,289

Dimension 
stone tonnes 151 150 $101,206

Gravel tonnes 222,542 216,836 $4,112,984

Sand tonnes 279,264 250,477 $7,006,483

Soil tonnes 52,458 52,219 $693,228

Garnet sands tonnes 5,409 3,168 $1,054,451

Limestone tonnes 0 6,795 $26,579

Quicklime 8 tonnes 22,864 23,816 $6,072,188

Vermiculite tonnes 0 0 $0

Non-metallic 
minerals value n/a $44,857,408

Energy minerals

Uranium oxide tonnes 1,613 1,492 $202,504,327

Total minerals 
value n/a $4,401,629,992

Table 1. 2019–2020 mining production statistics for the Northern 
Territory.

Inferred Resource. Further resource growth of 0.6 Moz 
was achieved in 2020 from additional drilling at Auron 
and Federation. Newmont’s Phase 2 Expansion at the 
Tanami Operations entered the execution stage in 2020. 
The expansion includes construction of a 1460 m shaft, 
additional capacity in the processing plant, and supporting 
infrastructure to enable mining at a depth of  2140 m below 
surface. The expansion is expected to increase average 
annual gold production by ~150 000 to 200 000 oz per 
year for the first five years, and reduce operating costs by 
around 10%. As of early 2021, capital costs for the project 
were estimated to be in the range US$850–950 million, 
with a commercial production date in the first half of 2024. 

Newmont also undertook regional exploration during 
2020, although this was limited by COVID restrictions. In 
the Tobruk JV with Prodigy Gold NL, located immediately 
southwest of the Callie Mine, Newmont is sole funding up 
to A$12 million in exploration expenditure to earn up to 
a 70% interest. The only activity reported in 2020 was an 
airborne gravity survey. A joint venture with Nova Minerals 
Limited over the Officer Hills project area, 34 km southwest 
of Callie, was terminated by Nova during 2020, with Nova’s 
share of the project released to Newmont. Newmont also 
applied for a mining lease over the Oberon deposit, 25 km 
north of Callie. 

Northern Star Resources Limited have a significant 
presence in the Tanami through their purchase and farm-
in agreement in the Central Tanami project with Tanami 
Gold NL, as well as their 100%-owned Tanami Regional 
project. No significant on-ground exploration occurred in 
2020 due to COVID restrictions and the utilisation of the 
Central Tanami camp by police and defence forces as part 
of a COVID-related border checkpoint and Tanami Road 
patrols. A revised in‐situ resource inventory estimate of the 
Jims deposit was completed during 2020; this incorporated 
2018 exploration drilling beneath the main Jims open‐pit 
and unmined supergene mineralisation immediately west 
of the pit. Preliminary assessment showed that further 
drilling is required to confirm the potential for primary 
mineralisation below the supergene zone and to test lateral 
and depth extensions of mineralisation below the main 
Jims pit. 

Prodigy Gold’s exploration activities in the Tanami 
were also impacted by COVID restrictions and could not 
commence until late in the field season. In the second half of 
2020, Prodigy Gold drilled 110 aircore holes for 9288 m at 
the Bonanza West prospect, close to the Western Australian 
border, with a best intersection of 1 m at 0.27 g/t Au from 
107 m. At the Bluehart prospect, 53 km west-northwest of 
Callie, 57 aircore holes were drilled for 1869 m, targeting 
a 1000 m long high-grade soil and rock chip gold anomaly 
associated with a northwest-trending splay off the Trans-
Tanami Fault Zone. No significant assays were returned 
from the program. At the PHD prospect, 30 km northwest 
of the existing Hyperion gold deposit, a 9 km soil gold 
anomaly has been defined. Interpretation of the 2019 
NTGS Tanami airborne magnetic survey highlighted the 
extensions of the structure along strike and the potential 
for parallel structures. An additional 147 soil sampling 
results support the continuity of the anomaly interpreted 

Explanatory notes
1. Fiscal year is 1st July to 30th June.
2. Data is from production returns lodged by operators under statutory 

obligations.
3. $ Amount for quantity sold  is in AUD and is the gross amount paid 

to the operator.
4. Data has been rounded and autosum applied.
5. Data is correct as at 05 October 2020 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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from airborne magnetics data, and this will be a target of 
drilling in 2021.

At Prodigy Gold’s Euro project area in the eastern 
Tanami, Newcrest Mining Limited withdrew from their 
farm-in agreement in November 2020, with Prodigy Gold 
retaining a 100% interest in the project.

In the northern Aileron Province, northwest of Barrow 
Creek, Prodigy Gold undertook a 28 hole, 1551 m drilling 
program at the Tulsa target, 17 km northwest of the 
previously drilled Kroda prospect. Tulsa was a priority 
target based on highly anomalous soil geochemistry. 
Regional reconnaissance aircore was completed on 7 lines 
testing the full strike length of the 5 km x 3 km soil gold 
anomaly. Gold anomalism was intersected in a single hole 
with best result of 3 m at 0.15 g/t Au from 48 m. The absence 
of a large scale bedrock gold or pathfinder multi-element 
anomaly has downgraded this target.

In the southwestern Aileron Province, immediately 
adjacent to the Western Australian border northwest of 
Kintore, IGO Limited, as part of the Lake Mackay joint 
venture with Prodigy Gold, undertook a maiden three 
hole, 278 m reverse circulation (RC) drilling program at 

the Goldbug prospect in late 2020. Goldbug is a 600 m 
long soil gold anomaly over orthoamphibolite of the 
Dufaur Suite. The target was originally identified through 
systematic soil sampling. Initial drilling in 2019 failed 
to identify the bedrock source of the soil gold anomaly. 
Drilling in 2020 successfully intersected bedrock 
gold mineralisation associated with pyrite and quartz 
veining within orthoamphibolite. Two of the three holes 
intersected mineralisation; the third hole was too shallow 
and did not intersect the mineralisation now defined. Best 
results included 16 m at 1.15 g/t Au from 48 m and 4 m at 
1.54 g/t Au from 92 m.

Gold – Pine Creek Orogen

In March 2020, Kirkland Lake Gold Ltd announced 
the closure of trial mining operations at Cosmo Deeps, 
suspension of exploration activities, and suspension of 
operations at the Union Reefs processing plant. About 
5000 oz of gold had been produced in 2020 prior to closure. 
The closure of the operation followed an announcement 
by the company in February 2020 that it was designating 
the Northern Territory assets as non-core, with plans to 
consider all strategic options for maximizing value. During 
2020, Kirkland Lake Gold’s activities were largely focused 
on rehabilitation to lower environmental liabilities. As 
part of this commitment, a three-year, $60– $65 million 
water rehabilitation program was launched in the second 
half of 2020. This involves management of the Howley 
Streak waste dumps, rehabilitation of dams, and treatment 
of site water inventory. Combined Mineral Resources for 
all of Kirkland Lake Gold’s NT assets at the end of 2020 
comprises Measured and Indicated 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 total contained 3.22 Moz of gold.

In November 2019, Kirkland Lake Gold submitted an 
environmental impact statement (EIS) for the Union Reefs 
North decline for an underground mine, which is proposed to 
access the Prospect orebody. An Environmental Assessment 
Report was issued by the NT Environment Protection 
Authority (EPA) in June 2020 and Federal environmental 
approval was issued in September. 

PNX Metals Limited continued to progress their 
Fountain Head gold project, located 50 km northwest of 
Pine Creek. After drilling 79 holes for 7402 m in 2019 and 
early 2020, PNX Metals announced an upgraded Mineral 
Resource Estimate in June 2020, reporting a combined 
Indicated and Inferred Resources for Fountain Head and 
Tally Ho of 2.94 Mt at 1.7 g/t Au, containing 156 000 oz 
of gold. The gold system extends ~1.6 km along strike of 
the Fountain Head anticline. An Environmental Impact 
Statement and feasibility study were commenced during 
2020 and are expected to be submitted in the second 
quarter of 2021. During the year, the company altered the 
proposed process route for the project from heap leaching 
to a milling and carbon-in-leach process. PNX Metals also 
finalised an agreement to acquire the nearby Glencoe gold 
deposit from Ausgold Pty Ltd in order to expand the project 
resources. PNX Metals reported no further exploration at 
their Hayes Creek project, which comprises the Iron Blow 
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and Mount Bonnie polymetallic gold-silver-zinc deposits as 
the company focused on development of the Fountain Head 
gold project.

Privately-owned Bacchus Resources Pty Ltd continued 
gold exploration in the Pine Creek Orogen in 2020, including 
at their Woolwonga project. A summary of exploration at 
Woolwonga from 2017 to 2019 was summarised in the 
AGES 2020 volume. Although there has been no formal 
public reporting of 2020 drilling (11 235 m), results posted 
by the company on social media include intersections of 
7 m at 15.6 g/t Au within 52 m at 3.0 g/t Au, and 10 m at 
10.4 g/t Au. The company continued to drill at Woolwonga 
through the 2020–2021 wet season, with a reported drill 
intersection of 19 m at 4.48 g/t Au within 49 m at 2.12 g/t Au 
located 154 m vertically beneath the pit floor. During 2020, 
the company also completed the acquisition of MLN1139 
at Brocks Creek, which includes infrastructure to support 
potential development of Woolwonga, along with further 
resources at the Zapopan (high-grade underground), 
Faded Lily, Raising Tide, Burgan, and Alligator deposits. 
Planning is underway for the construction of a mill at 
Brocks Creek. 

Hanking Australia Pty Ltd’s Mount Bundey project,  
located 90 km east-southeast of Darwin, includes the Toms 
Gully, Rustlers Roost and Quest 29 deposits. The project 
has total Indicated and Inferred Resources of 54.1 Mt at 
1.03 g/t Au for a contained 1.795 Moz of gold. The company 
is progressing towards a potential restart of underground 
mining at Toms Gully, which has a Mineral Resource 
of 1.1 Mt at 8.9 g/t Au. The Environmental Assessment 
Report for the Tom Gully project was issued by the NT EPA 
in February 2020. In February 2021, Hanking Australia 
commenced the environmental assessment process for a 
proposed open-cut mining operation over a seven year mine 
life at the Rustlers Roost and Quest 29 deposits within the 
Mount Bundey project area. No exploration results were 
publicly announced in 2020.

Vista Gold Corporation’s Mount Todd gold project, 
northwest of Katherine, contains Measured and Indicated 
Mineral Resources of 279.6 Mt at 0.82 g/t Au, containing 
7.40 Moz of gold; and Inferred Mineral Resources of 
72.5 Mt at 0.74 g/t Au, containing 1.73 Moz of gold. Proven 
and Probable Ore Reserves are 222.8 Mt at 0.82 g/t Au for 
5.90 Moz of gold. In late 2020, Vista Gold commenced an 
eight-hole, 2400 m proof of concept drilling program to test 
targets known as the Batman Hanging Wall Lode and the 
Batman North Extension; the drilling is designed to test 
the existence of mineralisation with vertical and lateral 
continuity within and immediately adjacent to the planned 
Batman pit. Results from the first four holes include 29 m 
at 1.0 g/t Au in the Batman North Extension, and 60 m 
at 0.72 g/t Au from the Batman Hanging Wall Lode. The 
results suggest that additional drilling could provide the 
basis for an increase in the mineral resource estimates both 
within and outside the currently designed Batman pit.

During 2020, Core Lithium Ltd discovered numerous 
new gold prospects at its newly named Bynoe gold project, 
located in the same area as its Finniss lithium project, 
20– 60 km south of Darwin. In September and October 
2020, Core announced assays up to 106.5 g/t Au in rock 

chips at the Covidicus West prospect in the southern part of 
their project area. Core Lithium also identified gold in soil 
of up to 1.9 g/t Au at the nearby Pickled Parrot prospect. The 
company subsequently reported that over 1000 gold nuggets 
up to 8 grams in weight had been found within a gold-in-soils 
anomaly close to the Grants and BP33 lithium deposits, now 
named the Far East belt. Four new prospects were identified 
in the belt along a 1600 m trend of gold-bearing, sulfide-rich 
veins. A reconnaissance RAB drilling program of 74 holes 
for 1500 m along the Far East belt confirmed the presence 
of gold mineralisation with a best intersection of 10 m at 
1.5 g/t Au from 7 m at the Hurricane prospect.

In October 2020, Mandrake Resources Limited reported 
results of their first drilling (five holes for 733 m) at the 
Berinka gold project in the southwestern Pine Creek 
Orogen, 190 km south of Darwin. The drilling targeted two 
prospects (Vegetation Anomaly and Terry’s Gap) identified 
from airborne magnetic data and historic costeans. Drilling 
at the Vegetation Anomaly returned a best intersection of 
3 m at 1.8 g/t Au, 2.1% Cu and 32 g/t Ag from 124 m. Gold 
appears to be hosted in a series of veins in close proximity 
to a faulted contact between a gabbro and granite; the gold 
mineralisation is associated with sulfides, particularly 
pyrite and chalcopyrite.

Gold and copper-gold – Warramunga Province

Exploration for copper and gold in the Tennant and Rover 
fields was delayed for much of 2020 due to COVID 
restrictions but recommenced in the second half of the year. 

Following its public listing in February 2020, Castile 
Resources Ltd has been focused on the exploration and 
development of the Rover field, 70–100 km southwest 
of Tennant Creek. A four hole drilling program at the 
company’s flagship Rover 1 deposit commenced in late 
August and continued until December. The first hole 
delivered the best gold intercept ever produced from 
Rover 1: 30.4 m at 35.6 g/t Au, 1.46% Cu, 0.18% Bi, 0.09% 
Co and 3.31 g/t Ag. This includes 13.2 m at 76.3 g/t Au 
and 1.16% Cu. The second hole intersected three zones of 
high-grade gold-copper mineralisation, including 12.3 m 
at 4.51 g/t Au and 1.49% Cu from 540 m, and 12.3 m at 
5.09 g/t Au and 0.44% Cu from 579 m. The third and fourth 
holes were wildcat exploration holes targeting conceptual 
structural targets and did not intersect significant 
mineralisation. The company has announced plans for a 
diamond drilling program of up to 10 000 m at numerous 
advanced prospects in 2021.

Emmerson Resources Limited continued to progress its 
exploration and development activities within the Tennant 
Creek mineral field. In April 2020, Emmerson Resources 
announced it was entering into a Strategic Alliance with NT 
Bullion Pty Ltd for the Northern Project Area at Tennant 
Creek, but this agreement was terminated in August. In 
November 2020, Emmerson announced that had entered 
into a Strategic Alliance with Tennant Consolidated Mining 
Group (TCMG) over the Northern Project Area under 
which TCMG will fund $5.5 million in exploration over 
five years to hold a 75% equity interest; the alliance also 
includes a ‘small mines joint venture’, for development of 
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deposits of <250 000 oz gold equivalent. A drilling program 
funded through the Strategic Alliance commenced in late 
November at the high-grade Mauretania prospect, part of 
the Northern Project Area. Results from two drillholes were 
released in February 2021; they include intersections of 
8.8 m at 3.44 g/t Au from the lower primary gold zone, and 
12 m at 2.5% Cu, 0.26 g/t Au and 0.14% Co from the upper 
oxide zone. The company announced that the Mauretania 
project is progressing to more detailed studies to support an 
application for mining approval.

In August 2020, Emmerson Resources announced a 
joint venture agreement with the Marnturla Aboriginal 
Corporation relating to exploration and development in 
previously restricted areas in the Northern Project Area, 
including Jasper Hills, Golden Slipper and Hermitage. The 
agreement provides an equity interest in the projects and 
employment opportunities during exploration.

In November 2020, the company announced that it was 
terminating its joint venture with Territory Resources Pty 
Ltd over the Southern Project Area, which includes the 
Eldorado, Susan, Black Snake, TC8, and Malbec West, with 
Emmerson retaining 100% ownership of the project.

In November 2020, King River Resources Limited 
announced the results of an 11 hole, 2376 m drilling 
campaign that led to the discovery of new ironstone bodies 
under Cambrian cover rocks, 35 km east of Tennant Creek. 
At the Commitment prospect area, two holes were drilled 
for 474 m targeting a large northwest-striking, coincident 
magnetic and gravity, 10 km east of the eastern-most 
known copper-gold deposit on that trend. Drilling through 
only 30– 70 m of Cambrian cover, both holes intersected 
ironstones with anomalous copper, cobalt and bismuth in 
interpreted Warramunga Formation basement. Eight holes 
were drilled to test three gravity and magnetic targets at 
the Lone Star trend, less than 1 km east of Emmerson 
Resources’ Mauretania deposit. Drilling intersected 
strongly hematite-altered shales with best results from the 
main gravity anomaly, where broad veining and zones of 
very strong hematite alteration are associated with elevated 
bismuth, arsenic, antimony and zinc.

In March 2020, Blina Minerals NL announced results of 
its first drilling campaign at the Bluebird ironstone-hosted 
copper-gold prospect, 45 km east of Tennant Creek. The 
prospect forms a prominent magnetic and gravity anomaly 
along a west-northwest fault trend. The program included 
7 holes for 1169 m, with best intersections of 15 m at 
3.46% Cu and 0.61 g/t Au from 172 m, and 20 m at 1.67% Cu 
and 1.79 g/t Au from 156 m. 

Copper and copper-gold – Barkly Tableland 

The Barkly Tableland area east of Tennant Creek was a 
focus of substantial exploration interest in 2020 with the 
commencement of exploration by a number of companies 
following up encouraging results from the collaborative 
pre-competitive geoscience studies in the area by Geoscience 
Australia and NTGS. Large areas of previously vacant 
ground between Tennant Creek and the Queensland border 
are now covered by exploration licences and applications 
from numerous companies (Figure 4). Exploration in the 

area is targeting mineralisation in Proterozoic basement 
underlying Cambrian cover of the Georgina Basin, with 
key targets being iron-oxide copper gold in Warramunga 
Province basement, and sediment-hosted copper and/or zinc 
in Palaeo–Mesoproterozoic basin successions. 

In December 2020, Middle Island Resources Limited 
announced the discovery of surface copper mineralisation at 
their newly defined Crosswinds prospect, 13 km southeast 
of Barkly Homestead. The company interpreted the surface 
copper mineralisation 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 March 2021, the company 
announced their intention to demerge their Barkly copper-
gold assets into a new company.

In late 2020, King River Resources undertook an 
airborne magnetic survey over their tenements, located 
65 km southwest of Barkly Homestead, together with a 
passive seismic survey to test depth of the Cambrian cover. 
Strategic Energy Resources Limited undertook detailed 
gravity surveys over their tenements, located 80 km west-
southwest and 40 km northeast of Barkly Homestead. The 
geophysical surveys by both companies were co-funded by 
NTGS under the Geophysics and Drilling Collaborations 
program.

Inca Minerals Limited undertook airborne magnetic 
surveys, also co-funded by NTGS, at their Frewena Fable 
project area, 50 km west-southwest of Barkly Homestead, 
and their Frewena Far East project, 40 km east-northeast of 
Barkly Homestead. In March 2021, the company announced 
they had completed a soil sampling program over the 
Frewena East project area, immediately adjacent to Middle 
Island Resources’ Crosswinds prospect.

In August 2020, Greenvale Mining Ltd acquired Knox 
Resources Pty Ltd, including nine exploration tenements 
across the East Tennant area. In late 2020, the company 
acquired 15 328 line km of airborne magnetic data over 
three of their tenements in the region. 

Newcrest Mining also has a substantial tenement holding 
in the East Tennant region and is planning field activity to 
commence after the 2020/21 wet season.

Encounter Resources Limited have secured a large 
tenement holding across the Barkly Tableland, predominantly 
targeting sediment-hosted copper deposits. The Jessica 
project covers ~5500 km2 along key structural corridors, 
80–150 km north and northeast of Barkly Homestead. 
Systematic assessment of drill chips from water bores at 
Jessica by Encounter Resources and previous explorer, 
Natural Resources Exploration, returned assay results of 
1.5% Cu from water bore RN28419. Visual inspection of 
this interval by Encounter Resources’ geologists confirmed 
the presence of abundant copper carbonate in the form of 
malachite. The company is planning an aircore drill program 
in 2021 to confirm this copper mineralisation identified in 
the water bore cuttings and determine the lateral extent of 
the near surface copper mineralisation. 

In March 2020, Encounter Resources had its first 
tenements granted at their Elliott copper project, 200 km 
north of Tennant Creek, where the company is targeting 
sediment-hosted copper deposits on the margin of the 
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Beetaloo Sub-basin. In September 2020, BHP Group 
Limited and Encounter Resources entered into an option 
agreement that provides BHP Group with the right to enter 
joint venture agreement to earn up to 75% interest in the 
Elliott copper project by spending up to $22 million over 
10 years. 

Encounter Resources has an additional project at 
Carrara, 110 km north of the Barkly Highway close to the 
Queensland border, targeting sediment-hosted copper and 
zinc in potential Isa Superbasin rocks identified through 
the 2017 GA–NTGS South Nicholson Seismic Survey. Teck 
Resources Limited have also taken a large tenement holding 
extending from this area south-southwest to the Barkly 
Highway (Figure 4).

Polymetallic base metals - Aileron Province

KGL Resources Limited continued to progress Jervois, the 
Territory’s most advanced copper project, located 380 km 
northeast of Alice Springs (Figure 5). Mineralisation 
at Jervois occurs in a series of stratabound, subvertical 
sulfide-rich deposits along a 12 km strike length in the 
Bonya Metamorphics. In September 2020, The company 
announced a substantial upgrade in the total resources at 
Jervois to 21.0 Mt at 2.03% Cu and 31.9 g/t Ag, containing 
426 200 t of copper and 21.4 Moz of silver. The resource 
also contains 175 700 oz of gold. The resource upgrade 

was achieved in part through an improved understanding 
of the geological and structural controls on mineralisation. 
In October 2020, KGL Resources released a prefeasibility 
study including an associated Probable Reserve of 9.4 Mt 
at 2.41% Cu, 32.9 g/t Ag and 0.39 g/t Au. The prefeasibility 
study was based on a 7.5 year operation producing 30 000 t 
copper in concentrate per year. In January 2021, the 
company received approval of their Mine Management Plan 
for the project, the final regulatory approval for the project. 
A full feasibility study for the project is expected in the first 
half of 2021.

In March and April 2020, KGL Resources announced 
the results of drilling at Jervois below the proposed pits at 
Reward and Bellbird, reporting intersections of 10.2 m at 
2.4% Cu, including 4.7 m at 3.9% Cu at Bellbird; and 24.9 m 
at 1.5% Cu, including 8.1 m at 3.6% Cu at Reward. Very 
high silver grades were intersected over wide intervals of 
polymetallic mineralisation at Reward South, with 22.1 m 
at 763 g/t Ag, 1.0% Cu, 7.6% Pb, 5.3% Zn and 0.44 g/t Au 
from 225 m, including 6.2 m at 1708 g/t Ag, 2.4% Cu, 16.3% 
Pb, 8.9% Zn and 0.81 g/t Au. Activity on the Jervois site was 
suspended in March due to COVID with no further drilling 
results reported. Drilling recommenced in February 2021.

Todd River Resources Limited did not undertake planned 
magnetic surveys and aircore drilling in 2020 at their Mount 
Hardy copper-zinc project area, 300 km northwest of Alice 
Springs, due to COVID-related hard border closures with 
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Western Australia. The Mount Hardy project includes the 
Hendrix deposit, which has an Inferred Resource of 2.6 Mt 
at 6.7% Zn, 0.9% Cu, 1.5% Pb and 35 g/t Ag.

IGO Limited continued their greenfields exploration in 
the remote southwestern Aileron Province over a large project 
area north and northeast of Kintore, targeting polymetallic 
mineralisation as part of the Lake Mackay exploration 
alliance with Prodigy Gold. After a delayed start to the field 
season, the company completed four-hole, 235 m program at 
Grapple, where previous drilling encountered polymetallic 
copper and gold mineralisation associated with sulfides 
along a strike length of ~800 m. The program aimed to 
define shallow mineralisation up-plunge of previous drilling 
along 300 m of strike. Three of the four holes intersected 
mineralisation, with best intersections of 5 m at 0.2 g/t Au, 
46.1 g/t Ag, 0.5% Cu, 0.9% Pb, 3.2% Zn and 0.2% Co; and 
1 m at 3.2 g/t Au, 11.4 g/t Ag, 2.6% Cu and 0.59% Zn. The 
results limit the continuity of shallow mineralisation to the 
east, but mineralisation remains open down plunge to the 
west.

In late 2020, Prodigy Gold undertook exploration at their 
Reynolds Range exploration project area in the central Aileron 
Province, focusing on the Scimitar prospect. A moving loop 
electromagnetic survey at Scimitar in October 2020 revealed 
a strong electromagnetic conductor coincident with surface 
copper, lead, silver, zinc, and gold anomalism. Detailed 
mapping identified copper mineralisation at surface within a 
3 km long geochemical anomaly with separate copper-gold 
and silver-lead zonation. Following the identification of this 
conductor, a 400–500 m diamond drillhole commenced in 
November, co-funded by NTGS through the Geophysics and 
Drilling Collaborations program. The drillhole intersected 
sulfidic sediments with elevated silver, lead, and zinc assay 
values at 286– 302 m depth. 

In June 2020, Shree Minerals Limited entered into 
a farm-in and joint venture agreement with Territory 
Lithium Pty Ltd to explore Territory Lithium’s tenements 
in central Australia for gold and base-metals. In October 
2020, the company announced the results of reconnaissance 
exploration at the Bruce’s prospect in the Irindina Province 
northeast of the Harts Range, which was designed to locate 
extensions to copper- and gold-bearing quartz veins and 
determine the extent and thickness of soil cover. New 
mineralised veins were identified, including one 250 m 
south of known mineralised veins that assayed 0.52 g/t Au 
and 1.07% Cu.

In October 2020, Inca Minerals undertook 
reconnaissance exploration at their newly acquired Jean 
Elson IOCG project area, 40–60 km southeast of Jervois; 
the company confirmed visible copper-iron mineralisation 
and identified significant extensions of mineralisation 
at the historic Camel Creek and Mount Cornish South 
prospects. Thirty-two rock chip samples were collected at 
the Ningaloo prospect at Camel Creek, with 11 samples 
returning between 1.62% and 10.3% Cu from six parallel 
veins within a 500 m wide corridor. 

Base metals – McArthur Basin

The McArthur River mine, located 70 km southwest of 
Borroloola in the McArthur Basin, is operated by McArthur 
River Mining Pty Ltd, a subsidiary of Glencore plc. At 
31 December 2020, the McArthur River mine had total 
Reserves and Resources of 162 Mt at 9.7% Zn, 4.4% Pb 
and 45 g/t Ag, including Ore Reserves of 87 Mt at 9.2% Zn, 
4.2% Pb and 42 g/t Ag. During 2020, the mine produced 
279 300 t of zinc, 54 900 t of lead and 1.614 Moz of silver in 
concentrate, representing a 3% increase in zinc production 
from 2019. The very fine-grained, thinly-bedded sulfide ore 
is hosted in the HYC Pyritic Shale Member of the Barney 
Creek Formation. In November 2020, the mine received 
regulatory approvals for its Overburden Management 
Project, which will enable continuation of mining activities. 
Open cut mining is currently planned to be completed in 
2038.

A second major shale-hosted zinc resource occurs at 
Teck Resources’ Teena zinc deposit, located 10 km west of 
the McArthur River mine, which was discovered in 2013. 
The 2016 Inferred Mineral Resource at Teena was 58 Mt at 
11.1% Zn and 1.6% Pb for 6.5 Mt of zinc and 0.9 Mt of lead 
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metal (at a 6% Zn+Pb cut-off). No exploration results have 
been publicly reported from Teena during 2020. 

In early 2020, Teck Resources entered into an option and 
join venture agreement with Sandfire Resources Ltd over 
Sandfire Resources’ North Batten tenements in the northern 
Batten Fault Zone area, which was previously the subject of 
a joint venture with MMG Limited. Under the agreement, 
Teck Resources has the right to earn up to a 75% interest in 
the project by spending $27 million on exploration over ten 
years, and 51% interest earned with $7 million expenditure 
by August 2025. A minimum expenditure of $1 million is 
required by August 2021.

During 2020, Redbank Copper Limited substantially 
increased its exploration tenure in the southern McArthur 
Basin and recommenced exploration in the area of the 
Redbank copper project. Activities included a regional soil 
sampling program, resampling of historic drill core at the 
Redbank project, and a 302 hole drilling program on the 
Tailings Storage facility to establish a JORC 2012 Resource 
Estimate of contained copper.

Diamonds

No diamond mining activity occurred in the Territory in 
2020. Merlin Diamonds Limited, the owner of the Merlin 
diamond mine in the McArthur Basin, was subject to 
liquidation and sale. Merlin comprises 14 kimberlite pipes 
of which nine were subject to open cut mining, producing 
507 000 ct of diamonds between 1998 and 2003. The 2014 
combined Probable Ore Reserve for all diamond pipes at 
Merlin was 2.02 Mt at 0.15 carats per tonne (ct/t) for a total 
of 0.61 Mct. The Indicated and Inferred Mineral Resource 
is 27.8 Mt at 0.16 c/t for a total of 4.35 Mct. 

Bauxite 

Rio Tinto Limited operates the Gove bauxite mine in north-
eastern 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 2020, the Gove operation produced 12.30 Mt of 
bauxite, a 1% increase on 2019. 

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

Iron ore

A highlight of 2020 was the recommencement of iron 
ore mining in the Northern Territory after a hiatus in 

production since 2014. In October 2020, Nathan River 
Resources Pty Ltd, a subsidiary of British Marine 
Ltd, commenced production at the Roper Bar iron ore 
mine, 55 km southeast of Ngukurr. Iron ore at Roper 
Bar is hosted within the Sherwin Iron Formation of the 
Mesoproterozoic Roper Group. The mine had been in 
care and maintenance since 2014. Production commenced 
with transport of iron ore stockpiles to Bing Bong on 
October 5, followed by the commencement of mining 
in the Danehill pit on October 30. By December 2020, 
two shipments of iron ore had been exported from Bing 
Bong. The company plans to produce 1.5 Mtpa of direct 
shipping ore; with the addition of a 1.5 Mtpa dense media 
separation plant, the operation expected to produce 
1.5– 2.0 Mtpa at 60% Fe for 5 years.

In February 2021, Al Rawda Resources Ltd, the parent 
company of Northern Territory Iron Ore Pty Ltd (NTIO), 
entered into a binding agreement with Dragon Resource 
Investment Pty Ltd to sell their 100% ownership of NTIO 
for an undisclosed sum. NTIO own the Roper Valley 
project, located 150 km east of Mataranka. The Roper 
Valley deposit is geologically similar to the Roper Bar 
project. 

The Frances Creek iron ore deposit, north of Pine 
Creek in the Pine Creek Orogen, has been the Territory’s 
largest historical iron ore producer with production from 
1966– 1974 and 2007–2014. During 2020, NT Bullion 
Pty Ltd undertook a project testing German ore-sorting 
technology on the large iron ore stockpile at Frances Creek 
to produce a high-grade premium export-grade lump 
product. In September 2020, the company commenced 
processing using the ore-sorting technology; in November 
2020, they entered into an agreement with Anglo American 
plc to market iron ore from Frances Creek. The first iron 
ore shipment was railed to Darwin port in December 2020, 
although no iron ore was shipped in 2020.

 In December 2020, Fe Limited completed a transaction 
to acquire a 50% share of the Yarram iron project near 
Batchelor from Yarram Iron Ore Pty Ltd (formerly part of 
Territory Resources Pty Ltd). Fe Limited is the operator of 
the joint venture and has announced an exploration target 
of 4–6 Mt at 60–62% Fe. The company plans infill and 
extensional drilling in 2021 to raise the resource estimation 
to JORC 2012 standard. 

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; the remaining 
resources at the end of 2020 total 138 Mt at 43.4% Mn. 
The mineralisation is a stratiform sedimentary deposit in 
shallow marine Cretaceous sediments. It was discovered 
in 1960 and has been continuously mined by the Groote 
Eylandt Mining Company (GEMCO) since 1966. GEMCO 
is majority owned by South32 Ltd. Production from Groote 
Eylandt in 2019–2020 totalled 5.78 Mt of manganese ore. 
In 2020, the company submitted a mining management 
plan for RC and diamond drilling on the Southern Lease 
project area.
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Winchelsea Mining Pty Ltd has a granted exploration 
licence covering part of Winchelsea Island, 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. Since exploration commenced in 
September 2019, a total of 779 drillholes and 110 costeans 
have been completed across five phases of exploration. 
The drilling program has delineated a significant, shallow 
mineralised zone covering an area ~1 km by 2 km in the 
central southern region of the tenement that displays 
good geological and grade continuity. The combined 
near-surface mineralised intervals are generally 2 m 
in thickness and locally up to 5 m. In addition to this 
zone, further satellite deposits are located to the north 
and northwest within the proposed mineral lease area. 
In December 2020, the company submitted a referral 
document to the NT EPA for a staged open cut mine plan 
that targets an annual production rate of ~1.4 Mtpa with a 
potential mine life of 14 years. Ore processing, including 
dense media separation, is being evaluated. The mineral 
resource estimate for the project has not been publicly 
announced. 

A second manganese mine in the NT is hosted in 
Proterozoic rocks at Bootu Creek, 110 km north of Tennant 
Creek. OM Manganese Ltd began mining operations at 
Bootu Creek in November 2005. At 31 December 2020, the 
Total Reserves and Resources for Bootu Creek are 10.03 Mt 
at 16.51% Mn, including an Ore Reserve of 8.93 Mt at 
15.29% Mn. This was a substantial increase in the Resource 
and Reserve from 2019 due to the addition of tailings and 
rejects, which will be feed for the ultra-fines plant. The 
remaining in-situ Resource is 3.83 Mt at 22.90% Mn. During 
2020, the company produced lumps and fines totalling 
738 019 t at 28.10% Mn, a 29% increase on 2019. The ultra-
fines plant to process tailings at the mine was commissioned 
in March 2020 and produced 9080 t of product, although it 
was hampered by technical start-up issues, including poor 
screening efficiencies. 

Tungsten (-molybdenum)

Thor Mining PLC continued to pursue project finance and 
offtake agreements to support development of the Molyhil 
tungsten-molybdenum project, located near the Plenty 
Highway, northeast of Alice Springs. Molyhil is a skarn-
related scheelite-molybdenite-magnetite deposit with a 
Mineral Resource (October 2019) of 4.71 Mt at 0.28% WO3, 
0.14% Mo, 0.05% Cu and 18.1% Fe, most of which is in the 
Indicated category. 

Thor Mining also announced maiden Mineral Resources 
in early 2020 at their Bonya project, which is a joint 
venture with Arafura Resources Limited. Inferred Mineral 
Resources for the White Violet and Samarkand deposits are 
0.495 Mt at 0.22% WO₃ and 0.06% Cu, and 0.245 Mt at 0.19% 
WO3 and 0.13% Cu respectively. The company reported that 
both deposits outcrop and remain open at depth; Samarkand 
in particular also shows potential for strike extension to the 
copper mineralisation

Vanadium

TNG Limited’s Mount Peake project contains a vanadium-
titanium-iron deposit hosted in the ca 1062 Ma Mount Peake 
Gabbro in the northern Aileron Province, 60 km west-
southwest of Barrow Creek. It contains Measured, Indicated 
and Inferred Mineral Resources of 160 Mt at 0.28% V2O5, 
5.3% TiO2 and 23.0% Fe, and a Probable Ore Reserve of 
41.1 Mt at 0.42% V2O5, 7.99% TiO2 and 28.0% Fe, at a cut-off 
grade of 15% Fe. During 2020, TNG continued to progress 
front-end engineering and design studies, and submitted a 
supplement to their Environmental Impact Statement for 
their proposed processing plant in Darwin. 

Mineral sands 

In 2019–2020, Australian Ilmenite Resources Pty Ltd 
produced 37 000 t of ilmenite concentrate from the Sill 80 
ilmenite mine in the Roper region (Figure 6). Ilmenite at 
Sill 80 occurs in surficial cover overlying sills of Derim 
Derim Dolerite intruding the Roper Group.
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In July 2020, TNG announced that it had acquired two 
tenements adjacent to the South Australian border that 
include the Arrakis mineral sands deposit. Arrakis has 
Indicated and Inferred Resources of 364 Mt at 6.3% heavy 
minerals; it is hosted in dune sands overlying the Musgrave 
Province with 10 km of strike extent. The heavy mineral 
fraction is dominated by ilmenite, with minor zircon 
content. TNG will focus on determining if the vanadiferous 
titanium-iron oxide heavy mineral concentrate is amenable 
to treatment using TNG’s TIVAN® technology to provide 
feed for their proposed processing plant in Darwin. The 
resource was defined by the previous owners, Globe Mineral 
Resources International, who drilled 1749 shallow aircore 
holes at the deposit in 2012–13.

Rare earth elements

Arafura Resources 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 Bore total 56 Mt 
at 2.6% total rare earth oxides (TREO), 11% P2O5 and 0.02% 
U3O8, containing 1.46 Mt REO. In March 2020, the company 
announced an increase in Ore Reserves, with Proven and 
Probable Reserves now totalling 29.5 Mt at 2.9% TREO 
and 13% P2O5, which could support a mine life of at least 
33 years. The most abundant rare earth-bearing minerals at 
Nolans Bore are apatite, monazite and allanite, with 26.4% 
of the mix represented by neodymium and praseodymium 
(NdPr). In March 2020, the company released final 
results of a nine-hole drilling program that included four 
deep exploration holes targeting down-dip extensions of 
Indicated and Inferred Resources in the deposit’s North 
and Southeast zones. Three of the four holes intersected 
thick zones of rare earths mineralisation up to about 200 m 
vertically below the planned final mining pit, with a best 
result of 75.68 m at 2.8% TREO and 11% P2O5 from 364 m 
in the North Zone. During 2020, the company was granted 
a mineral lease over the Nolans deposit, and continued 
execution readiness programs and financing discussions.

Lithium

Core Lithium continued to grow their resource and progress 
towards production at their Finniss lithium project, which 
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. In 
June 2020, the company announced a substantial increase 
in the combined Mineral Resource at Finniss to 14.72 Mt 
at 1.32% Li2O for 208 600 t of Li2O. The resource increase 
was due to additional resources defined at BP33 (3.24 Mt 
at 1.51% Li2O), Hang Gong (2.02 Mt at 1.2% Li2O) and 
Carlton (3.02 Mt at 1.28% Li2O), as well as a maiden 
resource at Booths/Lees Link (1.47 Mt at 1.06% Li2O). This 
was followed by an updated Ore Reserve of 5.7 Mt at 1.3% 
Li2O, which could support a 7-year mine-life using open 
pit mining methods at the Grants deposit and underground 
mining methods at the BP33 and Carlton deposits. In late 

2020, Core Lithium undertook a drilling program at the 
Grants designed to strengthen the resource model. Best 
intersections were 31 m at 1.65% Li2O from 197 m, including 
16 m at 2.02% Li2O; and 36 m at 1.34% Li2O from 183 m, 
including 3 m at 3.38% Li2O. The company also progressed 
their approvals for mine development at Finniss, with the 
mine management plan for the Grants mine approved 
in April 2020. In September 2020, the NT EPA advised 
that the environmental assessment for Core Lithium’s 
BP33 underground mine can be via a Supplementary 
Environmental Report rather than a full EIS; the mineral 
lease for BP33 was granted in January 2021.

Nickel-cobalt

IGO Ltd, as part of the Lake Mackay joint venture with 
Prodigy Gold, undertook a 38 hole, 993 m drilling campaign 
at the Grimlock nickel-cobalt prospect northeast of Kintore. 
Grimlock has shallow enrichment of cobalt and nickel 
developed over weathered ultramafic phases of the margins 
of a gabbronorite intrusion. The program aimed to follow up 
2019 drilling and define the potential scale of the prospect 
with a 300–400 m-spaced grid of holes along 3.5 km long 
area. Best results included 12 m at 0.07% Co and 1.17% Ni 
from 20 m, including 4 m at 0.11% Co and 1.56% Ni, and 
12 m at 0.13% Co and 0.64% Ni from 8 m. The pyrolusite 
associated with high-grade cobalt in previous drilling was 
not intersected. A maiden drilling program of 18 holes for 
342 m was undertaken at the Swoop Co-Ni-Mn prospect 
where lag sampling of outcropping duricrust (announced in 
February 2019) returned 2.0% Co, 1.0% Ni and 11.2% Mn. 
Best results included 4 m at 0.15% Co and 0.67% Ni from 
14 m, and 10 m at 0.13% Co and 0.51% Ni. The joint venture 
reported that both the mafic/ultramafic intrusion and 
surface enrichment at Swoop appears similar to Grimlock, 
and that there is potential for several other mafic/ultramafic 
intrusions identified at Lake Mackay to host further cobalt 
and nickel mineralisation. 

Phosphate

Verdant Minerals Limited’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 1141 Mt at 14% P2O5 using a 
10% P2O5 cut-off. The company have completed a bankable 
feasibility study, and environmental approvals are in place. 

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 
Resource of 133 Mt at 21.1 % P2O5, and Inferred Resource of 
353 Mt at 21% P2O5, using a 15% P2O5 cut-off. During 2020, 
the company progressed scoping studies on the potential 
development of the resource.

Potash

Verdant Minerals’ Karinga Lakes potash project is located 
between Erldunda and Curtin Springs, 200–300 km 
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southwest of Alice Springs. The project area contains 
hundreds of salt lakes representing the eastern extension 
of the Lake Amadeus system. Parkway Minerals NL have 
a $3 million agreement to earn up to 40% of the project 
through staged evaluation of their aMESTM mineral 
processing technology to produce sulfate of potash (SOP) at 
Karinga Lakes. In November 2020, they released the results 
of prefeasibility study that utilised an aMESTM flowsheet for 
a small-scale operation targeting annual SOP production of 
40 000 t over an initial mine life of 20 years. The study 
also included the release of an Indicated Mineral Resource 
of 1 Mt of potassium over 24 salt lakes, of which 520 000 t 
was ‘mineralisation contained in drainable porosity’. The 
mine plan is based on eight salt lakes with a combined 
Resource of 580 000 t of potassium. In total, the planned 
production comprises ~430 000 t potassium dissolved in 
~130 million m3 brine at an average life of mine grade of 
~3.3 kg/m3 K.

Uranium

In January 2021, the Territory’s only operating uranium 
mine Ranger ceased production after 40 years of 
continuous operation since 1981; during this time, about 
132 000 t of uranium oxide was produced. During 2020, 
Energy Resources of Australia Ltd (ERA) produced 1751 t 
of uranium oxide from the Ranger mine, a 10% decrease 
from 2019. Under the Ranger Authority, ERA was required 
to cease mining and processing activities in the Ranger 
Project Area by 8 January 2021, with final rehabilitation 
to be completed by January 2026. The Ranger 3 Deeps 
Mineral Resource was written off at the end of 2020, and the 
company will commence remediation of the decline. ERA 
has also entered into a long-term care and maintenance 
agreement in relation to the Jabiluka Mineral Lease, north 
of Ranger, and have stated that future mining developments 
at Jabiluka will not occur without the consent of the Mirarr 
Traditional Owners.

Vimy Resources Limited 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, which was discovered by 
Cameco; it has a 2018 defined Inferred Resource of 0.91 Mt 
at 1.3% U3O8 for 11 558 t U3O8. The planned field program 
for 2020 was delayed by COVID, and planned drilling 
programs could not be undertaken. During the year, Vimy 
Resources carried out ground geophysics (passive seismic) 
and termitaria surveys at the Emu, Such Wow North, and 
Angularli North prospects. The company completed  rock 
chip sampling programs, acquired high-resolution drone 
imagery, and conducted low-level environmental surveys. 
The company also completed a successful test of the 
application of ore-sorting technology for mineralisation 
from Angularli.

In June 2020, Eclipse Metals Ltd was granted a tenement 
in western Arnhem Land that includes the existing Devils 
Elbow uranium, gold and palladium prospect. The company 
undertook an initial field reconnaissance program in 
August. Elsewhere in western Arnhem Land, no on-ground 

work was reported by DevEx Resources Limited at their 
Nabarlek project.

Energy Metals Limited have uranium projects in the 
Ngalia Basin, northwest of Alice Springs, including the 
Bigrlyi uranium deposit, which has total Indicated and 
Inferred Mineral Resources of 7.5 Mt at 0.13% U3O8 and 
0.12% V2O5 at a 500 ppm U cut-off, containing 9600 t of 
U3O8 and 8900 t of V2O5. Field programs in 2020 were 
suspended due to COVID. 

Eclipse Metals announced that they planned 
to commence exploration programs for sandstone 
palaeochannel-style uranium mineralisation in the Ngalia 
Basin, following up a gravity survey conducted in 2019; no 
activity was reported in 2020.

In November 2020, Marenica Energy Limited announced 
that it had recalculated the Mineral Resource for the Angela 
uranium project, south of Alice Springs, to JORC 2012 
standards, reporting an Inferred Mineral Resource of 
10.7 Mt at 0.131% U3O8. The company also released results 
from a proof of concept metallurgical test work program 
on ore from Angela utilising their proprietary U-pgradeTM 
beneficiation process, which removed 84% of the acid 
consuming minerals prior to acid leaching. The company 
reported that this would lead to substantially reduced acid 
consumption for the project, enabling lower operating costs 
and environmental impacts.

Onshore petroleum

Petroleum exploration activity in the onshore basins of 
the Northern Territory was also impacted by COVID 
restrictions, although substantial progress was made in 
demonstrating the liquids-rich gas potential of the Beetaloo 
Sub-basin. Figure 7 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 
underlying the Mesozoic Carpentaria Basin in the vicinity 
of Dunmarra and Daly Waters; it is the Territory’s most 
advanced shale gas play. The most prospective shale units 
in the Roper Group occur within the Velkerri and Kyalla 
formations. Drilling of the middle Velkerri Formation has 
demonstrated the consistent presence of gas-saturated, 
quartz-rich shale source rocks that are mature for gas over 
extensive areas and appear to meet all of the physical and 
chemical parameters for a successful shale gas play. The 
discovery reports for wells drilled to date by Santos Limited, 
Origin Energy Limited and Pangaea Resources 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 in joint venture with Falcon 
Oil & Gas Ltd. In 2020, Origin Energy continued to test the 
Kyalla 117 N2-1 well, which was spudded in October 2019 
and designed to test the liquids-rich shale gas play in the 
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Kyalla Formation. The well reached a vertical total depth of 
1895 m and intersected nearly 900 m of Kyalla Formation, 
including three source-rock reservoirs intersections 
with thicknesses of between 75 and 125 m. Drilling of a 
1579 m lateral section (Kyalla 117 N2-1H ST1) in the lower 

Kyalla Formation was successfully completed in February 
2020. Activity at the well paused from March 2020 due to 
COVID. Operations recommenced in September 2020 with 
11 hydraulic stimulation stages along the lateral section. In 
January 2021, the joint venture announced that following 
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the introduction of nitrogen to lift the fluids in the well, 
the well flowed unassisted for seventeen hours at rates 
of 0.4–0.6 million cubic feet per day (mmscf/d). Initial 
gas composition data indicates liquids-rich gas with 65% 
methane, 18.8% ethane and a C3+ gas component of 14.4%, 
with low CO2 (0.9%). An extended production test of the 
well is expected at the start of the 2021 dry season.

During 2020, Santos continued flow testing of the 
Tanumbirini-1 vertical well following a four-stage 
stimulation program in late 2019. Initial production 
test results confirmed a gas discovery in the Middle 
Velkerri shale gas play with gas flow rates exceeding 
initial expectations for the vertical well. Preliminary gas 
composition analysis indicated >90% methane, less than 5% 
total inert content and 3% ethane. During the first quarter 
of 2020, the 130-day flow test surpassed 1.2  mmscf/d and 
settled at 0.4 mmscf/d with minimal decline. The flow test 
was ended prematurely due to COVID. After being shut-in 
for over 160 days, the well was reopened in October and 
initially flowed 10 mmscf/d and achieved an average flow 
rate of 2.3 mmscf/d during the first 90-hours of testing. 

In September 2020, Empire Energy Group Limited 
spudded the Carpentaria-1 well near the eastern margin of 
the Beetaloo Sub-basin. This was drilled to a total depth of 
1916 m and intersected extensive intervals of liquids-rich 
gas within shales of the Velkerri Formation. The Velkerri 
Formation was intersected from 833–1831 m depth and 
exceeded the company’s expectations in both the thickness 
of the shales and the presence of higher value liquids. 
Based on the results of Carpentaria-1, Empire Energy 
Group’s best estimate prospective gas resource for EP187 
increased to 3.5 Tcf, with a prospective condensate resource 
of 27 million barrels. The company also booked a maiden 
contingent gas resource of 41 Bcf. They are planning for 
hydraulic stimulation and flow testing of the well in 2021.

In December 2020, Tamboran Resources Limited 
announced that it had acquired Sweetpea Petroleum Pty 
Ltd, making Tamboran Resources the owner-operator of 
three exploration licences within and close to the Beetaloo 
Sub-basin.

In February 2021, Armour Energy Limited announced 
that they had lodged Retention License (RL) applications 
covering 491 km2 over conventional gas discoveries in the 
McArthur Basin. The RL applications cover conventional 
discoveries within the Coxco Dolostone at Glyde-1 ST1 
and Cow Lagoon-1. The company reported that granting of 
the licences would allow them to progress the discoveries 
towards commercial development and the award of 
production licences. 

South Nicholson Basin/Lawn Hill Platform

In early 2021, Armour Energy announced the completion of 
the sale and purchase agreement with Santos of Armour’s 
remaining shares in several South Nicholson Basin permits 

in Queensland and the Northern Territory, including 
EPA172 and 177 in the Territory. 

Amadeus Basin

The Territory’s current onshore gas production is entirely 
sourced from fields in the Amadeus Basin operated by 
Central Petroleum Limited. In 2020, 13.699 billion standard 
cubic feet (bscf) of gas was produced in the onshore Territory, 
a 25% decrease on 2019. This comprised 9.207 bscf from 
Mereenie, 3.326  bscf from Palm Valley and 1.166 bscf from 
Dingo (Figure 7). Onshore oil production in the Territory 
in 2020 was sourced entirely from the Mereenie Field, with 
0.157 million barrels (MMbbls) of oil produced.

In July 2020, Central Petroleum announced an update 
in Proven and Probable (2P) gas reserves in the Amadeus 
Basin. Updated 2P reserves 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. Central Petroleum planned to drill a number of 
exploration wells in 2020, but logistical constraints resulting 
from the COVID disruption meant the exploration wells 
were deferred beyond 2020. The company has announced 
that their planned 2021 exploration program will include 
three wells: Dingo Deep (Dingo 5), Orange 3, and Palm 
Valley Deep. Two of these wells (Dingo Deep and Palm 
Valley Deep) are designed to produce from the shallower 
producing formations, as well as for deeper exploration. If 
successful, and in conjunction with subsequent development, 
the company has reported that the program would more than 
double their oil and gas reserves. The program is subject to 
a planned farm-out process for an interest in its Amadeus 
Basin producing tenements that will fund their exploration 
program in 2021.

Central Petroleum also has a farm-in agreement worth 
up to $150 million with Santos for a large area in the 
Amadeus Basin. Santos are targeting sub-salt and intra-salt 
plays of the Neoproterozoic lower Gillen-Heavitree System 
in the southeastern part of the basin that have potential for 
large gas and helium accumulations hosted in the Heavitree 
Formation. The Dukas-1 wildcat well, 175 km southwest 
of Alice Springs, was drilled by Santos in 2019, reaching a 
depth of 3704 m before being suspended after encountering 
an exceptionally over-pressured zone above the target 
reservoir formation. In 2020, Central Petroleum reported 
that due to the need to import specialised high-pressure 
equipment and the impact of COVID, the joint venturers are 
targeting the first half of 2022 to drill a follow-up well. 

In August 2020, Central Petroleum announced it had 
signed an agreement with Australian Gas Infrastructure 
Group and Macquarie Mereenie Pty Ltd to progress towards 
a Final Investment Decision for the development of the 
Amadeus to Moomba Gas Pipeline. The proposed 950 km 
pipeline would provide direct access from the Amadeus 
Basin in the Northern Territory to the Moomba gas supply 
hub in South Australia.
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In early 2021, the Northern Territory Geological Survey 
(NTGS) released a territory-wide SEEBASE® depth-
to-basement structural model for public download. The 
Northern Territory SEEBASE project was undertaken for 
the NTGS by Geognostics Australia Pty Ltd with funding 
sourced from the Northern Territory’s Resourcing the 
Territory initiative. The project built on three previous 
studies that covered the region: OZ SEEBASE (2005), 

OZ Proterozoic SEEBASE (2006), and the more recent 
greater McArthur SEEBASE Structural Study and GIS 
(2018), which were undertaken by Frogtech Geoscience 
for the NTGS. The full NT SEEBASE report and GIS 
are available for download or dispatch from the Northern 
Territory’s Geoscience Exploration and Information System 
(GEMIS5; NTGS and Geognostics Australia Pty Ltd 2021).

The NT SEEBASE is a regional map/grid of the depth 
to economic basement for petroleum systems elements 
(Figure 1). The SEEBASE defines the basin shape and 
depth by mapping major basement structures and the 
base of the sedimentary section. Basement is defined as 
the top of igneous or metamorphic crust at the base of 

Figure 1. The Northern Territory 
SEEBASE® image with basins 
labelled. 

5 https://geoscience.nt.gov.au/gemis/ntgsjspui/handle/1/91172

mailto:tim.debacker@geognostics.com
mailto:jane.blevin@geognostics.com
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undeformed sedimentary rocks, regardless of age. Note 
that in deeper parts of some basins, such as the McArthur 
Basin, the deepest section may be metasedimentary. The 
NT SEEBASE study also includes an interpretation of the 
tectonic evolution of basement and basin systems, basement 
composition and an estimate of present-day heat flow. 
Collectively, all these technical elements provide a platform 
to explore for petroleum, minerals, geothermal energy, and 
deep ground water, as well as other commodities such as 
helium and uranium.

The NT SEEBASE project had three main work 
streams: 

1. update of the 2018 NTGS-funded greater McArthur 
SEEBASE Study with new datasets acquired through 
the NTGS’s Resourcing the Territory initiative and 
Geoscience Australia’s Exploring for the Future 
Program (EFTF) 

2. incorporation and update of the existing SEEBASE 
of the Amadeus Basin that was undertaken for Santos 
Limited in 2015

3. production of a new SEEBASE that covers the 
remaining areas of the Northern Territory, including 
the Warburton/Pedirka, Ngalia, Wiso, Georgina and 
onshore Bonaparte basins, along with intervening areas 
of shallow basement.

The NT SEEBASE provides an upgraded, high-
resolution 3D view of depth-to-basement that defines the 
geographic extent of subsurface basins systems. The NT 
SEEBASE report (see web link6) includes the following 
datasets and interpretative results generated from the 
NT-wide project:

• SEEBASE depth-to-basement grid and image with 
interpretation confidence and comments

• basement terranes with updated boundaries and tectonic 
definition

• processed and enhanced potential field datasets
• regional insights into gravity and magnetic signatures 

(report only)
• major structural boundaries
• basement composition that incorporates recent results 

from the NTGS and Geoscience Australia
• tectonic events
• insights into basin systems including basement controls, 

key events and basin geometry (report only)
• crustal-scale gravity models across the southern NT 

(gravity models in the northern NT can be found in the 
2018 greater McArthur SEEBASE Study by [Frogtech 
Geoscience 2018])

• magnetic depth modelling to support depth-to-basement 
analysis

• basement-derived heat flow analysis
• total sediment thickness (SEEBASE derivative)
• Base Wilton (updated) and Base Glyde (new) stratal 

surfaces for the greater McArthur and South Nicholson 
basins

• depth-to-Moho
• basement thickness (SEEBASE derivative)

Key findings and results

SEEBASE and tectonic events

• The report presents a summary of 26 major tectonic 
events and fault event maps spanning ca 1870–270 Ma. 

• The SEEBASE shows a different structural style and 
tectonic history north and south of the Aileron terranes: 
terranes to the north in the North Australian Element 
(NAE) remained relatively stable from ca 1800 Ma; 
terranes to the south accreted to the NAE during Late 
Palaeoproterozoic and later were deformed from Late 
Palaeoproterozoic to Carboniferous. This difference in 
tectonic history is also reflected in basin shape on the 
SEEBASE, with a more variable style of basins to the 
south, whereas intracratonic basins dominate to the north. 

• The basement mapped in the SEEBASE ranges in age 
from Palaeoproterozoic in the north to as young as 
Devonian in the south. 

• The tectonic history across the NT as captured in the 
SEEBASE has been summarised in a simplified time-
space diagram from ca 2000 Ma to Present (Figure 2). 
The time-space diagram and SEEBASE are compatible 
and together allow the identification of new areas 
of currently undocumented Palaeoproterozoic- to 
Mesozoic-age sedimentary rocks.

Basement and heat flow

Figure 3 shows a map of basement terranes in comparison 
to the Northern Territory geological regions (Ahmad and 
Scrimgeour 2006). Potential field data suggest that Tanami 
basement occurs beneath up-thrusted Aileron rocks in the 
Aileron North terrane. This implies that mineral deposits 
throughout the Aileron North terrane may be remobilised 
from deeper basement. The potential field data combined 
with geological information on rock-type and ages suggest 
that the Aileron terranes were originally passive margin, 
deep-water sediments off the southern margin of the NAE 
that were remobilised and reattached as an accretion 
complex after ca 1820 Ma.

Heat flow analysis derived from basement 
composition, basement thickness, composition and 
depth-to-Moho show that areas of the Northern Territory 
are hotter than average continental crust – primarily due 
to high heat-producing radiogenic granites (Figure 4). 
Late Palaeoproterozoic granites are widely distributed 
and have a higher heat production than either older or 
younger granites. Thermal maturity in basins overlying 
these rocks is expected to be higher than average. Higher 
heat flow could also have implications for geothermal 
energy potential.

Basin systems

There is a strong correlation between basement character, 
structural (terrane) boundaries, and basin type – including 6 https://geoscience.nt.gov.au/gemis/ntgsjspui/handle/1/91172
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basin geometry, subsidence and reactivation histories, as 
well as basin preservation. Collectively, these elements 
impact petroleum systems analysis for both conventional 
and unconventional exploration. A 3D map of Total 
Sediment Thickness is shown in Figure 5.

The NT SEEBASE frequently interpreted basin depths 
as deeper than previous estimates. The implications of 
increased basin depth include: 1) thicker Neoproterozoic 
to Devonian age sedimentary rocks than observed 
from drilling and outcrop; and 2) Palaeoproterozoic to 
Neoproterozoic sediments may be more widely distributed 
than current boundaries suggest. In particular, older 
sediments may be present in the deeper parts of the Wiso 
and Georgina basins.

Three significant stratal surfaces were interpreted as 
part of the greater McArthur Basin Update component 
of the project: Base Wilton (updated surface), Base 
Glyde (new surface), and the updated SEEBASE surface 
(Figure 6). A series of isopachs were also produced using 
new EFTF seismic datasets that extend into the Carrara 
Sub-basin (which underlies the South Nicholson Basin). 
The new mapping has allowed greater resolution of the 
stratal succession within the Carrara Sub-basin, which was 
first identified from gravity datasets in the OZ Proterozoic 
SEEBASE study in 2006.

Many of the basins were initiated during, and inherited 
structure from, much older events. For example, a basin in the 

area currently defined as the Wiso Basin initially formed in 
response to Aileron accretion as a foreland basin during the 
Palaeoproterozoic. Its history during the Mesoproterozoic 
is unknown, but judging from the documented events 
affecting the NT, there may have been further foreland basin 
development and extension during the Mesoproterozoic, 
followed by extension during the Neoproterozoic. The 
basin was further reactivated as a foreland basin during the 
Palaeozoic (Alice Springs Orogeny; current definition of 
the Wiso Basin). Gravity modelling suggests that the Wiso 
Basin is floored by granites (current model), or it may be 
deeper than shown in SEEBASE, thus implying a much 
thicker succession of older underlying sediments.
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Figure 2. Simplified time-space diagram for the Northern Territory from ca 2000 Ma to Present. The figure is oriented from the NNW 
(left) to SSE (right). The three rows of column headers are: (1) oldest known basin; (2) name of Orogen/Province, with domain/area, as 
used by NTGS; and (3) basement terrane(s) as defined in present study. The chart is based on the time-space diagram of Ahmad and 
Scrimgeour (2006).
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Figure 3. Terrane map of the Northern Territory (bold labels) compared with Northern Territory geological regions (italics labels; 
Ahmad and Scrimgeour 2006).
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Figure 4. Basement heat flow map of the Northern Territory.
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With limited opportunity for field data collection in 2020, 
a focus of the four year Northern Territory Government 
funded Resourcing the Territory initiative (2018–2022) this 
year has been delivering data information and products 
under the identified themes. The release of major products 
such as the updated Northern Territory SEEBASE® and 
GIS (Debacker et al 2021) is an example of significant new 
interpretation products that can provide explorers with key 
information to accelerate resources’ discovery.

Upgrading the Territory’s coverage of geophysical data

A key focus of the Resourcing the Territory initiative is to 
undertake targeted, regional-scale magnetic-radiometric 
or gravity data acquisition programs in prospective areas 
in order to upgrade data quality and density to modern 
standards (Close 2020). During the initiative, the Tanami 
Region has been the focus of acquisition of improved 
resolution and accurately located magnetic and radiometric 
data with the acquisition of the NTGS Tanami Region 
Airborne Magnetic and Radiometric Survey (Dhu 2019) 
and the Mount Peake–Crawford Airborne Magnetic and 
Radiometric Survey (Dhu 2020, 2021), covering over 
65 000 km2. 

Regional-scale ground gravity data acquisition has been 
the focus in the greater McArthur Basin with the intention 
of providing insight to major structural controls on basin 
formation. Through Resourcing the Territory initiative 
funding, the Northern Territory Geological Survey (NTGS) 
collaborated with and co-funded Geoscience Australia’s 
Exploring for the Future South West McArthur, Barkly 
Gravity Survey, covering a section of the boundary of the 
Beetaloo Sub-basin and into the greater McArthur Basin 
with 2 km-spaced gravity stations (Dhu 2020).

Unlocking the resource potential of the Barkly and Gulf 
regions

NTGS has undertaking a range of collaborative geoscience 
programs designed to investigate the minerals and energy 
potential beneath the soils of the Barkly Tableland and into 
the Gulf region. This builds on major geoscience programs 
in the greater McArthur Basin that were conducted under 
the NT Government funded Creating Opportunities for 
Resources Exploration (CORE) 2014–2018 initiative.

A key component of this has been to collaborate with 
Geoscience Australia and co-fund pre-competitive data 
acquisition programs in the Barkly region under the federally 
funded Exploring for the Future program and through the 
MinEx CRC’s National Drilling Initiative. 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 large volume of new geoscience data 
generated in the Barkly Tableland region led to a substantial 
increase in industry activity in this greenfields area. Since 
late 2018, more than 17 000 km2 of new mineral exploration 
licence applications targeting copper and gold have been 
submitted by industry in the Barkly Tableland east of 
Tennant Creek. This area has not previously been explored 
for these minerals. The area also attracted six applications 
from four companies for co-funding in the 2020 round of the 
Geophysics and Drilling Collaborations (GDC) program.

Through Resourcing the Territory funding, NTGS 
contributed to the acquisition of the Barkly 2D Deep 
Crustal Reflection Seismic Survey, which provides a 
complete seismic profile from the newly discovered Carrara 
Sub-basin to the eastern margins of the highly prospective 
Beetaloo Sub-basin (Southby et al 2021). Interpretation of 
the seismic data has led to the identification of three distinct 
geological domains with significant implications mineral 
and petroleum prospectivity (Southby et al 2021).

Stratigraphic drilling under the MinEx CRC’s National 
Drilling Initiative included a 10-hole, 4000 m drilling 
campaign in the East Tennant region, which was completed 
in December 2020. The program was designed to test 
stratigraphic and structural interpretations, and assess 
the mineral potential of basement rocks to the east of the 
Tennant Creek mineral field (Clark et al 2021). Data from 
these drillholes has been available through Geoscience 
Australia’s portal (Clark et al 2021) and MinEx CRC’s 
portal. NTGS undertook acquisition of hyperspectral data 
and high resolution core imagery via the HyLogger™ 
instrument. The processed HyLogger data for each of the 10 
drillholes is available through GEMIS 3.

To stimulate exploration in the Tennant region, NTGS 
commissioned a 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). These products compile 
existing open file data and models of key mineral deposits 
in the Tennant mineral field and the Rover field detailing 
characteristics of the mineral system and regional setting. 
The data is delivered in a format that provides explorers 
with understanding of the potential of the region and a guide 
for future targeting. The Warramunga Province mineral 
deposit series release comprises Digital Information 
Packages (DIP) for the 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 the extension of the classic 
Tennant-style IOCG copper-gold 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 in the area to host significant lead–zinc 
mineralisation that would diversify commodity base for 
the Tennant region. Under Resourcing the Territory, and 

3 https://geoscience.nt.gov.au/gemis/ntgsjspui/community-list
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in collaboration with Geoscience Australia, NTGS is 
undertaking range of projects to improve understanding 
of the geological framework and resource potential of the 
Rover field, with broader implications for prospectivity of 
the Warramunga Province (Huston et al 2020, Farias et al 
2021)

The release of DIP020 on the CSIRO–NTGS McArthur 
Basin Project delivers geophysical data, interpretations and 
model results from a collaborative project between CSIRO 
and NTGS focused on the southern McArthur Basin (Blaikie 
and Kunzmann 2019). The McArthur Basin is considered 
highly prospective for sediment-hosted base metals and 
contains the McArthur River and Teena lead–zinc–silver 
deposits. A structural and geological interpretation of the 
southern McArthur Basin, including forward modelling 
of potential field data, was undertaken as part of this 
study to improve understanding of the regional structural 
architecture, sub-basin development, and tectonic evolution 
of this area. DIP020 provides GIS-formatted lithological 
and fault event interpretations, processed geophysical data 
and imagery, and georeferenced figures for all models.

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. Regional-scale mapping of the 
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, Weisheit 2021a,b). The 
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.

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 
mineral system studies. Systematic analysis of copper 
and tungsten mineralisation in the northeastern Aileron 
Province around the Jervois mineral field, Bonya Hills and 
Molyhil areas has identified two main styles of epigenetic 
mineralisation (McGloin and Weisheit 2021).

In the Tanami region, NTGS is collaborating with 
CSIRO to value add to the regional-scale, high resolution 
aeromagnetic and radiometric surveys acquired in the 
Tanami and Aileron regions under Resourcing the Territory. 
This has led to seamless interpreted geology of the Tanami 
Region and across the contact with Aileron Province, 
revising the previous interpretation of the distribution 
of key stratigraphic units and providing a new structural 
framework for the area (Blaikie and McFarlane 2021).

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 areas of the Northern Territory. 
The program has been continuously funded since 2008 
under a series of Northern Territory initiatives and has 
contributed to over 51 000 m of diamond drill core, 23 000 
co-funded gravity stations, 125 000 line km of airborne 
magnetics and radiometrics, and 20 000 line km of airborne 
electromagnetics. 

The NTGS administers the GDC program and awards 
$1 million annually in exploration grants to be shared 
between the successful applicants. The program aims to 
address gaps in the critical understanding of the geology 
of the NT, 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 mineralisation targeting within a region, particularly at 
depth. 

For Round 14 of the GDC, the funding criteria has 
been expanded to include drilling in brownfields areas 
(close to known mineral deposits) as recommended in the 
Territory Economic Reconstruction Commission report4. 
The program provides co-funding assistance for 50% of 
the exploration program cost: up to $125 000 for selected 
greenfields diamond drilling programs, and up to $100 000 
for selected brownfields diamond drilling, greenfields 
reverse circulation drilling, and geophysical acquisition 
projects. All reports, drill core and data from the projects are 
made public six months after the completion of project field 
work. Additional funding is 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 14 funding is for 
projects to be undertaken during 2021; applications will 
close on 4 May 2021.
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Introduction

The first phase of the Australian Government’s Exploring 
for the Future (EFTF) was a $100.5 million, multi-year 
(2016–2020) Australian Government initiative to increase 
northern Australia’s attractiveness as a destination for 
resource industry exploration and investment. Geoscience 
Australia, in collaboration with key State and Territory 
partners, has acquired a diverse range of pre-competitive 
geoscience datasets across northern Australia, focusing on 
frontier or ‘greenfield’ regions, ie areas under-evaluated for 
mineral, energy, and groundwater resource potential. In 
late 2019, the Barkly 2D Deep Crustal Reflection Seismic 
Survey (L212, Barkly seismic survey), jointly funded under 
the EFTF program and the Northern Territory Geological 
Survey’s Resourcing the Territory initiative, acquired 
seismic data across the underexplored and (mostly) 
undercover South Nicholson and Barkly Tablelands regions 
in the northeastern Northern Territory (Figure 1). The 
Barkly seismic survey data images a complete seismic 
profile from the newly discovered Carrara Sub-basin 
(eg Carr et al 2019) to the eastern margins of the highly 
prospective Beetaloo Sub-basin (eg Williams 2019). The 
survey also links into the recently acquired EFTF South 
Nicholson 2D Deep Crustal Reflection Seismic Survey 
(L210, South Nicholson seismic survey; Henson et al 2018, 
Carr et al 2019, 2020) and the Camooweal 2D seismic 
survey, completed by the Geological Survey of Queensland 
in 2019. The seismic data from the Barkly seismic survey, 
in conjunction with a comprehensive range of other new 
datasets acquired across the Barkly and South Nicholson 
regions through the EFTF program4, will greatly improve 
regional resource evaluations and stimulate greenfield 
exploration across this part of northern Australia. 

Seismic acquisition and interpretation

Acquisition commenced on the Queensland–Northern 
Territory border near the town of Camooweal and finished 
over the Beetaloo Sub-basin to the northwest (Figure 1). 
The survey comprised five lines with a total acquisition 
length of 812.6 km. The lines are 19GA-B1 (434.6 km), 
19GA-B2 (45.9 km), 19GA-B3 (66.9 km), 19GA-B4 
(225.8 km), and 19GA-B5 (39.4 km), as shown on Figure 1. 
Interpretation of the Barkly seismic survey reveals 
previously unknown Palaeoproterozoic to Mesoproterozoic 
basin successions, as well as Proterozoic half-graben rifts 
and basement heterogeneity beneath the Barkly Tablelands. 

Importantly, it provides a continuous seismic profile linking 
the highly prospective Beetaloo Sub-basin (well known for 
its unconventional hydrocarbon potential) in the northwest 
to the newly discovered Carrara Sub-basin in the southeast 
(Figure 1). 

For the purpose of presenting the seismic data, a Pre-Stack 
Depth Migration composite line (the Barkly composite line) 
has been constructed, comprising lines 19GA-B1, B3, and B4 
(or parts thereof; Figures 1 and 2). For a complete description 
and interpretation of the survey, see Southby et al (in prep). 
Due to limited geological control from either wells or outcrop 
geology, and the persistent cover of Cambrian Georgina Basin 
sediments (Kruse 2008), interpretation is restricted to major 
stratigraphic sub-divisions, applying both lithostratigraphic 
packages (Rawlings et al 1999) and superbasin nomenclature 
(eg Jackson et al 1999, 2000). The interpretation is tied 
to the results of the South Nicholson seismic survey (Carr 
et al 2019, 2020) in the Carrara Sub-basin, and to existing 
geological interpretations from the well-studied Beetaloo 
Sub-basin (Williams 2019). 

Based on our interpretation, we have subdivided the 
Barkly composite line into three informal geological 
domains, each defined by dominant structural elements 
and/or basin characteristics. These informal domains are, 
from southeast to northwest (Figures 1 and 2):

• Carrara domain
• Brunette Downs rift corridor
• Beetaloo-McArthur domain. 

Carrara domain

The Carrara domain extends from the Queensland–
Northern Territory border to the northwest along seismic line 
19GA-B1 (Figure 1). This domain includes the southwestern 
margins of the Carrara Sub-basin and a shoulder of shallow 
metamorphic basement where overlying Proterozoic 
sediments of the Carrara Sub-basin are absent (Figure 2). The 
Carrara Sub-basin is up to 10 000 m deep (Carr et al 2019, 
2020) and is interpreted to comprise, from oldest to youngest, 
the Palaeoproterozoic Leichhardt (ca 1790–1750 Ma), Calvert 
(ca 1735–1690 Ma) and Isa (ca 1670–1575 Ma) superbasins, and 
the Mesoproterozoic Roper Superbasin (ca 1500– 1400 Ma), 
following the nomenclature of Jackson et al (2000), 
Southgate et al (2000), and Abbott and Sweet (2000). These 
sequences overlie seismic basement characterised by diffuse, 
structureless, or otherwise amorphous, low amplitude seismic 
reflectors, which is interpreted as a composite metamorphic 
basement complex, possibly low-grade metamorphic and 
ca 1850 Ma felsic intrusive, equivalent to that of the Murphy 
and/or Warramunga provinces (eg Donnellan 2013, Ahmad 
et al 2013).

The Leichhardt Superbasin, characterised by medium 
amplitude discontinuous reflectors, reaches a thickness 
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of 4000 m at around Common Depth Point (CDP) 9400 
(Figure 2), then thins and onlaps shallowing basement 
at the sub-basin margin to the west at about CDP 18 000 
(Figure 2). The Calvert Superbasin is interpreted as 
having a comparatively uniform thickness through the 
deepest parts of the Carrara Sub-basin; to the west, it thins 
and onlaps the basement flank (at around CDP 14 000), 
as well as thinning towards the east. The interpreted 
seismic character of the Calvert Superbasin is typically 
well-defined, sub-parallel, moderate to high amplitude 
reflectors in the east, typical of shallow marine sandstone 
packages. This is consistent with the reported character of 
Calvert Superbasin sedimentary rocks (eg Southgate et al 

2000). The seismic character of this package changes to 
discontinuous and low amplitude reflectors in the western 
side of the sub-basin.

The overlying Isa Superbasin represents the thickest 
sedimentary package within the Carrara Sub-basin 
on the composite line, reaching up to 7400 m thick (at 
around CDP 8600, Figure 2). This represents a minimum 
thickness as there has been structural thickening due to 
gentle warping of all sequences and pre-Georgina erosion 
(cf CDP 7000– 10 500, Figure 2). A basement-penetrating 
fault zone in the centre of the Carrara Sub-basin (at 
CDP 9000, Figure 2) disrupts the sedimentary successions 
with vertical displacements of up to 1500 m at the base of the 

Figure 1. Location map of northeastern Northern Territory and the Mount Isa region of northwestern Queensland, showing the location 
of the Barkly seismic survey (L212). The coloured dashed segments of the Barkly seismic survey lines indicate that component of the 
seismic line residing within one of the three informal domains as described in the text. The South Nicholson seismic survey (L210), 
acquired in 2017, also shown for reference. Note, in particular, the Brunette Downs rift corridor, which extends from the eastern Tennant 
Creek region to the Lawn Hill Platform in western Queensland (only major faults indicated; see text for further detail). Background is 
a Bouguer gravity anomaly image (National Gravity Compilation 2019) overlain by a partly transparent layer of the Northern Territory 
SEEBASE® (Northern Territory Geological Survey and Geognostics Australia Pty Ltd 2021) and National SEEBASE (Geognostics 
Australia Pty Ltd 2020) images.
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Figure 2. Pre-Stack Depth Migration composite seismic profile of the Barkly seismic survey incorporating lines 19GA-B1, -B3 and -B4, extending from the recently discovered Carrara Sub-basin 
in the east (right hand side of profile) to the southeastern margins of the Beetaloo Sub-basin (left hand side). Top figure shows the uninterpreted seismic profile; lower figure shows the geological 
interpretation as discussed in text.  The three informal domains and other features, such as the unusual seismic ‘basement’ under the Beetaloo-McArthur domain and the locations labelled ‘A’, ‘B’ and 
‘C’, are discussed in the text. Vertical exaggeration ~12×.
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Isa Superbasin. On the eastern side of this fault zone, there 
is evidence of west-directed stratal thickening into this fault 
(labelled ‘C’, Figure 2), suggesting crustal extension during 
Isa Superbasin deposition, probably during the ‘River’ 
extension event at ca 1640 Ma (Carr et al 2019), an event 
first reported on the Lawn Hill Platform to the northwest 
(Southgate et al 2000, Bradshaw et al 2000, 2018, Palu et al 
2020). The western margin of the Isa Superbasin thins and 
onlaps the underlying Calvert Superbasin sequences as 
the basement shallows, and is truncated and overlain in an 
apparent erosional unconformity by the Mesoproterozoic 
South Nicholson Basin (Roper Superbasin equivalent) at 
around CDP 16 000 (Figure 2). 

The South Nicholson Group appears to have been 
deposited in a flexural subsidence or ‘sag’ type geometry 
(‘A’ and ‘B’, Figure 2), similar to that described in Carr et al 
(2019). It is absent due to erosion from CDP 7900 to 11 000 
(Figure 2) where the Isa Superbasin directly underlies the 
Cambrian Georgina Basin. 

Brunette Downs rift corridor

The Brunette Downs rift corridor (Figures 1 and 2) is 
separated from the Carrara domain to the east by a steeply 
dipping, basement-penetrating fault (CDP 24 300, Figure 2), 
and to the west by a complex fault zone (CDP 36 200, 
Figure 2) that, in turn, marks the southeastern limit of 
the Beetaloo–McArthur domain. The Brunette Downs rift 
corridor is characterised by two southeasterly deepening 
half-grabens controlled by steeply dipping, extensional 
half-graben bounding faults and a number of sub-parallel 
subsidiary faults. We have divided the rift corridor into two 
rift packages (Figure 2). 

Rift package 1 (CDP 24 300–28 200) and rift package 2 
(CDP 28 200–36 400) are both interpreted to contain all four 
superbasin sequences: the Palaeoproterozoic Leichhardt, 
Calvert and Isa superbasins, and the Mesoproterozoic Roper 
Superbasin. In both rift packages, Leichhardt Superbasin 
unconformably overlies undifferentiated, seismically 
featureless basement. In both rift packages, the Leichhardt 
Superbasin shows stratal thickening to the northwest away 
from the half-graben bounding fault, whereas the Calvert 
Superbasin and, in particular, the Isa Superbasin, show 
marked southeast-directed stratal thickening into the half-
graben bounding fault. This suggests at least two major 
episodes of syn-depositional growth faulting: a) during 
initial opening of the Calvert Superbasin at ca 1725 Ma; and 
b) during the ca 1640 Ma River extensional event within 
the Isa Superbasin. Both episodes are consistent with rifting 
events reported elsewhere in the region (eg Bradshaw et al 
2000, 2018, Carson et al 2020).

The Mesoproterozoic South Nicholson Group (Roper 
Superbasin equivalent) unconformably overlies the 
Palaeoproterozoic superbasins across both rift packages 
(Figure 2). In rift package 1, the South Nicholson Group 
overlies the Isa Superbasin with a sag-style geometry, 
whereas in rift package 2, the South Nicholson Group 
is thinner, relatively flat-lying and deposited on a low 
angle unconformity with the underlying Isa Superbasin 
successions.

The two main half-graben bounding faults described 
here coincide with linear, northeast-trending, high gravity 
anomalies that are clearly visible in gravity data (see 
Figure 1); these basement trends are consistent with 
other datasets, including 2D tomography and airborne 
electromagnetic data (Rollet et al 2021). Furthermore, these 
half-grabens occur along strike from a half-graben structure 
identified in seismic line 17GA-SN1 (Figure 1; Carr et al 
2019) and three well-defined, north-dipping half-graben 
structures described in seismic line 17GA-SN5 in the South 
Nicholson region on MOUNT DRUMMOND (Carr et al 
2019, Carson et al 2020). These half-grabens also align 
with east-west trending extensional fault systems described 
on the Lawn Hill Platform in Queensland (eg Scott et al 
1998, Bradshaw et al 2000, 2018, Rollet et al 2021). We 
conclude that the concealed half-grabens identified in this 
study represent a western continuation of an extensional 
structural ‘corridor’ ranging over 400 km from the Lawn 
Hill Platform in the east (Figure 1). The regional tectonic 
implications of this discovery remain to be established. 

Beetaloo-McArthur domain 

The Beetaloo-McArthur domain (Figures 1 and 2) extends 
northwest from the northern limit of the Brunette Downs rift 
corridor to the southeast margin of the well-characterised 
Beetaloo Sub-basin (eg Ahmad et al 2013, Williams 2019). 
The Beetaloo-McArthur domain is separated from the 
Brunette Downs rift corridor by a fault-bounded horst 
of Proterozoic basement rocks with featureless seismic 
character (36 200–36 450 CDP, Figure 2), and which is 
overlain by a thin, faulted veneer of Georgina Basin. This 
basement horst likely represents Murphy Province basement 
as the horst coincides with a southwest-trending, linear, 
elevated gravity response reflecting a concealed south-
western extension of known Murphy Province (Figure 1).

For the Beetaloo-McArthur domain, we use the 
lithostratigraphic package nomenclature of Rawlings 
(1999), as commonly applied in the Beetaloo Sub-basin and 
McArthur Basin. The Beetaloo-McArthur domain contains 
near continuous, gradually westward deepening sequences 
(from 3000–6000 m depth) of Palaeoproterozoic Redbank, 
Glyde, and Favenc packages (Figure 2). The Mesoproterozoic 
Wilton Package is largely absent across much of the 
Beetaloo-McArthur domain but is present west of a major, 
steeply dipping, normal fault at CDP 18 000 (Line 19GA-B4, 
Figure 2). The formal eastern basin margin of the Beetaloo 
Sub-basin, defined by the 400 m depth contour of the top of 
the Kyalla Formation (Roper Group; Williams 2019), occurs 
at around CDP 26 000 (Figure 2); all Proterozoic successions 
deepen markedly to the west into the Beetaloo Sub-basin to a 
depth of around 10 000 m at the end of the Barkly composite 
line. At CDP 24 800 (Figure 2), Palaeoproterozoic and 
Mesoproterozoic successions on the western hanging wall 
side of steeply west-dipping, basement-penetrating reverse 
faults show fault-propagated roll-over anticlines, which 
suggests that the eastern margin of the Beetaloo Sub-basin 
is structurally disrupted by post-Mesoproterozoic basin 
inversion. Incidentally, we also note that some of the post-
Mesoproterozoic faults within the Beetaloo-McArthur 
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domain, the Brunette Downs rift corridor and elsewhere, 
clearly offset the overlying Cambrian Georgina Basin. This 
suggests that basin inversion, in part, may be attributed to the 
Phanerozoic Alice Springs Orogeny.

The Redbank Package of the Beetaloo-McArthur domain 
directly overlies an unusual and distinctive seismic package, 
characterised by anastomosing, arcuate and overlapping, 
moderate amplitude reflectors, reaching as much as 20 000 m 
depth (Figure 2). This distinctive acoustic package is also 
observed at the northern end of seismic line GA17-SN5 
from the EFTF South Nicholson seismic survey, where it 
is tentatively interpreted as a ‘pre-Tawallah’ package (Carr 
et al 2019). It is also reported in a legacy seismic dataset 
across the Batten Fault Zone of the southern McArthur Basin 
(Figure 1; Rawlings et al 2004). In both cases, this unusual 
seismic package overlies presumably crystalline basement. 
This distinctive package is only observed north of the rift 
structures identified on the Barkly and the South Nicholson 
seismic surveys; it is not observed south of these features. 

Implications for resource prospectivity

A key finding from the Barkly Seismic survey has been 
the identification of a concealed, near-continuous sequence 
of Palaeoproterozoic to Mesoproterozoic successions 
extending from the newly discovered Carrara Sub-basin 
of the South Nicholson region (Carr et al 2019) to the 
highly prospective Beetaloo Sub-basin of the McArthur 
Basin. While the Carrara Sub-basin is, as yet, unevaluated 
for energy and mineral potential, the similarities in 
basin architecture and sedimentary successions with the 
Beetaloo Sub-basin are compelling, suggesting that the 
Carrara Sub-basin may be similarly prospective. The 
identification of extensive Palaeoproterozoic successions 
between the Carrara and Beetaloo sub-basins improves 
the regional potential for sediment-hosted base metal 
mineralisation. Although unavailable at the time of writing, 
the highly anticipated outcomes of the MinEx CRC deep 
stratigraphic drillhole Carrara-1 on the western margin of 
the Carrara Sub-basin will better constrain our stratigraphic 
interpretation and conclusions. The release of the EFTF 
Barkly Seismic dataset and accompanying report will 
contribute towards expanding exploration interest across 
this frontier region, building on the success of the EFTF 
South Nicholson seismic survey.
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In 2020, we accelerated the extraction of legacy data 
contained in reports for inclusion in the Northern Territory 
Geological Survey (NTGS) drilling and geochemistry 
database with data capture from seven 1:250 000 map sheets 
in the Barkly region. A new data capture project commenced 
for the gradual scanning and digitising of hardcopy seismic 
sections and well logs. There was also steady progress in 
open filing of mineral exploration reports and updating 
Minerals Exploration Reports (MEX) records, and open 
filing of older petroleum reports (PEX). The project to 
increase the number of exploration geophysical datasets 
available through GEMIS was completed. To improve the 
dissemination of news and updates on activities, the NTGS 
monthly alert email newsletter was launched and further 
updates to the Resourcing the Territory website were 
implemented.

New drilling and geochemistry data

Capture of legacy drilling and geochemistry data over the 
Tennant Creek area to the Queensland border and throughout 
the Barkly Region has continued at an accelerated pace 
during 2020. In addition to the data captured from the 
Short Range3 1:100 000 mapsheet in 2019, data was 
captured from the remaining 100 000 scale mapsheets in 
the TENNANT CREEK 1:250 000 mapsheet (ie Flynn, 
Tennant Creek, Gosse River, Kelly and Barkly). Data 
was also captured for the ALROY, RANKEN, MOUNT 
DRUMMOND, BRUNETTE DOWNS and CALVERT 
HILLS 1:250 000 mapsheets. Data capture from the 
WALHALLOW 1:250 000-scale mapsheet is in progress. 

A larger than expected volume of data was captured in 
2020 as funds were redirected due to COVID-19 restrictions. 
Approximately 21 100 drill collars, 108 500 drill samples, 
53 700 surface samples and associated results from over 1000 
reports will be published in DIP 001 (Northern Territory 
Geochemical Datasets) and on STRIKE in April 2021.

The duplication issues (reporting of results in a different 
report to that containing the sampling data) and the sheer 
volume of data being captured creates a complex and 
challenging data management project. It should be noted 
that there is a high amount of duplication in the reporting, 
and the numbers of drillholes and samples included in 
the database and in the final releases are lower than the 
numbers captured. Once fully checked and duplicate 
records removed, the data is released. Where additional 
investigation and follow-up is required, some data may be 
released at a later date than the majority of the data from the 
same area. 

STRIKE

A new STRIKE user guide is under development and due 
for release in April 2021. Unlike the current user guide 
document found on our website and also accessible via 
the Help link within STRIKE, the new guide will be a 
part of STRIKE itself. The guide will show all the latest 
functionality and be accessible as a tab at the top of the map 
window, next to the Downloads tab.

The NT-wide SEEBASE® data was released in February 
2021, and several layers are being added to STRIKE. 

Industry reports

Work to reduce the backlog of reports due for release under 
the five year ‘sunset clause’ in the Mineral Titles Act (MTA) 
continues. Over the last 12 months, reports from 2013 and 
2014 have been released (open filed), and database records 
updated and added to the MEX collection on GEMIS. A 
project to upload geophysical datasets with a size up to 1 GB 
to the relevant report records in MEX has been completed. 
Nearly 400 existing MEX records had geophysical datasets 
added to GEMIS between March and October 2020. Over 
three years, a total of 1220 datasets were added for more 
immediate access.

There is a significant number of older seismic surveys 
and well logs within the petroleum reporting collections that 
are not available in digital format. Some hard copy reports, 
logs or sections have not yet been scanned or do not have 
digital datasets suitable for viewing and interpretation in 
geophysical processing or well analysis software. A project 
to scan and digitise hardcopy seismic sections and well logs 
in priority areas commenced in 2020. Seismic data will 
be made available in SEG-Y format and well logs in LAS 
format. The new digital datasets are progressively uploaded 
to existing records, and it is worth checking to see if there 
have been any updates in the Petroleum Exploration Reports 
(PEX) collections on GEMIS. In 2020, various logs of 20 
wells in the McArthur Basin / Beetaloo Sub-basin, Amadeus 
and Georgina Basins and 10 lines of the Kilgour 2D SS 1992 
in McArthur Basin were digitised and released. 

Resourcing the Territory website and NTGS Monthly 
Alert

The Resourcing the Territory (RTT) website has had several 
enhancements since its launch in January 2020. News of 
exploration compiled from public sources has been available 
via the Exploration News database for a number of years. In 
2020, the report format was revamped and the most recent 
news is now linked directly from the RTT website. 

The NTGS Monthly Alert, a refresh of the NTGS Update 
email newsletter now integrated with RTT mail outs, was 
launched in October 2020. The NTGS Monthly Alert will 
bring you the latest news from NTGS including updates on 
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events and new product releases from the RTT initiative. 
Subscribe to the newsletter via this link4.

Petroleum Onshore Information NT (POINT) portal5

The POINT portal was launched on 17 February 2021 to 
provide information relating to proposed and approved 
activities by the onshore petroleum industry in the 
Territory, particularly environmental approvals, plans and 
compliance reporting. To assist discovery and group related 
documents and information, the mapping interface includes 
geological basins, petroleum titles, petroleum wells, and 
basic information on petroleum companies operating in 
the NT. However it should be noted that POINT is aimed 
at a general audience as part of a government commitment 
to transparency in the development and regulation of the 
onshore petroleum industry. STRIKE or GEMIS online 
systems are still the primary sources for more detailed titles 
information, statutory geoscientific reports and data, and 
geoscientific  products. 

New NTGS products

New or updated NTGS products released since March 2020 
include 11 Records, 20 HyLogger Data Packages (HDP), 
nine new Digital Information Packages (DIP), the South 
West McArthur gravity survey data and grids, NT-wide 
geophysical maps (2020 editions), three new and five revised 
geological GIS datasets, and one new interpreted geological 
map and related explanatory notes. 

Records released cover geochronology results, 
characterisation of the Neoproterozoic succession of the 

northeastern Amadeus Basin, revised stratigraphy for 
NTGS stratigraphic drillholes LA05DD01 and BR05DD01 
in the western Amadeus Basin, and revised stratigraphy 
for drillhole BL002 in the northeastern Amadeus Basin. 
Although the AGES 2020 event was a casualty of the 
initial COVID-19 lock down and had to be cancelled, the 
Proceedings and a Record containing the presentations and 
posters were published as normal.

Six new DIPs, each focusing on a mineral deposit in 
the Warramunga Province were released in 2020. Another 
two comprising the NT-wide SEEBASE® and one on the 
CSIRO–NTGS McArthur Basin Project have been released 
in 2021.

GIS datasets for the 1:250 000 mapsheets identified as 
having varying data quality issues are being progressively 
revised and re-released. At the same time, the datasets are 
also released in ESRI Shape format. MILINGIMBI, THE 
GRANITES, MOUNT PEAKE, CALVERT HILLS and 
BEETALOO datasets were re-released in 2020.

Other releases include new 1:100 000-scale geological 
GIS datasets for the Carrara Range, Devils Marbles and 
Kurundi maps during 2020, and the new West Amadeus 
Basin 1:500 000-scale interpreted geology map, explanatory 
notes and GIS dataset released in March 2021.

Reference

Rogers T, 2020. Geoscience information systems and 
services: 2019 and 2020: in ‘Annual Geoscience 
Exploration Seminar (AGES) Proceedings, Alice 
Springs, Northern Territory, 24–25 March 2020’. 
Northern Territory Geological Survey, Darwin, 20–21. 

4 https://resourcingtheterritory.nt.gov.au/northern-territory-
geological-survey-ntgs 

5 https://point.nt.gov.au/
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In 2020, the NTGS Mount Peake–Crawford Airborne 
Magnetic, Radiometric and Elevation survey, centred 
250 km north-northeast of Alice Springs (Figure 1), was 
completed and all data released (Dhu 2020). This survey 
was funded through the Northern Territory’s Resourcing 
the Territory initiative and acquired in collaboration with 
Geoscience Australia (GA), who managed the project on 
Northern Territory Geological Survey’s (NTGS) behalf. The 
survey acquired over 120 000 line km of airborne magnetic, 
radiometric and elevation data at 200 m line-spacing and 
60 m ground clearance (Figure 2). Industry partners funded 
another 18 000 line km of data to infill areas of interest to 
100 m line spacing.

Regional-scale ground gravity data was also acquired in 
the NT by GA under the Federal Government’s Exploring 
for the Future initiative. Two surveys were completed, 
the East Tennant Gravity Survey, located ~80 km east 
of Tennant Creek; and the South West McArthur, Barkly 
Gravity Survey, located ~160 km north-northeast of Tennant 
Creek (Figure 1). NTGS contributed funding to the South 
West McArthur, Barkly Gravity Survey to increase the 
area covered by this survey to almost 18 000 km2. NTGS is 
currently working to expand on these data through acquiring 
the NTGS Brunette Downs Ground Gravity Survey located 
between the East Tennant and South West McArthur, 
Barkly gravity surveys and extending east to the NT/QLD 
border (Figure 1). This survey will acquire ~10 000 new 
measurements over an area of around 57 000 km2. Stations 
will be acquired at 2 km spacing, and industry is being 
provided with the opportunity to collaborate on the project 
to acquire higher resolution data over areas of interest. 

Four co-funded geophysical surveys were completed 
under round 12 of the Geophysics and Drilling 
Collaborations (GDC) program (Figure 3). Two surveys, 
a sub-audio magnetic (SAM) survey and a high resolution 
ground gravity survey, were innovative in nature, while 
the other two surveys were of regional scale, an airborne 
gravity gradiometry survey and an airborne electromagnetic 

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

2 Email: tania.dhu@nt.gov.au

(AEM) survey. These surveys were focused in the Tanami 
and Tennant Creek areas.

Emmerson Resources Limited completed a SAM 
survey over the Mauretania and Three Thirty prospects 
in the Tennant Creek mineral field (Walters 2019). These 
surveys were aimed at mapping ironstone structural 
architecture (Mauretania) and blind subsurface hematite-
altered sediments (Three Thirty). A total of ~300 line km 
at 10  m line-spacing were acquired over two separate areas 
covering ~3 km2.

Prodigy Gold NL completed a ground gravity survey 
over the Capstan and Suplejack prospects in the Tanami 
Region (Davis 2019). Both surveys aimed to resolve Tanami 
Group lithologies beneath cover units. The survey acquired 
~2200 new measurements at 50 m station spacing along 
250 m spaced lines, covering ~30 km2 across two separate 
survey areas.

Asian Minerals Pty Ltd completed a regional-scale 
(4800 m line-spacing) AEM survey over the East Tanami 
project area, located northwest of Tennant Creek, to provide 
baseline geophysical data in an underexplored area (Eupene 
2019). A higher resolution (1200 m line-spacing) infill 
survey was also acquired over a possible diatreme structure 
identified in the 2002 NTGS Buchanan airborne magnetic 
and radiometric survey. The AEM survey acquired 
~1400 line km using the TEMPEST system covering 
~4450 km2.

Northern Star Resources Limited completed an airborne 
gravity gradiometry survey using the FALCON system 
over Browns Dome in the Tanami Region (Sinclair 2020). 
The survey aimed to assist in mapping the southern margin 
of the dome. Approximately 1400 line km at 400 m line-
spacing was acquired over an area of ~530 km2.

Since March 2020, NTGS has released over 20 
HyLogger™ data packages (HDP), which provide a 
summary of interpretation of reflectance spectra measured 
on drill core using the HyLogger instrument (Figure 3). 
The HDPs have been produced primarily for drill core from 
previous GDC rounds (Smith 2020 a–u, Smith and Farias 
2020). Work is currently underway to complete HDPs for 
each of the MinEx CRC National Drilling Initiative East 
Tennant drill cores.
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Figure 1. Location of recent and upcoming regional geophysical surveys: NTGS Mount Peake–Crawford Airborne Magnetic and 
Radiometric Survey (red polygon); GA EFTF East Tennant Gravity Survey (green polygon); GA EFTF South West McArthur, Barkly 
Gravity Survey (blue polygon); planned Brunette Downs Ground Gravity Survey (pink outline). Industry infill survey areas within 
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Figure 2. NTGS Mount Peake–Crawford Airborne Magnetic and Radiometric Survey: top image shows total magnetic intensity reduced 
to pole; bottom image shows ternary radiometrics.
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In 2006, Sydney-based Empire Energy Group Limited 
(Empire), which has been listed on the ASX since 1984, 
made its initial entry into the USA oil and gas industry 
via a natural gas joint venture development in the 
Appalachian Basin. Although the joint venture initially 
targeted conventional hydrocarbons, the focus soon shifted 
to the unconventional Marcellus Shale. From that point 
on, unconventional hydrocarbons have a remained a core 
component of the company’s growth strategy.

In early 2010, Empire identified the McArthur Basin 
as having attractive potential for hydrocarbon-bearing 
marine shales and was successful in securing seven licence 
applications in the Northern Territory (Figure 1). Although 
the Palaeoproterozoic Barney Creek and Wollogorang 
shales of the McArthur Basin were the original sphere 
of interest, and remain an area of ongoing activity, it is 
the younger Beetaloo Sub-basin Mesoproterozoic shales 
within the Velkerri and Kyalla formations that became the 
stratigraphic intervals of focus. The Beetaloo Sub-basin 
lies within the youngest sedimentary package of the 
McArthur Basin. Empire’s southernmost permit, EP187, 
is located over an eastern extension of the Beetaloo 

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

2 Email: abruce@empiregp.net 
3 Email: dgarrad@empiregp.net

Sub-basin. It is within this permit that Empire has focused 
its operational activities in the last few years.

The unmetamorphosed, intracratonic McArthur Basin is a 
Palaeoproterozoic to Mesoproterozoic superbasin containing 
multiple marine shale petroleum systems with a preserved 
thickness of up to 10 km (Plumb and Wellman 1987). The 
basin is marked by periods of extension and orogeny, with 
the basin-wide successions described as packages. The five 
major continuous or contiguous packages of the McArthur 
Basin are the Redbank, Goyder, Glyde, Favenc and Wilton, 
listed from oldest to youngest (Ahmad et al 2013, Rawlings 
1999; Figure 2). Each package consists of groups that may 
be laterally equivalent, although this is an area of ongoing 
basin research. The Roper Group within the Wilton Package 
contains the Beetaloo Sub-basin shale target intervals. Nearly 
all the Beetaloo Sub-basin is unconformably overlain by the 
Neoproterozoic to Devonian Georgina Basin and the Jurassic-
Cretaceous Carpentaria Basin, with outcrop only observed 
toward the basin margins. The Roper Group has an aerial 
extent of more than 145 000 km2; thickness preservation 
can be more than 6000 m in the relatively flat lying Beetaloo 
Sub-basin. The primary shale targets of the Beetaloo Sub-
basin are the Amungee Member of the Velkerri Formation 
(ca 1400 Ma; Kendall et al 2009), also termed the middle 
Velkerri Formation in some texts, and the Kyalla Formation, 
which was deposited prior to the Derim Derim Dolerite 
intrusion (ca 1313 Ma, Collins et al 2019).

Figure 1. Empire Energy Permits, Carpentaria-1 location and NTGS Beetaloo Sub-basin outline from Williams (2019).

mailto:abruce@empiregp.net
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Over the last few years, the Beetaloo Sub-basin has 
become a focus area for unconventional hydrocarbon 
exploration and appraisal. Unconventional hydrocarbons 
differ from conventional hydrocarbons in the way that the 
hydrocarbons are trapped in the formation. Conventional 
hydrocarbons are trapped by buoyancy pressure, whereas 
the pressure in unconventional systems is through 
hydrocarbon generation and retention. For this reason, the 
unconventional reservoirs are generally also the source 
rock for hydrocarbon generation, or are stratigraphically 
proximal. The two major subgroups of unconventional 
reservoirs are shales and coal seams; only shales will be 
discussed in this paper. Shales are organic rich, fined-
grained, clastic sedimentary rocks deposited in a marine 
or lacustrine setting. Through burial and heating, the 
shales become more thermally mature and initially 
generate oil; with rising burial pressure and temperature, 
gas will be generated with increasing dryness. Much of the 
hydrocarbons will escape to surface or to a conventional 
trap but a large proportion will be retained in the source 
rock system. These retained hydrocarbons are the target of 
shale gas development.

Due to the fine-grained matrix of the shales, porosity 
and permeability is diminished compared to conventional 
reservoirs. In the context of petroleum reservoirs, porosity 
is the space between rock grains that is available to hold 
hydrocarbons, whereas permeability is a measure of the 
ability of hydrocarbons to flow through the rock. To produce 
commercial gas flows, the permeability of the shales may 
be enhanced through hydraulic stimulation. Hydraulic 
stimulation is the injection of sand (proppant) and liquid 
at high rates and pressure to fracture the rock and create 
an interconnected permeability network propped open by 
sand through which gas may flow. The generated fracture 
networks may reach several hundred metres away from the 
producing wellbore. To maximise the surface area of the 
generated fracture network, standard practice has become 
to drill lateral wells that follow the shale unit stratigraphy. 
Lateral sections of the wells may reach several kilometres 
in length. Multiple fracture stimulations, called stages, are 
undertaken through the length of the lateral wells. 

Shale gas produced by these methods currently accounts 
for up to 78% of United States gas production. Since the 
first gas well came onto production in the early 2000s, the 
lateral length and number of fracture stimulation stages per 
well has continued to increase. The Marcellus Shale within 
the Appalachian Basin now accounts for a quarter of that 
nation’s dry gas production. 

In 2019, through its 100% owned subsidiary Imperial 
Oil and Gas, Empire acquired six onshore 2D seismic 
lines totalling 223 km. The seismic survey was the first to 
be undertaken in the EP187 permit and demonstrated the 
eastern extent of the Beetaloo Sub-basin in an area termed 
the Eastern OT Downs (Northern Territory Geological 
Survey and Geognostics Australia Pty Ltd 2021). In late 
September and October 2020, Empire drilled the vertical 
Carpentaria-1 well in EP187 on the basis of the newly 
acquired seismic data. Carpentaria-1 is located ~85 km 
southwest of Borroloola within the Beetaloo Sub-basin 
and McArthur Basin in the Northern Territory. The well 
was designed to evaluate the hydrocarbon potential of 
the stacked Velkerri Formation shale sequences (Velkerri 
A, B and C) as the primary target, and the shales of the 
Kyalla Formation as the secondary target. A full formation 
evaluation suite was undertaken, including standard wireline 
logs and specialised logs such as lithology scanner, dipole 
sonic, nuclear magnetic resonance and fullbore resistivity 
imaging, as well as extra-large rotary sidewall cores. 
Following a suite of diagnostic fracture injection testing, a 
further fullbore resistivity imaging run was undertaken. 

The target formations were intersected shallower than 
pre-drill prognosis and the rate of penetration achieved 
whilst drilling exceeded pre-drill expectation; this result, 
coupled with the shallow outcome, resulted in time to drill 
being significantly faster than forecast. Empire considers 
the results successful because reservoir properties are 
better than prognosed, there is liquids-rich gas potential in 
the primary target shales of the Amungee Member of the 
Velkerri Formation, and the drilling conditions are better 
than expected. Moreover, a gas-bearing Intra A/B unit was 
identified additional to the Velkerri A, B and C targets. The 
shales of the Kyalla Formation were present in the well but 

Figure 2. Simplified stratigraphic section of the Beetaloo 
Sub-basin area of the McArthur Basin.
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at too shallow a depth and are no longer considered a target 
in EP187. Nonetheless, future drilling targeting the Velkerri 
Formation will intersect the Kyalla Formation (Figure 3).

In Williams (2019), the Beetaloo Sub-basin boundary 
was defined where the top of the Kyalla Formation is more 
than 400 m below the surface. The Kyalla Formation was 
selected as it was defined as the top of the Roper Group 
(Munson 2016) and is the most constrained unit based 
on multiple drillhole intersections across the basin. The 
boundary was delimited by 26 wells tied to 96 2D seismic 
lines. The 400 m cut-off was chosen because of the difficulty 
of mapping the unit above 400 m because of the poor quality 
of the shallow (0.2 to 0.26 seconds) seismic data and the 
consequent difficulty of defining the subcrop position 
below the regionally extensive unconformable cover of the 
Georgina and Carpentaria Basins. Therefore, the boundary 
is not only based on stratigraphy but also on the quality of 
the tool (seismic) used to define it. This definition of the 
basin extent excludes areas where Roper Group sediments 
older than Kyalla Formation are preserved in their entirety. 
Williams (2019) acknowledges this and recognises that 
Roper Group hydrocarbon-bearing formations extend 
beyond their defined boundary.

Well intersections do not have the same resolution 
constraints as seismic data, and in the strictest sense of the 
Williams (2019) boundary definition, the Carpentaria-1 
well, in which the Kyalla Formations is ~300 m below 
surface, is located outside the Beetaloo Sub-basin. It is worth 
highlighting, however, that a full section of the Velkerri 
Formation was intersected in the Carpentaria-1 well. The 
authors assert that the Carpentaria-1 well intersection 
should be included in the Beetaloo Sub-basin boundary on 
this basis. Regardless of whether or not Carpentaria-1 is 
considered to be within the Beetaloo Sub-basin as defined 

by Williams (2019), seismic data indicate that strata in 
the Eastern OT Downs area dip northwards from the well 
location and that the top of the Kyalla Formation is deeper 
than 400 m below surface within much of the EP187 resource 
area (Figure 4, Figure 5). For this reason, the previously 
defined area of the Beetaloo Sub-basin has increased based 
on Empire’s 2019 seismic acquisition and the drilling of 
Carpentaria-1 (Figure 6).

An outcome of the shallower than predicted Velkerri 
Formation Amungee Member in Carpentaria-1 is that the 
mudgas observed whilst drilling indicated a more liquids-
rich gas than pre-drill expectation. In multiple United 
States shale plays, similar liquids-rich gas is targeted for 
the economic upside of the liquid hydrocarbon stream. 
Although there is some debate, within the reservoir the 
longer carbon chain liquid hydrocarbons are surmised to 
be in a gas phase when mobilised, along with the shorter 
chain gases, methane and ethane. The low viscosity gas 
stream can flow through the smaller pores of the shale 
matrix, whereas a more viscous, pure liquid hydrocarbon 
stream would not achieve commercial flow rates in such 
low permeability rocks. Planned production testing of the 
vertical Carpentaria-1 well will calibrate mudlog response 
to actual produced hydrocarbons and establish hydrocarbon 
liquid and gas ratios (Figure 7).

The Carpentaria-1 mudgas observed whilst drilling the 
Amungee Member becomes drier and less liquids-rich with 
increasing depth; this is in line with increasing thermal 
maturity. Source rocks contain insoluble carbon-rich 
organic matter called kerogen. As a source rock is buried 
and heated, the kerogen becomes more thermally mature 
and commences generating hydrocarbons. The Beetaloo 
Sub-basin Velkerri Formation source rocks contain mainly 
marine kerogens with some evidence of lacustrine input, 

Figure 3. Carpentaria-1 3D schematic.
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making them more prone to generating oil than gas. Like all 
source rocks with increasing thermal maturity, they become 
more gas prone.

Typically, thermal maturity is estimated by vitrinite 
reflectance (R0), which is measured under a microscope as a 
change in colour due to heating. Vitrinite is a component of 
coal and is found in most source rocks. However, due to the 
age of the Velkerri Formation shales, vitrinite is absent thus 
making this standard method of measurement problematic 
but not without application. It is worth noting that the life 
forms during the deposition of the Velkerri Formation were 
more basic than global hydrocarbon analogues as this age 
period marked the commencement of multicellular life on 
earth. Other thermal maturity estimation methods, such 
as pyrolysis (Tmax), thermal alteration index and solid-
bitumen reflectance, have useful but limited application 
due to similar issues of calibration to ancient source rocks. 
There are standard conversions of these methods to a 
vitrinite reflectance equivalent; however, the calibration to 
ancient source rocks is across a limited dataset.

Another widely used method for thermal maturity 
estimation is carbon isotope analysis of gas, sampled either 
during drilling or produced at the well head, as opposed to 
analysis of the source rocks. Like the other methods, the 
standard procedure for isotope analysis were developed with 
a dataset from younger source rocks, mainly mid-Palaeozoic 
and younger (Carvajal-Ortiz 2021). The procedure does not 
encompass hydrocarbon gases generated from the cracking 
of Precambrian and Proterozoic kerogens of the Beetaloo 
Sub-basin, which are over 1 billion years older than the 
sample set and sourced from much simpler organisms. A 
different set of assumptions and considerations are needed 
when evaluating the thermal maturity of gases generated 
from such source rocks, and currently a procedure has not 
been fully established. However, an initial investigation 
of Carpentaria-1 isotope samples suggests that EP187 gas 
might have been generated from cracking of oil or gas.

Figure 4. Seismic Line 2019-04 illustrating northward structural dip in the Eastern OT Downs area.

Figure 5. Depth to base Velkerri Formation, Amungee Member 
B-Shale.
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Figure 7. Well correlation between Beetaloo Sub-basin wells. Datum: Velkerri Formation top Amungee Member.

Figure 6. NTGS Beetaloo Sub-basin outline from Williams (2019) with Eastern OT Downs Area.

A comparison of Carpentaria-1 R 0 thermal maturity 
indicators and gas isotope data indicates that the Amungee 
Member source rocks become more dry gas prone at a lower 
R0 than shale plays in the US due to thermal cracking of 
kerogen or generated hydrocarbon. This may be a result of 
the above-mentioned limited calibration of thermal maturity 
estimation methods to ancient source rocks, the source 
rock geochemistry, or the history of uplift and burial of the 

Velkerri Formation. This will remain an area of ongoing 
investigation for Empire as it plans future vertical and lateral 
wells in the stacked pay sequence of the Amungee Member 
of the Velkerri Formation shales and seeks to determine the 
optimal liquids-rich gas ratio for commercial outcomes. 
The ranking of the shales within the stacked sequence and 
identifying the optimal depth for development will be areas 
of continued research. On this note, the Beetaloo Sub-basin 
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has the potential to hold multiple distinct sweet spots 
analogous to the Marcellus Shale in the USA, which has 
both dry and liquids rich gas sweet spots separated laterally 
by several hundred kilometres. 

The Carpentaria-1 Amungee Member target shale 
thickness is nearly identical to the nearest Beetaloo 
Sub-basin offset well, Tanumbirini-1 (Figure 7), drilled 
by Santos in 2014, which is also in the deepest part of the 
basin. The lateral consistency of the target shales between 
the wells is indicative that the locations share proximity 
to the shoreline at the time of deposition; however, there 
is major divergence in the post depositional burial and 
uplift history of the two locations. The tectonic evolution 
of Empire’s EP187 will be an area of ongoing investigation. 
The liquids-rich mudgas and indications of clay mineralogy 
unaltered by temperature suggest that maximum burial at 
this location is less than other parts of the basin. 

The formation evaluation results for Empire’s 
Carpentaria-1 well compare favourably with working US 
shales; however, further on-ground activity is required 
to de-risk the play. The next phase of the work program 
is to fracture stimulate and production test the vertical 
Carpentaria-1 well. Additional seismic acquisition is 
planned to further delineate the EP187 permit and the 
resource area, which spans several hundred km2. During the 
next drilling phase, a horizontal well is anticipated with the 
target interval and depth to be selected based on production 
testing and synthesis of the formation evaluation.
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Introduction 

The Beetaloo Sub-basin, part of the greater McArthur 
Basin, is known for its potentially vast Mesoproterozoic 
unconventional hydrocarbon resources, mainly found in 
the organic-rich mudstones within the Velkerri and Kyalla 
Formations. Other sediments comprising the Sub-basin infill 
are marine sandstones, interbedded mudstone with siltstone 
and fine sandstone of the Roper Group, all of which were 
deposited in shallow marine to shelf environments (Munson 
2014). Over large areas of the basin, the Mesoproterozoic 
sequence is intruded by the ca 1313 Ma Derim Derim 
Dolerite (Collins et al 2018) and unconformably overlain by 
volcanic rocks of the Cambrian Kalkarindji Suite.

The existing 2D seismic lines (>9000 km) are a very 
important source of information for the Sub-basin structure 
and stratigraphy (Williams 2019). However, seismic 
coverage varies in space and resolution depending on the 
purpose of the survey. The quality of the available data 
is also variable due to presence of the basalts and karstic 
nature of the Gum Ridge Formation. Our understanding 
of the structural characteristics of the Kalkarindji Suite is 
mostly built on the interpretation of the seismic data and 
petroleum well information.

This project applied available regional-scale non-
seismic geophysical datasets to assess the lateral extent 
of the Kalkarindji Suite and its interaction with structural 
elements identified in the basin. The interpretation is also 
augmented by wireline petrophysical measurements where 
available (Figure 1a). 

Geophysical data 

There are several different non-seismic geophysical datasets 
available in the Beetaloo Sub-basin. Herein, we discuss 
derivative products from aeromagnetic data compilation 
and full tensor gravity gradiometry data. The aeromagnetic 
data is available as a compilation of the different surveys 
flown over the area since mid-1960. The individual surveys 
were processed to compensate for different flying heights 
and line spacings to create a magnetic map with uniform 
grid cell size of 80 m (Dhu 2020). 

For the magnetic modelling (Figure 2), we used line data 
from the Helen Springs magnetic survey. This survey was 
flown at the 500 m traverse line spacing, oriented north–
south, with nominal sensor height of 100 m.

There is full tensor gravity (FTG) gradiometry 
data available over the western portion of the Beetaloo 
Sub-Basin. The data was collected in 2013 by the Bell 
Geospace 4. The survey was flown at the height of 80 m 

Kalkarindji through the geophysical lens: Structural characteristics of the Kalkarindji basalt 
from non-seismic geophysical data
Jelena Markov 1,2, Clive Foss 3, Ernest Swierczek 1 and Claudio Delle Piane 1 
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with east–west-oriented lines spaced at 2000 m. Data was 
processed using proprietary Bell Geospace methods; more 
details are available in the acquisition and the processing 
report (Pangaea Resources Pty Ltd 2013). 

The geophysical interpretation is underpinned by 
downhole petrophysical measurements available from 
the wells shown in Figure 1a. In particular, we note the 
contrast in magnetic susceptibility between volcanic and 
sedimentary rocks as shown in the example in the wireline 
logs from Jamison 1 exploration well (Figure 3). 

Finally, in this study we compare interpretation of 
the non-geophysical data, constrained by petrophysical 
observations, with available 2D seismic profiles in order 
to define improved structural interpretation. More than 
9000 km of 2D seismic lines were acquired over the Sub-
basin in the last three decades. In 2017, all seismic surveys 
have been reviewed by the Northern Territory Geological 
Survey (NTGS) and subjected to amplitude balancing, 
scaling and corrections, resulting in a uniform data for 
regional interpretation. Several seismic profiles have been 
used for detailed structural interpretation and validation of 
non-seismic geophysical data. Figure 4 shows the north–
south seismic profile (PB13-05) in the western portion of 
the Sub-basin with interpreted key horizons and faults, 
together with the high-passed magnetic data profile for 
comparison. 

Processing and interpretation methods

To better understand what geological units are actually 
reflected in the magnetic map, we have applied several 
transformation techniques. As the focus is on the near-
surface basalts, we applied transformation to enhance near 
surface features in the magnetic data. To better understand 
the magnetic signature of the geological units under the 
Kalkarindji Suite, we have applied a transformation to 
remove the signature of the basalt. All the transformations are 
performed in the Geosoft’s Oasis montaj software 5; further 
explanation for the filters used can be found in Blakely (1995). 

Firstly, we have applied reduction-to-pole transformation 
(Figure 1a) to remove the asymmetric effect of the global 
magnetic field and place the sources over their respective 
signatures, except where a remanent magnetisation 
component is present. A high pass filter was applied to 
reduced-to-pole data to remove any wavelengths from the 
total spectrum of the magnetic signal that are larger than 
5 km (Figure 1b). With this transformation, we are looking 
into contribution of the near surface sources only. To isolate 
the magnetic signal of the deeper sources by removing the 
influence of the basalt, we have applied a low pass filter with 
wavelength cut-off of 10 km; the resulting image (Figure 1c) 
shows wavelengths larger than 10 km.
5 https://www.seequent.com/products-solutions/geosoft-oasis-

montaj/
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For an easier interpretation of the FTG data, we use mean 
and Gaussian curvatures (Cevallos et al 2013). Mean curvature 
provides a map of the mass distribution, while Gaussian 
curvature traces edges of the gravity sources very well. We 
used formulae from Li (2015) to produce curvature image and 
contours (Figure 1d). Gaussian curvature is the combination 
of horizontal derivatives of the gravity field and can produce 
false anomalies caused by interfering neighbourhood bodies. 
To avoid false anomalies, it is recommended by Cevallos 
et al (2013) to use Gaussian curvature together with mean 
curvature for more reliable interpretation. 

Magnetic modelling 

Foss and Dhu (2016) investigated the basalt of the Kalkarindji 
Suite within the Beetaloo Sub-basin by employing magnetic 
modelling to better understand the thickness of the unit, its 

edges, and other properties. The modelled areas are highlighted 
in the yellow rectangles in Figure 1b. Continuing their 
work, here we have modelled a few negative magnetisation 
anomalies in the western Beetaloo Sub-basin (Figure 2). The 
modelling has been performed using ModelVision software 
by Tensor Research 6. We used prisms to model magnetic 
sources, and inversion has been run allowing the spatial 
parameters of the prisms and their magnetisation to vary. The 
inversion results are presented in Figure 2. 

Discussion

It is widely reported in the scientific literature, in the majority 
of the examples, that sedimentary geological units have 

6 https://www.tensor-research.com.au/Geophysical-Products/
ModelVision

Figure 1. Aeromagnetic and full tensor gravity gradiometry (FTG) data in the Beetaloo Sub-basin and surrounding areas (a) Reduced-
to-pole magnetic data; outline of the Sub-basin is in white with location of the selected wells. (b) High-passed reduced-to-pole data; 
outline of the Sub-basin in white. 2D seismic line used for interpretation in light blue; yellow rectangles are magnetic anomalies 
modelled in Foss and Dhu (2016). (c) Low-passed reduced-to-pole data with selected wells (d) Mean curvature image of the FTG data 
over the western Beetaloo Sub-basin with zero contours of Gaussian curvature in black; outline of the western Sub-basin in blue.
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Figure 3. Distribution of the 
petrophysical properties at the Jamison 
1 well. The location of the well is in 
the Figure 1a. GR = gamma ray log. 
Vp = P-wave velocity log.

Figure 2. Modelling of the linear negative magnetic anomalies in the Beetaloo Sub-basin. Left panel shows prisms used to reproduce 
the magnetic signal, with comparison of the observed and calculated signal. Right panel is aerial view of the prism locations over the 
anomalies.
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lower magnetic minerals content and hence susceptibility 
compared to other rock types (Dentith and Mudge 2014). 
In the Beetaloo Sub-basin, we assume that majority of the 
magnetic signal, especially texture, is produced by the 
basalt of the Kalkarindji Suite. From the petrophysical logs 
collected in the Jamison 1 well, we observe that the basalt 
has at least double susceptibility value comparing to the 
underlying Bukalara Sandstone (Figure 3). 

Rough texture of the magnetic signal dominates majority 
of the Beetaloo Sub-basin. We suspect it is produced by 
the geological processes responsible for the emplacement 
and cooling of the Kalkarindji Suite basalt and subsequent 
tectonic/deformation events. The eastern portion of the 
Sub-basin is surrounded by areas of the smooth magnetic 
signal, eg south and east of the Burdo 1 well. In these areas, 
the basalt unit is absent through non-deposition or erosion. 

Over the Daly Waters Arch and in the eastern Sub-basin, 
we observe several negative magnetisation anomalies, some 
of which  have been previously identified and modelled by 
Foss and Dhu (2016); these are highlighted in the yellow 
rectangles in Figure 1b. Foss and Dhu concluded that these 
features can be interpreted as holes in the basalt sheet likely 
due to the alteration of magnetic minerals caused by fluid 
flow at fracture intersections.

In the western Sub-basin starting around the Tarlee 1 
well and trending southeast towards the Daly Waters Arch 
(Figure 1b), there are several linear negative magnetic 
anomalies. A closer look at the high-passed reduced-to-
pole data (Figure 4) shows that they are not continuous 
features but rather intersected by east–west- and northeast–
southwest-trending faults. The magnetic signal associated 
with these features can be well modelled as arising from 

Figure 4. Comparison of the high-passed, reduced-to-pole data in the western Beetaloo Sub-basin and interpreted 2D seismic data. Top: 
3D view of the high-passed reduced-to-pole data magnetic data with orientation of interpreted faults. Bottom: Regional north–south-
trending 2D seismic data (PB13-05) with key horizons and faults and isolated high-passed magnetic profile on the top. AA’ is the portion 
the seismic profile over the linear magnetic anomalies. The northwest-trending negative anomalies (blue to pink) clearly correlate with 
fault and fault related structures, whilst northeast–southwest and east–west faults are derived from detailed correlation of breaks and 
boundaries of the magnetic signal.
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the interaction between basaltic prisms elongated in the 
northwest–southeast direction and gaps in the basaltic sheet 
of similar size (Figure 2). 

Comparison with the 2D seismic line trending north–
south, almost perpendicular to the magnetic features, shows 
an area of intense faulting through the Kalkarindji basalt 
and directly underneath it (AA’ in the Figure 4). Due to 
magnetic signature similarities with the edge of the basalt 
sheet, circular negative magnetisation zones [from Foss and 
Dhu (2016)], and linear magnetic anomalies, we can assume 
a similar mechanism can be responsible for their creation. 
We propose that some of the faults identified on the seismic 
profile could have acted as fluid pathways enabling fluid 
circulation responsible for the alteration of the magnetic 
minerals in the basalt. Similar phenomena have been reported 
in oceanic basalts (Szitkar et al 2014) where hydrothermal 
fluid circulation caused the alteration of magnetic minerals 
and produced low magnetisation signature in the data. 

Although FTG data were flown using the wide line 
spacing of 2000 m, it is still an improvement on the 
ground gravity data resolution with the irregular stations 
spacing at various distances, often >2 km. Considering 
the resolution of the FTG data, we assume that geometry 
of the mass distribution depicted in the mean curvature 
image relates to the sedimentary units density variation 
under the Kalkarindji Suite. However, this interpretation 
will have to be carefully considered in the areas where the 
thickness of the basalt sheet is changing. There seems to be 
some correlation with the changes in the mass distribution 
and linear magnetic anomalies. Also, the contours of the 
Gaussian curvature partially trace the edges of the negative 
magnetic anomalies, but this relation is yet to be further 
understood and explored. 

Conclusions and recommendations

We analysed non-seismic geophysical data on the regional- 
and tenement-scale to improve structural knowledge of the 
Beetaloo Sub-basin, focusing on the extent and structural 
characteristics of the Kalkarindji Suite. Where available, this 
analysis is guided or validated by the petrophysical information 
from the petroleum exploration wells. Investigation of the 
magnetic data thus far has identified localised zones of 
negative magnetic anomalies that are tentatively interpreted 
as due to the alteration of the magnetic minerals in the basalt 
sheet spatially associated with faults and fracture intersections 
that acted as conduits for vertical fluid migration. However, 
magnetic modelling suffers from non-uniqueness, and to 
be certain of our interpretation, we would recommend 
performing joint FTG and magnetic modelling in the future. 
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Data sourcing 

All the data sets used in this study are freely available 
through NTGS online portal:

• Aeromagnetic compilation, Helen Springs survey and 
FTG data - GEMIS: Collections 7

• Petroleum well and wireline measurements - GEMIS: 
Petroleum Wells (PEX Wells) 8 

• Seismic data - GEMIS: Petroleum Geophysical Surveys 
(PEX Geophysics) 9
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Fountain Head and Tally Ho are structurally-controlled 
orogenic gold deposits situated southeast of the Burnside 
Granite in the Pine Creek Orogen, Northern Territory. These 
two deposits comprise the Fountain Head Gold Project. 
The Project area consists of Mining Licences Northern 
(MLN) 4, 1020 and 1034, and Mining Lease (ML) 31124, 
all 100% owned by PNX Metals Ltd (PNX, Figure 1). 
The licences are located near the Stuart Highway between 
Adelaide River and Pine Creek, 150 km south of Darwin. 

Mineral resources

PNX released its maiden mineral resource estimate (prepared 
in accordance with the JORC code 2012) on Fountain 
Head and Tally Ho deposits in July 2019, reporting total 
inferred and indicated resources of 2.58 Mt at 1.7 g/t Au for 
138 000 oz of contained gold (Meakin 2019). The resource 
estimation was based on a new geological model including 
2018 drilling results and historical drillhole information. 
PNX then followed with drilling in late 2019 to early 2020, 
resulting in an updated mineral resource estimate in May 
2020 with a total of 2.94 Mt at 1.7 g/t for 156 000 oz of 
1 PNX Metals Limited, Level 1, 135 Fullarton Road, Rose Park 

SA 5067, Australia
2 Email: marco.scardigno@pnxmetals.com.au

contained gold (Meakin 2020), promoting parts of the 
resource to indicated category and adding newly discovered 
inferred category resources. 

History

The discovery of a gold-bearing quartz reef at Fountain Head 
in 1883 was followed by a brief phase of eluvial mining. 
From 1886 to 1936, small-scale mining of eluvial material 
and individual quartz reefs produced around 9980 oz 
of gold. This included underground mining around the 
Potter’s Shaft (~30 m deep) in the area currently known as 
Fountain Head East. From 1985 to 1989, further alluvial and 
eluvial mining by Zapopan Mining NL produced 10 104 oz 
of gold. In 1995, Dominion Mining Limited conducted 
trial pit open mining around ‘Potter’s Zone’ to determine 
bulk performance at the nearby Cosmo Mill. Following 
discovery of the Tally Ho lodes in late 2006, the deposit was 
quickly expanded and brought into production, with mining 
by GBS Gold Australia in 2007 and 2008. The present-day 
adjoined pits are the result of this mining activity. GBS 
Gold was liquidated in 2009 and the project was purchased 
by Crocodile Gold Australia (subsequently merged to form 
Kirkland Lake Gold). The deposits were acquired by PNX 
in early 2018 from Kirkland Lake Gold. 

Figure 1. Location map of the Fountain Head Gold Project, including location of all drillhole collars and inferred geological features.
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Geology and mineralisation

Gold mineralisation is located within and proximal to the 
Fountain Head Anticline. The folded units at the Fountain 
Head Project consist of marine sediments assigned to the 
Burrell Creek Formation, deposited in the Early Proterozoic 
at ca 1880–1870 Ma; the units were later metamorphosed 
to greenschist facies with the main lithologies being meta-
greywackes, meta-siltstones, phyllites, carbonaceous black 
shales, and greenish cherty tuffs. Zamu Dolerite intruded the 
formation at ca 1860 Ma. The Cullen Batholith granitoids 
were then emplaced, including the nearby Burnside Granite. 
Sener (2004) states that in the Pine Creek Orogen, although 
most deposits are located within the contact-aureole of 
the ca 1835–1805 Ma granitoids, few appear synchronous 
with granitoid emplacement and aureole dehydration, and 
that analyses demonstrated gold mineralisation is typically 
younger (ca 1720–1710 Ma) than the youngest phase of 
granitoid intrusion (ca 1775 Ma).

The Fountain Head Anticline is one of several 
northwest–southeast-oriented folds in the area southeast of 
the Burnside Granite (Nimbuwah Event, ca 1870– 1850 Ma) 
that were later gently re-folded in an east–west compression 
event (ca 1700s Ma?) creating doubly-plunging folds. The 
most important gold-bearing lodes at Fountain Head and 
Tally Ho deposits are oblique to the Fountain Head Anticline 
fold axis, following what appears to be a regional north-
northwest–south-southeast fabric, roughly matching the 
strike and dip (~ -60 to -80 degrees) of quartz-carbonate-
sulfide breccias and shears, with associated arsenopyrite 
abundance, and chlorite, sericite, potassium feldspar, 
silica, and hematite alteration. The exact timing of the 
mineralisation event or events is unknown. 

Several small-scale, north–south-oriented faults offset 
parts of both deposits, while a larger-scale, northeast–
southwest-oriented fault, roughly parallel with the Hayes 
Creek Fault and splays, appears to have offset both the 
Fountain Head and Tally Ho deposits on the eastern edge 
of the resource, leading to the possibility that the displaced 
mineralisation could be preserved in a downthrown block 
yet to be tested by drilling. Gold occurrences continue 
along the Fountain Head Anticline for at least 5 km, as 
evidenced by shallow exploration drilling, alluvial and 
eluvial prospects, and the Lady Josephine West prospect to 
the southeast.

Exploration activity and geological interpretation

Reverse circulation (RC) and core drilling within the project 
area prior to PNX acquisition totalled around 70 000 m. 
PNX drilling in 2018–2020 totalled 11 874 m, consisting 
of 10 171 m RC (113 holes), 945 m core (5 holes), and 758 m 
RC with core tails (5 holes). Drilling was focused around 
the Fountain Head and Tally Ho pits and westward along 
the anticline. RC drillholes were designed to delineate and 
infill the known resource (Fountain Head West; maximum 
spacing typically ~15–30 m), to extend mineralised trends 
along-strike and down-dip/down-plunge, to explore for new 
mineralisation based on surface geochemical anomalies 
(Banner prospect), and to add modern QA/QC sampling 

data to areas dominated by historical drilling (Fountain 
Head East). Core drilling included two geotechnical and 
two metallurgical holes.

The first 3D geological model for Fountain Head was 
created in 2019 with Datamine StudioRM software 
utilising all downhole data, georeferenced surface geology 
maps, and costean sections. Previous geological section 
interpretations had not been not linked along strike. No 
pit mapping exists, nor exact information for the volumes 
extracted during underground mining. Lithology codes 
and interpretations have varied over the long history of 
exploration at Fountain Head, so a certain degree of data 
filtering was required in order to bring uniformity to the 
dataset. Even the host formation itself has had different 
interpretations: the Burrell Creek Formation (Scriven 
and Orridge 1989, Partington 1997) or the underlying 
Mount Bonnie Formation (Shaw 2003). Details of the local 
sequence, particularly with the presence of cherty tuffs 
and thick meta-argillites near Potters Shaft, suggest Mt. 
Bonnie Formation or transitional Mt. Bonnie/Burrell Creek 
(Scriven and Orridge 1989). 

The contact surfaces of at least six regularly alternating 
greywacke-mudstone sequences were modelled, with 
~20 m thickness for each greywacke or mudstone unit, and 
interbeds of siltstone, chert and tuff. Despite much of the 
existing Tally Ho drilling being subparallel with bedding 
on the southern limb, there was enough data to model 
surfaces with high confidence. Chert and tuff were found 
to share the same bedding horizons (the chert perhaps being 
silicified tuff) and were the first to be drawn because of 
their excellent continuity (tuff is isochronous but can be 
approximate to lithostratigraphic surfaces at the prospect 
scale). There are isolated occurrences of dolerite sills 
within the downhole lithology data, assumed to be the 
Zamu Dolerite. Several carbonaceous black shale ‘marker’ 
horizons were interpreted; these may have been relatively 
overlooked by past geologists. Interpretation of bedding 
surfaces was further assisted by high-resolution aerial drone 
survey photography since bedding contacts could be clearly 
seen along the pit walls, as well as by data from handheld 
XRF performed on all PNX drill samples. 

Mineralisation is described here by Shaw (2003). 
Fountain Head mineralisation is hosted by subvertical shear-
related stockworks and fracture zones in greywackes and 
saddle reefs at lithological contacts. Most of the resource is 
in the hinge zone of the anticline, with gold grade rapidly 
tapering off along the limbs. Fracture zones within the 
hinge zone lie parallel to the axis of the fold and have acted 
as a locus for fluid channelling. Broadly stratabound lode 
zones are the result of two styles of mineralisation. Quartz 
stockworks have formed only in competent greywacke 
units where folding of the hinge zone and adjacent limbs 
has increased fracture permeability. Saddle reefs have 
commonly formed at the contact between greywacke and 
mudstone units, and are thickest in the hinge zone, tapering 
rapidly down the limbs. The gold mineralisation is part of a 
quartz-pyrite-arsenopyrite mesothermal system. 

At least three phases of quartz veining are evident 
in drill core: a first stage of massive blue/white quartz, a 
second stage of quartz-carbonate veining, and a third phase 
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of small quartz-hematite stringers (Scriven and Orridge 
1989). Pyrite and arsenopyrite are found in quartz veins; 
arsenopyrite occurs also in disseminations in the country 
rocks bordering quartz veins. 

In some areas, higher gold values are associated with 
areas of broken core or where quartz veins have been 
sheared, while elsewhere unsheared, bedding-parallel 
quartz veins have elevated gold values. It is possible that 
multiple generations of gold mineralisation have occurred 
(Longridge 2019). Although gold appears to be loosely 
associated with quartz veining, it often appears at contacts 
with quartz veins, suggesting that vein contacts may have 
served as zones of weakness reactivated during younger 
deformation (Longridge 2019). This can be seen in several 
blue-grey quartz veins, typically subvertical and subparallel 
to the anticline fold axis, which have been modelled by 
PNX. These veins sometimes display high-grade gold 
mineralisation, and yet some are unmineralised.

Several influences for gold mineralisation are 
interpreted within the deposit and are overlapping in 
nature, some being more dominant than others. Greywacke 
units and the greywacke contacts with siltstone, chert 
or carbonaceous black shale are the dominant vectors 
for mineralisation within Fountain Head West, and to a 
lesser degree, at Fountain Head East. The mudstones/
phyllites are strikingly low grade or barren in comparison. 
Mineralisation within the greywacke units may be 
attributed to mineralised quartz stockworks and stringers, 
saddle reef quartz (particularly at Fountain Head East), or 
the highly continuous and often grey-coloured bedding-
parallel quartz veins. A zone of particularly high-grade 
mineralisation, historically known as ‘ladder vein west’, 
is interpreted to be a bedding-parallel, subvertical zone on 
the southern limb of the anticline. 

High grade gold mineralisation often occurs within zones 
of alteration that appear as haloes around predominantly 
barren quartz-carbonate filled breccias, and among 
stockworks, planar white quartz veins and shears. Hematite 
alteration is commonly logged in holes directly above these 
zones within the oxidised zone. These barren breccia zones 
flanked with high grades can be seen throughout the gold 
assay dataset at Tally Ho and Fountain Head East, and in 
relatively thin zones striking across the Fountain Head 
West area. Brittle fracture zones and stockwork zones are 
generally common around the anticline hinge zone but are 
less easily interpreted.

The intersection lineations between breccia planes and 
bedding surfaces appear to form high-grade shoots (or zones 
where high grades are most likely), which are too narrow 
to model. However, these shoots have been successfully 
targeted by PNX drilling along 150 m of strike at Fountain 
Head West and at the Northwest Breccia prospect. A drill 
spacing of less than around 30 m is needed to reveal such 
zones. 

Resource modelling

The existing Fountain Head resource model depicted 
an isoclinal fold with overturned bedding, including a 
subvertical blue quartz vein subparallel to the anticline 

fold axis. This model was replaced by PNX following 
interpretation of stratigraphic surfaces and grade trends. 
The dominant vector for mineralisation at Fountain Head 
East is interpreted by PNX to be oblique to the fold axis, 
roughly parallel with the Tally Ho lode. Only minimal 
changes were made to the Tally Ho resource wireframes. 
The 2020 PNX resource model was sub-domained into: 
a) structurally-dominant Fountain Head East, consisting 
of 11 lodes; b) structurally-dominant Tally Ho, consisting 
of one main lode and a few smaller lodes; c) a more 
stratigraphically-influenced Fountain Head West domain, 
consisting of Greywacke Units D and E, and Mudstone 
Units C to E; and d) newly added isolated lodes Northwest 
Breccia, Central East Lode and Far East.  

Grades were interpolated into the model using ordinary 
kriging and using the process of dynamic anisotropy 
whereby a search ellipse is defined for each block, 
allowing the undulating nature of the mineralisation (such 
as around folded units) to be reflected in the modelling. 
Oxidation boundaries were treated as soft boundaries as 
there is no apparent correlation between oxidation and 
gold grades.  

Resource classification was made considering data 
quality, data distribution, and geological and grade 
continuity. The resource is classified as indicated category 
for all of Tally Ho, three of the 11 lodes at Fountain Head 
East, and the central parts of Fountain Head West. The 
rest of the resource is inferred category due to a large 
percentage of drill data being historic in some parts; 
sampling quality control data was not routine in historic 
drill programs (prior to 2004). These areas were also 
inaccessible to PNX drilling as they lie directly beneath 
the existing pits. 

At a smaller scale than is required for resource 
block modelling, an attempt was made to interpret the 
mineralisation style for every sample having gold assays 
>1 ppm by assigning unique codes for every interpreted 
feature or vein in the ~82 000 m drillhole dataset. The lower 
grade (1–2 ppm) bedding-concordant veins or contacts 
were found to have good continuity, often extending around 
100–200 m with good confidence. This continuity was 
also seen in targeted PNX drilling. These veins were then 
able to be filtered out from the crowded drillhole dataset, 
making other mineralisation styles and structures stand 
out. All core photos, historic and recent, were checked for 
breccias, whether mineralised or unmineralised, and each 
was given a unique code. This enabled detailed modelling 
of the breccias, highlighting some likely offsetting faults. 
The apparently discontinuous mineralisation often 
mentioned in past work at the Fountain Head Project is 
probably partly due to gold-bearing structures not being 
fully mapped, or not having a short enough drill spacing 
to enable confident correlation.  

Evidence for a northeast-trending fault apparently 
truncating the Fountain Head and Tally Ho deposits 
on the eastern side include: a) offset of the Fountain 
Head Anticline fold axis interpreted by both PNX and 
Zapopan Mining; b) lineaments in aerial imagery, 
airborne magnetics, and topographic expression; c) abrupt 
termination in gold content, lithology and alteration; 
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d) core logging observations; e) water issues encountered 
during drilling; and f) possible fault drag suggested by 
2020 lode wireframes. It is currently unclear if the northeast 
faults were originally a source for gold redistribution, 
then later reactivated and further displaced; however, no 
mineralisation or alteration appears coincident with these 
faults.

Future work

During 2021, PNX plan to continue near-mine 
exploration drilling with a number of targets. The Far 
East prospect represents the northeast fault-displaced 
eastern continuation of the Fountain Head Anticline; 
it shows signs of high-grade, bedding-concordant 
mineralisation and only has been sparsely tested by 
drilling. The Banner prospect is a tightly-folded zone of 
the western continuation of the anticline that displays 
signs of breccias and alterations similar to the rest of the 
Project area; high gold grades have been encountered 
directly beneath a chert bed in the hinge – the tight fold 
may be due to fault drag near a northeast-oriented fault 
interpreted nearby. The Northwest Breccia prospect is 
a sign that mineralisation can be found on the northern 
limb of the anticline, predictably following the modelled 
breccia planes – although solitary and thin, it is hoped the 
trend improves further north into an untested area, which 
was also modelled as an area containing the favourable 
Greywacke D unit. 
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Introduction

Exploration under cover is widely acknowledged as 
being profoundly more challenging than exploration for 
near surface deposits. As the depth of cover increases, 
exploration becomes increasingly reliant on deep-
looking geophysics and application of geological models, 
combined with comprehensive analysis of sparse drill 
data and samples. In this context, access to all available 
information on the expression of known deposits in a 
given region is crucial. Access to such information allows 
explorers to interpret their new exploration results with 
reference to the geochemical, mineralogical, textural and 
petrophysical expressions of known deposits in the region, 
potentially allowing recognition of subtle indicators of 

haloes and vectors which may guide further exploration 
and allow the prioritisation of multiple prospects. Ideally, 
this information should be made available to explorers in a 
form in which they can analyse and interpret all available 
data in their correct three-dimensional context.

The Rover field lies to the southwest of the Tennant 
Creek mineral field, and the prospective parts of the field 
are almost entirely under cover (Figure 1). Regional 
solid geology and 3D data (Valenta et al 2020b), as well 
as exploration data and interpretations for the Rover 1 
(Gunter et al 2020a), Explorer 108 (Gunter et al 2020b) 
and Explorer 142 (Gunter et al 2020c) prospects have been 
compiled in a 3D GIS and PDF atlas format in order to aid 
explorers in the interpretation of their exploration datasets 
and formation of exploration targets in this region. 

A program of Deposit Atlas compilation has also 
commenced for the Tennant Creek mineral field with atlases 
being released to date for White Devil (Esser et al 2020a) 
and Warrego (Esser et al 2020b).

Figure 1. Summary of the Rover field regional solid geology interpretation over a base 1VD aeromagnetic image. Boxes show locations 
of 3D compilations. Stratigraphic unit codes are as per the 1:500 000 Tennant Creek interpreted geological map (Donnellan and Johnstone 
2004). Released and planned atlases are highlighted in white and yellow callouts respectively.
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Solid Geology – Rover region

The geology of the Warramunga Province has been well 
summarised in Donnellan (2013) and Huston et al (2020). 
A newly-released solid geology interpretation (Valenta et al 
2020b) has made use of all available open file magnetic 
and gravity datasets to produce a detailed structural and 
geological framework for the region hosting the Rover 
mineral field. Even though geochronological studies (Huston 
et al 2020) show that the volcano-sedimentary sequence 
hosting the Rover field is broadly coeval with the Tennant 
Creek Supersuite granites at ca 1850 Ma, it appears that the 
sequence has recorded a very similar deformation history to 
that of the Tennant Creek mineral field. The (ca 1850 Ma) 
Tennant Event is interpreted to have affected the rocks in 
the Rover field. The magnetic alteration associated with this 
event obscures stratigraphic relationships and, in combination 
with the extensive cover, prevents resolution of macro-scale 
folding and most structures associated with the event. 

In the Rover 1 and Explorer 142 areas, shearing 
interpreted to be associated with the Tennant Event strikes 
east–west (Leggo et al 2019). The event may be represented 
at map-scale in the Rover field by the large, complex shear 
zone that extends from 8.5 km southeast of Rover 1 eastwards 
~60 km, where it separates the Warramunga Formation 
in the Mount Figg area from the Junalki Formation to the 
north of the structure, and is terminated by a later, ductile 
northwest trending structure that appears to be a part of the 
post-1790 Ma Davenport Event. 

Folds of the younger Davenport Event are clearly 
traceable in magnetic units of the Hatches Creek Group 
on the southern and eastern margin of the Rover field, 
with axial planes trending generally west-northwest. In 
the magnetically-altered units of the Rover field, these 
folds are not readily recognisable; instead, both ductile and 
brittle west-northwest- to northwest-trending structures are 
observed, likely associated with this event. 

A large number of non-stratigraphic magnetic units 
occur in the area of the Rover field, some of which have been 

tested by drilling and shown to be related to introduction of 
hydrothermal magnetite and associated base and precious 
metal mineralisation. Many additional such signatures have 
not been tested, providing encouragement for the possibility 
of further exploration success in the region given that not 
all of the mineralised systems in the Tennant Creek mineral 
field are associated with the strongest magnetic signatures 
(Donnellan 2013). Discoveries such as Prominent Hill in the 
Gawler Craton and Jericho in the Mount Isa region provide 
additional encouragement for the testing of less magnetic 
indicators of Fe-oxide alteration.

Rover Field Deposits

The main characteristics relevant to exploration for 
Rover 1, Explorer 108 and Curiosity, and Explorer 142 are 
summarised in Table 1. 

Table 1 is best reviewed in conjunction with the 3D 
datasets compiled in Gunter et al (2020a, b, c). The deposits 
are mostly hosted in metasediments and show similar 
structural characteristics to the Tennant Creek deposits in 
terms of assemblages of alteration and mineralisation, metal 
associations, and mineralisation style. All the copper- and 
gold-dominated deposits show coincident highs in magnetic 
and detailed gravity datasets. Although they do not have 
bullseye electromagnetic responses, all of the ironstone-
hosted deposits lie at the boundary between conductive and 
non-conductive domains in the Helitem response, which 
suggests an area-scale redox control on the localisation of 
mineralisation. Lead-zinc mineralisation at Curiosity is 
significantly different, showing an association with silica 
dolomite alteration and a high chargeability signature 
without strong gravity and magnetic expression.

Tennant Creek Deposits

A program of Deposit Atlas compilations has also 
commenced for the Tennant Creek Mineral Field (Esser 
et al 2020a, b). This program is expected to continue in 

Table 1. Characteristics of major Rover mineral field prospects.
Prospect Rover 1 Explorer 108 (-Curiosity) Explorer 142
Cover depth 130 m 180 m 190–210 m
Cover 
characteristics

recent sediments and flat-lying 
Cambrian siltstones, dolomitic 
siltstones, dolomites, sandstones and 
conglomerates of the Wiso Basin; 
mineralisation 200 m below basement 
contact.

recent sediments and flat-lying 
Cambrian siltstones. Zone of anomalous 
copper (>500 ppm) immediately above 
basement contact

recent sediments and flat-lying Cambrian 
siltstones, mudstones, dolomitic 
siltstones, dolomites, and sandstones of 
the Wiso Basin

Metals Au-Cu-Ag-Bi-Co Zn-Pb-Ag-(Cu) Cu-Au-(Bi)
Host rock fine grained sedimentary sequence: 

hematitic shales, laminated ironstones, 
cherty siltstones

sandy siltstones, felsic volcanic units hematitic metasediments including 
greywackes, sandstones, siltstones, 
jaspilite, chert and ironstone

Alteration 
assemblage

magnetite-quartz-hematite-chlorite 
(carbonate)

dolomite-chlorite-talc-silica-magnetite-
hematite

hematite

Mineralisation 
assemblage

chalcopyrite-bismuthinite-pyrite-gold sphalerite-galena-pyrite-(chalcopyrite) chalcopyrite-bismuthinite-pyrite-gold

Mineralisation 
style

veins, breccias, stringer zones domains or veins of semi-massive 
sulphides, sub-vertical shear hosted

locally, mineralisation occurs within a 
20 m wide, sub-vertical east-west striking 
hematitic shear that continues over a 
distance greater than 400 m (Leggo et al 
2019) 

(continued on next page)
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2021 (Figure 1), assembling information from published 
data, open file reports, other company datasets, and regional 
syntheses (eg Hill et al 2015)
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Table 1. Characteristics of major Rover mineral field prospects.
Prospect Rover 1 Explorer 108 (-Curiosity) Explorer 142
Mineralisation 
timing

no direct dating, but appears synchronous 
with Tennant Creek mineralisation; likely 
to be 1835–1830 Ma

no direct dating, but appears synchronous 
with Tennant Creek mineralisation; likely 
to be 1835–1830 Ma

SHRIMP U–Pb zircon dating of an 
immature mass flow volcaniclastic (part 
of the mineralised sequence) intersected 
in drill core at Explorer 142 yielded a 
weighted mean 207Pb/206Pb age of 1798 
± 5 Ma (Smith 2001); suggests younger 
mineralisation

Structural setting brittle-ductile shear, steeply dipping high strain zone in north-northwest-
striking anticlinal asymmetric fold

sub-vertical east-west high strain shear 
zone on southern limb of anticline

Structural control nearly east-west shear immediately to 
the north of (and synthetic to?) a 30 km-
long regional west-northwest shear, 
which separates sediment-dominated 
package to north from metavolcanic 
package to south

no obvious regional control; local 
control appears to be a north-northwest-
trending antiformal closure, with 
mineralisation in hinge and steep 
eastern limb

the near vertical shear is interpreted to 
have formed along the southern limb 
of an anticline during a north-south 
shortening event

Geophysical 
expression

coincident gravity and magnetic high; 
no clear Helitem expression, although 
on boundary between conductive and 
non-conductive domain

E108 - coincident magnetic and 
detailed gravity high; no clear Helitem 
expression, although on boundary 
between conductive and non-conductive 
domain; Curiosity - anomalous 
chargeability

coincident gravity and magnetic high; 
no clear Helitem expression, though on 
boundary between conductive and non-
conductive domain

Alteration halo Leggo et al (2019) note zones of 
chlorite, silica, dolomite and talc 
extending up to 50 m away from 
ironstone bodies; they also note white 
mica alteration extending a further 
50 m outside of the shear zones 
hosting mineralisation; halo zone 
with widespread anomalous copper 
(>1000 ppm) up to 200 m away from 
>0.5% Cu shell

widespread outer sericite and inner 
chlorite-talc alteration, dimensions not 
well specified but apparently extensive; 
Pb-Zn extensive and intense silica 
dolomite breccia; extensive zones of 
anomalous copper (>1000 ppm) in 
regional drilling

similar to Rover 1; zones of strongly 
anomalous copper up to 1000 ppm occur 
in 100 m envelop around mineralised 
body
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Introduction

Castile Resources Pty Ltd’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 
sulphide mineralisation systems. Tenements ELR29957 
and ELR29958 contain the high-grade Rover 1 IOCG 
resource, and EL27039 covers the Explorer 108 resource 
[interpreted as a Mount Isa Pb-Zn-Ag (Cu) analogue] and 
the Explorer 142 IOCG prospect. 

This article presents new data collected during the 
2021 field season from drillholes targeting the Jupiter 
zone of the Rover 1 IOCG deposit. Mineral mapping was 
performed on drill core by Corescan Pty Ltd using Short 
Wave InfraRed (SWIR) spectroscopy and high-resolution 
photography to further understand the controls on and 
evolution of gold and copper mineralisation at Rover 1. 
The data collected was processed using Corescan’s 
proprietary software to produce digital, located mineral 
species maps and mineral abundance logs to integrate 
with geochemical data. 

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

Figure 1. Rover Project tenure and advanced prospects over TMI.
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rocks of the Tennant Region to the east and west respectively. 
The Palaeoproterozoic Aileron Province occurs to the south 
of the area; the contact with Tennant Region is obscured by 
the Georgina and Wiso basins.

Known outcrop of the Warramunga Province is 
approximately centred on the township of Tennant Creek 
and contains 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 about east–west-oriented, open, upright 
axes. They exhibit a well-developed axial-planar slaty 
cleavage developed 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 target 
in the region. 

Volcano-sedimentary rocks of the Ooradidgee Group 
(ca 1850–1820 Ma) unconformably overlie the Warramunga 
Formation and its correlates, extending to the south and 
into the adjacent Davenport Province. Palaeozoic rocks 
of the Wiso Basin unconformably overlie the Proterozoic 
sequences of the Tennant Region to the west. These basin 
rocks are largely covered by a thin veneer of unconsolidated 
Cenozoic cover.

Local geology

The Rover Project area is entirely covered by Quaternary 
sediments blanketing extensive flat-lying Cambrian 
siltstones, dolomitic siltstones and dolomites 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 in excess of 200 m in the west. 
Outcrops of the Woodenjerrie Beds, the Junalki Formation 
(both age correlatives of the Warramunga Formation), the 
Ooradidgee Group, and the Hatches Creek Group, with 
minor granite and porphyry, have been mapped 20 km east 
of EL25511. 

While Warramunga Formation rocks do not outcrop 
in the project area, Castile geologists have correlated the 
metasedimentary rocks observed in drill core at Rover 1 
and Explorer 142 prospects to characteristic Warramunga 
Formation sequences that host IOCG deposits around 
Tennant Creek. In addition, the magnetic signature of the 
area is similar to the response seen from the Warramunga 
Formation further northeast, although subdued due to the 
Wiso basin coverage. The magnetic response suggests 
that the Warramunga Formation extends westwards under 
the Wiso Basin over an area in excess of 1000 km², likely 
representing a lateral continuation of the original basin and 
later orogen.

Mineralisation

The metallogenic model that applies to IOCG deposits of 
the Tennant Creek mineral field also applies to the Rover 
field. The presence of abundant ironstone and extensive 
alteration, in conjunction with high order structures and 
associated copper-gold mineralisation, provides indirect 
evidence that the host rocks of the Rover field IOCG deposits 
correlate with the Warramunga Formation.

Rover 1 and Explorer 142 conform closely to typical 
Tennant Creek-style IOCG mineralisation. Both deposits 
have structurally-controlled, intense magnetite-quartz-
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 sulphide phases infilling breccia zones 
and chloritic shears within and bounding the ironstone 
bodies. Gold mineralisation is mostly sited in the lower, 
chlorite dominant ‘root’ zone of the system (Figure 2).

Alteration mapping of Rover 1 mineralisation using 
SWIR

A pilot study into the alteration assemblages observed at 
Rover 1 was commissioned to understand the different 
phases of metal mineralisation and the overall evolution 
of the deposit. SWIR has been used extensively in the 
past decade to aid mineral mapping on the deposit scale 
(Thompson et al 2009), mostly by portable spectrometers 
such as the PIMA-II or Terraspec instruments. More 
recently, automated instruments capable of fast, bulk 
scanning of core or chip trays have become available. 
These machines are able to scan samples in minute detail 
and provide important spatial context to the sampled 
mineral assemblages through advanced computational 
post-processing using established diagnostic absorption 
features (Laukamp 2011).

SWIR spectroscopy was determined to be particularly 
useful at Rover 1, being able to differentiate carbonate 

Figure 2. Rover 1 - Jupiter ironstone showing location of 
20CRD001 and zone of gold mineralisation.
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species, Mg/Fe chlorite members, iron oxide species, 
sulphides and silica species (jasper, chert and quartz), all 
of which are associated with Tennant Creek Style IOCG 
mineralisation.

Methodology

Core selected for the investigation was chosen based on 
assay results to define mineralised material. Cut core 
from 20CRD001 and 20CRD002 (125.13 m) was cleaned, 
securely packed and sent to Corescan Pty Ltd in Ascot, 
Western Australia. Scanning commenced in November 
2020 using the Corescan® Mark 4.1 hyperspectral core 
imaging system (Corescan HCI-4.1, Table 1), consisting of 
a high-resolution digital camera (~25 μm spatial resolution), 
an imaging spectrometer at ~500 μm spatial resolution (~514 
bands across 450–2500 nm) and a laser profiler (~15 μm 
height and ~50 μm spatial resolution). The three datasets are 
co-registered and georeferenced using depth information 
obtained from core blocks and other annotations.

The hyperspectral datasets were processed by Corescan’s 
experienced spectral geology team using the company’s 
proprietary software, Chameleon™, which uses best-fit 

algorithms that compare the spectral signature taken from 
the sample with spectral reference libraries. 

Mineral compositional parameters (eg cation 
substitutions, crystallinity) were calculated for the 
relevant mineral groups. Mineral occurrence and spectral 
parameter images at ~500 μm spatial resolution were 
generated and made available for viewing in Coreshed®, a 
cloud-based drillhole data viewing application.

Mineral logs for the processed data were calculated at 
both 25 cm and assay interval scales, and output in text file 
(csv) format. These mineral logs include relative abundances 
of minerals, as well as spectral parameters such as mineral 
composition, crystallinity and mineral sub-speciation 
proportions.

Results

The processed output included base imagery (core 
photography and spectral imagery), mineral occurrence and 
composition maps, and a combined mineral classification 
map. Numerical logs of relative proportions were also 
provided to integrate into the Rover Project drillhole 
database. The Coreshed application was used to interrogate 
the collected imagery, allowing multiple side-by-side 
comparisons of photography and mineral maps, integrated 
with geochemistry. Individual mineral groups and their 
interaction are discussed below.

Iron oxide species mapping

Iron oxide 900–1000 nm Fe2+/3+ wavelength was plotted 
against gold results and core photography (Figure 3). The 
spectra is able to discriminate specularite from magnetite, 
which is particularly helpful at fine grain sizes. Gold 
mineralisation is clearly associated with a highly brecciated 
and altered zone in ironstone (Figure 3: A) and the transitional 
‘root’ zone of the ironstone body (Figure 3: B, C). 

Table 1. Corescan™ HCI-4.1 capabilities.

Figure 3. Iron oxide 900–1000 nm Fe2+/3+ spectra comparison with gold (ppm) results and core photography.
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Combining mineral spectral maps into a mineral 
classification map provided valuable relational information, 
allowing recognition of mineral and rock textures. In 
Figure 4, textures and the relationship between iron oxide 
minerals are masked by similar colours and hues. The 
mineral classification map (Figure 4: A) clearly shows 
micro brecciated magnetite ironstone (grey) that has been 
partially replaced by specularite (lilac). An alteration front 
is apparent through the very fine grain, mixed magnetite-
specularite mineral zones (blue). Sulfides are almost entirely 
associated with zones of complete specularite replacement, 
manifesting as blebs and as ladder veins oriented with pre-
existing fractures. A zone containing relict jasper (red) and 

chert (purple) fragments (502–503.2 m) has been almost 
entirely replaced by specularite. The false colour spectral 
image (Figure 4: C) displays a more complicated evolution 
for this area, showing specularite veins overprinting the 
earlier replacement event.  

Chlorite mapping

Chlorite 2340 nm wavelength was plotted against gold 
results and core photography (Figure 5). The spectra 
clearly highlights the brecciated metasediments in the 
‘root’ zone (Figure 5: B) and footwall (Figure 5: C). High 
tenor gold mineralisation is associated with the chloritic, 

Figure 4. Mineral classification map of 
20CRD001 Tray 126: 501.5–505.1 m.

Figure 5. Chlorite 2340 nm spectra comparison with gold (ppm) results and core photography.
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brecciated metasediments in the root zone; however, this 
does not extend to the footwall or the mineralised zone 
within the main ironstone body (Figure 5: A), indicating 
a different alteration mineral assemblage is associated with 
gold deposition.

Carbonate mapping

Ca-Mg Carbonate 2340 nm and Fe Carbonate 2340 nm 
wavelengths were plotted against gold results along with 
carbonate mineral composition logs and core photography 
(Figure 6). The spectra highlight bands of calcite-rich 
(10%) ironstone in the upper part of the zone. Inspection 
of the high-resolution photography reveals rock textures 
suggesting these bands represent reworked and sheared 
calcite vein stockwork zones within magnetite-dominant 
ironstone (Figure 7). The ironstone-hosted dolomite 

and ankerite zones coexist as dolomite-rich rims around 
accumulations of ankerite (Figure 8). The relationship 
to iron oxide minerals suggests these carbonate phases 
are related to the alteration event resulting in ironstone 
formation. Within the ‘root’ zone, ankerite veining is 
related to a late brittle deformation event, appearing to 
postdate the main sulphide mineralisation event, cross-
cutting massive pyrite and chalcopyrite. The related fluids 
appear to have also remobilised some chalcopyrite into the 
ironstone.

Sulphide mapping

Sulphide species were identified and separated into 
spectra maps and abundance logs. Sulphide grain size and 
interaction textures with surrounding minerals resulted 
in several ‘mixed’ groups: pyrite-chalcopyrite, sulphide-

Figure 6. Carbonate 2340 nm spectra and composition logs compared with gold (ppm) results and core photography. Refer to Figure 5 
for gold grade legend.

Figure 7. Reworked calcite stockwork in ironstone. 20CRD001 475.1–481.1 m.
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magnetite, and sulphide-specularite. In these cases, 
diagnostic spectra are overprinted due to individual mineral 
phases being smaller than the resolution of the detector.  
Despite these mixtures, what can be seen is a correlation 
between sulphide concentration and high tenor gold grades 
(Figure 9). Of particular interest is the correlation between 
the fine grained, mixed sulphide abundance logs (Figure 9: 
column 6) and gold grades (Figure 9: column 3).

Compiled mineral maps

The compiled mineral maps provide additional support to 
visual logging, particularly in the gold zones comprised of 
multiple dark, fine grained mineral phases. The following 
figures show a comparison of the mineral maps against 
core photography.

Figure 10 shows a section of magnetite ironstone 
that has been completely pseudomorphed by sulphides 
and specularite. This assemblage has then been brittle 
fractured, and infilled with Fe-chlorite and chalcopyrite 
veins. The high-resolution core photography replicates 
and even exceeds magnification factors from commonly-
used hand lens employed in core logging. 

Figure 11 shows a section of highly silica-altered 
metasediment that has been partially altered to jasper 
along bedding. The jasper has been preferentially 
replaced by magnetite ironstone. A later brittle 
deformation stage has resulted in chlorite-chalcopyrite-
quartz vein fill. As noted above, the high-resolution core 
photography replicates and even exceeds magnification 
factors from commonly used hand lens employed  in 
core logging.

Figure 8. Magnetite-silica ankerite-dolomite ironstone. 20CRD001 487.9–494.1 m.

Figure 9. Sulfide spectral map and phase abundance logs for 20CRD001. Refer to Figure 5 for gold grade legend.
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Conclusions

Core scanning utilising shortwave infrared (SWIR) 
spectroscopy on core collected from Rover 1 during the 2020 
field season was completed using the Corescan Mark 4.1 
hyperspectral core imaging system. The system generates 
high resolution, spatially-referenced core photography, 
mineral spectra maps, and mineral abundance logs. This 
information is integrated with geochemistry within a web-
based application to allow visual interpretation of metal and 
mineral relationships over extensive sections of mineralisation 
and host rocks. The process is a quick and cost-effective 
method of mineral identification when compared against 
standard point techniques, providing a holistic but detailed 
overview of alteration and mineralisation zonation. The 
method may prove to be very useful in identifying vectors to 
economic mineralisation in ‘near miss’ exploration drillholes.
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Introduction 

The Warramunga Province (central Northern Territory) has 
a history of exploration and production of copper–gold–
bismuth mineralisation from ironstone-hosted deposits of the 
Warramunga Formation in the outcropping Tennant Creek 
mineral field (Figure 1). By comparison, the Rover field, 
located 80 km southwest of Tennant Creek, is entirely covered 
by 70–200 m of Wiso Basin sedimentary rocks such that the 
basement stratigraphy is poorly understood. Nevertheless, 
geophysical interpretation has guided explorers to the 
discovery of three significant mineral deposits: Rover 1, 
Explorer 142 and Explorer 108. Rover 1 has mineral resources 
of 6.9 Mt at 1.74 g/t Au, 2.07 g/t Ag, 1.2% Cu, 0.14% Bi, 
and 0.06% Co (Leggo 2019), plus several defined targets 
hosted in basement rocks. Two of the deposits, Rover 1 and 
Explorer 142, have similar characteristics to the iron–oxide–
copper–gold (IOCG) deposits of the Tennant Creek mineral 
field (Leggo 2019 and references therein). The Explorer 108 
lead–zinc–silver–copper deposit (inferred category mineral 
resource of 8.7 Mt at 5.6% combined Pb and Zn, 20 g/t Ag, 
and 0.3 g/t Au; Leggo 2019) and the nearby Curiosity prospect 
indicate potential for large base metal systems in the Rover 
field. Given this potential, the Northern Territory Geological 
Survey (NTGS) under the Resourcing the Territory initiative, 
in collaboration with Geoscience Australia, are undertaking a 
range of projects to improve understanding of the geological 
framework and resource potential of the Rover field and 
broader implications for prospectivity of the Warramunga 
Province (eg Huston et al 2020).

Recent work, in collaboration with the Sustainable 
Minerals Institute of the University of Queensland (Gunter 
et al 2020a–c, Valenta et al 2020) and with Geoscience 
Australia under the Exploring for the Future initiative 
(eg Hackney et al 2020), indicates 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). This is in contrast to 
previous interpretations that the mineralisation in the 
Rover field was hosted entirely in Warramunga Formation 
(Donnellan 2013, Walters 2017, Leggo 2019). Herein, we 
present new petrological, geochemical, structural, and 
chronologic data that augments previous work and further 
characterises the basement stratigraphy of the Rover field 
and its mineral systems, with a focus on the base metal 
deposit at Explorer 108 and Curiosity (Figure 1). 

Geological setting 

The Rover field is located in Warramunga Province 
(Figure 1) of the Palaeoproterozoic North Australian Craton 

(Myers et al 1996, Cawood and Korsh 2008), which extends 
across most of the northern Australia and underlies around 
80% of the Northern Territory. The Warramunga province is 
unconformably overlain by the Palaeo- to Mesoproterozoic 
Davenport Province in the south, and in the north by the 
Palaeo- to Mesoproterozoic Tomkinson Province (Donnellan 
2013 and references therein). To the east, there is the younger 
Neoproterozoic- to Palaeozoic Georgina Basin and to the 
west, the dominantly Cambrian Wiso Basin. 

The Warramunga Formation and correlative Junalki 
Formation and Woodenjerrie beds represent the oldest 
rocks in the Warramunga Province, deposited before the 
ca 1860 Ma4 (Compston and McDouglas 1994, Compston 
1994, 1995, Ahmad and Munson 2013, Donnellan 2013, 
Maidment et al 2013). Ironstones within the Warramunga 
Formation hosts most of the copper–gold–bismuth 
mineralisation in the Tennant Creek mineral field. 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 ironstone’ (Donnellan 2013; Huston et al 2020 
and references therein). 

The Warramunga Formation and its equivalent sequences 
were affected by the tectono-magmatic ca 1860–1850 Ma 
Tennant Event (Donnellan and Johnstone 2004). This event 
resulted in extensive syn- to post-tectonic magmatism 
(Tennant Creek Supersuite) and regional D1 shortening 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 that vary upward from 
deep-water to sublittoral/littoral and finally fluviatile 
facies (Donnellan 2013). Donnellan (2013) recognised 
three volcanic episodes in the Ooradidgee Group. The 
oldest, at ca 1850 Ma, is represented by the Monument 
and Yungkulungu Formation, and the 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.

4 Ages reported here are SHRIMP U–Pb zircon ages unless 
otherwise indicate
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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 relative to the Tennant Creek mineral field. 

The Davenport Event resulted in the folding of 
Ooradidgee Group and most likely overprinted the 
Tennant Event deformation in the Warramunga Formation 
(Donnellan 2013). This phase of deformation is 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 
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of concentric folding overprint the Ooradidgee and Hatches 
Creek groups (Blake et al 1987): a first folding event that 
resulted in northwest-trending folds; this was superimposed 
by a second event with northeast-trending folds.

The Rover field

The nature of the basement in the Rover field has been a 
matter of discussion. Donnellan (2013), Walters (2017), 
and Leggo (2019) interpreted the Rover field basement to 
be composed of weakly metamorphosed Warramunga and 
Junalki formations imbricated with the younger Ooradidgee 
Group. Recent work by Valenta et al (2020) interpreted the 
basement to be mostly post-Tennant Event Ooradidgee 
Group. The interpretation of Ooradidgee Group in the Rover 
field is mainly based on the felsic volcanic and volcaniclastic 
nature of the rocks and the geochronology reported by 
Smith (2001), Maidment (2013) and Huston et al (2020). 

The Rover field hosts three major deposits with mineral 
resources reported in accordance with the JORC code: 
The Rover 1 and Explorer 142 (copper–gold–bismuth), and 
Explorer 108 (lead–zinc–silver–copper). There are several 
other prospects. Curiosity is a satellite prospect with lead–
zinc–copper mineralisation located ~1.3 km southeast 
of Explorer 108. The recent work by Valenta et al (2020) 
summarises the current understanding of the three main 
deposits. 

The sequence that hosts mineralisation in Explorer 
108 is described in Savage (2020) as a folded volcano-
sedimentary sequence. Burke (2015) describes two main 
horizons of volcaniclastic rocks, the lower and upper units, 
both comprising volcaniclastic sandy siltstones, separated 
by a 100–150 m thick felsic volcanic unit. Leggo et al 
(2019) interpreted that the mineralisation in Explorer 108 
is hosted in brecciated dolomite on top of a sedimentary 
siliciclastic package. The dolomite, mineralisation, and 
siliciclastic rocks are in between a ‘lower and upper 
felsics’ (felsic volcaniclastic rocks). Mineralisation at the 
Explorer 108 deposit consists of overlapping lead–zinc–
silver zones hosted in volcaniclastic sequences, closely 
associated with dolomitic breccias near the unconformity 
with the Wiso basin. There is also remobilised secondary 
copper mineralisation hosted in the Wiso basin close to the 
unconformity (Leggo 2019). The nature of the overlapping 
zones of lead, zinc, and silver, and their relationship with 
the dolomite breccia remains somewhat unclear (Valenta 
et al 2020). All resources are reported together in Leggo 
et al (2019).

Methodology

To characterise the stratigraphy of the Rover field, 13 key 
mineralised and 7 unmineralised drillholes from the NTGS 
core repository and Castile Resources Limited’s core 
farm were re-logged and sampled for a range of analytical 
techniques (Figure 1). Techniques used include petrology, 
whole rock geochemistry, mineral liberation analysis 
(MLA) mineral mapping, and hyperspectral logging. 

The petrology, geochemistry and geochronology results 
from Curiosity prospect drillholes MXCURD001 and 
MXCURD002 are presented and discussed in Huston et al 
(2020). The rest of the drillholes were logged and sampled 
during 2020. The reader is referred to Farias (in prep) for 
details on petrology and comments on the NTGS-owned 
drillholes. 

Regional stratigraphy

Unmineralised drillholes from regional Rover field 
(Figure 1), mineralised drillholes from Explorer 108, 
Rover 1 and Explorer 142 deposits, and one drillhole 
from the Bluebush area (Table 1) were re-logged and core 
samples were collected for petrographic analysis. Herein 
we follow terminology from McPhie and Allen (1993) for 
volcanic rocks. 

The basement rocks in unmineralised holes are mostly 
volcanic and volcaniclastic of variable bulk mineralogy 
and composition (Figure 2). The Rover 1 and Explorer 142 
deposits and the Curiosity prospect are hosted in 
siliciclastic, turbiditic packages (Figure 2d). In summary, 
the intersected rocks in the Rover field are grouped into four 
packages:

1. Drillholes R2ARD17, T3/2, RVDD0001 and RVDD0002 
in the eastern part of the field intersected mostly coherent 
flow-banded feldspar-phyric dacite, porphyritic and 
glomeroporphyritic dacite and andesite interlayered with 
minor rhyodacitic volcaniclastic sandstones. Drillholes 
R2ARD17 and RVDD0002 intersected 20–25 m of 
quartz-feldspar porphyritic intrusions.

2. Drillhole R27ARD18, Explorer 108 drillholes and the 
top half of the Curiosity drillholes (~250–450 m depth 
in MXCURD001 and MXCURD002; Huston et al 2020) 
in the northern and western parts of the Rover field are 
dominated by fine- to very-coarse grained, immature 
polymict volcaniclastic sandstone with intervals of 
rhyolitic lavas. 

Table 1. Drillholes logged and sampled for this study with details of their location and current custodians.

Area Drillholes Source

Regional Rover field, 
unmineralised drillholes

WGR3D001, R27ARD18, R2ARD17, T3/2, RVDD0002, 
RVDD0001

NTGS core repository

Bluebush TDD01 NTGS core repository

Rover 1 WGR1D011, WGR1D002, WGR1D003-1, WGR1D034 Castile Resources 

Explorer 142 DDH3, DDH4, DDH5, NR142D001 Castile Resources

Explorer 108 NR108D002, NR108D024, NR108D026 Castile Resources

Curiosity MXCURD001, MXCURD002 NTGS core repository
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3. Drillholes WGR3D001 and TDD01 in the northern part 
of the Rover field and into the Bluebush area respectively 
(Figure 1) include mafic volcanic rocks. WGR3D001 
intersected two 10–20 m thick clinopyroxene basalt 
horizons hosted in rhyolitic and rhyodacitic coherent 
rocks on top of a rhyodacitic volcaniclastic sequence. 
TDD01 intersected mostly high-Mg porphyritic 
actinolite basalt interlayered with minor siliciclastic 
rocks. 

4. The lower section of the Curiosity drillholes and all 
drillholes in Rover 1 and Explorer 142 intersected 
layered siliciclastic rocks with similar characteristics 
to proximal turbiditic facies. The layers are variable 
in thickness, from 2–3 m thick, coarse-grained, 
massive sandstone and greywacke layers to cm-scale 
layers of interlayered siltstone-mudstone from more 
distal turbiditic facies. These rocks are the host of the 
copper–gold–bismuth mineralisation in Rover 1 and 
Explorer 142, and the base metal mineralisation in 
Curiosity. 

Whole rock geochemistry

Whole rock geochemistry of the immature volcaniclastic 
and volcanic rocks confirms the wide range of compositions 
observed in thin section (Figure 3). Coupled with 
geochemical data discussed in Huston et al (2020), the new 
data acquired during this study shows that the volcanic and 
volcaniclastic rocks in Rover field vary from andesite to 
rhyolite, with some outliers from the basalt (WGR3D001) 
and alkali basalt fields (TDD01), (Figure 3a). Andesitic 
and dacitic compositions are dominant in the northern 
and eastern portion of the field, and fractionated rhyolitic 
to rhyodacitic compositions in the western end. The more 
fractionated compositions are similar to that of the plutonic 
rocks of the Tennant Creek Supersuite that crops out in the 
Tennant Creek mineral field. 

Figure 3b shows the variation of composition reflected 
in the immobile element ratio Nb/Ti (representing 
fractional crystallisation of zircon) versus Hf/Zr (magmatic 
fractionation). This diagram seems to better discriminate 
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Figure 2. Examples of the different lithology in Rover field. (a) Sample TC20PGF038, 119 m, from R2ARD17. Feldspar-phyric flow-
banded rhyolitic lava. Transmitted light, plane polarisers. (b) Sample TC20PGF040, 131.8 m, from R27ARD18. Lithic-rich polymict 
volcaniclastic sandstone. Transmitted light, crossed polarisers (c) TC20PGF057, 258.8 m, from WGR3D001. Fine-grained clinopyroxene 
basalt with microphenocrysts of plagioclase and pyroxene in ophitic texture. Olivine? completely replaced by chlorite. The groundmass 
is made by the same plagioclase-pyroxene-chlorite, and rare quartz. Transmitted light with crossed polarisers. (d) Sample GS20PGF084 
at 468.1 m, from MXCURD002. Thinly layered fine- to medium-grained sandstone part of the turbiditic sequence that hosts the Curiosity 
prospect. Chl = chlorite; Cpx = clinopyroxene; Qtz = quartz; Pl = plagioclase.
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the ill-defined clusters from the Winchester and Floyd (1977) 
diagram. In the same figure, the Nb/Ti–Hf/Zr compositions 
from different Tennant Creek Supersuite granites overlaps 
partially on the fractionated volcanic and volcaniclastic 
rocks of the western Rover field. 

Explorer 108 deposit and Curiosity prospect 

Host stratigraphy

Recent petrology confirm the main units interpreted by 
Leggo et al (2019). The upper volcaniclastic unit is dominated 
by a sericite-chlorite-carbonate altered and sheared immature 
volcaniclastic rock. The texture suggests a possible welded 
pumice with eutaxitic texture: 2–5 cm elongated crystal-
rich chlorite-altered pseudoclasts in a fine-grained quartz-
sericite-rich groundmass (Figure 4a). The quartz is typically 
present in the groundmass as 0.1–0.5 mm angular and 
embayed fragmented phenocrysts. Chlorite and carbonate 

are completely replacing a 0.5–1 mm blocky mineral that 
makes about 5–10% of the rock. The lower volcaniclastic unit 
is similar in composition and texture to the large elongated 
crystal-rich chlorite-altered pseudoclasts from the upper unit. 
This unit is more coherent and sheared than the upper unit; 
it is composed of subhedral and typically embayed 0.1–1 mm 
quartz eyes (porphyroclasts, 20–30%) and 0.1–0.5 mm 
subhedral and sericite-altered feldspar porphyroclasts in 
a fine-grained chlorite-sericite-quartz groundmass. The 
quartz porphyroclasts typically have a rim of fine-grained 
recrystallised quartz. The sense of shearing is top-to-east 
(Figure 4b); this is a relative sense of shearing as the samples 
were not taken parallel to the mineral stretching lineation. 

At Curiosity, three broad geological units were 
recognised by Huston et al (2020): a very fine- to fine-
grained, foliated quartz-sericite rock interpreted as a 
volcaniclastic sandstone; very coarse-grained volcaniclastic 
rock with quartz eyes and local feldspar phenoclasts; and 
a massive to moderately bedded, very fine- to medium-
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grained sandstone (Figure 5a). The latter package is the 
host of the mineralisation in Curiosity.

Base metal mineralisation and associated alteration 

The polished thin sections of the mineralised rocks 
in Explorer 108 indicate lead–zinc and minor copper 

mineralisation in a chlorite–talc–carbonate-rich 
altered rock. The alteration is intense and obliterates 
all features of the protolith making its interpretation 
difficult. However, the fragments of less-altered rock 
indicate that protolith material was a fine grained clastic 
sedimentary rock (eg psammopelite) that experienced 
low grade metamorphism, deformation and, in places, 
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strong hydrothermal alteration. In the high-grade samples, 
the intensity of overprinting hydrothermal alteration, 
deformation, and likely metamorphism under low-grade 
conditions, precludes an interpretation of protolith type. 

The mineral paragenesis associated with the alteration 
in Explorer 108 and Curiosity is dominated by chlorite 
(Mg-chlorite), magnetite (partially altered to hematite), 
quartz, and locally, talc-chlorite-carbonate-rich zones. 
The hyperspectral data (shortwave infrared) indicate 
unusually high levels of phengite on top of the main 
mineralised horizon in Curiosity (Smith 2015). Huston et al 
(2020) interpreted a much wider alteration footprint in the 
Curiosity drillholes based on the whole-rock geochemistry 
that indicates sericite and chlorite-talc enrichment across 
the entire drillhole. 

In the high-grade zones of Explorer 108, the sphalerite 
(zinc) is volumetrically dominant (Figure 4c), intergrown 
with galena (lead) and chalcopyrite (copper), and overprinted 
by later euhedral pyrite (Figure 4d). The galena is typically 

composited with chalcopyrite. In the lower grade zones, 
magnetite is partially replaced by hematite, which become 
less common towards the higher grade zones. The sphalerite 
is zoned (Figure 4e) with semi-translucent cores and opaque 
rims (Fe-rich sphalerite). 

The Curiosity prospect, with a similar style but 
lower grade lead-zinc mineralisation, is hosted in 
mature siliciclastic rocks (Figure 5a) in contrast to the 
immature volcaniclastics of the Explorer 108 deposit. 
The mineralised rocks are characterised by folded and 
sheared stratabounded semi-massive sulfides and stringers 
(common at depth, below the main mineralisation). The 
dominant sulfide is pyrite, which occur as disseminated 
and semi-massive agglomerates with magnetite-hematite. 
Magnetite occurs in semi-massive, finely granular 
aggregates (Figure 5b), varying to disseminated, medium-
grained subhedra that commonly replaces and forms 
pseudomorph of carbonate (Figure 5c). Much magnetite 
shows minor replacement by hematite. Pyrite forms 
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semi-massive granular aggregates and disseminations 
and is paragenetically later than magnetite. Base metal 
sulfides (chalcopyrite, sphalerite, lesser galena) form 
irregular to vein-like masses (commonly as composites, 
Figure 5b) that are interstitial to (and paragenetically later 
than) magnetite and pyrite; they are commonly hosted 
in Mg-chlorite and talc (Figure 5b). At depth, some 
metres below the main mineralisation, there are copper-
rich carbonate-quartz stringers and veins (Figure 5d). 
These veins are composited chalcocite and bornite with 
minor chalcopyrite and pyrite. In the siltstone-sandstone, 
detrital pyrite grains are rimmed by chalcocite or bornite, 
and sometimes chalcopyrite (Figure 5a). This suggests 
mineralising fluids or brines reacted with detrital sulfides 
and precipitated part of the metal load.

Structure

The orientation of structural features like foliation, shearing 
planes, and bedding were measured from oriented core 
at the Explore 108 deposit. Figure 6 shows the lower 
hemisphere stereonet projections of the dominant foliation 
and shear zone planes. The orebody and stringer zones in 
Explorer 108 are typically associated with a strong foliation 
marked by the preferred orientation of chlorite and talc. 
The foliation is east–west-trending and steeply south- 
dipping, and less frequently north-dipping, similar to the 
other deposits in Rover field. Overprinting this foliation 
are 5–10 m thick shear zones with a north-south-trending 
and subvertical foliation with ill-defined kinematics. The 
kinematic is unclear as the mineral stretching lineation was 
not identified in the core. Breccias and fault zones (fragile 
regime of deformation) typically overprints all previous 
foliation.

Age of host stratigraphy

Samples of the host stratigraphy were collected from each 
of the main deposits to constrain a maximum timing of 
deposition and timing of volcanism. Rover 1, Explorer 142 
and Curiosity are all hosted in turbiditic packages; Explorer 
108 is hosted in immature rhyolitic volcaniclastic rocks. The 

results are summarised in Figure 7. The three samples from 
the turbiditic packages yielded a maximum depositional 
age (MDA) of ca 1850 Ma, indistinguishable from the 
crystallisation ages reported for the volcanic rocks in 
Rover field (Huston et al 2020). It is important to note that 
the detrital zircon grains from these samples are euhedral, 
suggesting minor transport and close proximity to their 
source.

Explorer 108 and Curiosity model

Structure

The north-trending and sub-vertical shear zones in 
Explorer 108 are also interpreted from gravity and airborne 
magnetic imagery (Valenta et al 2020). In these geophysical 
images, there are north-northwest-trending structures that 
overprint the east–west and west-northwest–east-southeast 
trending structures (D1?) with a clear dextral shear sense 
(Valenta et al 2020). The early east–west-trending structures 
are interpreted to be associated with the ca 1850 Ma 
Tennant Event; they developed contemporaneous with 
similar east–west-trending structures in the Tennant Creek 
mineral field (D1 in Donnellan 2013). The north- to north-
northwest-trending shear zones are interpreted to have 
formed with the northwest- to north-northwest-trending 
structures elsewhere in the Warramunga Province assigned 
to ca 1710 Ma Davenport event (Donnellan 2013). It is 
known that this later tectono-thermal event was associated 
with copper–molybdenum–tungsten mineralisation in 
the Warramunga and Davenport provinces (McGloin 
and Creaser 2019). We interpret that the early east–west-
trending and sub-vertical foliation represents an axial planar 
foliation, similar to other deposits in Rover (Leggo, 2019). 
This foliation is later overprinted by the north- to north-
northwest-trending sub-vertical high-strain zone/s, which 
are only observed at the Explore 108 deposit. Burke (2015) 
interpreted the orebodies in Explorer 108 to be hosted in a 
gentle anticline that trends parallel to the north-northwest-
trending shear zone. We interpret that the folding of Burke 
(2015) and the shearing and faulting/brecciation are part 
of the same progressive shortening event, based on their 

Explorer 108
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Figure 6. Stereonet projections from drillholes in Explorer 108 deposit with foliation and shear zones. 
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orientations, potentially overprinting each other as the area 
changed the P–T conditions. The east–west foliation and 
north–south-trending shearing are partially overprinting 
mineralisation; however, the absolute timing of these events 
are not yet resolved. 

Mineralisation

There are some similarities and differences when comparing 
the Curiosity and Explorer 108 mineralisation. They both 
contain lead–zinc–silver–copper mineralisation, although 
Curiosity has lower grade. They are hosted in different 
rocks and affected by different degrees of strain. Explorer 
108 is hosted in volcaniclastic rocks overprinted by a high-
strain zone, whereas Curiosity is more stratabound and 
hosted in a turbiditic sequence affected by gentle folding 
and shearing. The base metal paragenesis is similar in 

both areas with lead–zinc associated with dolomite and 
chlorite–talc alteration in the main mineralised zone, and 
copper in deeper discrete stringers and veins. The mineral 
paragenesis of the main lead–zinc zone shows that: (i) the 
magnetite replaces and pseudomorphs earlier carbonate; 
(ii) the magnetite is partially altered to hematite; and 
(iii) magnetite and hematite are overprinted by sphalerite 
and galena, which is composited with chalcopyrite. 

Based on geochemistry and mineral paragenesis, it can be 
implied that the protolith probably experienced considerable 
hydrothermal influx of Mg, Fe, S, CO2, Cu, Pb and Zn. In 
addition to that, we consider that the bulk of the mineralisation 
in Explorer 108 has been deposited under relatively oxidising, 
hydrothermal conditions (as indicated by the presence of 
magnetite and paragenetically, later Fe-poor sphalerite and 
hematite, with associated hypogene texture chalcocite-
bornite) and affected by syn -to post-shearing and brecciation.
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Metallogenic models

Based on the metal zonation and large alteration 
footprint, Savage (2020) interpreted the Explorer 108 
and Curiosity as a sediment-hosted massive sulfide 
mineralisation system analogue to the Mount Isa 
lead–zinc–silver–(copper) mineralisation (Valenta 
2018a,b). This model considers the lead–zinc-dominated 
mineralisation at Explorer 108 as the distal phase of a 
zoned mineralisation system, with Curiosity potentially 
being the copper-rich member (Savage 2020). We noticed 
elements that relates to a volcanic-hosted massive sulfide 
system with a large alteration footprint (see Huston et al 
2020 for details on alteration in Curiosity). However, it 
is noted that the mineralisation in Curiosity: (i) is hosted 
in siliciclastic distal facies (eg turbiditic sequence) 
within thin volcaniclastic horizons; (ii) has stratiform 
stratabound mineralisation consisting of stacked lens-
like, concordant, tabular bodies of massive-to- semi-
massive sulfides of thin but continuous laminations of 
pyrite>galena–sphalerite and minor chalcopyrite that 
are conformable to the bedding of the host rock; (iii) has 
a large alteration footprints; (iv) has copper-rich vein-
type stringers in the deeper parts of the deposit; and 
(v) related with (iv), has copper separated from the more 
lead–zinc zones. These are characteristics shared with 
some volcanic-hosted massive sulfide (VHMS) deposits 
(Large 1992 for Australian deposits, and Ohmoto 1996 
for generic descriptions). Explorer 108 and Curiosity 
could represent an altered version of a felsic-siliciclastic-
hosted VHMS (Galley et al 2007 and references therein) 
or an analogue of magnetite-rich VHMS, eg the Archaean 
Gossan Hill deposit in the Yilgarn craton (Sharpe and 
Gemmell 2002). Alternatively, they could represent a 
low-grade form of Broken Hill-type deposit based on the 
predominantly volcanic and volcaniclastic nature of the 
host sequence. 

As noted above, Explorer 108 and Curiosity show 
features that are typical of these VHMS deposits: (i) metal 
zonation, with a lead–zinc zone (low temperature), 
associated with magnetite, on top of a copper-rich 
stringer zone (higher temperature); (ii) potential zone 
refining, typical of these deposits (Ohmoto 1996) 
with high temperature fluids remobilising lead–zinc, 
replacing them with copper minerals where chalcopyrite 
partially replaces sphalerite (chalcopyrite disease in 
sphalerite rims); (iii) framboidal pyrite with chalcopyrite 
suggesting biogenic sulfides formed at the sub-seafloor 
that nucleated later copper mineralisation (Piercey 2010); 
and (iv) alteration mineralogy typical of VHMS, such as 
sericite, phengite, Mg-chlorite, talc, and magnetite. 

The connection between Curiosity and Explorer 108 
is unclear as they could represent different events; 
Explorer 108 could represent the product of epigenetic 
remobilisation of the deeper Curiosity mineralisation. 
However, more studies (eg fluid inclusions, sulfur 
isotopes, sphalerite GGIMF geothermometry) are 
needed to better understand these base metal systems, 
particularly the nature of the mineralising fluids and 
source of sulfur.

About the age of the host sequence in Curiosity, Rover 1 
and Explorer 142

Huston et al (2020) reported crystallisation ages of 
ca 1850 Ma for the volcanic and immature volcaniclastic 
rocks across the Rover field. The volcaniclastic package 
on top of the mineralisation in Curiosity yielded a 
crystallisation age of 1849.3 ± 4.2 Ma (Huston et al 2020). 
These immature volcaniclastic rocks are petrographically 
similar and close to the volcaniclastic rocks that host the 
Explorer 108. We interpret that the 1849.3 ± 4.2 Ma age 
for the immature volcaniclastic rocks from Curiosity is 
also representative of the volcaniclastic rocks that host 
Explorer 108. 

The relatively more mature turbiditic sequences in 
Curiosity, Rover 1 and Explorer 142 yielded a MDA of 
ca 1850 Ma. This age is 10 million years younger than 
the MDA of the Warramunga Formation (Maidment 
et al 2013, Figure 7b). We interpret that the turbiditic 
packages, as well as the volcanic and volcaniclastic rock 
in the Rover field, are all part of the basal Ooradidgee 
Group. The turbiditic rocks are part of the sedimentary 
lithofacies of the Yungkulungu Formation, and the 
volcanic and volcaniclastic rocks are part of the volcanic 
lithofacies of the same formation. These results have 
important implications for exploration in the Warramunga 
Province. The younger Ooradidgee Group, particularly 
the Yungkulungu Formation, is a potential host for 
base metals and copper–gold–bismuth mineralisation, 
opening exploration ground in previously underexplored 
areas. 

The volcanic and volcaniclastic rocks in the Rover field 
may represent the extrusive counterparts of the 1850 Ma 
plutonic rocks of the Tennant Creek Supersuite. This 
interpretation is consistent with the observation that the 
rocks in the Rover field seem to be affected by the same 
tectonic event that folded the packages into east–west-
trending folds in the Tennant Creek mineral field.
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Over the last several years, the Northern Territory 
Geological Survey (NTGS) has been conducting mapping 
projects focused on the central and western parts of the 
Northern Territory’s portion of the Amadeus Basin. Specific 
goals of these projects include refined understanding of 
the structural geology of the region, as well as reconciling 
Neoproterozoic stratigraphic nomenclature between 
the eastern and western Amadeus Basin. The projects 
are now reaching their conclusion and will culminate 
with five new maps: a 1:500 000-scale solid geology 
map covering the western part of the Northern Territory 
portion of the Amadeus Basin (Weisheit 2021), second 
edition 1:250 000-scale geological maps of HENBURY 3 
(Donnellan et al in prep), LAKE AMADEUS (Verdel et al 
in prep) and BLOODS RANGE (Verdel et al in prep), and 
a first edition 1:100 000-scale Henbury Special geological 
map (Donnellan and Normington in prep; Figure 1). The 
1:500 000 map covers ~150 000 km2 (including more than 
half of the total extent of the Amadeus Basin), and the new 
1:250 000 maps cumulatively cover ~50 000 km2. Some of 
the major outcomes from the geological mapping projects 
are summarised below.

West Amadeus Basin 1:500 000 solid geology 
interpretation

The west Amadeus Basin solid geology interpretation 
(Weisheit 2021) covers the central and western parts of the 
NT portion of the Amadeus Basin, parts of the Aileron 
and Warumpi provinces (eg Scrimgeour 2013a and b) to 
the north of the basin, and part of the Musgrave province 
(eg Close 2013) to the south (Figure 1). The map is a solid 

geology interpretation based on previous geology maps, and 
airborne magnetic, gravity and drillhole data. This project 
identified, for the first time, the prevalence of faulting and 
fault-related folding across a large part of the central and 
western Amadeus Basin. Faulting in this region is largely 
attributable to shortening during the late Neoproterozoic to 
Cambrian Petermann Orogeny (eg Raimondo et al 2010) and 
the mid-Palaeozoic Alice Springs Orogeny (eg Haines et al 
2001). The Petermann Orogeny resulted in a north-vergent, 
thick- and thin-skinned fold-and-thrust belt in the southern 
and central parts of the Amadeus Basin. Deformation during 
the Petermann Orogeny was responsible for a series of 
unconformities referred to as the Petermann unconformity 
(an example of the Petermann unconformity is illustrated 
in Figure 2a), which forms an important seismic horizon 
across much of the Amadeus Basin (eg Menpes et al 2018). 
The younger Alice Springs Orogeny was south-directed 
and pervasive in the southern Aileron Province, Warumpi 
Province and northern part of the Amadeus Basin. Some 
Petermann Orogeny structures were reactivated during the 
Alice Springs Orogeny. Both Petermann Orogeny and Alice 
Springs Orogeny structures generally trend northwest–
southeast, and they are cut by a series of northeast–southwest-
striking reverse faults that formed late in the Alice Springs 
Orogeny (Isles and Rankin 2013, Weisheit 2021). Throughout 
the west Amadeus Basin map area, the clearest surface 
evidence for deformation attributable to the Petermann and 
Alice Springs orogenies are northwest–southeast-elongate 
doubly-plunging folds (eg Forman 1963).

Central Amadeus Basin 1:250 000 and 1:100 000 
geological mapping (HENBURY and Henbury Special)

HENBURY lies in the central part of the Amadeus Basin 
(Figure 1), a key region for linking the stratigraphic 
nomenclature of the Neoproterozoic succession used for 
the northeastern part of the Amadeus Basin (eg Areyonga, 
Aralka, Olympic, and Pertatataka formations; eg Edgoose 

Figure 1. Extents of new NTGS mapping projects in the western part of the NT portion of the Amadeus Basin. Background image shows 
shaded relief (Morgan-Wall 2020) of the Amadeus Basin and surrounding area.

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

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

large and small capital letters respectively, eg BLOODS 
RANGE, Henbury.

mailto:charles.verdel@nt.gov.au


AGES 2021 Proceedings, NT Geological Survey

76

Figure 2. Field photographs from the Amadeus Basin. (a) Angular unconformity (‘Petermann unconformity’) between underlying 
Ediacaran Liddle Formation and overlying Ordovician Stairway Sandstone in the southeastern part of LAKE AMADEUS. (b) Domical 
stromatolite of Wallara Formation (formerly mapped as Inindia beds) in HENBURY. (c) Characteristic festoon cross-stratification in 
sandstone of the Cryogenian Limbla Member of Aralka Formation, HENBURY. (d) Quandong Conglomerate, a lower part of Winnall 
Group, HENBURY. (e) Microbially-induced sedimentary structures (Kinneyia) from the Ediacaran Gloaming Formation, HENBURY. 
(f) Clay galls within Gloaming Formation, HENBURY. Hammer is 30 cm long. (Continued on next page).
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2013, Normington and Donnellan 2020) with that used in 
central, southern and western portions (Inindia and Winnall 
beds; eg Wells et al 1963, Jackson et al 1984). Outcrops of the 
former Inindia beds on HENBURY have now been identified 
as belonging to the Tonian Wallara Formation (Figure 2b), 
Cryogenian Areyonga and Aralka formations (Figure 2c), 
and Cryogenian to Ediacaran Olympic Formation/Pioneer 

Sandstone of the northeastern Amadeus Basin. The 
overlying Winnall beds have been subdivided into six 
formations (Quandong Conglomerate, Breaden, Gloaming, 
Froud, Liddle and Puna Kura Kura formations), which 
comprise the new Winnall Group (Figure 2d–f; Donnellan 
and Normington 2017). These strata seem to correlate with 
Ediacaran rocks (eg Pertatataka Formation, Julie Formation 
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northwest–southeast-trending folds described above. The 
Henbury Special 1:100 000 map is thus being prepared to 
illustrate the complexity of this area at a suitable level of 
detail.

Western Amadeus Basin 1:250 000 geological mapping 
(LAKE AMADEUS and BLOODS RANGE)

LAKE AMADEUS and BLOODS RANGE are located 
to the west of HENBURY (Figure 1). Like HENBURY, 
Amadeus Basin strata exposed in LAKE AMADEUS and 
BLOODS RANGE are predominantly Neoproterozoic to 
Devonian sandstones, which are largely covered by sand 
dunes, as well as by the extensive Cenozoic playa lake 
deposits of Lake Amadeus and Lake Neale (Figure 2h; 
eg Chen et al 1993). The first-order structural pattern 
of LAKE AMADEUS and BLOODS RANGE is that 
of doubly-plunging, generally broad to open folds with 
northwest-striking axial planes. The recently defined Liddle 
and Puna Kura Kura formations of the Winnall Group 
(Donnellan and Normington 2017) extend along strike from 
HENBURY onto LAKE AMADEUS; sandstone of Liddle 
Formation (formerly mapped as Winnall beds in the western 
Amadeus Basin) extends across HENBURY, LAKE 
AMADEUS and BLOODS RANGE. Unlike HENBURY, 
strata previously mapped as Inindia beds on LAKE 
AMADEUS and BLOODS RANGE are not recognisable 
as a distinct part of the northeastern Amadeus Basin 
Neoproterozoic succession, due primarily to extensively 
weathered, small, isolated exposures. In the northeast 
corner of LAKE AMADEUS, the Mereenie oil and gas field 
produces from Palaeozoic sandstone of the doubly-plunging 
Mereenie anticline (eg Jackson 1984, Ambrose 2006). 
LAKE AMADEUS also includes the excellent exposures of 
Carmichael Sandstone and overlying Mereenie Sandstone 
at Watarrka National Park (Bagas 1988).

In addition to the Amadeus Basin stratigraphy described 
above, BLOODS RANGE also covers a northern part of the 
Musgrave Province that consists of late Mesoproterozoic 
(Stenian) felsic rocks of the Pottoyu Granite Suite (Close 
et al 2003). These rocks are nonconformably overlain by 
volcanic and metasedimentary rocks of the Tjauwata Group, 
which comprise a latest Mesoproterozoic rift succession 
(Ngaanyatjarra Rift) that is poorly exposed in the southern 
part of BLOODS RANGE (Close et al 2003, Aitken et al 
2013). Major periods of deformation in the Musgrave 
Province include Stenian rifting (resulting in deposition of 
the Tjauwata Group) and shortening during the Petermann 
Orogeny, which produced nappe geometries involving both 
Musgrave Province and basal Amadeus Basin stratigraphy 
(Close et al 2013). Periods of contractile deformation during 
both the Petermann and Alice Springs orogenies produced 
the fold-and-thrust belt geometry of the Amadeus Basin 
in the central and northern parts of BLOODS RANGE 
(Weisheit 2021).

Insights from detrital zircon U–Pb geochronology

As part of the mapping projects described above, a 
considerable amount of detrital zircon U–Pb geochronology 

Figure 2. (Continued from previous page). Field photographs 
from the Amadeus Basin.  (g) Skolithos and underlying cross-
stratification in the Cambro–Ordovician Pacoota Sandstone, 
HENBURY. (h) Evaporite deposits and intervening sand islands 
of Lake Neale, BLOODS RANGE. (i) Ridges of shallowly-dipping 
Cambrian Cleland Sandstone, LAKE AMADEUS.

g
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and lower Arumbera Sandstone) of the northeastern 
Amadeus Basin (Donnellan and Normington 2017, Verdel 
et al 2020). HENBURY also includes Palaeozoic strata 
(Figure 2g) that range in age from Cambrian to Devonian. 
The southeastern part of HENBURY is a particularly 
structurally-complex area, which departs considerably from 
the overall central and western Amadeus Basin pattern of 
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data have been collected (Normington et al 2016, 2018, 
2019a, b; Kositcin et al 2018, in review; Verdel et al 2019, 
Beyer et al 2020, Verdel and Woodhead in prep). These 
data are useful in three ways. First, in some cases, the 
youngest zircons from a stratigraphic unit help to refine 
its depositional age. An example is the Cleland Sandstone 
(Figure 2i), part of which contains zircons nearly as 
young as the Cambrian–Ordovician boundary (Beyer et al 
2020, Kositcin et al in review). Second, detrital zircon age 
distribution varies spatially across the Amadeus Basin (eg 
Verdel 2021), a pattern that reflects differences in provenance, 
most generally the difference between sediment sources in 
the Aileron and Warumpi provinces to the north versus 
those in the Musgrave Province to the south. Third, some of 
the new detrital zircon results include zircon geochemistry 
data (Normington et al 2019b, Beyer et al 2020, Verdel and 
Woodhead in prep). Given that most of the detrital zircons 
in the Amadeus Basin seem to have originally formed in the 
Aileron, Warumpi and Musgrave provinces, geochemical 
variation of the Amadeus Basin zircons (most notably Hf 
isotope composition, as well as trace element composition) 
reflects tectonic and magmatic processes that occurred 
within the crystalline basement regions of central Australia 
(eg Hollis et al 2013, Haines et al 2016, Verdel et al 2021).
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New drill core from MinEx CRC’s National Drilling Initiative 
(NDI) has increased our understanding of the geology and 
mineral potential of Palaeoproterozoic basement rocks in the 
East Tennant region of the Northern Territory (Figure 1). 
This region was selected as a NDI focus area following a 
multi-scale and multi-disciplinary area selection process 
during the first phase of Geoscience Australia’s Exploring for 
the Future Program (EFTF; Schofield et al 2020). Reasons for 
the selection of this area include: 

(1) large-scale structural architecture favourable for 
focusing transport of metals

(2) elevated electrical conductivity in the mantle and 
lower crust, with a trend broadly coincident with major 
structural features, potentially indicating fertile source 
regions for metals and fluids (Duan et al 2020) 

(3) evidence for the distal footprints of mineral systems in 
the region, including observed Fe-oxide alteration in 
legacy boreholes (Schofield et al 2020)

(4) high modelled potential for IOCG mineral systems 
(Murr et al 2020)

(5) relatively thin (<200 m) cover thicknesses (Bonnardot 
et al 2020). 

Basement in East Tennant is entirely covered by the 
Georgina Basin and, until now, has been intersected in only 
a handful of legacy drillholes and remains largely under-
explored. 

Ten drill cores were obtained in the East Tennant 
region to better constrain cover depths, determine the 
basement stratigraphic packages, characterise intrusive 
rocks, understand the structural and tectonic history of the 
region, and identify any mineral systems present. Drilling 
data is complemented by new geophysical data collected 
during EFTF, comprising gravity, magnetotellurics, 
airborne electromagnetics, and seismic (eg Jiang et al 
2020; Schofield et al 2020). Based on new drilling results, 
legacy drill core analysis and regional geophysical data, 
Palaeoproterozoic bedrock geology was interpreted 
throughout the East Tennant region (Figure 1). This 
interpretation is designed to seamlessly integrate with 
Geoscience Australia’s existing solid geology map of the 
North Australia Craton (Stewart et al 2020). New insights 
into the geology and mineral systems potential of the 
East Tennant region provided from this NDI campaign 
are outlined below. Further analysis as part of the MinEx 
CRC NDI and Geoscience Australia’s EFTF program 
will provide additional constraints on the geological 

evolution and mineral potential of the region. Drilling data 
are available for download via the Borehole Completion 
Report tool in the GA portal4.

Results

Most drillholes intersected basement at ~120–180 m, 
confirming that cover depths across much of the East 
Tennant region are relatively shallow. However, geophysical 
data indicate that cover thickness increases significantly 
to the north, south and east of the East Tennant region 
(Bonnardot et al 2020). 

Drilling has confirmed that East Tennant is predominantly 
underlain by low-to-high grade, deformed metasedimentary 
rocks (eg Figure 2a), which bear lithological similarities to the 
Warramunga Formation – the ca 1860 Ma turbiditic sequence 
that hosts mineralisation at Tennant Creek (Donnellan 2013). 
These metasedimentary rocks are intersected in seven of 
the ten drillholes: NDIBK01–04, NDIBK06, NDIBK08, 
and NDIBK10. Detrital zircon spectra and maximum 
deposition ages obtained from legacy samples at East 
Tennant are also comparable to those obtained from the 
Warramunga Formation (Cross et al 2020). However, there 
are some lithologies in East Tennant, such as carbonates, that 
have no known correlatives in the Warramunga Formation 
(Donnellan 2013). We collectively refer to the deformed 
supracrustal rocks in the East Tennant region as the Alroy 
Formation. These rocks are grouped based on their shared 
deformation history (see below), predominantly metapelitic 
composition, and widespread nature, all of which suggests 
that they were deposited coevally within a shared tectono-
stratigraphic setting.

The East Tennant region contains abundant felsic 
intrusive rocks (Figure 1), similar to Tennant Creek and 
other Palaeoproterozoic inliers of the North Australian 
Craton (Ahmad 2000). Geophysical interpretation of 
widespread intrusive rocks was validated by intersections 
of intrusive rocks in the new drill core (eg Figure 2b), from 
drillholes NDIBK01, NDIBK05, NDIBK09, and NDIBK10. 
Although intrusive igneous rocks in the East Tennant region 
are dominantly felsic in composition, mafic intrusives dated 
at ca 1850 Ma have been recognised from previous drilling 
in the East Tennant region (Cross et al 2020). Most intrusives 
exhibit a weak to moderate foliation and are tentatively 
interpreted as correlatives of the ca 1855–1845 Ma Tennant 
Creek Supersuite (Donnellan 2013).

The East Tennant region has experienced significant 
deformation, locally accompanied by medium- to high-grade 
metamorphism. Aeromagnetic geophysical data image a 
strong, northeast-trending tectonic architecture, which is 
present throughout the Alroy Formation in drill core as a 
well-developed tectonic foliation (eg Figure 2c). Monazite 
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from deformed metapelitic rocks in legacy drill core from 
the East Tennant region were dated ca 1845 Ma (Cross et al 
2020); this suggests that East Tennant experienced the same 
deformation event that drove mineralisation in Tennant 
Creek (eg Donnellan 2013). 

Evidence for mineral systems in the East Tennant region

Alteration is variably developed but spatially widespread 
in drill core from the East Tennant region. Magnetite and 
hematite alteration, accompanied by minor copper-sulfides, 

Figure 1. Map showing new interpreted Palaeoproterozoic bedrock geology and the location of NDI drillholes in the East Tennant 
region, overlain onto an image of the first vertical derivative of total magnetic intensity. Note that the lack of a straight boundary around 
the interpreted area is to enable seamless integration with existing solid geology datasets (Stewart et al 2020).  
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is present in legacy drill core from East Tennant (Schofield 
et al 2020). NDIBK04 was targeted to test modelled 
hematite and magnetite alteration in a magnetic, conductive 
zone adjacent to a major shear zone. This drillhole 
intersected anomalous copper, lead and zinc mineralisation, 
skarn-like alteration in carbonates, and pyrrhotite, pyrite 
and arsenopyrite veins. The mineralised veins are locally 
deformed and strung out along shear zones associated 
with deformation described above (eg Figure 2d). 
Drill cores containing alteration and mineralisation are 
generally coincident with conductors in modelled airborne 
electromagnetic and magnetotelluric data. Furthermore, 
broadband magnetotelluric data and seismic imagery show 
multiple, widespread near-surface conductors adjacent 
major fault zones that continue and merge at depth in the 
deep crust and upper mantle (Jiang et al 2020). We suggest 
that the above data indicate that the East Tennant region was 

affected by a widespread hydrothermal event associated 
with regional tectono-magmatism at ca 1850 Ma. This 
event, at least locally, appears to have resulted in copper, 
lead and zinc mineralisation. However, the precise age, 
extent and intensity of mineralisation, and its relationship 
with the geological evolution of East Tennant, remains to 
be determined. This is the focus of ongoing work as part 
of Geoscience Australia’s EFTF Program and the MinEx 
CRC NDI.
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Copper has played a major role in the evolution and 
industrialisation of mankind since the Bronze Age. Global 
refined copper output in 2020 was 23.6 Mt, with demand 
for the metal expected to increase to around 30 Mt by 2030. 
Over 80% of this demand will need to be sourced from new 
production, with scrap being the other major source. This 
demand increase continues a trend seen since 1900 with the 
global demand for the metal doubling every 20–30 years. 
The de-carbonisation and electrification revolution will 
see demand for copper only increase as copper is a key 
component in almost every evolving energy-transformation 
technology, from wind power to electric vehicles.

Global copper production is currently in deficit and 
the effects of the COVID-19 pandemic has put significant 
additional stress on current producers, particularly in South 
America. This combination of supply stress and increased 
metal demand is being reflected in movement of the price of 
copper to over US$9000/t in recent months. 

In 2020, the world mined about 20 Mt of copper, 20– 25% 
of which was sourced from sediment-hosted stratiform 
copper (SSC) deposits; over 50% of SSC copper deposit 
production comes from the Central African Copper Belt. In 
an Australian context, although few major existing deposits 
of this type are currently known (eg Nifty), the Centralian 
and greater MacArthur basins represent two large-scale 
Proterozoic basins that are considered conceptually highly 
prospective for SSC deposits. 

The schematic cross section below from Hitzman et al 
(2010) shows the key elements that are considered essential 
for the formation of a giant SSC deposit (Figure 1). These 
basins typically form in periods of major rifting during the 
breakup of super-continents. Thick sequences of oxidised 
terrestrial sediments (red-beds) and minor bimodal volcanic 
rocks form the basal sequence of such basins. Marine 
sandstones, siltstones, and shales of varying organic content 
transgressively overlie the red-bed sequence. This sequence 

grades upward into marine carbonates that contain a thick 
evaporite sequence. The upper portion of the basin contains 
shallow marine to continental siliciclastic sediments. The 
total thickness of the sedimentary sequence may range from 
several to more than 10 km.

Brines within these basins form from the dissolution 
of evaporites (or the downward percolation of near-surface 
hypersaline fluids, commonly referred to as ‘bittern brines’) 
and move downward into the basal, oxidised red-bed sequence. 
Convection of these highly saline, dense brines, driven by 
burial (+/- igneous activity), leaches metals from both the 
red-bed sediments and the basement. These oxidised, metal-
rich brines circulate upward during periods of basin inversion 
where they encounter organic-rich sediments that provide 
the reductants necessary to precipitate copper sulfides. The 
ore-forming fluids will utilise major fault architecture within 
the basin to migrate from depth. Adjacent to these fault-
controlled conduits, they can precipitate metal throughout 
the sedimentary sequence in favourable settings and may 
bypass lower reductant sequences. Overlying sediments and 
evaporite beds provide an effective top seal to the hydrologic 
system, whereas the basin edges themselves provide lateral 
containment of fluids.

Two of the main impediments to exploring for SSC 
deposits in Australia are the extensive and sometimes deep 
younger cover sequences, and the lack of relevant pre-
competitive geoscience data. Over the past four years the 
work by Geoscience Australia through the federally funded 
Exploring for the Future (EFTF) program has fundamentally 
changed the geological understanding of one of the most 
prospective regions for SSC deposits in Australia, ie the 
region located between Tennant Creek and Mt Isa (TISA).

Understanding the architecture of the sedimentary basins 
within the TISA region through the interpretation of regional 
seismic and magnetotellurics data is rapidly advancing. 
The identification of major deep basin-forming fault 
systems and localised, thickened sub-basins has provided 
a framework for the targeting of SSC deposits. Building 
on the work of the petroleum industry in defining regional 

Figure 1. Schematic cross section 
showing key elements in the 
formation of SSC deposits.
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sequence stratigraphy and identifying those stratigraphic 
units considered ideal host units for SCC deposits, provides 
three dimensionality to the targeting work. Empirical data, 
including the regional water bore and surface sampling 
programs, has provided an important additional element to 
help validate and focus target generation activities.

The climax of this intense activity has been the recent 
drilling in the Barkly Tablelands and Carrara Sub-basin, 
coordinated by the MinEx CRC and the Northern Territory 
Geological Survey through the National Drilling Initiative. 
This program has provided critical validation of the 
interpreted geology and sedimentary basin architecture 
in the region, as well as indications of key elements of the 
targeted mineral systems.

Encounter Resources has been actively applying our 
understanding of SSC deposits and utilising the vast pre-
competitive EFTF dataset to define a series of camp-scale 
targets throughout the Northern Territory. We currently hold 
over 15 000 km2 of exploration tenure across seven projects 
that we are currently actively progressing (Figure 2). 
The most advanced of these projects is the Elliott project, 
located 200 km north of Tennant Creek, which is currently 
under option with BHP.

100% Encounter tenement
Major mine
Town
State border
Major road
Minor roadFigure 2. Encounter Resources 

copper projects in the Northern 
Territory.

The discovery of SSC deposits under cover remains one 
of the most challenging exploration propositions. However, 
the prize for success in the TISA area would fundamentally 
change the landscape for exploration in this region of the 
world. The new high quality datasets of the EFTF program, 
the greater understanding of the SSC deposit model, and 
the application of petroleum-style thinking to sedimentary 
basins, have all provided building blocks for the discovery 
and potentially the opening up of a globally-significant new 
copper district.
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Australia

The Aileron Province is host to many small base metal 
deposits and prospects with a variety of metal assemblages 
and alteration styles (eg Warren et al 1974, Shaw 1990, 
Huston et al 2006, Scrimgeour 2013, McGloin et al 
2016); however, the potential for world-class deposits 
remains uncertain. Uncovering this potential requires a 
more comprehensive understanding of the lithologies and 
geological events linked to mineralisation, including an 
understanding of the age of mineralisation events. Placing 
temporal constraints on mineralisation enables explorers to 
target geology that is favourable for new discoveries; this 
is challenged by the extensive history of metamorphism, 
deformation, and magmatism experienced by the Aileron 
Province. In many cases, the absolute age of mineralisation 
and host rock formation, deformation, and metamorphism 
is lacking, making it difficult  to fully constrain the timing 
and mode of mineral deposit formation (eg syngenetic, 
epigenetic, or both). Here we highlight new chronologic 

results from several deposits and prospects (Figure 1) 
that have direct implications for exploration targeting of 
orthomagmatic nickel–copper–cobalt, granite-related 
tungsten and copper, and hydrothermal copper–lead–zinc 
and gold deposits in the Province. Highlights from this work 
at key deposits and prospects include: 

1. new constraints on the timing of mineralisation
2. confirmation of several periods of mafic and felsic 

magmatism that are metallogenically favourable for 
mineral deposit formation

3. improved understanding of the relationship between 
mineralisation and host rocks

4. evidence for multiple metamorphic and hydrothermal 
events that may have allowed reworking and upgrading 
of pre-existing mineralisation to economic tenors.

Prospect D nickel–copper sulfide prospect

In the absence of more sophisticated data, prospectivity for 
orthomagmatic nickel–copper–cobalt deposits in greenfield 
areas is best indicated by evidence for base metal sulfide 
formation within (ultra-) mafic intrusions. The observation 
of these sulfides in mafic rocks, even in minor quantities, 
confirms that some of the same processes that form nickel 
deposits were active, and that intrusions in the region 

Warramunga Province

Amadeus Basin

Warumpi Province

Davenport Province

Ngalia Basin

Irindina Province

Tanami Region
Wiso Basin

Georgina Basin

Aileron Province

No
rth

er
n T

er
rito

ry
W

es
ter

n A
us

tra
lia

Johnnies Reward

Home of Bullion

Prospect D

Oonagalabi

Molyhil

ALICE SPRINGS

20°S

21°S

22°S

23°S

24°S

136°30'E135°E133°30'E132°E130°30'E129°E

0 100 20050 km

Delny Shear Zone

Mesozoic–Cenozoic

Neoproterozoic–Palaeozoic

Palaeo–Mesoproterozoic basins

Palaeo–Mesoproterozoic orogens

Archaean

Figure 1. Map of geological regions showing the location of the prospects and deposits discussed herein.

mailto:Barry.Reno@nt.gov.au


87

AGES 2021 Proceedings, NT Geological Survey

are capable of producing nickel–copper–cobalt sulfide 
mineralisation (see Dulfer et al 2016). One such example 
is Prospect D in the northern Aileron Province (Figure 1), 
a small and sub-economic nickel–copper sulfide prospect 
first explored in 1972. McBride (2006) reported an inferred 
(non-JORC compliant) resource of 1.63 Mt at 0.151% Ni and 
0.521% Cu over an average width of 9.1 m for oxide ore, and 
1.53 Mt at 0.247% Ni and 0.621% Cu over an average width 
of 8.5 m for sulfide ore.

Mineralisation at Prospect D is associated with the 
margins of an altered or metamorphosed mafic sill that 
intrudes the ca 1.82 Ga Hatches Creek Group (McKinnon-
Matthews 2005). Primary mineralisation occurs as 
recrystallised, disseminated pentlandite and chalcopyrite 
(Figure 2), indicating formation prior to metamorphism, 
most plausibly during magmatic emplacement. The age 
of mafic magmatism (and mineralisation) at Prospect D is 
unknown, although it has previously been hypothesised 
to be a constituent of the ca 1.80 Ga continent-scale Hart 
Large Igneous Province (LIP; eg Pirajno and Hoatson 
2012) based on the presence of voluminous ca 1.80 Ga 
mafic magmatic rocks throughout the Aileron Province 
(eg Attutra Metagabbro, Carmencita Metadolerite, Mount 
Hay Granulite, etc). However, it can be imprudent to build 
models on such assumptions as any good hypothesis can be 
disproven by collecting data. For example, the gabbro that 
hosts the Mount Peake iron–titanium–vanadium deposit 
was largely assumed to have a similar ca 1.80 Ga age before 
U–Pb zircon and baddeleyite dating indicated a ca 1.06 Ga 
age (Beyer et al 2016).

Voluminous LIPs are considered a key prospective 
target for orthomagmatic sulfide mineralisation (Pirajno 
and Hoatson 2012), and ca 1.80 Ga intrusions are a well-
documented metallogenic epoch for intrusion-related 
nickel–copper sulfide mineralisation [NC-3 (eg Pechenga) 
and NC-5 (eg Jinchuan) type deposits of Naldrett 2010]. 
Confirmation of a ca 1.80 Ga age for mafic magmatism 
(and mineralisation) at Prospect D would provide further 
evidence for nickel and copper prospectivity in the Aileron 
Province associated with the Hart LIP.

Dating the timing of emplacement and metamorphism 
of metamafic rocks is difficult due to the paucity of ideal 
phases for geochronology such as zircon, baddeleyite, or 
monazite. Phases such as apatite can also be used; however, 
apatite’s propensity to incorporate common lead during 
crystallisation can lead to large analytical or geological 

uncertainty. The metagabbro at Prospect D contains apatite 
that both overprints the chlorite fabric and occurs along 
grain boundaries in the calcite–quartz–chlorite±sulfide 
alteration assemblages in the rock, indicating that it likely 
dates or just post-dates alteration or metamorphism of the 
gabbro. New NTGS in situ LA– ICP– MS U– Pb dating 
of apatite in a sample metagabbro yielded an isochron 
with a lower intercept of 1776 ± 536 Ma, interpreted 
to record the timing of apatite growth (Reno et al in 
prep). Although the confidence interval on this lower 
incept age is large, it provides a minimum age on the 
timing of mineralisation at Prospect D. A maximum 
age is provided by a ca 1.82 Ga volcanic member of the 
Hatches Creek Group (Smith 2001), which hosts the 
mafic sills at Prospect D. This narrows the window for 
mafic magmatism and mineralisation at Prospect D to 
between ca 1.82 and ca 1.72 Ga. Although this is a large 
ca 100 million year window for mineralisation, 1) it is 
consistent with the hypothesis that mafic magmatism and 
mineralisation occurred as part of the ca 1.80 Ga Hart LIP, 
and 2) it disproves a possible younger Mesoproterozoic 
or Palaeozoic age for mineralisation at Prospect D. 
Confirmation of a ca 1.80 Ga age for mafic magmatism and 
mineralisation would indicate a previously unrecognised 
potential for economic orthomagmatic sulfide deposits in 
the Aileron Province.

Home of Bullion copper–lead–zinc deposit 

The Home of Bullion copper–lead–zinc deposit in the 
north central Aileron Province (Figure 1) was mined 
intermittently during the early- to mid-1900s, producing 
1370 t of copper (7115 t of ore graded 19–20% Cu; Blanchard 
1936, Haines 1991). Home of Bullion has been interpreted 
as a metamorphosed volcanogenic massive sulfide (VMS) 
deposit; however, the origin and style of mineralisation 
remains uncertain due to the lack of clear evidence for 
volcanic rocks. New geochronology at the deposit aims to 
constrain the timing of mineralisation and better understand 
ore-forming processes.

The mineralisation consists of four sheared sulfide bodies 
(comprising pyrrhotite, sphalerite, chalcopyrite, galena 
and pyrite, with minor bornite and chalcocite; Figure 3). 

Figure 2. Disseminated sulfide assemblage of violarite–
chalcopyrite–pentlandite overprinting altered metagabbro from 
Prospect D. Core is 63.5 mm wide.

6 All uncertainties are presented as ~95% confidence intervals; 
see referenced publications for geological, analytical, and 
statistical detail

Figure 3. Garnet-bearing orthogneiss containing chalcopyrite and 
sphalerite, with minor pyrrhotite and galena and trace pyrite from 
Home of Bullion. Core is 63.5 mm wide.
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Sulfides occur within sericite-altered metasedimentary 
rocks of the Bullion Schist that are intruded by minor mafic 
amphibolite rock (Blanchard 1936, Reno et al 2019). 

The Bullion Schist has maximum depositional U–Pb 
zircon ages of 1833 ± 11 Ma regionally (Claoué-Long et al 
2008), and 1833 ± 15 Ma and 1821 ± 19 Ma at the Home 
of Bullion deposit (Yang et al in prep). 207Pb/206Pb zircon 
crystallisation ages for the Ooralingie and Bean Tree 
granites of the Barrow Creek Granite Complex, which 
intrude the Bullion Schist, provide minimum absolute 
depositional ages for the Bullion Schist of 1809 ± 5 Ma and 
1806 ± 6 Ma respectively (Smith 2001). The Bullion Schist is 
also unconformably overlain by the 1805 ± 6 Ma Strzeleckie 
Volcanics (Claoué-Long et al 2008). These data constrain 
the timing of deposition of the Bullion Schist protolith and 
the maximum timing of mineralisation to ca 1.82–1.81 Ga.

Previous Pb isotope analyses of Pb-rich sulfides from 
Home of Bullion have equated to model mineralisation 
ages of ca 700 Ma (Warren et al 1995); however, new 
unpublished NTGS Pb isotope data imply Palaeoproterozoic 
Pb model ages instead (McGloin et al in prep). 207Pb/206Pb 
ages for monazite included in andalusite constrains the 
timing of metamorphism and fluid infiltration to between 
1813 ± 30 Ma and 1762 ± 14 Ma (Reno et al 2019); monazite 
included in recrystallised and deformed chalcopyrite–
sphalerite constrains the timing of sulfide deformation to 
1778 ± 10 Ma (Reno et al 2019). 

These new data indicate that sulfide mineralisation 
formed between ca 1.81–1.78 Ga, which is consistent (but not 
conclusively) with a syngenetic origin. Nonetheless, more 
widely across the Aileron Province, a number of interpreted 
syngenetic (synsedimentary or volcanic-related) basin-
hosted base metal deposits, spatially associated with mafic 
magmatism of the same age, appear to share a broadly similar 
timing with Home of Bullion: eg deposits and prospects 
in the Jervois mineral field (McGloin and Weisheit 2015, 
McGloin 2017, Weisheit et al 2019), and the Strangways 
Range (Hussey et al 2006). This suggests a fertile basin 
across the Province for base metal mineralisation, although 
debate remains as to where and how a world-class deposit of 
these styles might form. 

Molyhil tungsten–molybdenum deposit 

The Molyhil tungsten–molybdenum deposit (Figure 1), 
the Pinnacle Hill tungsten prospect, and several minor 
tungsten occurrences, all occur at the northern margin 
of the Delny Shear Zone in the northeastern Aileron 
Province. The Molyhil deposit has an estimated resource 
of 13 300 t at 0.28% WO3, 6800 t at 0.14% Mo, and 2200 t 
at 0.05% Cu (Thor Mining PLC 2019). The Molyhil deposit 
represents a rare example of a Palaeoproterozoic-aged 
magmatogenic skarn deposit in Australia; its connection 
with other deposits in the Aileron Province was not clear 
until recently. Mineralisation in the Molyhil area occurs in 
skarns at the contact zone between altered Palaeoproterozoic 
metacarbonate rocks of the Deep Bore Metamorphics 
(exoskarn) and Marshall Granite (endoskarn; Barraclough 
1979, Shaw et al 1984, Freeman 1986, 1990; McGloin and 
Bradey 2017, McGloin and Weisheit in prep; Figure 4). 

Chronologic constraints for rocks from the Molyhil 
deposit, and from elsewhere in the Molyhil area, indicate 
a protracted metamorphic history. U–Pb zircon dating of 
the Deep Bore Metamorphics revealed a metavolcaniclastic 
component with 207Pb/206Pb zircon maximum depositional 
ages of 1822 ± 9 Ma, 1819 ± 9 Ma (Reno et al 2018), 
1806 ± 6 Ma (Kositcin et al 2018a), and 1805 ± 5 Ma 
(Scrimgeour and Raith 2001). The succession was intruded 
by widespread felsic and minor mafic magmas starting at 
1797 ± 7 Ma (Reno et al 2017, Beyer et al in prep). The rocks 
were metamorphosed at up-to-granulite facies and deformed 
during a long-lived Palaeoproterozoic tectonothermal 
cycle (Reno et al 2017). Scrimgeour et al (2001), Reno 
et al (2018), and Kositcin et al (2018a, b) recorded multiple 
phases of metamorphic zircon growth in the Deep Bore 
Metamorphics between 1787 ± 11 Ma and 1717 ± 7 Ma. 

The metasedimentary–meta-igneous lithologic package 
in this area experienced extensive partial melting during 
this metamorphic cycle resulting in the emplacement of 
widespread plutons of Marshall Granite throughout the 
Molyhil area. The Marshall Granite has a 207Pb/206Pb zircon 
age of 1720 ± 18 Ma (Kositcin et al 2018b) and a 207Pb/206Pb 
apatite age of 1732 ± 4 Ma (Reno et al in prep), both 
interpreted to record crystallisation of the Marshall Granite 
at the end of the supersolidus portion of the metamorphic 
cycle and cooling of this domain below solidus temperatures 
(Reno et al 2017). The timing of mineralisation at 
Molyhil is constrained directly by a Re– Os model age for 
molybdenite of 1721 ± 8 Ma (Cross 2009) and indirectly by 
a xenotime 207Pb/206Pb age of 1714 ± 26 Ma (Cross 2009) 
from an intensely-altered rock in the deposit; both phases 
are interpreted to have grown contemporaneous with the 
intrusion of the Marshall Granite.

Monazite U–Pb and hornblende and biotite argon 
data from Molyhil area samples indicate the area was at 
elevated temperatures for an extended period of time, 
and experienced periodic phases of heating, deformation, 
and fluid influx until the Mesoproterozoic. 40Ar/39Ar data 
for hornblende from the deposit indicate it cooled below 
520– 480°C at 1702 ± 5 Ma and experienced a phase of late 

Figure 4. Marshall Granite dyke intruding layered and foliated 
calc-silicate rock of the Deep Bore Metamorphics and producing 
minor magnetite–scheelite–molybdenite mineralisation below the 
contact zone at Molyhil. Hammer is 30 cm long. 

Marshall Granite Marshall Granite 

mineralisationmineralisation

skarn-altered Deep Bore Metamorphicsskarn-altered Deep Bore Metamorphics
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fluid infiltration unrelated to mineralisation at 1660 ± 4 Ma 
(Reno and Fraser 2021). Rocks from other units in the 
Molyhil area record 40Ar/39Ar cooling ages of ca 1.60 Ga for 
hornblende and ca 1.55 Ga for biotite (Scrimgeour and Raith 
2001), which indicates the area experienced slow cooling 
until the Mesoproterozoic. 

Rocks in the Molyhil area, including in the Molyhil 
deposit, are locally overprinted by mylonites related to 
the Delny Shear Zone, which has an extensive history of 
Palaeoproterozoic and minor Mesoproterozoic deformation. 
Reno et al (2020a, b) presented in situ monazite ages for 
mylonites of the Delny Shear Zone that indicate multiple 
phases of deformation between ca 1.72 Ga and 1.68 Ga, and 
minor ductile deformation and fluid flow at ca 1.63 Ga and 
between 1.59 Ga and 1.56 Ga.

There is rare evidence for new mineral growth after 
the Mesoproterozoic. Cross (2009) records two phases of 
Neoproterozoic xenotime at 755 ± 20 Ma and 648 ± 29 Ma, 
as well as evidence for lead loss during the Palaeozoic. 
Such ages are rarely observed in this portion of the Aileron 
Province, with the most well-known example being the 
731.0 ± 0.2 Ma Mud Tank Carbonatite (Gain et al 2019), 
related to the rifting that led to formation of the Irindina 
Province (Hussey 2003). Such ages point to a cryptic effect 
of the global tectonics occurring at this time, including the 
rifting and breakup of Rodinia, initiation of Snowball Earth, 
and eventual assembly of Gondwana. Minor Palaeozoic 
monazite (Reno et al 2020a, b) and ca 364–362 Ma 40Ar/39Ar 
muscovite ages (Scrimgeour and Raith 2001) are associated 
with fluid flux or reheating during the Larapinta Event and 
Alice Springs Orogeny. 

The ca 1.72 Ga age for tungsten–molybdenum 
mineralisation is consistent with ages obtained from 
nearby epigenetic copper and tungsten mineralisation in 
the Jervois mineral field and in the Bonya Hills area to 
the east of the Molyhil area (McGloin and Weisheit 2021, 
McGloin and Weisheit in prep). Further afield, McGloin 
et al (2020 and references therein) obtained Re–Os model 
ages for molybdenite that record timing of tungsten and 
copper mineralisation associated with emplacement of 
evolved felsic rocks at ca 1.72–1.71 Ga in the Tennant Creek 
mineral field and the Hatches Creek and Mosquito Creek 
tungsten fields. There now appears to be strong evidence for 
a regional copper and tungsten mineralising episode across 
wide parts of central Australia at this time. Other similar 
deposits may have formed at locations where hydrothermal 
fluids exsolved from similar ca 1.72 Ga granites and reacted 
with lithologies such as metacarbonates or metaexhalites.  

Johnnies Reward prospect

The Johnnies Reward prospect (Figure 1) is one of 
several polymetallic prospects in the Strangways Range 
in the south-central portion of the Aileron Province. These 
prospects host a variety of metal assemblages and associated 
alteration styles (Figure 5). Davenport Resources (2018) 
report an inferred resource for Johnnies Reward containing 
52 000 oz of gold at 0.7 g/t Au and 9000 t of copper at 
0.4% Cu. In most cases, the prospects were metamorphosed 
to granulite-facies conditions during the Palaeoproterozoic 

(Hussey et al 2006). The apparent syngenetic and 
epigenetic mineralisation styles have previously been 
interpreted to represent a spectrum of mineralisation 
styles: metamorphosed volcanic-associated massive sulfide 
(VAMS), iron oxide copper gold (IOCG), and carbonate-
replacement (eg Warren et al 1974, Warren and Shaw 1985, 
Skidmore 1996, Hussey et al 2006, Scrimgeour 2013). 
The different mineralisation styles have been interpreted 
by these authors to have a variety of mineralisation ages 
ranging from the Palaeoproterozoic into the Palaeozoic. 
Determining the precise genetic model for mineralisation in 
these prospects has been complicated by the lack of reliable 
absolute ages for mineralisation, and exacerbated by the 
lack of constraints on the timing of deposition of the host 
rocks and the age and nature of deformation and regional 
magmatism. Recent dating at the deposit aimed to clarify 
some of these interpretations by confirming the age of host 
rocks, and where possible, mineralisation. 

Mineralisation at Johnnies Reward is hosted within 
altered metafelsic, metamafic, and metasedimentary 
granulite and marble of the lower Cadney Metamorphics 
(Shaw et al 1979, Warren 1980, Hussey et al 2006). 
The protoliths to the host succession are interpreted as 
dominantly sedimentary mudstone and carbonate rocks, 
and possibly (but unconfirmed) bimodal volcanic rocks, 
which are all intruded by bimodal igneous rocks represented 
locally by unnamed mafic sills (Hussey et al 2006).

New and legacy NTGS chronologic studies of rocks 
in the Johnnies Reward area provide some constraints on 
timing of mineralisation. An in situ LA–ICP–MS zircon 
207Pb/206Pb age of 1791 ± 4 Ma for the Cadney Metamorphics 
is interpreted to place a maximum constraint for timing 
of deposition of the Cadney Metamorphics (Yang et al 
in prep). A 207Pb/206Pb zircon age of 1776 ± 5 Ma records 
emplacement of an orthogneiss that intrudes the Cadney 
Metamorphics, and provides a minimum timing for 
deposition (Yang et al in prep). Yang et al (in prep) 
interpret high-grade metamorphism and related igneous 
activity in the Johnnies Reward area between 1.75 Ga and 
1.69 Ga; in situ LA–ICP–MS monazite dating of a sample 
of Cadney Metamorphics collected from the hanging wall 
of the Johnnies Reward prospect constrains a complex 
history of monazite growth associated with high-grade 
metamorphism and deformation to between ca 1.72 Ga 

Figure 5. Garnet–magnetite rock from Johnnies Reward with 
chalcopyrite-bearing veins that overprint magnetite.  Core is 
63.5 mm wide.
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and 1.67 Ga (Reno et al 2019). Reno et al (2019) and Yang 
et al (in prep) interpret zircon and monazite to record 
either heating or fluid flow events between ca 1.61 Ga 
and 1.50 Ga. A major fluid infiltration event is recorded 
at Johnnies Reward by ca 1.00 Ga monazite (Reno et al 
2019); this may be related to igneous activity observed 
regionally at the time, including the 1001 ± 7 Ma Gumtree 
Granite (Kositcin et al 2018a) located ~20 km southwest of 
Johnnies Reward. 40Ar/36Ar dating of hornblende extracted 
from a quartz vein cross-cutting mineralisation yielded an 
inverse isochron age of 428 ± 31 Ma (McGloin et al 2017).

Attempts to directly date mineralisation at Johnnies 
Reward have yielded ambiguous results. Pb–Pb dating of 
galena yielded model ages between ca 1.8–1.7 Ga (Hussey 
et al 2006), and Re–Os molybdenite dating yielded model 
ages between ca 1.4 Ga and ca 0.9 Ga (McGloin and Creaser 
2017). These ages span the range of igneous emplacement, 
metamorphism, and fluid flow observed at Johnnies Reward. 

Although the timing of mineralisation remains 
ambiguous, it is possible that the various metamorphic and 
fluid flow events recorded at Johnnies Reward have led 
to a hybrid deposit, with early syngenetic mineralisation 
subject to later overprint (eg McGloin 2017), and possibly 
even upgrading of economic metals. Aseismic refinement 
of metal systems has been demonstrated as a potentially 
powerful mechanism to upgrade deposits in areas with long 
histories of tectonism, metamorphism, and multiple pulses 
of fluid flow (eg Wagner et al 2007, Voisey et al 2020) such 
as observed at the Johnnies Reward prospect.

Oonagalabi copper–zinc–(silver–lead) deposit

The Oonagalabi copper–zinc–(silver–lead) deposit 
(Figure 1) comprises about 4 km strike length of mineralised 
metacarbonate lenses hosted within the Bungatina 
Metamorphics (Skidmore 1996, Hussey et al 2006). The 
highest reported grades are from a gossanous rock with 
31.25% Cu, 915 ppm Pb, 4.75% Zn, 2.7 ppm Au, 750 ppm W, 
and 220 ppm Ag (Nielsen 1973). The age and genesis of the 
Oonagalabi deposit remains contentious with volcanogenic 
(Warren and Shaw 1985, Hussey et al 2006), carbonate-
replacement, and skarn (Skidmore 1996, Hussey et al 
2006) mineralisation models proposed. Understanding the 
style of mineralisation has been hampered by the previous 

lack of robust chronologic data available for the Bungatina 
Metamorphics to constrain the timing of deposition of host 
rocks, emplacement of mafic sills and dykes, copper and 
zinc mineralisation, and deformation events that affect the 
Oonagalabi deposit. 

Mineralisation includes malachite and limonite in marble 
and diopside-bearing schist, as well as sulfides associated 
with recrystallised quartz veins. Minor chrysocolla, 
smithsonite, azurite, chalcocite, chalcopyrite, sphalerite, 
pyrrhotite, and pyrite have been reported (Skidmore 1996, 
Hussey et al 2006; Figure 6). Most mineralisation occurs 
in the quartz–diopside schist that underlies forsterite 
marble. In mineralised metacarbonate zones, host marble 
is replaced by diopside-rich calc-silicate rocks and massive 
anthophyllite. 

New chronologic data from the Oonagalabi deposit has 
sought to clarify understanding of this deposit. Kositcin 
et al (2018a) presented magmatic crystallisation SHRIMP 
207Pb/206Pb ages of 1770 ± 4 Ma and 1770 ± 5 Ma from 
rocks of the Bungatina Metamorphics interpreted to have a 
probable shallow intrusive or sub-volcanic igneous origin; 
this provides a minimum timing for deposition of this unit. 
LA–ICP–MS 207Pb/206Pb monazite and SHRIMP 207Pb/206Pb 
ages indicate granulite-facies metamorphism of the 
Bungatina Metamorphics occurred between 1772 ± 17 Ma 
and 1724 ± 12 Ma (Kositcin et al 2018a, Reno et al 2019). 
Reno et al (2019) interpret the unit to have experienced 
multiple pulses of fluid infiltration at 1669 ± 15 Ma, 
1020 ± 20 Ma, and 450 ± 5 Ma. The absolute age of the 
mafic sills and dykes interpreted to intrude the succession 
remains unknown.

Galena Pb model ages estimate mineralisation occurred 
between ca 1.79–1.77 Ga (Hussey et al 2006), which is 
consistent with the ca 1.77 Ga magmatic crystallisation age 
and metamorphic ages; these ages plausibly support either a 
syngenetic or carbonate-replacement origin for the prospect. 
However, it is unresolved whether some mineralisation at the 
Oonagalabi deposit is related to shallow felsic magmatism, 
syngenetic processes, or even epigenetic processes. More 
robust constraints on the timing of deposition of the protolith 
of the metasedimentary rocks are required. It is also unclear 
if the evidence for multiple episodes of later hydrothermal 
fluid flow, including an episode at ca 1.00 Ga similar to that 
observed at Johnnies Reward, affected the deposit.

Figure 6. Core photos from Oonagalabi. (a) Chalcopyrite, pyrite, and pyrrhotite in garnet-rich zones associated with recrystallised 
quartz veins in a metamafic rock. Core is 63.5 mm wide. (b) Disseminated veinlets and interstitial sulfides, including sphalerite, pyrite, 
pyrrhotite, and chalcopyrite within a diopside-rich zone. Core is 32 mm wide.

a b
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Introduction

The Jervois Copper-Silver-Gold Project is located ~380 km 
by road to the northeast of Alice Springs in the Northern 
Territory (Figure 1). Geologically, the project lies within 
the eastern Arunta Region and is on the southern margin of 
Northern Australian Craton. 

In 2015, KGL Resources Limited (KGL) began a 
systematic approach to exploration aimed to significantly 
improve the Project’s mineral resource base. The primary 
goal of the program was to define and expand the major 
known deposits (Reward and Bellbird) into mineral 
resources with a JORC classification that would support 
robust prefeasibility and feasibility studies. While 
developing the two major deposits, there was a secondary 
focus on the exploration of less-drilled targets, which led 
to the discovery and delineation of Rockface, one of the 
project’s largest and highest grade resources discovered to 
date. 

The main tools used by KGL during the past five years 
to refine the exploration targeting process have been a 
combination of multi-method geophysical surveys and 
the identification of important structural controls over 
the mineralisation. Application of these methods resulted 
in the recognition of the target horizons and the locus of 
mineralisation itself. The cumulative knowledge gained 
from many metres of drilling and the generation of 
geological models has led to the detection of other high-
grade targets within the Jervois and greater Unca Creek 
tenement. 

Five years of drilling by KGL has necessarily been 
focused on a small portion of the known targets at 
Jervois in order to bring these more advanced prospects 
(Reward, Bellbird and Rockface) up to Indicated Resource 
classification whereby, under the JORC code, they can be 
potentially converted to Ore Reserves by the application 
of appropriate modifying factors, such as mine designs, 
process recoveries and economic analysis. Now that this 
has been achieved, KGL aims to explore the whole, vast and 
substantial potential of the Jervois and Unca Creek mineral 
tenements.

A number of promising prospects have already been 
discovered at Jervois and Unca Creek (Figure 2). Some of 
these targets are drill-ready, particularly the ones that lie on 
the famous and large-scale Jervois J-fold. Some of the other 
targets require additional surface exploration work, such as 
geological mapping, geochemical sampling, RAB drilling, 
and geophysical surveys, in order to develop well-defined 
drill targets.

This report sets out to summarise the basis for this 
exciting program of exploration.

History of KGL Resources at Jervois

In early 2011, KGL purchased Jinka Minerals and its 
assets from Reward Minerals Limited. The Jervois 
project lies within Exploration Licence 25429 (38 km2) 
and includes three mineral licences (ML30180, ML30182 
and ML30829). The current in-house geological and 
management teams commenced the systematic exploration 
and project development at Jervois in 2015. Since then, 
KGL has achieved important milestones as summarised 
in Figure 3.

The culmination of the past five years of concerted 
geological work has been the improved Mineral Resource 
Estimate, which was published in September 2020 (KGL 
2020). Importantly for ongoing mining and development 
studies, the mineral resource now has the majority of 
the copper metal (68%) reporting in the JORC Indicated 
category (Table 1). The prefeasibility study was published 
in December 2020 and, based on its positive outcome, the 
KGL board of directors has now approved progress to a 
full feasibility study.

Figure 1. Location of Jervois Copper-Silver-Gold Project.
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Geology overview

Mineralisation/target horizon

The known major mineral deposits at Jervois (Rockface, 
Reward and Bellbird) are generally stratabound and hosted 
within the rocks that form the distinctive, km-scale J-fold. 
These rocks are typically garnet-chlorite-magnetite schist, 
which includes thin lateral variations to quartz tourmaline, 
banded epidotes, and calc-silicates. Mineralised lodes are 
subvertical at Reward and Bellbird, and steeply dip at ~80° 
north at Rockface. At the Rockface deposit, mineralisation is 
typically massive chalcopyrite-pyrite breccia in magnetite-
bearing quartzite. This chalcopyrite-pyrite-magnetite 
breccia is also common at Reward and Bellbird; however, 
these deposits additionally feature galena-sphalerite boudins 

generally associated with local skarn-like calc-silicates. 
The boundaries of the mineralised zones can vary greatly 
from wide (80–100 m), patchy, disseminated zones of low-
grade sulfides to sharp contacts against high-grade semi-
massive sulfides. These central zones of massive sulfides 
have been identified as higher-grade domains in which the 
primary copper mineralisation has been remobilised by 
later structural reworking. 

Structural control on mineralisation

During the last four years, the KGL geology team has 
greatly improved the understanding of the controls of 
mineralisation and disposition of the mineralised lodes. 
KGL now recognises two main styles of mineralisation and 
alteration/metamorphic mineral assemblages:

Figure 2. Outcrop of Jervois and Unca Creek tenements, featuring the major and minor prospects.
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Figure 3. Milestones for KGL 
Jervois Project.

*cut-off grades: 0.5% Cu above 200 m RL, 1% Cu below 200 m RL; 200 m RL is ±150 m below surface and considered to 
be the depth limit for potential open pit mining; resource estimates do not include Reward South
† the 2015 resource estimate for Reward South had a deposit wide cut-off grade of 0.3% Cu and did not include gold

Table 1. Jervois Mineral Resource Estimate (Taylor 2020, KGL 2020).
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1. lower tenor, primary syn-depositional or stratabound 
disseminated sulfides

2. higher grade, structurally-controlled shoots, representing 
remobilised stratabound syngenetic mineralisation, 
possibly related to a late regional intrusion-related 
mineralising event.

Higher grade mineralised shoots are the result of 
reworked and remobilised primary stratabound base 
metals during deformation. During late-stage deformation, 
regional-scale granite intrusions likely provided the 
heat and fluids that remobilised copper from primary 
(stratabound) units into structural traps, such as anticlinal 
fold hinges. The structural framework for this is supported 
by research of the Northern Territory Geological Survey 
(NTGS; eg McGloin et al 2019 and Weisheit et al 2019). 
The shoots are observed as massive or semi-massive 
sulfide-magnetite veins and chalcopyrite-rich brecciated 
veins (Figure 4).

The improved geological model, upon which the 
new resource update is based, widens opportunities to 
target higher grade extensions and repetitions within 
favourable host rocks and structures in areas adjacent to 
known deposits and in other prospects at Jervois and the 
surrounding Unca Creek tenement.

Geophysics

Geophysics has been a critical tool in target generation 
at Jervois and will continue to play an important role 
in refining the prospectivity of the larger-scale Jervois 
mineral field. At a prospect-scale, the significance of its 
use is clearly demonstrated by the success of down-hole 
electromagnetics (DHEM). DHEM has been instrumental 
in defining drilling targets at Rockface and Reward. 
Clearly, downhole EM will continue as a vitally useful tool 
to be used in conjunction with drilling. This has already 
proven to be the case at Reward South Silver where DHEM 
conductors have corresponded with the discovery high-

grade silver and base metals mineralisation and provided 
valuable directions for future follow-up drilling.

It should be noted that electrical and electromagnetic 
geophysical methods are highly applicable at Jervois 
due to the nature of the target minerals and the lack of a 
conductive overburden, which causes so many difficulties 
in other parts of Australia.

At a larger scale of survey, induced polarisation (IP) 
and resistivity surveys have delineated several drill targets 
at Reward, Rockface and Bellbird. Drilling of one of these 
resistivity targets at Reward South Silver has resulted 
in the recent discovery of high-grade silver, lead, and 
copper mineralisation. Other equally promising resistivity 
anomalies remain to be drilled.

At the regional scale, aeromagnetic and gravity surveys 
are instrumental in defining the tectonic structural trends 
and prospective lithological formations. The Jervois 
J-fold is well defined by magnetics and gravity anomalies. 
Of particular note is the residual gravity inversion image 
(Figure 5) showing a north-western extension of the 
Jervois J-fold (Scarp trend). The J-fold now becomes a 
U-structure (or U-fold), and this information greatly 
enhances the prospectivity of the Jervois mineral field.

In January 2021, a comprehensive review of over 60 
years’ worth of geophysical surveys was undertaken. 
These surveys 3 include IP, airborne EM, fixed loop EM, 
aeromagnetics, airborne radiometrics, SAM MMR/EM, 
gravity, ground magnetics, DHMMR, MT, and DHEM 
(Hine 2021). This work has signposted many untested or 
poorly-tested geophysical anomalies (Figure 6) that will 
need to be followed up, either by drilling or more detailed 
geophysics prior to drilling. Many of the anomalies relate 
to the J-fold and many more extend into the Unca Creek 
Exploration Licence. 

Figure 4. Massive sulfide-magnetite 
breccia in drill core.

3 EM = Electromagnetics, SAM MMR/EM = sub-audio magnetics 
magnetometric resistivity/electromagnetics, DHMMR = 
downhole magnetometric resistivity, MT = magnetotellurics, 
DHEM = downhole electromagnetics
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Association with deep crustal structures

One of the distinctive and prospective features of the Jervois 
mineral field is its large size. As has already been noted, 
the Jervois J-fold is a large-scale fold that hosts a number 
of significant mineral deposits. These deposits have been 
recognised to be generally stratabound and have probably 
accumulated from exhalative mineralised fluids in an 
ancient, fault-bounded basin. It is postulated that the nearby 
crustal-scale Jervois Fault, which abuts and truncates the 
mineralised J-fold to the west, has been a significant driver of 
the formation of the Jervois mineral deposits. Recent studies 

by company geologists and the NTGS have unravelled the 
tectonic, structural and metamorphic history of the Jervois 
area (Weisheit et al 2019). Important for the understanding of 
the economic geology was the recognition of remobilisation 
of the original stratabound copper sulfides (along with lead, 
zinc, gold, silver and iron minerals) into structural traps, 
principally the hinges of isoclinal folds, which has resulted 
in a considerable metal grade enhancement. 

It is generally understood that world-class mineral 
deposits are usually associated with large-scale tectonic 
features, such as the Jervois Fault, that act as a plumbing 
system for mineralising fluids. Orogenic processes, 

Figure 5. Residual gravity inversion model covering the Jervois and Unca Creek tenements (blue boxes), featuring current Indicated and 
Inferred copper resources (in red), and selected prospects and copper occurrences (yellow dots).
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Figure 6. Major geophysical target zones and geophysical anomalies of the J-fold, coloured according to rank (hotter colours = higher 
rank). Superimposed on aeromagnetic total magnetic intensity map.

commencing with basin formation and ending in major 
folding episodes and regional metamorphism, provided the 
heat to drive the mineralising system. The close association 
of the Jervois mineral field with long-lived, crustal scale 
structures is an important positive element to be taken into 
account when assessing the prospectivity of the Jervois and 
Unca Creek mineral tenements.

Case study: High-grade copper discovery at Rockface

Prior to September 2015, Rockface was considered to be a 
second-tier copper prospect and had been underexplored 

compared to the main Jervois copper deposits of Marshall/
Reward and Bellbird. Rockface is located within the same 
prospective stratum of rocks hosting the other Jervois 
copper deposits, ie a structural position very favourable for 
mineralisation. Despite this, the pre-2015 mineral resource 
comprised only a small, low-grade copper deposit defined 
by limited and shallow drilling.

Two geophysical surveys, one in 1965 by McPhar and 
the other in 2000 by MIM Exploration, demonstrated a 
good IP response over Rockface, as well as over Marshall/
Reward and Bellbird, but this only led to some shallow 
drilling at Rockface in 2013 using a track-mounted rig. 
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Steep terrain made the drilling difficult, and the results 
were disappointing.

The turning point in the Rockface story came in June 
2015 with the Orion 3D IP and resistivity geophysical survey 
(3DIP), which was only the second such survey undertaken 
in Australia at the time. The 3DIP survey extended over 
the Rockface and Bellbird prospects; it used a survey 
geometry which ensured there was no bias towards any 
particular orientation of mineralisation, which is important 
for structurally complex targets like Rockface. The Orion 
3DIP system offered KGL the ability to resolve targets well 
below the depth of the existing drilling; it subsequently 
identified several good anomalies. The strongest coincident 
chargeability and conductivity anomaly was observed at 
Rockface where it extended from the surface to the limit of 
the survey sensitivity at ~400 m depth.

Combining the 3DIP results with recent work from the 
NTGS and CSIRO, which focused on the style, timing and 
structural controls of the mineralisation at Jervois, gave 
KGL the confidence to return to Rockface and test a target 
zone 120 m below the previously deepest hole. Diamond 
drillhole KJCD171 was completed in September 2015 and 
intersected 14 m of massive magnetite, along with veined 
and disseminated chalcopyrite copper mineralisation, at a 
vertical depth 270 m. KJCD171 was the discovery hole of 
high-grade copper mineralisation at Rockface (KGL 2015).

It was noticed that the style of mineralisation intersected 
in KJCD171 appeared similar to the style observed at the 
northern end of the Reward deposit. In earlier work, this 
style of copper mineralisation had responded very well to 
downhole electromagnetic methods (DHEM). This led to 

a DHEM survey of KJCD171, which identified three good 
conductor targets.

In February 2016, two follow-up diamond drillholes, 
KJCD182 and KJCD183, intercepted high-grade copper 
mineralisation (KGL 2016a, b). These holes were 
subsequently surveyed using DHEM, which better defined 
the initial conductors and detected additional conductor 
plates that again formed the basis for further drilling 
(Figure 7). Some examples of the high-grade copper results 
from this drilling are:

• KJCD183: 11.7 m estimated true width at 3.34% Cu, 
370 m below surface

• KJCD195: 7.5 m estimated true width at 8.76% Cu, 
478 m below surface (KGL 2016c)

Over a period of 4 years and several campaigns, a total 
of 80 holes for 37 948 m were completed at Rockface, 
which have defined a new, structurally-controlled, high-
grade copper deposit. Several iterations of mineral resource 
estimation have been carried out. The most recent estimate 
was carried out by independent consultants, Mining 
Associates Limited and forms part of the mineral resources 
underpinning the ongoing prefeasibility study (Table 2).

Highly prospective targets

The vast majority of the exploration effort and all of the known 
mineral resources at Jervois are associated with the famous 
J-fold. The J-fold is large in scale and has a known strike-
length of ~10.5 km; it extends to at least 700 m below surface 

Figure 7. Resource block model at Rockface showing conductor plates and the drillholes that were surveys to identify them. The chargeability 
at 0 m is projected below the model to show the chargeability high that coincides with the modelled mineralised envelope (mauve).
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and is still open at depth (Figure 8). Drill-defined mineral 
deposits are located within only 3.5 km (~33%) of the J-fold 
strike-length; the remainder of the prospective structure has 
been only sparsely drill-tested or not drilled at all.

Whilst all of the known mineral deposits at Jervois are 
open at depth and/or along strike, the exploration team has 
recognised a number of highly prospective and entirely new 
and untested targets that have been prioritised for drilling 
during the next phase of exploration.

Unca Creek and continuity at depth

Since KGL’s main focus has been on delineating mineral 
resources at Jervois, no follow-up drilling has been done 
on the larger Unca Creek tenement with its known copper 
prospects since the tenement acquisition in 2018. As seen in 
Figure 9, the strike line of the target horizon extends further 
north into the Unca Creek tenement, where several copper 
discoveries have already been made by previous companies 
(KGL 2017). In 2013, Natural Resources Exploration (NRE) 
drilled 19 holes in the Unca Creek region, with intercepts 
over 0.5% Cu (1 m interval samples) in 13 of those holes. 
The best intercepts from this drilling included:

• NRE_020: 8 m at 1.5% Cu from 39 m (Pioneer)
• NRE_003: 9 m at 2.6% Cu from 144 m (Becana)

Detailed ground gravity surveys at 25 m and 50 m 
line-spacing were carried out in early 2017 to cover 
the entire Jervois and Unca Creek areas. The resulting 
density inversion models show a good spatial correlation 
between the areas of higher densities and the location 
of the ironstones, both in outcrop and in drill core 
(Figure 5). These density inversion models show 
continuation of favourable host rocks in several zones: 
along the northern strike-line of the J-fold (Becana, 
Pioneer); in a northwestern extension along Bellbird 
(Scarp trend); and along a larger secondary F2 structure 
outside of the main J-fold. All of these continuations 
have mapped copper occurrences at the surface within 
both the Jervois and Unca Creek tenements; these are to 
be investigated further with follow-up work in 2021 with 
detailed mapping, soil sampling, geophysical surveys 
and drilling.

In 1991 and 1995, Poseidon Limited conducted 
Questem airborne EM surveys covering all of Jervois EL 
and most of Unca Creek EL. Figure 10 shows the location 
of Questem anomalies picked by Mitre Geophysics 
from survey ‘Area 1’, which covers most of the Jervois 
project and much of Unca Creek. Of particular note are 
the strong EM responses at Hamburger Hill in the Unca 
Creek tenement. Hamburger Hill also exhibits a strong 
radiometric anomaly (Figure 11).

Table 2. Mineral Resource estimate at Rockface (Taylor 2020, KGL 2020).

Figure 8. Jervois J-fold synform featuring Indicated and Inferred copper resources and prospects. Yellow dashed lines mark the 
structural trends observed in the deposits; green dashed areas highlight exploration potential at depth from selected prospects and 
copper occurrences at surface along the ‘J’.
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Bellbird South

The Bellbird South prospect is located less than 1 km southeast 
of Bellbird Main and 1 km west of Rockface (Figure 8, 9). 
The prospect was a target for exploration in the 1980s by MIM 
Exploration, with IP surveys and numerous costeans. The 
IP surveys over Bellbird South identified several potential 
targets; limited shallow drilling by KGL and Jinka Minerals 
confirmed disseminated copper mineralisation, but this was 
never followed up with deeper drilling. 

During 2016 and 2017, KGL completed 3DIP and MT 
resistivity surveys and inversion models, which were more 

advanced and higher resolution than the surveys carried out 
by MIM Exploration. The new geophysical models identified 
coincident gravity highs (relatively dense rocks) and low 
resistivity (relatively conductive rocks), some of which had 
been drilled systematically elsewhere at Jervois and proved 
to host significant resources (eg Rockface). Other prospective 
geophysical features were coincident magnetic-high 
anomalies (broadly associated with magnetite alteration) 
and high IP chargeability, which taken together at Jervois, 
is interpreted to be an indicator for high-grade massive 
copper-sulfide and magnetite breccia-style mineralisation 
(Figure 12).

Figure 9. Simplified geological map of Jervois Range (the Jervois and Unca Creek tenements), highlighting several copper occurrences 
and prospects and significant structures, including the Jervois Fault, the J-fold synform, felsic and mafic intrusions and F2 and F3 folds 
(after Weisheit et al 2019).
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The highest grade copper intercept for the Jervois 
Project was drilled at the deeper part of the Bellbird East 
lode: 1 m at 34.4% Cu and 436 g/t Ag from 358 m, mainly 
bornite (KJCD358: KGL 2019; Figure 13). Preliminary 
interpretation is that that vein represents a feeder zone to 
the wider mineralised area above it, or possibly to a yet to 
be discovered zone of mineralisation at depth. The deeper, 
southern part of the Bellbird Main lode showed high-grade 
copper intercepts that are open to the south (KJCD354X, 8 m 
at 5% Cu from 437 m). Gravity, IP and magnetic anomalies 
also appear to continue in the southern direction. The 

combined geological and geophysical evidence for massive 
sulfide mineralisation is encouraging. Given that Bellbird 
South sits between the Rockface and Bellbird deposits, 
there is a good chance of discovering another significant 
deposit in this region.

Reward South

Reward South (formerly named Green Parrot) is a silver-
copper-lead-zinc deposit situated to the south of the main 
Reward deposits (Figure 8, 9). Advanced IP and gravity 

Figure 10. Mitre Geophysics’ anomaly picks (black dots) from the Area 1 Questem survey results including coverage of Unca Creek 
Exploration Licence. Strong EM anomalies at Hamburger Hill warrant detailed investigation. Questem Area 5 provides more coverage 
of the eastern part of Unca Creek, although the review has not yet included anomaly picking. The southern section of Unca Creek has 
not been covered by airborne EM. Airborne EM flight lines shown as purple lines. 
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Figure 11. 1999 MIM Exploration’s 
UTS radiometrics data at 50 m line- 
spacing. The mineralised J-fold trend 
is clearly a focus of potassium (K), 
uranium (U) and thorium (Th). Note 
the strong response at Hamburger Hill.

Figure 12. Long section of the Rockface and Bellbird South area. The section displays a gravity inversion model and IP resistivity 
isolines. It also shows the delineated Rockface resource, which coincides with gravity highs/resistivity lows. The prospective Bellbird 
South area is highlighted showing similar geophysical anomalies. 
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surveys have been carried out over Reward South and 
defined coincident gravity and resistivity anomalies; 
however, unlike at Reward and Rockface, the anomalies 
are not centred over the currently drill-defined mineral 
resource. As shown in Figure 14, the anomalies are 
offset approximately 100 m to the east of the Reward 
South Lode.

These coincident geophysical anomalies are currently 
undrilled and are hypothesised to be the signature of 

high-grade copper mineralisation similar to that found 
at Rockface. Testing of this anomaly is currently a high 
priority for the next round of exploration drilling at Jervois. 

The future 

The outlook for major discovery and resource extensions 
at the Jervois Project is bright. Despite the significant 
amounts of drilling KGL has done in the past five years, 

Figure 13. Photograph of a 1 m piece of core, comprised of mostly massive bornite.

Figure 14. Plan view of Reward and Reward South, highlighting low-resistivity isolines that overlap with proposed pit outlines.
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there are still many underexplored targets to investigate. 
The main portion of the drilling to date has been focused 
on defining the resources for the three main prospects at the 
top of the Project Development Pyramid (Figure 15). This 
has left the remainder of the pyramid as highly prospective 
exploration potential. 

Each of the unexplored targets on the pyramid represents 
untapped potential. The goal of KGL is make significant 
discoveries of copper and other metals at each thereby 
elevating these targets up towards the apex of the pyramid. 
Some examples of areas that have not yet been adequately 
drill tested are the Bellbird North – Scarp Trend – Crowes 
Nest, Pioneer, Reward North, Reward Silver Strike, Eagle, 
Hamburger Hill, Eagle, Eastern Side, Wards, Scrubby Hill 
W, and Anaconda. Achieving this goal will necessarily draw 
on the recent experience and knowledge the company and 
the exploration team have gained from drilling and defining 
the advanced Jervois deposits. This knowledge, combined 
with the high quality geophysical and geological datasets, 
will allow the design of precisely targeted drilling programs 
to maximise the chances of exploration success.

Acknowledgements

We acknowledgement the members of the KGL management, 
consultants, and site geology team, both past and present, 
whose contributions to this paper are greatly valued. In 
particular we thank Denis Wood, Atiqullah Amiri, Albert 
Mostert, Dean Krak, Adrian van Herk, Kate Hine and John 
Levings for their support and technical input.

References 

Hine K, 2021. Jervois Geophysics Compilation – Part 1: 
Data Summary. Mitre Geophysics. Unpublished 
Company Report.

KGL Resources Limited, 2015. Jervois delivers high 
copper grades at Rockface. Australian Stock Exchange 
announcement: KGL, 22 October 2015.

–––, 2016a. High grade copper results from KGL 
Resources Jervois Project. Australian Stock Exchange 
announcement: KGL, 26 April 2016.

–––, 2016b. Rockface delivers further high grade copper 
results at KGL Resources Jervois Project. Australian 
Stock Exchange announcement: KGL, 9 May 2016.

Jervois – Copper
RWN – Reward North

Unca Creek Tenement – Copper
΄W΄ – Copper-Tungsten

Jervois – Silver-Lead-Zinc
BBN – Bellbird North

Figure 15. KGL Project Development Pyramid.

–––, 2016c. Jervois exploration update. Australian Stock 
Exchange announcement: KGL, 2 August 2016.

–––, 2017. Update on expanded Jervois Project. Australian 
Stock Exchange announcement: KGL, 16 May 2017.

–––, 2019. Further high grade results enhance Bellbird 
deposit at KGL’s Jervois Copper Project. Australian 
Stock Exchange announcement: KGL, 17 October 2019.

–––, 2020. Jervois Resource upgrade at KGL’s Jervois 
Copper Project supports development focus. Australian 
Stock Exchange announcement: KGL, 15 September 
2020.

McGloin MV, Weisheit A, Trumbull RB and Maas R, 2019. 
Using tourmaline to identify base metal and tungsten 
mineralising processes in the Jervois mineral field and 
Bonya Hills, Aileron Province. Northern Territory 
Geological Survey, Record 2019-001.

Taylor A 2020. Mineral Resource Estimate, Reward, 
Rockface And Bellbird Deposits, Jervois Project, 
Northern Territory, Australia. Mining Associates Pty 
Ltd. Unpublished Company Report.

Weisheit A, Reno BL and Beyer EE, 2019. Jervois Range 
Special, Northern Territory. 1:100 000 geological map 
series explanatory notes, 6152 and part 6252. Northern 
Territory Geological Survey, Darwin.



107

AGES 2021 Proceedings, NT Geological Survey

Epigenetic copper and tungsten mineralisation in the northeastern Aileron Province, central 
Australia 
Matt McGloin 1 and Anett Weisheit 2,3

© Northern Territory of Australia 2021. 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 Previously NTGS, now at IGO Limited, South Shore Centre, 
85 South Perth Esplanade, South Perth WA 6151, Australia

2 Northern Territory Geological Survey, PO Box 8760, Alice 
Springs NT 0871, Australia

3 Email: anett.weisheit@nt.gov.au 

Historical mining and prospecting in the northeastern 
Aileron Province has been modest and largely limited to 
a few tenements since copper was discovered at Jervois 
in 1929. However, in recent decades, this area has been of 
interest to explorers of copper, tungsten, and polymetallic 
copper–silver–lead–zinc deposits. Given this increased 
exploration activity, new 1:100 000-scale mapping 
and mineral systems studies by the Northern Territory 
Geological Survey (NTGS) have focused on understanding 
the geology and ore-forming processes in the region. As 
part of this work, NTGS conducted a large-scale study of 
copper and tungsten mineralisation in order to determine 
the nature and origin of 132 individual sites of copper and 
tungsten in three areas (the Molyhil tungsten–molybdenum 
deposit area, the Bonya Hills, and the Jervois mineral 
field; Figure 1). Some of these deposits and prospects have 
previously been investigated individually by companies, 
geological surveys, and universities. The new regional 
study (McGloin and Weisheit in review) combines, for the 
first time, newly collected data (petrological, structural, 
geochemical, chronological, and stable isotopic) together 
with new regional mapping (Weisheit et al 2019, Reno et al 
in prep) and compiled historical report data.

Several key controls on Palaeoproterozoic ore-
forming processes in the region, which have implications 
for exploration, are described and discussed herein. 
The epigenetic mineralisation studied is distinct from 
the synsedimentary, metamorphosed polymetallic 
mineralisation in the Jervois mineral field, although it 
does overlap spatially in some locations (eg Rockface Cu–
Ag deposit). The evidence for granite-related epigenetic 
mineralisation, as well as hybrid deposits (formed from a 
combination of pre-metamorphic and epigenetic processes), 
is consistent with several other deposits across the wider 
Aileron Province and contiguous terranes. 

Regional geology

In the study area, the ca 1.85–1.79 Ga metasedimentary 
Kanandra, Deep Bore, and Bonya metamorphics of the 
Aileron Province have undergone a long-lived tectonothermal 
cycle between ca 1.79–1.70 Ga (eg Scrimgeour 2013, Reno 
et al 2017, Weisheit et al 2019, Reno et al 2020a, b). Ten- to 
100 km-scale fault and shear zones were active during that 
cycle, resulting in the formation of structural domains, 
each with individual structural, metamorphic, and igneous 
histories (Figure 1; Weisheit et al 2016). Syn- to post-
depositional, bimodal igneous rocks were emplaced at 
ca 1.79–1.77 Ga (including eg Kings Legend Metadolerite and 
Attutra Metagabbro; eg Ransom 1978, Peters et al 1985, Zhao 

and Bennett 1995, Weisheit et al 2019) initiating hydrothermal 
fluid flow, exhalite formation, and synsedimentary base metal 
and silver mineralisation in the Jervois mineral field (eg Peters 
et al 1985, McGloin 2017). Metamorphic conditions later 
reached amphibolite facies in the Bonya and Jervois domains, 
and granulite facies in the Deep Bore Domain (eg Peters 
et al 1985, McGloin et al 2018, Weisheit et al 2019, Reno 
et al in prep). Progressive regional deformation led to the 
development of a widespread gneissic and schistose foliation 
(D2) and asymmetric folds prior to ca 1.73 Ga (D3; Weisheit 
et al 2019, Reno et al in prep). Marshall Granite in the Deep 
Bore Domain and post-tectonic Samarkand Pegmatite in 
the Bonya and Jervois domains formed at ca 1.73–1.70 Ga 
(Weisheit et al 2019, Reno et al in prep, this study). 

Molyhil area

The Molyhil tungsten–molybdenum deposit, Pinnacle 
Hill tungsten prospect, and several other minor tungsten 
occurrences in the Molyhil area are skarn mineralisation 
associated with granite intrusions (Figure 1; eg Stewart 
and Warren 1977, Barraclough 1979, Warren 1980, Freeman 
1990, Huston et al 2006). Mineralisation occurs at the 
contact zone between deformed, altered metacarbonate 
rocks and paragneiss (exoskarn) and commonly undeformed 
bodies and dykes of Marshall Granite (endoskarn; Figure 2; 
eg Shaw et al 1984, McGloin and Bradey 2017, this study). 
The metacarbonate rocks form m- to 10s m-scale layers and 
boudins within paragneiss of the Deep Bore Metamorphics 
and minor granodiorite.

The Molyhil tungsten–molybdenum deposit comprises 
two north–south trending mineralised zones, which are 
exposed in a 10 m deep open pit (eg Freeman 1990, McGloin 
and Bradey 2017, Reno et al in prep; Figure 2a). Massive and 
disseminated scheelite, powellite, and molybdenite occur 
together with magnetite (Freeman 1990). Mineralisation 
in metacarbonate rocks (and paragneiss) is layer- and 
foliation-parallel; it is associated with iron-rich exoskarn 
or andraditic hornfels at contacts with Marshall Granite 
(Figure 2b; Ransom 1978, Barraclough 1979, Shaw et al 
1984, Freeman 1986). Muscovitisation and chloritisation is 
also common close to mineralisation.

Geochemical analyses indicate that tungsten and sulfide 
mineralisation in Molyhil is strongly enriched in Mo, Fe2O3, 
U, Cu, and Sb; and moderately enriched in Bi, Co, Y, Yb, 
and Lu. Depletions occur in Rb, Ba, Sr, and Zr. The age of 
mineralisation and skarn alteration at the Molyhil deposit 
is well constrained to ca 1.72–1.70 Ga (Cross 2009, Reno 
and Fraser 2021), contemporaneous with the intrusion of the 
late- to post-deformational Marshall Granite.

Bonya Hills area

The area contains widespread, small-scale vein-hosted 
copper (eg Bonya and Green Hoard deposits) and skarn-
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hosted tungsten mineralisation (eg Jericho and Samarkand 
prospects; Figure 1; eg Smith 1963; Ransom 1978, Shaw 
et al 1984, Belbin 2015). 

Copper and tungsten mineralisation occurs disseminated, 
as vugs or vein-hosted, and locally, as massive bodies (eg 
Watson 1972). At surface, copper mineralisation is oxidised 
and predominantly consists of malachite and azurite, 
plus hematite, with accessory scheelite and molybdenite. 
Hypogene mineralisation typically includes chalcopyrite 
and pyrite hosted in quartz±hematite veins (Figure 3a; eg 
Pietsch 1973, Warren et al 1974). Tungsten mineralisation 
is dominated by scheelite, with minor powellite and copper 
minerals (eg Ransom 1978, Warren 1980, Freeman 1986).

The lithological associations for copper and tungsten 
mineralisation are variable. Copper mineralisation occurs 
with quartz veins and/or pegmatites of the Samarkand 
Pegmatite intruding deformed metacarbonate and 
metamudstone of the Bonya Metamorphics or felsic 
igneous rocks (Figure 3b; eg Warren 1980, this study). 
Kings Legend Metadolerite, locally mineralised, commonly 
occurs proximal to copper mineralisation (eg Smith 1963, 
Warren 1980, Shaw et al 1984, this study). Depending 
on the host rock, alteration minerals can include quartz, 
epidote, tourmaline or garnet (eg Robertson 1959, Ransom 
1978). Tungsten mineralisation is commonly associated 
with Samarkand Pegmatite and quartz±epidote±garnet 
veins or vugs in altered calc-silicate rock, marble, and 
schists of the Bonya Metamorphics (Figure 3c; Shaw et al 
1984). Alteration includes coarse-grained quartz, epidote, 
pyroxene, and/or garnet (eg Riemer 2000). 

Geochemical trends of the mineralisation are similar to 
those at the Molyhil area, including enrichment in Bi, Se, 
Fe2O3, and Mo. Copper and tungsten mineralisation formed 

post-deformation and can commonly be found at lithological 
boundaries in hinge zones of F3 folds (Figures 1, 3d). 
Mineralisation was contemporaneous with the intrusion of 
the post-tectonic Samarkand Pegmatite; Re–Os molybdenite 
dating of a mineralised sample from the Bonya copper 
deposit indicates that mineralisation occurred at ca 1.73 Ga 
(McGloin and Weisheit in review).

Jervois mineral field

The vein-hosted copper and skarn-hosted tungsten 
mineralisation in the Jervois mineral field is of the same style 
as that in the Bonya Hills but is generally more sparse and 
smaller in size (eg Anaconda copper prospect, Green Parrot 
scheelite prospect, Pioneer tungsten prospect; eg Ransom 
1978, Shaw et al 1984). Apparently unique to the Jervois 
mineral field, epigenetic copper and tungsten mineralisation 
spatially overlaps older stratabound polymetallic base metal 
mineralisation (eg Watson 1972, Stewart and Warren 1977, 
Ypma et al 1984). 

The epigenetic mineralisation is hosted in deformed 
Bonya Metamorphics, commonly proximal to outcrops of 
Attutra Metagabbro, and is associated with pegmatites and 
quartz±calcite–fluorite–tourmaline veins of the Samarkand 
Pegmatite (eg Shaw et al 1984, Freeman 1986). Most skarn-
hosted tungsten mineralisation occurs as disseminated, 
massive or vuggy scheelite, with minor copper and rare 
molybdenite mineralisation (eg Watson 1972, Ransom 1978, 
Shaw et al 1984, Freeman 1986). Typical skarn alteration 
minerals include epidote, clinozoisite, actinolite, and/or 
garnet (Figure 4a; eg Mackie 1984). 

Copper mineralisation is found disseminated in and 
around malachite-bearing quartz–tourmaline veins and 
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Figure 2. Molyhil tungsten–molybdenum deposit. (a) Simplified 
schematic cross-section through the two, steeply southeast 
dipping mineralised zones (adapted from McGloin and Bradey 
2017). (b) Marshall Granite dyke intruding layered and foliated 
calc-silicate rock and related magnetite–scheelite–molybdenite 
mineralisation and skarn alteration. Hammer is 30 cm long.
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pegmatites of the Samarkand Pegmatite on contacts 
between altered Attutra Metagabbro and schist of the Bonya 
Metamorphics (Figure 4b; eg Smith 1963, Shaw et al 1984). 
Alteration varies in host rocks and includes chlorite, epidote, 
muscovite, and minor hematite (eg Robertson 1959). 

Epigenetic mineralisation at the Jervois mineral field 
formed post-deformation, often at lithological contacts in 
hinge zones of F3 folds. The association with Samarkand 
Pegmatite and similarities with epigenetic mineralisation at 
the Bonya Hills suggest that the epigenetic mineralisation 
in the Jervois mineral field also occurred at ca 1.73–1.70 Ga.

Synthesis and model for the formation of epigenetic 
mineralisation

There are two main styles of epigenetic mineralisation in 
the study area: skarn-hosted tungsten and vein-hosted 
copper mineralisation. The mineralisation, alteration, and 
geochemical characteristics are remarkably consistent. Also, 
both copper and tungsten mineralisation are associated with 
late- to post-tectonic intrusions of felsic igneous rocks and 
quartz veins at around 1.73–1.70 Ga (Marshall Granite and 
Samarkand Pegmatite). 

The majority of tungsten mineralisation occurs in 
skarn-altered metacarbonate rocks, with associated 
calcic, ferric, and potassic alteration. The occurrence of 
garnet–clinopyroxene skarn gangue and strong remanent 
magnetism in magnetite skarn at Molyhil indicate the 
involvement of high temperature (~575–400°C) magmatic-
hydrothermal fluids (eg Barraclough 1979). These estimates 
and locally occurring ductile deformation in the Marshall 
Granite suggest a depth of intrusion between ~13–10 km. 
Based on the skarn alteration assemblages at Molyhil, 
the co-existence of pyrite, pyrrhotite, chalcopyrite, and 
magnetite; the absence of sulfate; and the homogenous 
sulfide sulfur isotope data (-3.0‰ to +6.3‰), it is interpreted 
that fluids exsolved from the granite were weakly acidic, 
oxidised, and enriched with dissolved sulfur. 

Copper mineralisation formed exclusively in the Bonya 
Hills and Jervois mineral field areas. Mineralisation occurs 
in and at quartz veins in various host rocks, commonly 
proximal to mafic rocks (ie Attutra Metagabbro, Kings 
Legend Metadolerite). Diopside-bearing skarns associated 
with the mineralisation indicate magmatic-hydrothermal 
fluid temperatures of ≤550°C; K-feldspar, sericite, epidote, 
and chlorite alteration indicate temperatures of ≤350°C 
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Figure 3. Bonya Hills area. (a) Mineralised quartz vein in drillhole BYD002 from the Bonya copper deposit (74.5 m depth). (b) Weakly 
copper mineralised stockwork quartz and breccia associated with garnet in vein selvedges at the Green Hoard copper deposit. (c) Minor 
copper and tungsten mineralisation at contact between altered schist with pegmatite and leucogranite of the Samarkand Pegmatite at the 
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(eg Bodnar 1995). Additionally, pegmatites, quartz veins, 
mineralisation, and alteration, all formed under brittle 
conditions, suggesting a depth of formation between 
~10–7 km. Similar to the Molyhil area, mineralisation and 
alteration are characteristic for the involvement of oxidised, 
moderate–high temperature, weakly acidic, and saline 
magmatic-hydrothermal fluids.

Geochemical enrichments of siderophile and lithophile 
elements in the mineralisation likely indicate active sourcing 
from the felsic igneous intrusions of Marshall Granite and 
Samarkand Pegmatite during fractional crystallisation, 
whereas enrichment of the chalcophile elements possibly 
occurred during passive sourcing (ie leaching) from 
mafic rocks of the Kings Legend Metadolerite and Attutra 
Metagabbro. Mineralisation formed in places of fluid 
focusing (ie fold hinges and foliation planes), where fluids 
cooled and decompressed (ie veins and stockworks), and 

a b

10 mm

Py

Cpy
Mag

1 mmCcp

Chl + Qtz

c d

in chemical traps (ie metacarbonate and metamafic rocks; 
Figure 5).

Relationship to hybrid deposits

Based on this understanding of how epigenetic copper and 
tungsten mineralisation formed regionally, a model for the 
formation of hybrid deposits like Rockface in the Jervois 
mineral field is proposed (Figure 4c, d). High-grade 
copper–silver mineralisation at Rockface was discovered 
in 2015 (eg Mayes and Bennett 2017). Undeformed sulfides 
crosscut the S2 foliation fabric and are located in the hinge 
of a large F3 fold (J-Fold; Figures 1, 5), similar to examples 
of epigenetic copper and tungsten mineralisation found 
regionally. However, the Rockface deposit is texturally 
and mineralogically distinct from nearby polymetallic 
mineralisation in the J-Fold (eg Reward South and Bellbird 

Figure 4. Jervois mineral field. (a) S2-foliated and banded calc-silicate boulder of the Bonya Metamorphics from the Pioneer tungsten 
prospect. Skarn-alteration obliterates the pre-existing structure. (b) Malachite mineralisation associated with quartz veinlets overprinting 
S2-foliated quartz–mica–chlorite schist of the Bonya Metamorphics. (c) Magnetite–chlorite alteration overprinting an original garnet–
biotite-rich assemblage at the Rockface deposit. (d) Typical mineral assemblage at the Rockface deposit. Mag: magnetite;  Cpy: 
chalcopyrite; Py: pyrite; Chl: chlorite; Qtz: quartz.
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deposits). The J-Fold polymetallic mineralisation (interpreted 
to be synsedimentary in origin) is metamorphosed and 
deformed by the S2 foliation, and contains abundant zinc and 
lead sulfides. The occurrence of massive magnetite–chlorite 
alteration at Rockface is unusual compared to regional 
epigenetic mineralisation. We interpret the magnetite and 
chlorite to have formed when epigenetic copper-bearing 
hydrothermal fluids reacted with and broke down pre-existing 
metaexhalite sequences containing abundant garnet and 
biotite (Mayes and Bennett 2017, McGloin 2017). Therefore, 
like metacarbonates and metamafic sills found regionally, 
chemically reactive metaexhalites also acted as traps for 
metals in epigenetic hydrothermal fluids. 
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Summary

This study assesses the petroleum potential of the Palaeo–
Mesoproterozoic Birrindudu Basin in the northwestern 
Northern Territory, which is one of several Proterozoic 
basins in northern Australia with the potential to host 
conventional and unconventional petroleum accumulations. 
Historical source rock geochemistry, porosity, and 
permeability data from the Birrindudu Basin are collated 
and interpreted; in addition, new fluid geochemistry 
is assessed within the context of the greater McArthur 
Basin. The limited data available indicate that at least four 
formations have good or excellent present-day organic 

richness (>2 wt% total organic carbon, TOC), and several 
sandstone and carbonate reservoirs have good porosity data. 
The calculated brittleness index of a number of organic-
rich shales suggests that several are likely to be favourable 
for fracture stimulation and therefore might constitute 
good unconventional hydrocarbon targets. Four continent-
scale petroleum supersystems are identified, two of which 
are described for the first time. These supersystems are an 
important tool in understanding the petroleum potential in 
frontier basins with limited data. Additionally, a number 
of basin-scale petroleum systems are potentially present 
within the basin successions; 14 possible conventional 
systems and nine possible unconventional systems are 
documented. Petroleum play concepts are also described 
to assist with assessing the potential for conventional and 
unconventional hydrocarbon resources. The ultimate aim 
is to identify areas that can be targeted for precompetitive 
geoscience data acquisition and assist in reducing the 
exploration search space.
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Birrindudu Basin

Seismic line
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Basin outline
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Figure 1. Regional map of the greater McArthur Basin, as defined by Close (2014), and the outcropping extent of the Birrindudu Basin. 
Subsurface extent of the Beetaloo Sub-basin from Williams (2019), with well and seismic data from STRIKE (http://strike.nt.gov.au/
wss.html).
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Introduction

The Birrindudu Basin straddles the Northern Territory–
Western Australia border and is a component of the greater 
McArthur Basin (Close 2014), which also includes the 
McArthur Basin and Tomkinson Province. The outcropping 
extent of the Birrindudu Basin in the Northern Territory 
is >36 000 km2; however, it extends over a much larger 
geographical area undercover to the northeast and east 
(Hoffman 2015, Williams 2019). Seismic exploration 
undertaken by Pangaea Resources has demonstrated that 
outcropping rocks of the Palaeoproterozoic Limbunya 
Group of the Birrindudu Basin can be traced ~200 km east 

towards the Beetaloo Sub-basin (Hoffman 2014, Hoffman 
2015, Williams 2019; Figure 1). The Birrindudu Basin 
succession is comprised of six unconformably separated 
stratigraphic groups predominantly composed of fine to 
coarse siliciclastic, carbonate, and heterolithic clastic/
carbonate rocks (Dunster and Ahmad 2013). These groups 
all contain potential petroleum systems elements, including 
black shales, sandstones, and mudstones (Table 1; Figure 2). 

The Northern Territory Geological Survey (NTGS) has 
undertaken ongoing work to establish a robust stratigraphic 
framework across the greater McArthur Basin (Munson 
2016, 2019, Munson et al 2020). The Tijunna Group has 
been demonstrated to be a correlative of the upper Roper 

Petroleum systems Hypothetical petroleum system elements

Petroleum playContinent-scale  
petroleum 
supersystem

Basin-scale  
petroleum system 

Magoon & Dow (1994)
Source Reservoir Seal

Birrindudu-Auvergne(?) Proterozoic shales of 
Birrindudu Auvergne Group Auvergne Group conventional oil/gas

Urapungan
Wondoan Hill/Stubb-

Wondoan Hill/Stubb(?)
shales in Stubb and 

Wondoan Hill formations
sandy units in Stubb and 
Wondoan Hill formations

mudstones in upper 
Stubb Formation conventional oil/gas

Stubb-Stubb(?) Stubb Formation Stubb Formation Stubb Formation unconventional

Favenc*

Nero-Banyan/Mount 
Gordon/Weaner(?) Nero Siltstone

Banyan Formation, 
Mount Gordon Sandstone 

and Weaner Sandstone

Banyan Formation 
and Battle Creek 

Formation
conventional oil/gas

Nero-Nero(?) Nero Siltstone Nero Siltstone Nero Siltstone unconventional

Timber Creek/Skull 
Creek- Timber Creek/

Skull Creek(?)

Timber Creek and Skull 
Creek

Timber Creek and Skull 
Creek Nero Siltstone conventional oil/gas

Timber-Timber(?) Timber Creek Formation Timber Creek Formation Timber Creek 
Formation unconventional

Gibbie-Seale (?) Gibbie Formation Seale Sandstone Nero Siltstone conventional oil/gas

Burtawurta/Hughie(?) Burtawurta Formation Hughie Sandstone Mount Stanford 
Formation conventional oil/gas

Limbunya-Wattie/
Bullita(?)

shales from Wattie Group 
(Kunja Siltstone/Fraynes 
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* indicates petroleum supersystems currently undefined

Table 1. Summary of continent-scale and basin-scale petroleum systems in Birrindudu Basin.
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Figure 2. Stratigraphy and lithology of Birrindudu Basin and potential petroleum systems elements, including hypothetical source 
rocks, reservoirs, seals and shale gas plays. Geochronology of formations sourced from Dunster and Ahmad (2013), Munson (2019) and 
references therein. 
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Group, which hosts the shale gas plays currently being 
explored in the Beetaloo Sub-basin of the McArthur Basin 
(Munson 2014, 2016). Additionally, a chronostratigraphic 
link has been made between the Fraynes Formation within 
the Limbunya Group and the Barney Creek Formation of the 
southern McArthur Basin (Munson et al 2020). The Barney 
Creek Formation hosts the economic McArthur River Pb-
Zn-Ag mine (Ahmad et al 2013) and is the source rock of 
the Barney–Coxco conventional gas play (eg, Munson 2014, 
Croon et al 2015), and potentially, an unconventional shale 
gas play (eg, Munson 2014, Johnston et al 2008, Baruch 
et al 2015). 

The Birrindudu Basin has been poorly explored for 
petroleum despite the presence of relatively well-studied 
active petroleum systems in correlative units in the 
McArthur Basin. Minor hydrocarbon indications previously 
noted in the basin include stylolites and vugs containing solid 
bitumen in the Pear Tree Dolostone and Campbell Springs 
Dolostone (Simeone 1991, Pangaea Resources 2015); minor 
oil staining and fluorescence in the Fraynes Formation 
(Pangaea Resources 2015); and petroliferous odours from 
the Fraynes Formation recognised during mapping (Sweet 
et al 1974a). The first demonstrable hydrocarbon shows in 
the basin were identified in very fine to medium sandstones 
and silty sandstones of the Seale Sandstone, and the Timber 
Creek and Skull Creek formations in NTGS drillhole 
99VRNTGSDD1. These hydrocarbon shows included 
live oil bleeds (light yellow to orange, high-viscosity and 
dark brown, low-viscosity degraded oils), solid bitumen, 
and fluorescing core (Dunster and Cutovinos 2002). This 
demonstrates the presence of a once-active petroleum system 
in the basin. At the time of discovery, it was speculated that 
the oil might have been sourced from the underlying Wattie 
or Limbunya groups, which contain several siltstone and 
shale units with petroleum source rock potential (Dunster 
and Cutovinos 2002). 

Subsequent updates of the stratigraphy (Munson, 2016), 
seismic interpretations (Hoffman 2014, Williams 2019), and 
geochronology (Kositcin and Carson 2017, Munson 2019, 
Munson et al 2020), combined with new geochemistry 
(Jarrett et al 2020b, c, Revie and Normington 2020), has 
led to a need for NTGS to update the petroleum geology 
and potential for the Birrindudu Basin, last summarised 
in Munson (2014). Herein, the shale geochemistry of the 
Birrindudu Basin is used to determine the organic richness, 
kerogen type and thermal maturity of the basin rocks; 
and to compare the same with prospective source rocks 
in the McArthur Basin. Porosity and permeability data 
from sandstones and carbonate rocks is used to determine 
conventional reservoir quality. Furthermore, oil stains 
from the Timber Creek Formation of the Bullita Group 
are geochemically typed using biomarker and isotopic 
techniques and compared with the previously published 
fluid geochemistry of oils and oil stains from the McArthur 
Basin with the aim of typing the oil stains to a petroleum 
supersystem (Jarrett et al 2019c). Finally, several petroleum 
systems and plays are described to ascertain the potential 
for conventional and unconventional hydrocarbon resources 
in the Birrindudu Basin. This work is currently being 
undertaken as part of the four year (2018–2022) Resourcing 

the Territory initiative to promote and facilitate the 
development of resources and primary industries, as well as 
supporting industry exploration programs. 

Source rocks 

Abundant potential source rocks exist in the Birrindudu 
Basin, including a number of shales, mudstones and 
organic-rich carbonate rocks (Figure 2). Understanding 
the organic richness, kerogen type, and thermal maturity 
of these prospective source rocks can define areas with 
the potential to host a petroleum resource and allow the 
targeting of areas for future study. Figure 3 plots open file 
Rock-Eval pyrolysis data from the Birrindudu Basin. The 
data used are a combination of previously published data 
available in DIP014 (Revie and Normington 2020) and 
new data generated at the Geoscience Australia through 
the Exploring for the Future program (Jarrett et al 2019a,b; 
2020b). 

Using the classification scheme of Peters and Cassa 
(1994), the Mallabah Dolostone and Fraynes Formation 
have ‘excellent’ organic richness (TOC >4 wt%; Revie 
and Normington 2020) with present-day TOC values up to 
11.3 wt% and 8.1 wt% respectively. Two Palaeoproterozoic 
units from the Limbunya Group: (Pear Tree Dolostone and 
Kunja Siltstone) contain ‘good’ organic richness (TOC 
between 2 and 4 wt%), and several units, including the 
Timber Creek, Battle Creek and Wondoan Hills formations, 
contain ‘fair’ organic richness (TOC between 0.5 and 
2.0 wt%; Figure 3a).  

The hydrogen index (HI) can determine the expelled 
products at the time of peak maturity (eg Peters and Cassa 
1994). Present day HI plotted in Figure 3b demonstrate 
a range of expelled products and kerogen types in the 
Birrindudu Basin. Shales from the Mallabah Dolostone, 
Kunja Siltstone, Fraynes Formation, and Timber Creek 
Formation appear to be oil prone (HI >300 mg HC/g 
TOC). The Pear Tree Dolostone is oil and gas prone (HI 
200 to 300 mg HC/g TOC), and gas-prone kerogen (HI 50 
to 200 mg HC/g TOC) occurs in the Wondoan Hill and 
Stubb formations. It should be noted that Rock-Eval indices 
including HI can be affected by oil staining and thermal 
maturity (Peters and Cassa 1994). Figure 3c plots the 
production index (PI; S1/[S1+S2]) against Tmax to show 
the generation history and maturation of potential source 
rocks. PI increases continuously through the oil window 
and many source rocks, including the Fraynes, Timber 
Creek and Battle Creek formations, and the Pear Tree 
and Mallabah dolostones, all appear to be affected by oil 
staining (Figure 3c). The results in Figure 3 demonstrate 
that a significant amount of data have Tmax values >435°C 
and PI values >0.2 and therefore are thermally mature and 
may provide only a limited insight into the true petroleum 
potential of the region. 

The results documented herein show that the source 
rock geochemistry for the Birrindudu Basin is still poorly 
understood. This is one of the major exploration risks or 
uncertainties when appraising a frontier basin (eg Binns 
and Corbett 2012). Although the petroleum supersystems 
framework of Bradshaw et al (1994) may provide regional 
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Figure 3. Rock-Eval pyrolysis geochemistry data from Birrindudu 
Basin. (a) Total Organic Carbon (TOC wt%) versus Hydrogen 
Index (mg/g TOC). (b) Tmax (°C) versus Hydrogen Index 
(mg/g TOC). (c) Production Index (PI) versus Tmax (°C). Data is a 
combination from Revie and Normington (2020) and Jarrett et al 
(2019a). Note that TOC in (a) is capped at 8 wt%; maximum values 
from the Mallabah Dolostone (11.3 wt%) and Fraynes Formation 
(8.1 wt%) are not shown.

analogues, additional basin-specific geochemistry, including 
Rock-Eval data and kerogen kinetics, is required from more 
thermally immature sedimentary rocks of the Birrindudu 
Basin to fully understand the expelled petroleum products. 
There are also many unsampled legacy drill cores still to 

be analysed for organic geochemistry, reflectance and 
mineralogy, including drill core containing black shales 
from the Mallabah Dolostone. Some shales are only known 
from field mapping, eg thick shales have been mapped in 
the Timber Creek Formation, Skull Creek Formation, and 
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Nero Siltstone of the Bullita Group, and in the Stubb and 
Wondoan Hill formations of the Tijunna Group (Beier et al 
2002, Dunster and Ahmad 2013). Another opportunity 
for future work is defining the stratigraphy and ages of 
mudrocks and dolostones in legacy core. Up to 55 m of shale, 
termed ‘Undifferentiated Birrindudu Group’ (Hurrell 1993), 
has been reported in the drillholes LMDH8, LMDH10, and 
LMDH12. This unit has the potential to be a source rock, 
shale gas play or a basin-hosted base metals trap (eg Spinks 
et al 2016a, b). An understanding of the ages, relationships 
and extents of these systems is required to further de-risk 
exploration in the region. 

Reservoirs

There is potential for both clastic and carbonate reservoirs 
in the Birrindudu Basin (Figure 2). Every group within the 
basin contains thick sandstones that may form potential 
reservoirs. The sandstones range in thickness from 5 m to 
3000 m and are predominantly a mixture of fine to medium 
quartz sandstones (Dunster and Ahmad 2013). The 
Gardiner and Coomarie sandstones within the Birrindudu 
Group, as well as the Neave Sandstone in the Wattie Group, 
are lithic sandstones (Figure 2) that may have potential 
for secondary porosity through the breakdown of feldspars 
(Polito et al 2006). Additionally, several thick carbonate 
units are present in the basin; the presence of mouldic 
and vugular porosity within these formations (Dunster 
and Ahmad 2013) is evidence of chemical dissolution 
and secondary porosity. This is important as secondary 
porosity can often enhance permeability and production 
yields (Ghafoori et al 2009). 

Fundamental controls on reservoir quality are 
determined by thickness, porosity, permeability, and fluid 
saturation (Magoon and Dow 1994, Worden et al 2018). To 
date, rock properties’ data is minimal for the Birrindudu 
Basin: only 108 porosity and 13 permeability measurements 

are available (Hallett 2020; Figure 4). Measured sandstone 
porosity ranges from 1% to 16%; the porosity in carbonate 
rocks ranges from 0.1% to 14% (Figure 4). Data from the 
Seale Sandstone demonstrates low permeabilities ranging 
from 0.001 mD (millidarcies) to 1.73 mD (average 0.42 mD, 
stdev 0.59, n = 8). Permeability in the Stirling Sandstone 
is highly variable, with values ranging from 0.01 mD to 
217 mD (average 75.8 mD, stdev 105.6, n = 5; Hallett 2020). 
There is a clear relationship between high porosity and 
high permeability, which is suggestive of microfracturing. 
Similar trends associated with micro-fracturing have also 
been identified in the Hayfield sandstone member of the 
McArthur Basin (Altmann et al 2020). Additional porosity 
and permeability testing of legacy drill core, in addition to 
calculations of porosity and permeability from available 
wireline logs (eg Helle et al 2001, Jennings and Lucia 2003), 
will greatly enhance the understanding of the reservoir 
qualities in the Birrindudu Basin. Other analyses and studies 
could be undertaken to improve knowledge of the quality of 
reservoirs in the region; these include Dean-Stark extraction 
to determine fluid saturations in potential reservoirs, and 
thin section and other mineralogical studies to understand 
grain size and arrangement, as well as determine evidence 
of diagenesis and pressure dissolution. 

Fluid geochemistry

A key factor in reducing the petroleum exploration search 
space in a basin is defining the active petroleum systems 
present (eg Magoon and Dow 1994). Hydrocarbon shows 
and indications are direct evidence of an active petroleum 
system. The most significant shows in the Birrindudu Basin 
to date are live oils discovered during the stratigraphic 
drilling of NTGS 99VRNTGSDD1 (Dunster and Cutovinos 
2002). The source of the live oil has not yet been determined 
but was speculated to be from shales within either the Wattie 
or Limbunya groups (Dunster and Cutovinos 2002). 

Figure 4. Box plots of porosity for 
potential sandstone and carbonate 
reservoirs in Birrindudu Basin. Data 
from Hallett (2020).
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Traditional organic geochemical methods to type 
petroleum families typically rely on the combination 
of hydrocarbon biomarkers and isotopic analyses (eg, 
Peters et al 2005, Huc 2013). In this study, hydrocarbon 
biomarkers were extracted from drillholes NTGS 
99VRNTGSDD1, NTGS 99VRNTGSDD2, and Pangaea 
Resources’ Manbulloo S1, which is located in the northeast 
Birrindudu Basin (Figure 1). These were analysed by gas 
chromatography mass spectrometry (GC–MS) at Geoscience 
Australia, and metastable reaction monitoring (MRM aka 
GC–MS–MS). The results share qualities consistent with 
previously published biomarker data. Saturated triterpanes 
are below detection limits in sediments of the Fraynes 
Formation in drill core from Manbulloo S1. A study of the 
aromatic hydrocarbons reveals the presence of 2,3,4- and 
2,3,6- trimethyl aryl isoprenoids, in addition to MPI-1 
values that suggest thermal maturity within the peak oil 
window. Aryl isoprenoids were not present in extracts from 
99VRNTGSDD1 and 99VRNTGSDD2. These sedimentary 
rocks from the Bullita and Tijunna groups are predominantly 
composed of n-alkanes, mono methyl alkanes, and large 
unresolved complex mixtures, with small concentrations of 
hopanes. These are broadly consistent with general features 
identified in Proterozoic sedimentary rocks globally 
(Pawlowska et al 2013). In the greater McArthur Basin and 
coeval Lawn Hill Platform, hydrocarbon biomarkers are 
generally very similar in the saturated fraction, reflecting 
a largely consistent dominant primary producer in the 
water column during the Proterozoic (Summons et al 1988, 
Flannery and George 2014, Jarrett et al 2019a, 2020a). 
Previous studies have reported differences between the 
Barney Creek Formation and the Velkerri Formation in the 
abundances of 2,3,4- and 2,3,6- trimethyl aryl isoprenoids 
(eg Summons et al 1988, Flannery and George 2014, Jarrett 
et al 2019b). These aryl isoprenoids are biomarkers of green 
and purple sulfur bacteria and are found in euxinic water 
columns (Brocks et al 2005). The Velkerri Formation is 
largely ferruginous with euxinic excursions in the organic-
rich intervals of the Amungee Member (Cox et al 2016). 
Aryl isoprenoids are only identified in trace amounts in 
these euxinic zones, and are largely absent throughout the 
Velkerri Formation (Jarrett et al 2019b). Conversely, the 
Barney Creek Formation is predominantly euxinic and 
contains prolific aryl isoprenoids and other carotenoids 
(Brocks et al 2005). Higher resolution studies of the Barney 
Creek Formation have revealed large fluctuations in the 
abundance of these aryl isoprenoids, likely due to subtle 
changes in ocean biogeochemistry (Nettersheim 2017). 
Therefore, changes in the aromatic fractions are largely 
due to shifts in thermal maturity, as well as microbial 
assemblages in different water chemistries, and therefore 
these biomarkers cannot be used to effectively differentiate 
between different formations in the greater McArthur Basin. 

A clear isotopic differentiation between source rocks is 
required to type ‘vagrant oils’ with no known petroleum 
system. Jarrett et al (2019c) reported a divergence in 
n-alkane δ13C values between the Roper and McArthur 
Groups (Figure 5a). Source rocks from the Velkerri and 
Kyalla formations have n-alkanes ranging from -35.0‰ to 
-28.7‰, whereas the Barney Creek Formation appears to 

be more isotopically enriched, with values between -24‰ 
and -29‰ (Jarrett et al 2019c). However, Vinnichenko et al 
(2021) have demonstrated that thermal maturity plays a 
large role in the isotopic profiles of n-alkane δ13C values 
by up to 6.8‰. Barney Creek Formation n-alkane δ13C 
data from Vinnichenko et al (2012) range from -24.1‰ 
to -32.4‰, overlapping the envelope of Kyalla Formation 
values; however, a clear differentiation between the Barney 
Creek and Velkerri formations remains (Figure 5a). These 
values are consistent with isotopic data from oil stains and 
source rocks from the correlative Palaeoproterozoic Lawn 
Hill Platform (Jarrett et al 2020c). The n-alkane δ13C values 
are wide ranging from -24.0‰ to -31.8‰, demonstrating 
broad similarities in the biological sources of n-alkanes 
and geological processes within the Palaeoproterozoic 
McArthur petroleum supersystem (Jarrett et al 2020a). The 
results from Jarrett et al (2019c) were used to type many 
oil stains extracted from intraformational sandstones within 
the Kyalla and Velkerri formations; the results successively 
typed back to primary source rocks, demonstrating 
the reliability of the carbon specific isotope analysis 
(CSIA) technique. Additionally, oil from Jamison-1 was 
matched to the Kyalla Formation, and subsequent work 
has demonstrated that the live oil discovered in BMR 
Urapunga-4 (Jackson et al 1986) can be typed to its host 
rock, the Velkerri Formation (Figure 5a). The dataset from 
Jarrett et al (2019) has subsequently also typed an oil stain 
from the Hayfield sandstone member from the Amungee 
NW1 well to the Kyalla Formation (Altmann et al 2020). 

In the present study, two oil stains from 99VRNTGSDD1 
within the Timber Creek Formation yielded enough 
saturated hydrocarbons for n-alkane δ13C analysis (out of the 
16 oil stains from 99VRNTGSDD1 and 99VRNTGSDD2 
extracted). The isotopic values are fairly well constrained 
between -27.1‰ and -29.7‰ (Figure 5b). These values 
sit within the range of source rocks from both the Kyalla 
and Barney Creek formations. The lighter <C20 n-alkanes 
of the shallowest oil stain are isotopically enriched 
and sit within the zone of the Barney Creek Formation 
(Figure 5a). This tentatively suggests a Palaeoproterozoic 
source; however, the other isotopes appear more consistent 
with a Mesoproterozoic source. Future work in obtaining 
n-alkane CSIA values for Birrindudu Basin source rocks in 
the Birrindudu Basin will make a significant contribution 
to understanding the correlation between the preserved 
live-oil and potential source rocks in the region, a crucial 
step in defining the active petroleum systems in the basin. 
Furthermore, this data will allow for a more comprehensive 
correlation between Proterozoic-aged petroleum systems in 
northern Australia.

Stable carbon isotopic signatures (δ13C) of individual 
hydrocarbons, and the bulk saturated (δ13Csat ) and aromatic 
(δ13Carom ) hydrocarbon fractions, have been successfully used 
to differentiate between petroleum families in the McArthur 
Basin (Jarrett et al 2019c). Within the Roper Group, δ13Csat 
and δ13Carom have been used for oil-source rock correlations 
(Jarrett et al 2019c; Altmann et al 2020; Figure 6) similar to 
n-alkane δ13C work described above. As the concentration 
threshold is an order of magnitude higher than CSIA of 
n-alkanes, this type of analysis can be conducted more 
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routinely with organically lean oil stains and still provide 
useful information on oil source correlations. 

Herein we present new bulk δ13Csat and δ13Carom from the 
Birrindudu and McArthur basins to complement previously 
published McArthur Basin isotopic data. The material 
analysed comprises one oil stain from the Timber Creek 
Formation in 99VRNTGSDD1, six samples of extracted 

bitumen from the Fraynes Formation in Manbulloo S1, and 
nine oil stains from the Lynott Formation in Armour Energy 
Lamont Pass-3 (Figure 6). Velkerri Formation extracts are 
the most isotopically depleted and have δ13Csat and δ13Carom 
values that range between -35‰ and -31‰, whereas the 
Kyalla Formation extracts are slightly more enriched in 
δ13Csat with values between -32‰ to -29‰. The Lynott 

n-alkane carbon number

n-alkane carbon number

a

b

A21-080.ai

Barney Creek Formation

Velkerri Formation

Barney Creek Formation
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Figure 5. Carbon specific isotope analysis (CSIA) of individual n-alkanes for oil source rock correlations in greater McArthur Basin. 
(a) Data published for McArthur Basin in Jarrett et al (2019) demonstrating good oil source correlations between Roper Group oils, oil stains 
and source rocks. (b) New oil stain CSIA data from Birrindudu Basin overlain with oils and source rocks of McArthur Basin. Solid lines 
indicate oils, including Jamison-1 oil and live oil from BMR Urapunga-4. Dashed lines indicate oil stains with colours corresponding to 
their host formation, including Kyalla Formation (purple), Velkerri Formation (green), Moroak Sandstone (orange), and Jamison sandstone 
(yellow). Shaded polygons demonstrate ranges of source rocks from Kyalla Formation (purple), Velkerri Formation (green) and Barney 
Creek Formation (blue). Data for Barney Creek Formation is a combination of those from Jarrett et al (2019) and Vinnichenko et al (2021).  
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Formation oil stains plot between the Velkerri and Kyalla 
formations with δ13Csat values between -30.8‰ and -32.4‰ 
(Figure 6). In the Birrindudu Basin, the Fraynes Formation 
has similar aromatic profiles to the Kyalla Formation; 
however, δ13Csat values are significantly more isotopically 
enriched compared to the Kyalla Formation and range 
from -30‰ to -27‰ (Figure 6). This demonstrates a clear 
differentiation of the formations into clusters that can be 
used to potentially type oils. The Timber Creek Formation 
oil stain (99VRNTGSDD1) plots within the cluster of Lynott 
Formation oil stains (Figure 6). However, the isotopic 
differences between Kyalla Formation and Lynott Formation 
values overlap; thus typing the oil stain to an exact source 
does not appear to be well-defined. Future work should 
include obtaining sufficient bulk δ13Csat and δ13Carom of other 
source rocks in the Birrindudu Basin to provide a statistical 
significance and determine the robustness of this technique. 

Unconventional hydrocarbon potential 

Mineralogy and shale brittleness are key factors that influence 
the hydrocarbon reservoir property of a shale in addition 
to the efficiency of hydrocarbon extraction. Generally, 
minerals such as quartz and carbonate can increase the 
brittleness of a shale; such shales may readily fracture and 
release hydrocarbons. Shales with higher clay contents 
are generally more ductile and reduce the effectiveness of 
stimulation (Sone and Zoback 2013, Perez Altamar and 
Marfurt 2014). Revie (2017b) identified mineralogy and the 
brittleness index as factors influencing the unconventional 
petroleum resource potential of the Velkerri and Kyalla 
formations, where favourable shale contains >40% of 
brittle minerals and <40% clays. It should be noted that the 
average clay content of the Kyalla Formation is 55% and of 

the Velkerri Formation is 37%; recent industry activity has 
demonstrated stimulation effectiveness in both reservoirs 
(Close et al 2017, Bein et al 2020).

Mineralogy and brittleness data is limited for the 
Birrindudu Basin with only 17 data points published by 
NTGS (Revie and Normington 2020) and 53 data points 
generated by Geoscience Australia (Jarrett et al 2020b). 
Figure 7 plots these results in a ternary diagram of quartz, 
carbonates and clays with overlaying polygons reflecting 
the composition of successful shale plays (polygons 
superimposed from Passey et al 2010). The formations 
in Figure 7 with potential unconventional hydrocarbon 
potential are the Mallabah Dolostone (n = 12), Kunja 
Siltstone (n = 1), Fraynes Formation (n = 14) and Timber 
Creek Formation (n = 14). All of these formations contain 
a relatively high quartz and carbonate content, and a low 
clay content; they all sit within the polygons of known 
successful shale gas plays. The results also demonstrate 
large variabilities in the mineralogy within formations. 
The Fraynes Formation, for example, contains carbonate 
contents ranging from 0% to 93% (Figure 7). These 
variabilities demonstrate the need for higher-resolution 
mineral studies to define the sweet spots of brittle minerals. 
Figure 8 plots the brittleness index (BI) of Li et al (2013), 
defined as the concentration of quartz and carbonates over 
total minerals. Shales are characterised as brittle when 
BI >0.48, less brittle when BI = 0.48 to 0.32, less ductile 
when BI = 0.32 to 0.16, and ductile when BI <0.16 (Perez 
Altamar and Marfurt 2014). The results demonstrate that 
the Kunja Siltstone is characterised as being ‘less brittle’, 
the Fraynes Formation and Mallabah Dolostone are ‘less 
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Figure 6. Cross plot of extracted δ13C saturated hydrocarbon 
fraction (δ13Csat) versus δ13C aromatic hydrocarbon fraction 
(δ13Carom) of Jamison-1 oil (black diamond) and source rocks 
in greater McArthur Basin, including new data from Fraynes 
Formation (blue triangles) and Lynott Formation (blue circles) 
compared with previously published values (Jarrett et al 2019) 
from Velkerri Formation (green squares), and Kyalla Formation 
(purple circles). 

Figure 7. Ternary plot of carbonate (wt%), quartz (wt%) and total 
clay (wt%) compositions of sedimentary rocks in Birrindudu Basin. 
Polygons represent zones of successful shale gas plays based on 
XRD data from Passey et al (2010) for Barnett Shale (grey), Eagle 
Ford Shale (green) and a clay-rich, gas-bearing mudrock (purple). 
Data is a combination from Revie and Normington (2020) and 
Jarrett et al (2019a). 
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brittle to brittle’, and the Timber Creek Formation is 
‘brittle’ (Figure 8, Table 2). It should be noted that BI 
is not a universal proxy. There are examples of basins 
where BI is highly effective in predicting sweet spots, for 
example in the Barnett Shale (Sone and Zoback 2013); and 
other basins where BI does not correlate to rock strength 
or hydraulic stimulation effectiveness (Mathia et al 2016). 
Geomechanics and rock strength testing is one methodology 
that can be used to obtain a detailed understanding of the 
rock strength of legacy drill core where direct drilling and 
hydraulic stimulation is otherwise not planned (eg Chang 
et al 2006, Dewhurst et al 2008, Bailey et al 2021).

Petroleum play concepts

The petroleum supersystem framework is used in Australia 
to link basins of similar age, structural history, depositional 
history, and petroleum potential; it may include a family of 
similar source rocks instead of one source–reservoir–seal 
system (Bradshaw et al 1994). The petroleum supersystem 
approach can be a powerful way to predict the potential 
for petroleum resources in data-poor frontier basins 
through comparison with data of known petroleum systems 
elements in roughly time equivalent and structurally similar 
depositional settings. 

Petroleum systems in the Birrindudu Basin are likely 
comparable to those within the McArthur Basin to the 
east. The McArthur Basin hosts the formally defined 
McArthur and Urapunga petroleum supersystems. An 
older petroleum supersystem hosted in the ca 1850 Ma 
Redbank package has also been hypothesised (Munson, 
2014). This petroleum supersystem hosts two prospective 
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shale packages: the McDermott and Wollogorang 
formations (Munson 2014, Jarrett et al 2019). However, 
other petroleum supersystems have been recognised but 
not yet formally described. The oldest known petroleum 
supersystem in the McArthur Basin is hosted in the 
ca 1850 Ma-aged Redbank package and herein termed the 
Redbank Supersystem (Figure 2, Table 1). It includes the 
McDermott and Wollogorang formations, which contain 
organic-rich shales and hydrocarbon indications (Munson 
2014, Jarrett et al 2019). In the Birrindudu Basin, shales 
in the Talbot Well Formation and Hinde Dolostone are 
Redbank Petroleum Supersystem equivalents. Additionally, 
another petroleum supersystem is identified in the 
Palaeoproterozoic Favenc Package (Figure 2) and in the 
correlative Lawn Supersequence in the Lawn Hill Platform 
(Gorton and Troup 2018, Bailey et al 2019). The Lower 
Pmh4 interval within the Lawn Hill Formation hosts a shale 
gas discovery at the Egilabria structure in NW Queensland 
(Longdon 2014, Gorton and Troup 2018). Therefore, this 
petroleum supersystem is named the Lawn Supersystem. In 
the Birrindudu Basin, potential shale packages in the Lawn 
Supersystem include the Timber Creek Formation and the 
Nero Siltstone (Figure 2, Table 1). Better age constraints 
are needed on Birrindudu Basin shales for appropriate 
petroleum supersystem  sub-divisions. 

Potential petroleum systems and plays can be identified 
in each of the major packages of the McArthur Group (eg, 
Munson 2014, Jarrett et al 2019c), and it is possible that a 
similar number might be present in correlative Birrindudu 
Basin successions. In this study, petroleum systems and 
plays are established for the Birrindudu Basin using the 
source reservoir nomenclature of Magoon and Dow (1994) 

Figure 8. Box and whisker plots for 
Brittleness Index (calculated as total 
quartz and carbonates over all minerals) 
for sedimentary units in Birrindudu 
Basin.
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as presented in Table 1. Although hypothetical, this high-
level summary demonstrates the potential for many source–
reservoir pairs within the basin, which might contain up 
to 14 conventional systems and 9 unconventional systems. 
This is in line with detailed petroleum play analysis in 
the data-rich, coeval Beetaloo Sub-basin, for which Côté 
et al (2018) described five different petroleum play types: 
the Velkerri shale dry gas play, Velkerri liquids-rich gas 
play, the Kyalla shale gas play, Kyalla hybrid liquids-rich 
gas play, and the conventional Kyalla–Hayfield sandstone 
oil/condensate play. Individual play types have different 
levels of risk and require different technical information 
for appraisal; however, Coté et al (2018) made the point 
that an economically sound and efficient assessment of a 
region should attempt to holistically appraise multiple play 
types.

There are several hypothetical conventional trap styles for 
the Birrindudu Basin. Mapping in the region (eg Beier et al 
2002) has identified favourable conditions for stratigraphic 
pinch-out traps, and gently folded anticlinal and fault-
bounded structural traps. Faulting in the southwestern part 
of the basin was likely synchronous with deposition of the 
Limbunya Group (Beier et al 2002). This could have resulted 
in brecciated traps in carbonate rocks, with hydrocarbons 
sourced from organic-rich shales and carbonate rocks of the 
Limbunya and Bullita groups. In a hydrothermal dolostone 
play, low-temperature hydrothermal events could have 

generated and migrated hydrocarbons, forming secondary 
vugular pores for accumulation and preservation (Davies 
and Smith 2006). This is analogous to the Coxco Dolostone 
hydrothermal play in the McArthur Basin (Croon et al 
2015). The presence of galena and pyrite pseudomorphs in 
several formations in the Limbunya Group (Dunster and 
Ahmad, 2013) is potential evidence of hydrothermal fluid 
flow through the basin. 

There is also potential for unconventional shale oil 
and shale gas plays, and for basin-centred tight oil and 
gas plays. Unconventional hydrocarbon resources can 
be broadly defined as a resource requiring additional 
methods and technologies for extraction from reservoirs 
characterised by low porosity and permeability (Schmoker 
et al 1995). Unlike conventional reservoirs that have a 
physical separation between source rock and reservoir, a 
shale in an unconventional hydrocarbon resource can often 
be the source, reservoir and seal (Revie 2017a). Common 
unconventional resources are tight sands and shale oil 
or shale gas plays. Due to a paucity of data on porosity, 
permeability and mineralogy for sandstone units in the 
Birrindudu Basin, tight sandstone plays cannot be evaluated 
in any detail; however, low permeability values in the 
Stirling and Seale sandstones (Hallett 2020) show that there 
might be some potential for this play type. As the Beetaloo 
Sub-basin is actively being explored for shale gas, we also 
focus on analogous shale gas plays here. 

Petroleum systems

Shale 
thickness 

(m)+

Depth 
below 

surface 
(m)

Total organic 
carbon  

(TOC wt%)
Thermal maturity Mineralogy Brittleness

Continent-scale  
petroleum 

supersystem 
Bradshaw et al 

(1994)

Basin-scale 
petroleum 

system 
Magoon & Dow 

(1994)

Urapungan Stubb-Stubb(?) 210 0 to 170 0.4% (n = 1) mature 443°C 
(n = 1)

Favenc*

Nero-Nero(?) 80

Timber-Timber(?) >300 245 to 
552

max 0.87% 
(average 0.2%, 

stdev 0.2%, n = 16)

immature to 
overmature 

(average 466°C, 
stdev 50°C, n = 11)

average brittle 
minerals 75%, 

average clays 13%
brittle

McArthur

Fraynes-
Fraynes(?) <100 29 to 992

max 8.1% (average 
1.5%, stdev 1.7%, 

n = 43)

immature to 
overmature 

(average 457°C, 
stdev 27°C, n = 35)

average brittle 
minerals 50%, 

average clays 28%

less brittle to 
brittle

Kunja-Kunja(?) 60 0 to 1538
max 2.1 wt% 

(average 1.5%, 
stdev 0.2%, n = 7)

early oil generation 
(average 437°C, 
stdev 1°C, n = 6)

brittle minerals 42%, 
clays 29% less brittle

Mallabah-
Mallabah(?) 20 0 to 1554

max 11.3% 
(average 2.3%, 

stdev 2.2%, n = 56)

immature to 
overmature 

(average 444°C, 
stdev 31°C, n = 28)

average brittle 
minerals 40%, 

average clays 40%

less brittle to 
brittle

Amos Knob-
Amos Knob(?) 50 47 to 

1609

max 0.60% 
(average 0.3%, 

stdev 0.2%, n = 8)

peak oil mature 
(average 448°C, 
stdev 5°C, n = 3)

average brittle 
minerals 22%, 

average clays 77% 
(n = 1)

less ductile
(n = 1)

Redbank*
Hinde-Hinde(?) 55 0 to 465

undifferentiated
Birrindudu

Coloured green for favourable, yellow for potentially favourable, red as unfavourable, and grey for unknown (insufficient or no data).
* indicates petroleum supersystems currently undefined
+ a combination of field and drill core measurements

Table 2. A summary of potential unconventional plays, and a summary of favourable characteristics.
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There are a number of different workflows available 
to test shale oil and shale gas potential. Bailey et al (2019) 
summarised six broad factors influencing shale gas 
prospectivity assessments: 

1. geology, including shale thickness and depth 
2. organic geochemistry, including organic richness 

(TOC), kerogen type and thermal maturity 
3. mineralogy and brittleness 
4. an understanding of the regional stress fields and 

pressure regimes 
5. petrophysical factors, including characterising fractures, 

porosity and permeability 
6. gas composition (thermogenic source). 

The frontier Birrindudu Basin has limited datasets, 
so only the first few factors can be tested and compared 
to analogues from other more data-rich regions, eg the 
Beetaloo Sub-basin (Revie 2017a). Nine shales have been 
identified as having unconventional shale gas or shale oil 
potential as summarised and classified in Table 2. 

The main geological factors influencing unconventional 
hydrocarbon prospectivity are shale thicknesses and depth 
below surface (Charpentier and Cook 2011, Jarvie 2012). 
Net shale thicknesses of >45 m (Jarvie 2012) or >100 m 
(Ahmeed and Ghori 2013) have been estimated as having 
potential as economically favourable pay zones. Deeper 
shales typically have higher reservoir pressures and 
thermal maturities. Depths of >1000 m are considered most 
favourable for shale gas, although shale gas from ~500 m is 
known in the Fayatteville shale play in the Arkoma basin 
of northern Arkansas (Ikonnikova et al 2015). As there are 
only limited seismic datasets and few deep drill cores in the 
Birrindudu Basin, the extent, thicknesses and depths of shale 
units are largely unknown. The results in Table 2 are likely 
skewed by shallow drilling in the region and reliance on 
thicknesses from outcrop mapping (eg, Dunster and Ahmad 
2013). Regardless, shale thicknesses appear to be generally 
favourable within the basin. Additionally, three out of the 
nine shales (Amos Knob Formation, Mallabah Dolostone 
and Kunja Siltstone) are at economically favourable depths; 
with two more (Fraynes and Timber Creek formations) at 
potentially favourable depths (Table 2). Future seismic 
acquisition and isochore mapping would greatly assist in 
determining the known thicknesses and depths of shales 
within the basin.  

Shale geochemistry data plotted in Figure 3 identified 
several shales with measured TOC between 1 and 2 wt%, 
the likely minimum requirements for an unconventional 
petroleum play (Charpentier and Cook 2011). Successions 
intersected in many of the legacy wells in the Birrindudu 
Basin are thermally overmature, and the original TOC 
would therefore have been higher (Huc 2013). Many of the 
shales are also thermally mature in the zone of oil and gas 
generation and may be potential sweet spots for shale oil 
or shale gas (Jarvie 2012). Geochemistry is not available 
for all potential unconventional systems. However, black 
shales in the Mallabah Dolostone, drilled by Peko Wallsend 
Operations, are described as having anomalous Pb-Zn 
values (Hurrell 1993). This could also suggest high TOC 

values due to the intimate association between redox 
sensitive trace metals and TOC (eg, Tribovillard et al 2006, 
Emsbo 2009, Spinks et al 2016b, Jarrett et al 2020c).

The results in Table 2 are very preliminary due to the 
low data coverage in the region. Extensive work is needed 
to understand the petroleum potential of the Birrindudu 
Basin. Large scale deep crustal seismic would be beneficial 
to understand basin architecture and relationships 
between depocentres within the greater McArthur Basin. 
Additionally, increased diamond drilling will provide 
further opportunities for a raft of new analyses. Detailed 
geochemical, petrological and geomechanical studies of 
legacy wells will provide the best possible characterisation 
of intersected units and ultimately assist in determining the 
potential for unconventional resources. This work would be 
undertaken in conjunction with a reinterpretation of seismic 
data, solid geology mapping, and relogging of legacy holes 
in order to define the extent of units across the Birrindudu 
Basin and spatially map exploration fairways and possible 
sweet spots.

Hydrocarbons sourced from the Birrindudu Basin 
could also potentially migrate upwards through faults 
and fractures into sedimentary successions of the 
unconformably overlying Neoproterozoic Victoria Basin. 
The Victoria Basin is interpreted to be part of the large 
polyphase Centralian Superbasin that covered extensive 
areas of Australia (Walter et al 1995, Munson et al 2013). 
The Auvergne Group of the Victoria Basin is composed 
of seven formations broadly composed of sandstones, 
siltstones, dolostones shales; it reaches a maximum 
thickness of about 950 m (Sweet et al 1974a, Dunster 
and Ahmad 2013). Sandstones of the Jasper Gorge and 
Spencer sandstones are hypothetical reservoirs, with the 
Angalarri Siltstone and mudstones within the Shoal Reach 
Formation potentially forming regional seals. Oil seepage 
was identified in an unidentified borehole near Bullo River 
in close proximity to the Bubble Springs Fault (Laing and 
Webby 1982); the source for this oil is currently unknown. 
Minor gas shows are known in the Victoria Basin in drill 
core from Bullo River-1 (Queensland Petroleum 1984); 
however, in this well, the Auvergne Group unconformably 
overlies granitic basement, possibly analogous to the Gillen 
sub-salt play in the Amadeus Basin (eg Palmer and Ambrose 
2012, DeBacker et al 2016). Understanding the source of 
these hydrocarbons would also greatly assist in constraining 
petroleum systems in the region.   

Conclusions

The Birrindudu Basin in the northwestern Northern 
Territory is a frontier greenfields basin and an 
underexplored component of the resource-rich greater 
McArthur Basin. While industry exploration is currently 
focused on the Beetaloo Sub-basin and southern McArthur 
Basin, this ongoing Birrindudu Basin study by NTGS is 
aimed at expanding the prospective plays in the region 
as part of the Resourcing the Territory initiative. The 
Birrindudu Basin contains four continent-scale petroleum 
supersystems; within this supersystem framework, basin-
scale petroleum systems have been defined comprising 
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14 conventional systems and nine unconventional systems. 
New and existing legacy geochemistry and rock properties 
data have been collated and interpreted for conventional 
hydrocarbon quality. Although data are limited, four 
formations have good to excellent present-day organic 
richness (>2 wt% TOC), and several sandstone and 
carbonate reservoirs have good porosity data. Mineralogy 
was used to calculate the brittleness index of a number 
of organic-rich shales and the results suggest that 
several of these would constitute good unconventional 
hydrocarbon targets and are likely to be favourable for 
fracture stimulation. Fluids from the Seale Sandstone, 
Timber Creek Formation, and Skull Creek Formation were 
geochemically analysed for an oil-source rock correlation. 
However, geochemical differentiation of the oil in 
comparison to McArthur Basin source rocks is difficult 
due to the ubiquitous nature of hydrocarbon biomarkers 
and an overlap in carbon-specific isotopic analyses. Future 
work is recommended to analyse a wider range of potential 
source rocks in the region. A larger foundational dataset 
of geochronology, geochemistry, and reservoir properties 
is also needed to test many of the play concepts described 
herein and thus reduce exploration search space for 
conventional and unconventional hydrocarbons.
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Introduction 

The Tanami Region and northwest Aileron Province are 
located ~600 km to the northwest of Alice Springs in the 
Northern Territory. The region is highly prospective for 
gold as evidenced by a number of existing gold deposits, 
including the Tanami Goldfields, the Granites Goldfields, 
and the Groundrush, Coyote and Callie gold deposits 
(Ahmad et al 2013, Ahmad et al 2009, Huston et al 2007). 
Extensive sedimentary cover and basalt flows make 
geological studies in this region challenging, with most 
information derived from sparse outcrop and drill core. 
Geophysical data is therefore a critical source of geological 
information and is heavily relied upon for deciphering the 
structural architecture and distribution of metasedimentary 
and igneous rock packages. 

The Northern Territory Geology Survey (NTGS) recently 
acquired two high-resolution aeromagnetic and radiometric 
surveys across the Tanami and Mt Peake–Crawford regions 
with an aim of improving the understanding of the regional 
geological framework to better support exploration in this 
important gold-bearing terrane (Dhu 2020). These surveys 
were flown with a line spacing of 200 m, with industry 
partners funding 100 m line-spaced infill in some areas. The 
CSIRO has been working with NTGS to value add to this 
new data through additional processing, interpretation and 
modelling. The main objectives of this work were to:

• reprocess and provide enhanced imagery for newly 
acquired and existing open file industry aeromagnetic, 
radiometric and gravity data

• undertake a solid geological interpretation and structural 
analysis of the Tanami Region, northern Aileron 
Province and southwest Davenport Province using all 
available geophysical data

• undertake 2D forward modelling of potential field data 
along three existing deep seismic reflection surveys in 
the Tanami Region to constrain the subsurface structural 
architecture.

This work will provide a framework for revising 
interpretations of the structural architecture and stratigraphic 
relationships across the region in future mapping and 
exploration projects.

Regional Geology

The Tanami Region and northwest Aileron Province 
preserve an important record of basin development, 
deformation and magmatism, and the assembly of the North 

Australian Craton during the Palaeoproterozoic (Figure 1; 
Crispe et al 2007, Goleby et al 2009, Li et al 2013, Bagas 
et al 2014). Both regions comprise metasedimentary and 
magmatic rocks of comparable ages thought to be direct 
stratigraphic equivalents of each other (Scrimgeour 2013). 
The boundary between the two terranes is interpreted as a 
collisional suture, which is imaged as a major deep crustal 
feature in seismic reflection data (Betts et al 2006, Bagas 
et al 2010, Betts et al 2016), At the surface, this boundary 
is not clearly manifested and is draped by metasedimentary 
rocks of both regions, suggesting collision occurred prior 
to widespread sedimentation across the region (Betts et al 
2006, Scrimgeour, 2013).

In the Tanami Region, stratigraphy is divided into 
two groups: the ca 1885–1840 Ma Tanami Group and the 
ca 1824–1816 Ma Ware Group. The Tanami Group consists 
of sedimentary and mafic volcanic rocks, preserved as 
the Stubbins (WA only), Dead Bullock and Killi Killi 
formations. The Mount Charles Formation comprises 
turbiditic sedimentary rocks with interbedded basalts and 
has been interpreted as a correlative of the Dead Bullock 
Formation; however, a stratigraphic position above the Ware 
Group has also been proposed (Ahmad et al 2013, Bagas et al 
2014). The Lander Rock Formation of the adjoining Aileron 
Province represents a comparably-aged metasedimentary 
package considered to be laterally equivalent to the Killi 
Killi Formation in the upper part of the Tanami Group 
(Scrimgeour 2013). 

The Tanami Group was deformed and subjected to 
greenschist–amphibolite facies metamorphism during a 
widespread tectonothermal event at ca 1840 Ma, commonly 
referred to as the Tanami Event (Li et al 2014). Following 
this event, the ca 1824–1816 Ma Ware Group was deposited 
during a regionally extensive episode of volcanism and 
sedimentation (Orth 2007, Ahmad et al 2013, Maidment 
et al 2020), and is largely comprised of felsic volcanic 
rocks, siliciclastics and minor mafic volcanics (Ahmad et al 
2013). The Ware Group consists of the Mount Winnecke 
Formation, Nanny Goat Volcanics, and the Century and 
Wilson formations. 

At ca 1825–1790 Ma, both the Tanami Region and 
Aileron Province were affected by the Stafford Event. 
This event is associated with widespread upright folding 
and faulting, extensive granitic magmatism (Vandenberg 
et al 2001, Crispe et al 2007, Ahmad et al 2013), and gold 
mineralisation (Hendrickx et al 2000, Huston et al 2007, 
Petrella et al 2019, Vandenberg et al 2001). Magmatism at 
this time is associated with emplacement of the Grimwade, 
Frederick and Birthday suites (Ahmad et al 2013). 

Geophysical data processing

To support the interpretation component of this project, the 
newly acquired and existing regional scale geophysical data 

mailto:Teagan.Blaikie@csiro.au
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were processed to enhance both long- and short-wavelength 
signals and gradients in the data (Figures 2, 3). This aids 
in the geological interpretation of the data by reducing 
noise, enhancing shallow (near surface) or deep (basement) 

features, enhancing structures and textures, and defining 
boundaries of geological features. The magnetic data 
were reduced to the pole, and a range of filters was applied 
comprising 1st and 2nd vertical derivatives, tilt-derivate, 

Figure 1. (a) Extent of geological regions and provinces within the interpretation area (dashed outline). (b) Geological map of the Tanami 
Region and northern Aileron Province derived from previous interpretations of the region (compiled from Stewart et al (2020).

Legend
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analytical signal, automatic gain correction, horizontal 
gradient magnitude and the generalised derivative. Vertical 
derivatives and band-pass filters were applied to the gravity 
data to enhance short-wavelength anomalies and better 
define edges. Ternary images of the radiometric data and 
ratios of the different elements were also produced.

In addition to the regional scale datasets acquired by the 
NTGS, a number of significant geophysical surveys have been 
undertaken by industry across the interpretation region. These 
surveys are highly valuable in providing increased resolution, 
particularly in areas of high structural complexity. As part of 
this work, an audit of all open file data was undertaken and any 
data of comparable or higher resolution to the newly acquired 
surveys were reprocessed and filtered to aid the geological 
interpretation. In total, 90 aeromagnetic, 44 radiometric 
and 8 gravity surveys acquired by industry were processed; 
these will form part of the Tanami and Mount Peake digital 
information packages to be published by NTGS.

Interpretation

All available gravity, magnetic and radiometric data were 
interpreted to produce new solid geological interpretations 
(Figures 4–6) that build on previous mapping and 
interpretations completed by the NTGS (Figure 1b). 
This work attempts to resolve any inconsistent geological 
correlations across map sheets and provide greater detail on 
structural relationships across the region. Key results from 
the Tanami and Mount Peake–Crawford interpretations 
and structural analysis are summarised herein, with more 
detailed descriptions of all units and structural features 
documented in Blaikie et al (2020) and Blaikie et al (in 
prep).

The Tanami Region is characterised by the prominent 
fold-interference patterns of magnetic units within the 
Tanami Group, and the voluminous granite intrusions of the 
Grimwade, Frederick and Birthday suites. The geophysical 

Figure 2. Recently acquired geophysical data for the Tanami Region. (a) Reduced to pole aeromagnetic data overlain on the 1st vertical 
derivative of the same data. (b) Gravity data, bandpass filtered with wavelength of 200 km –2 km. (c) Ternary image of the radiometric data.
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data and the interpretations are shown in Figure 2 and 
Figure 4 respectively. The large oblate granitic intrusions 
of the Coomarie and Frankenia domes, surrounded by the 
highly magnetic and dense rocks of the Dead Bullock and 
Mount Charles Formation, form distinctive features in 
the aeromagnetic and gravity data. This region has been 
the subject of some contention in previous mapping and 
interpretations, with disagreements on the attribution of 
magnetic units to different formations, and on the position 
Mount Charles Formation in the stratigraphy. Our work 
recognised subtle differences between the texture of the 
Mount Charles and the Dead Bullock formations in the 
aeromagnetic data that allowed previous interpretations of 
this area to be refined. Results from the structural analysis 
and modelling suggests the Mount Charles Formation may 
correlate with the lower part of the Tanami Group, consistent 
with recent analysis of detrital zircons by Maidment et al 
(2020).

The structural architecture of the Tanami Region is 
defined by subparallel west-northwest–east-southeast 
trending strike-slip faults that overprint the granite intrusions 
and metasedimentary rocks of the Tanami Region, as well 

as earlier arcuate northwest-striking thrust faults and north-
south-trending strike-slip faults. The southeast Tanami 
Region and northwest Aileron Province are characterised 
by west-northwest–east-southeast trending strike-slip faults 
in the north and higher-strain shear zones toward the south; 
however, a clear boundary between the two terrains is not 
obvious in the aeromagnetic data. Units of similar magnetic 
and structural character appear to be continuous across 
the region. For example, a continuous geophysical signal, 
defined by a moderate to low gravity response and a low 
magnetic intensity with a smooth texture, was recognised 
between the Killi Killi and Lander Rock formations 
(Figure 5). Additionally, magnetic units with a moderate 
magnetic intensity and strong linear fabric, which are very 
similar in character to the Dead Bullock Formation, were 
also noted within the northwestern Aileron Province; this 
may represent a previously unrecognised lateral equivalent 
of the Dead Bullock Formation in this area. These 
observations support previous interpretations of the deep 
crustal seismic data that suggest stratigraphy is continuous 
and drapes the crustal boundary between Tanami Region 
and Aileron Province (Goleby et al 2009). This implies the 

Figure 3. Recently acquired Mt Peake–Crawford Region aeromagnetic survey. (a) Reduced to pole aeromagnetic data with a sun-
shadow applied from the northeast. (b) 1st vertical derivative of the same data. 
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two terrains were joined together prior to deposition of the 
Tanami Group and Lander Rock Formation and the onset of 
deformation and magmatism related to the Stafford Event.

In the northwest Aileron Province, the extent of the 
Archaean inlier known as the Billabong Complex was 
revised based on correlation of outcrop with a distinct 
geophysical response characterised by a variable moderate 
to high amplitude magnetic intensity featuring strong 
magnetic lineaments. The complex is now defined as a fault-
bounded, arcuate belt flanked by granitic units (Figure 5).

The Mount Peake–Crawford interpretation is 
characterised by extensive occurrences of the Lander Rock 
Formation and voluminous granite bodies (Figure 6). Two 
distinct magnetic signatures are noted to correlate with 
mapped occurrences of the Lander Rock Formation: one 
smooth to slightly granular, while the other displays strong 
linear magnetic anomalies. The latter best preserves evidence 
of deformation within the unit. Granites commonly intrude 
the Lander Rock Formation, which exhibits the strong linear 
magnetic fabric that either represents spatially restricted 
emplacement or low petrophysical contrast between the 
non-magnetic Lander Rock Formation and the intruding 
granites. The architecture of this region is dominated by 
parallel west-northwest–east-southeast striking, high strain 
zones extending from the Tanami Region and truncating on, 
or wrapping around, the voluminous granite occurrences 

to the southeast. Prominent fold interference patterns 
characterising the Davenport Province wrap around the 
Aileron province, separated by anastomosing shear zones, 
intensely deformed metasedimentary and metavolcanic 
rocks of the Hatches Creek Group, and multiple generations 
of deformed granitic intrusions.

Structural Analysis

Tanami Region

The Tanami Region is characterised by complex fold 
interference patterns best imaged in the magnetic 
stratigraphy of the Tanami Group (eg Dead Bullock and 
Mount Charles formations). The earliest deformation event 
recognised (D1) is characterised by isoclinal folding and 
low angle thrust faulting. D1 structures are extensively 
overprinted by several subsequent deformation events; 
however, evidence suggests it is associated with an episode 
of southwest-directed tectonic vergence. D2 deformation 
is characterised by the refolding of D1 structures by 
tight to isoclinal north-northeast- to northeast-striking 
F2 folds, associated with west-northwest–east-southeast 
to northwest–southeast shortening. Both D1 and D2 are 
attributed to the ca 1840 Ma Tanami Event. The oldest 
recognised structures in the Ware Group are attributed to 

Figure 4. Final solid geological and structural interpretation of the Tanami Region and northern Aileron Province, showing distribution 
of major lithological units and faults. The form-lines (thin blue lines) highlight interpreted magnetic fabrics that indicate folding or 
deformation within different stratigraphic units. This figure represents geological units at the surface or lying immediately under cover, 
and includes an interpretation of the units of the Birrindudu Basin.
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northeast–southwest shortening during D3 as evidenced by 
northwest- to north-northwest-striking chevron folds. The 
overprinting relationship of D3 on D1 structures generated a 
Type-2 fold interference pattern. The localised development 
of tight, east–west-striking chevron folds is attributed to D4 
north–south shortening and is associated with comparatively 
weaker deformation compared to earlier events. The 
final folding event (D5) generated long wavelength, open, 
northeast-striking F5 folds during northwest–southeast 
shortening. Deformation events D3–D6 are interpreted as 
polyphase deformation during the 1810–1790 Ma Stafford 

Event. The transition to brittle-ductile deformation (D6) is 
associated with the development of the regionally prominent 
west-northwest–east-southeast- to northwest–southeast-
striking dextral and sinistral shear zones, associated with 
the major period of gold mineralisation in the region.

Northwest Aileron Province

Contrasting complex fold interference patterns of the 
Tanami Region, the architecture of the Aileron Provinces 
is dominated by a series of subparallel west-northwest- 

Figure 5. Simplified geological map illustrating the structural framework and key overprinting relationships as demonstrated by form-
line mapping of magnetic anomalies or strata in the central regions of MOUNT SOLITAIRE.  Map underlay is a greyscale 1VD of the 
magnetics, highlighting short wavelength features and structural information. This map highlights multiple fold interference patterns 
between five different fold generations, including the prominent Type-2 fold interference patterns generated by D1 and D5, as well as D1 
and D3 structures. Note the late east–northeast-striking sinistral fault truncating the northeast-plunging F5 fold hinge near the centre of 
the figure. This map also highlights the geological interpretation of the Billabong Complex, which corresponds to a northwest-trending, 
fault-bounded arcuate belt of variably moderate to high amplitude magnetic intensity and featuring strong magnetic lineaments, as well 
as the continuous geophysical signature noted between the Killi Killi and the Lander Rock formations.



137

AGES 2021 Proceedings, NT Geological Survey

Figure 6. Final litho-structural interpretation of the Mount Peake–Crawford region of the northern Aileron and southwest Davenport 
provinces, showing distribution of major lithological units and faults. The form-lines (thin blue lines) highlight interpreted magnetic 
fabrics that indicate folding or deformation within different stratigraphic units. This figure represents geological units at the surface, or 
lying immediately under cover.

to northwest-striking high strain zones terminating 
on voluminous granites in the eastern portions of the 
MOUNT PEAKE map sheet. The earliest stage (D1) 
of deformation resolvable in potential field data is 
characterised by northwest-striking, steeply plunging, 
tight to isoclinal F1 folds of magnetic strata within the 
more magnetic unit of Lander Rock Formation, developed 
during northeast–southwest shortening. A macroscale 
S–C fabric, defined by parallel magnetic strata and F1 folds 
axes along the S-plane and shear zones representing the 
C-plane, indicates sinistral movement during D2 east–west 
shortening. Apparent stretching along crustal shears is 
accommodated by block rotation along northeast-striking 
dextral offsets, also defining a larger scale sinistral shear. 
Rare type-2 fold inference patterns are observed southeast 
of the Windajong Granite; these indicate northeast-
striking open F3 folds overprinting F1 folds, associated 
with northwest–southeast shortening, corresponding 
to longer wavelength northeast-striking refolding of the 
major high strain zones. Younger east-northeast–west-
southwest striking sinistral strike slip faults truncate major 
northwest-striking shear zones as well as the Koonoonyeri 
Granite and Anmatjira Orthogneiss, indicating this 
faulting event post-dates granite emplacement at 
ca 1793 Ma. This deformation is potentially coincident 
with the tilting and small-scale northeast-striking sinistral 
displacement of the ca 1780 Ma Reynolds Range Group 
post-dating the emplacement of the ca 1772 Ma Redhackle 
Granite (D4 ). The final deformation (D5 ) event occurs 
at ca 1632 Ma and is associated with the development of 
narrow, transtensional jogs along reactivated, northwest-
striking high-strain zones containing the Vaughan Springs 
Quartzite. Early deformation (D1–D3 ) is attributed to the 
Stafford Event, whilst D4 potentially occurred during 
the ca 1735– 1690 Ma Strangways Event; D5 remains 
unresolved. 

Conclusion

Results of the Tanami and Mount Peake–Crawford 
interpretations have led to revision of the extent of 
previously mapped or interpreted units and the recognition 
of potential correlative units across the two terranes. The 
most significant updates to previous interpretations of the 
Tanami Region include revision to the distribution of the 
Dead Bullock and Mount Charles formations surrounding 
the Coomarie and Frankenia Domes, interpreted 
extension of the Dead Bullock Formation (or equivalent 
unit) into the northern Aileron Province, and revision of 
the extent of the Billabong Complex. In the Mount Peake–
Crawford interpretation, the Lander Rock Formation was 
divided into two units of differing magnetic character. 
Poor exposure across the region means the nature of the 
unit exhibiting a higher magnetic intensity is unresolved; 
however, it may be a correlative of the Dead Bullock 
Formation. 

Interpretations across the two terranes led to the 
development of a new structural framework for the Tanami 
Region and northern Aileron Province. The structural 
framework for the Tanami Region is reasonably well tied 
to the nature and timing of deformation events known to 
have affected the region. The framework developed for the 
northern Aileron Province is also reasonably well tied to 
known deformation events, although some events remain 
unreconciled.

Resolution of the differences between the structural 
framework devised for the two areas remains an exciting 
area for future research. Whilst the Killi Killi Formation 
of the Tanami Region and the Lander Rock Formation of 
the Aileron Province are regarded as direct stratigraphic 
equivalents, the newly interpreted Mount Peake–Crawford 
area preserves evidence of contrasting deformation 
styles and structural history. One potential hypothesis to 
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explain such differences involves temporal variation in the 
deformation histories due to the south-eastward migration 
of deformation in the proto-North Australia Craton 
from ca 1800 Ma as proposed by Betts and Giles (2006). 
Alternatively, potential field data covering the Lander 
Rock Formation may preserve less structural information 
due to limited lithological heterogeneity and the resulting 
magnetic susceptibility. Further stratigraphic, metamorphic 
and geochronological studies may provide insight into the 
potential further subdivision of the Lander Rock Formation, 
as well as testing the efficacy of more distal correlations 
between the Killi Killi and Lander Rock formations, and 
the correlation of orogenic overprints.
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Introduction

The Tanami Region, on the border between the Northern 
Territory and Western Australia, is a Proterozoic orogenic 
gold province with several operating and past producing 
gold mines. Prodigy Gold’s Tanami Project is located 
400 km northwest of Alice Springs and encompasses 
~14,000 km2 of the Tanami Region within the Northern 
Territory. Since 2017, Prodigy Gold has undertaken several 
lithogeochemical studies (Schmid et al 2018, Schmid 
2019) in the region to identify preferred host rocks for 
gold mineralisation (Lambeck 2004, Pretella et al 2019) 
and allow levelling of pathfinder geochemistry by rock 
unit. Systematic exploration by Prodigy Gold using aircore 
drilling, soil sampling, and geochemical sampling of 
historic drill spoils, has generated a contemporary regional 
dataset of multi-element data (Schmid et al 2018, Schmid 
2019, Briggs et al 2019).

Standard classification methods are restricted to the 
simultaneous use of two or three variables at a time. Machine 
learning-based methods allow for a multivariate approach 
to classification, potentially increasing classification 
success. Prodigy Gold processes 59 element ICP–MS data 
using Orange, an open source machine learning (ML) and 
data analytics software. This enables a geologist-guided 
‘supervised’ ML clustering of the geochemical data and 
generation of a semi-automated process for classification 
of lithogeochemistry. Supervised ML algorithms are used 
for making predictions of any kind given the right data to 

train the algorithm to understand the relationship between 
attributes and outcomes within a high-dimensional dataset 
(Zuo 2017, Zuo et al 2019).

In 2018, Prodigy Gold recognised that the Capstan 
Prospect, located in the Bluebush Area, contained Dead 
Bullock Formation (DBF) rocks (with anomalous gold) 
hosted in a structurally similar setting to the Dead Bullock 
Soak Goldfield and the 14 Moz Callie gold deposit (Briggs 
et al 2019). The DBF hosts Callie and is considered the 
preferred host formation for gold deposits in the Tanami 
Region (Pretella et al 2019). Prodigy Gold undertook a 
geochemical study in collaboration with CSIRO to confirm 
the stratigraphic context and define lithogeochemical 
classification criteria to assist exploration through the 
Cenozoic cover at Capstan (Schmid 2019). 

A subset of the lithogeochemical classification 
established by these previous multi-disciplinary studies 
(Schmid et al 2018, Schmid 2019) was used to generate 
a training dataset of 315 samples. The training dataset 
calibrates the supervised lithogeochemical classification 
in Orange, which can then be applied to unclassified 
data. The outcomes of the semi-automated classification 
algorithm compares favourably with the previous manual 
classification (Figure 1) and is consistent with district scale 
tectono-stratigraphic geochemical classification (Lambeck 
et al 2008, Bagas et al 2008, Joly et al 2012, Bagas et al 
2014). Within these units, clustering was used to further 
subdivide the major units classified. A confidence score 
is calculated by the algorithm that assists in highlighting 
poorly clustered data, often carbonaceous sediments and 
weathered samples. The lithogeochemical classification is 
compared to geological logging observations; geological 

Figure 1. Lithogeochemical classification of multi-element data over the Capstan area. (a)  Manual classification. (b) Semi-automated 
classification.

a Manual classification b Semi-automated classification

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

2 Email: ddutheil@prodigygold.com.au
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logging is also used as a category in the classification model 
on a separate branch of the model.

The semi-automated classification can be further 
enhanced by re-integrating the newly classified dataset into 
the Orange classification model to further train the model to 
classify samples in areas of limited knowledge such as the 
Bluehart Prospect, located 15 km to the southeast of Capstan. 
Prospectivity analysis by Prodigy Gold in 2019 identified 
the potential for DBF rocks associated with favourable 
structures at Bluehart. Visual observations of drill samples, 
in combination with supervised classification of the multi-
element geochemical data with Orange, confirms that the 
rocks at Bluehart are DBF and Lower Killi Killi Formation 
(Figure 2). Confirmation of the presence of DBF enhances 
interpreted prospectivity and allows levelling of pathfinder 
elements by stratigraphic units.
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Background

The Aileron Province preserves a succession of 
Palaeoproterozoic metasedimentary and meta-igneous rocks 
that formed at the southern margin of the North Australian 
Craton between ca 1.86–1.70 Ga (Figure 1, Scrimgeour 2013). 
Building on the earlier work of Warren (1989), Zhao (1994) 
and Zhao and McCulloch (1995), regional mapping studies 
by the Northern Territory Geological Survey (NTGS) since 
2007 have significantly revised previous understanding 
of Palaeoproterozoic magmatism in the eastern Aileron 
Province. New mapping has improved knowledge of unit 
spatial extent, and new large geochemical and isotopic 
datasets, in conjunction with complementary age data for 
both felsic and mafic intrusive rocks, have been used to revise 
igneous stratigraphy and better understand source region 
and geodynamic setting in space and time. This has been 
accompanied by studies focused on identifying direct links 
between specific magmatic events and mineralisation, as 
well as magmatic rocks that might provide metal and sulfur 
sources in the eastern Aileron Province, thus improving 
knowledge of the resource potential of the province 
(eg Whelan et al 2012a, 2013, McGloin and Weisheit 2015, 
2021, McGloin et al 2016, 2018, Simmons and McGloin 
2020, Reno et al 2021, McGloin and Weisheit in review). 
The following is an overview of magmatism in the eastern 
Aileron Province between ca 1.81–1.71 Ga; it incorporates 
the datasets presented in Whelan et al (2011a,b, 2012b) 
for western ILLOGWA CREEK 3. Whelan et al (2011a, 
2012b) identified several periods of magmatism during this 
time and interpreted a changing geodynamic regime at a 
convergent margin where the oldest magmatism is bimodal 
and juvenile, while the youngest is dominantly felsic and 
derived from reworked and isotopically evolved crust. This 
study builds on that work and looks beyond ILLOGWA 
CREEK to the magmatic rocks exposed to the north in 
ALCOOTA and HUCKITTA, with a focus on igneous 
activity at ca 1.81–1.80 Ga, ca 1.79–1.77 Ga, ca 1.76–1.74 Ga 
and ca 1.73–1.71 Ga. 

Ca 1.81–1.80 Ga magmatism

Summary of rock units and lithologies

Black Label Suite
Magmatism between ca 1.81–1.80 Ga in the eastern 
Aileron Province is represented by the Black Label Suite 
(Beyer et al in prep a). The current definition of this suite 

is based on outcrops in eastern ALCOOTA and Dneiper 
(HUCKITTA), but with further work could be extended to 
include intrusive rocks of this age recognised in western 
ALCOOTA, BARROW CREEK and NAPPERBY 
(Figure 1, Scrimgeour 2013 and references therein). The 
Black Label Suite is composed of predominantly felsic 
rocks with subordinate mafic rocks. Intimate magma 
mingling textures between mafic and felsic compositions 
exposed in some outcrops in Dneiper indicate that these 
intrusive rocks are comagmatic and coeval (Figure 2a). 
The mafic rocks are hornblende–plagioclase±clinopyroxe
ne±orthopyroxene±biotite metadolerites; the felsic rocks 
include biotite granite and granodiorite, hornblende±biotite 
granite, leucogranite, and rare clinopyroxene–hornblende 
tonalite. The felsic intrusive rocks are generally rich in 
mafic minerals (10– 20 vol% of the mineral mode) and are 
strongly foliated to locally gneissic; mafic microgranular 
enclaves are common in some units.

Geochemical characteristics and implications for 
geodynamic setting

The Black Label Suite is strongly bimodal, with rare 
intermediate compositions. The mafic component of the 
suite is dominated by rocks with calc-alkaline basalt/
gabbro to basaltic andesite/gabbroic diorite compositions 
(Figure 3a). On a rare earth element (REE) plot, these 
rocks display moderate light REE (LREE)-enrichment and 
shallow negative Eu anomalies, indicative of plagioclase 
fractionation; Mg# are <65, supporting these as probable 
(fractionated) liquids (Glass 2005). The felsic rocks have 
silica contents largely between 64–72 wt% SiO2, with a 
narrow range in Al2O3 abundances of 13–14 wt%. On an 
alumina saturation index plot, they classify as metaluminous 
to weakly peraluminous, suggesting an I-type composition 
(Figure 4a). This is supported by the presence of primary 
igneous hornblende in some constituent units of the suite. 
Potassium contents are generally between 3–5 wt% K2O 
and indicate that these are high-K (calc-alkaline series) 
rocks. 

Trace element chemistry for the mafic rocks indicates 
depletion in Nb and Ta relative to Th and La, pronounced 
negative P anomalies, and shallow negative Zr, Hf and Ti 
anomalies, all characteristics typical of continental arc 
basalts (Figure 5a). This is also illustrated in Figure 6a, 
which shows these rocks plotting in the field for calc-
alkaline rocks from active continental margins. The felsic 
rocks are largely ferroan to less commonly magnesian and 
predominantly calc-alkalic in composition (Figure 7a, b). 
Unlike the mafic rocks, the felsic intrusive rocks do not 
resemble those typical of convergent margins, ie Cordilleran 
batholiths (see grey fields in Figures 7a, b), which are most 
commonly magnesian, and where ferroan rocks are always 
peraluminous (Frost et al 2001). The felsic rocks of the 
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Figure 2. Outcrop photos of selected rocks from this study. (a) Magma mingling textures between mafic and felsic intrusive rocks of the 
ca 1.81–1.80 Ga Black Label Suite. (b) Intrusive contact between felsic (left) and mafic (right) intrusive rocks of the ca 1.79–1.77 Ga Casper 
Suite (Baikal Supersuite). (c) Granitic gneiss of the ca 1.77 Ga Lionel Suite (Almbulbinya Supersuite). (d) Ca 1.78 Ga Carmencita Metadolerite 
with well-developed leucosome. (e) Porphyritic granite of the ca 1.75 Ga Bruna Suite. (f) Leucogranite of the ca 1.75 Ga Tarlton Bore Granite. 
(g) Garnet-biotite granitic gneiss of the ca 1.72 Ga Alkara Suite. (h) Porphyritic biotite granite of the ca 1.73–1.71 Ga Sainthill Suite. Pen is 
15 cm long and hammer is 30 cm long.
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Black Label Suite may be more akin to A-type granitoids, 
which are iron-enriched, although these are generally 
alkalic rather than calc-alkalic. Frost and Frost (2011) 
note that metaluminous, ferroan, calc-alkalic intrusions 
are uncommon, with the best example being granophyres 
associated with the Skaergaard intrusion in Greenland, 

thought to have formed through low-pressure differentiation 
of tholeiitic magmas in an extensional environment. Isotopic 
data in support of a juvenile source for the Black Label Suite 
comes from whole rock Sm–Nd and zircon Hf isotopes, both 
of which indicate a large component of depleted mantle in 
the source region (Beyer et al 2013, in prep c).

Figure 3. Total alkalis versus 
SiO2 (TAS) diagram for mafic 
rocks. (a) Ca 1.81–1.80 Ga 
Black Label Suite, 1.79–1.77 Ga 
Baikal Supersuite (Casper Suite), 
ca 1.78– 1.76 Ga Almbulbinya 
Supersuite (Lionel and Huckitta 
suites) and ca 1.78 Ga Carmencita 
Metadolerite. 
(b) Ca 1.76–1.74 Ga intrusive 
rock units (Bruna and Atneequa 
suites, Leaky Norite, Harding 
Metagabbro) and ca 1.73 Ga 
Oodnarta Diorite. Figure after 
Le Maitre et al (1989).
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Ca 1.79–1.76 Ga magmatism

Summary of rock units and lithologies

Baikal Supersuite
The Baikal Supersuite is the dominant igneous unit 
recognised in Jervois Range and Jinka (HUCKITTA); 
outcrop is largely restricted to north of the Delny Shear 

Zone (Figure 1, Weisheit et al 2019, Reno et al in prep). 
The Supersuite consists of the Molyhil, Casper and Fosters 
suites, which are composed of variably metamorphosed 
intrusive rocks with igneous protoliths ranging from 
granite through to gabbro. The Molyhil Suite is a package 
of ca 1.79 Ga felsic orthogneiss and migmatitic orthogneiss 
with granite protoliths. The suite contains lithologies that 
are biotite-bearing or hornblende±biotite-bearing with 
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Figure 4. Alumina saturation index 
plots for felsic and intermediate rocks. 
(a) Ca 1.81–1.80 Ga Black Label Suite, 
ca 1.79–1.77 Ga Baikal Supersuite 
(Molyhil, Casper and Fosters suites) 
and ca 1.78–1.76 Ga Almbulbinya 
Supersuite (Lionel and Huckitta suites, 
Atniempa, Inkamulla and Aremra 
granodiorites). (b) Ca 1.76– 1.74 Ga 
intrusive units (Bruna and Atneequa 
suites, Gidyea and Tarlton Bore 
granites, Boundary Igneous Complex) 
and ca 1.73– 1.71 Ga intrusive 
units (Alkara and Sainthill suites, 
Woodgreen and Mollie granite 
complexes, Mount Swan and Aleeltara 
granites). Figure after Barton and 
Young (2002).
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mafic minerals typically comprising between 5–10 vol% 
of the mineral mode. The Fosters Suite consists of foliated 
leucogranite and biotite granite emplaced at ca 1.78 Ga. 
The Casper Suite is bimodal and comprises foliated to 

gneissic felsic and mafic intrusive rocks with magmatic 
ages between ca 1.79–1.77 Ga. The felsic intrusive rocks 
are largely granodiorites with subordinate granite and 
tonalite; intermediate rocks are volumetrically minor and 
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Figure 7. Granite classification plots. (a) FeOt /(FeOt + MgO) versus SiO2. (b) Na2O + K2O – CaO versus SiO2 for felsic and intermediate rocks 
from the ca 1.81–1.80 Ga Black Label Suite, ca 1.79–1.77 Ga Baikal Supersuite (Molyhil, Casper and Fosters suites) and ca 1.78– 1.76 Ga 
Almbulbinya Supersuite (Lionel and Huckitta suites, Atniempa, Inkamulla and Aremra granodiorites). (c) FeOt /(FeOt + MgO) versus 
SiO2. (d) Na2O + K2O – CaO versus SiO2 for felsic and intermediate rocks from ca 1.76–1.74 Ga intrusive units (Bruna and Atneequa 
suites, Gidyea and Tarlton Bore granites, Boundary Igneous Complex) and ca 1.73–1.71 Ga intrusive units (Alkara and Sainthill suites, 
Woodgreen and Mollie granite complexes, Mount Swan and Aleeltara granites). Boundaries for worldwide Cordilleran granites (solid 
grey) shown for reference. Both diagrams are modified after Frost et al (2001).

Figure 6. Bivariate trace element plots showing Ta/Yb versus Th/Yb for mafic rocks. (a) Ca 1.81–1.80 Ga Black Label Suite, 1.79 –1.77 Ga 
Baikal Supersuite (Casper Suite) and ca 1.78–1.76 Ga Almbulbinya Supersuite (Lionel and Huckitta suites). (b) Ca 1.76–1.74 Ga intrusive 
rock units (Bruna and Atneequa suites, Leaky Norite, Harding Metagabbro) and ca 1.73 Ga Oodnarta Diorite. Figure modified after 
Pearce (1982, 1983). N-MORB, E-MORB, and OIB are shown for reference (McDonough and Sun 1995).
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include diorite, monzodiorite, and quartz monzodiorite 
(Figure 2b). Mineral assemblages range from leucocratic 
with only minor biotite to more biotite-rich lithologies; 
hornblende is rare. Mafic microgranular enclaves are 
noted in some units of the Casper Suite. The mafic rocks 
are hornblende–plagioclase and hornblende–plagioclase–
clinopyroxene±orthopyroxene metadolerites. Magma 
mingling textures between mafic and felsic lithologies 
are rare. Mafic rocks of the Baikal Supersuite have been 
identified as important sources of heat, fluids, and metals; 
they can be directly linked with base metal (McGloin et al 
2016, 2018, McGloin and Weisheit 2015, 2021) and Fe–
Ti–V(–Au–PGE) orthomagmatic mineralisation in eastern 
HUCKITTA (Freeman 1986, Hussey 2012).

Almbulbinya Supersuite
The Almbulbinya Supersuite is the dominant 
lithostratigraphic unit exposed in the Aileron Province 
where it outcrops in Quartz (ILLOGWA CREEK), 
with minor outcrop extending north into Dneiper 
(HUCKITTA); unnamed granodiorite and granite exposed 
in Limbla may also be part of this Supersuite (Figure 1, 
Whelan et al in prep, Whelan et al 2011b). The Supersuite 
comprises the Atniempa Granodiorite, Inkamulla 
Granodiorite, Lionel Suite (former Entia Gneiss of Joklik 
1955, and Entia Gneiss Complex of Sivell and Foden 
1988), Aremra Granodiorite, and Huckitta Suite (former 
Huckitta Granodiorite of Joklik 1955). The Supersuite 
was emplaced between ca 1.78– 1.76 Ga and is composed 
of variably metamorphosed intrusive rocks with igneous 
protoliths ranging in composition from gabbro through 
to granite; the dominant lithology is granodiorite. The 
Atniempa Granodiorite is a ca 1.78 Ga hornblende±biotite 
granodiorite that is gneissic to locally migmatitic. The 
Inkamulla Granodiorite consists of foliated to gneissic 
biotite granite and hornblende–biotite granodiorite 
emplaced at ca 1.77 Ga. The Lionel Suite makes up the bulk 
of the igneous rocks exposed in the Entia Dome (Figure 1). 
This suite comprises a variety of orthogneisses, with 
compositions including gabbro, tonalite, granodiorite, and 
granite; emplacement age for the protoliths is ca 1.77 Ga. 
Felsic lithologies include biotite±muscovite granitic gneiss 
and hornblende–biotite granodioritic and tonalitic gneiss 
(Figure 2c). The mafic rocks include mafic amphibolite 
and metagabbro. The Aremra Granodiorite is a ca 1.76 Ga 
foliated hornblende–biotite granodiorite with subordinate 
diorite and quartz diorite, which are locally gneissic. The 
ca 1.76 Ga Huckitta Suite is exposed in the central Entia 
Dome and consists of foliated to gneissic biotite±hornblende 
granite and hornblende–biotite granodiorite with minor 
undeformed gabbronorite exposed in low strain zones in 
the core of the main granite–granodiorite intrusion.

Salthole Gneiss
The Salthole Gneiss occurs in southern Quartz, with minor 
outcrop interpreted to extend into Limbla and Riddoch 
(ALICE SPRINGS). The gneiss comprises strongly 
mylonitic and retrogressed biotite–chlorite and muscovite–
biotite schistose gneiss. The Salthole Gneiss is interpreted 
to have igneous protoliths of granitic to granodioritic 

composition that were emplaced at ca 1.79 Ga (Kositcin 
et al 2011).

Denara Orthogneiss
The Denara Orthogneiss is a ca 1.78 Ga migmatitic 
orthogneiss that outcrops south of the Delny Shear Zone in 
southern HUCKITTA (Figure 1, Weisheit et al 2019). The 
orthogneiss is compositionally layered with biotite±garnet-
bearing melanosomes and biotite±garnet±hornblende-
bearing leucosomes. Protoliths to the orthogneiss are largely 
granite with subordinate granodiorite; local outcropping 
bodies of garnet–leucogranite are interpreted as migrated 
melt derived from anatexis of the orthogneiss.

Carmencita Metadolerite
The Carmencita Metadolerite is a voluminous granulite-
facies mafic unit that outcrops mainly in Dneiper (and to 
a lesser extent Jinka) and continues west into ALCOOTA 
(Beyer et al in prep b). The metadolerite typically occurs 
as lenses and boudins within metasedimentary rocks 
of the ca 1.80 Ga Kanandra Metamorphics. Typical 
Carmencita Metadolerite consists of fine- to medium-
grained clinopyroxene–orthopyroxene–plagioclase mafic 
granulite with variable amounts of hornblende; leucosome 
is variably developed (Figure 2d). The igneous precursor 
to the metadolerite is interpreted to have a minimum 
crystallisation age of ca 1.78 Ga (Beyer et al 2013).

Geochemical characteristics and implications for 
geodynamic setting

There is significant overlap in the chemical compositions of 
the constituent units/suites of the Baikal and Almbulbinya 
supersuites, particularly between the Casper Suite (Baikal 
Supersuite) and the Almbulbinya Supersuite as a whole. 
These latter two igneous packages are broadly bimodal, 
although, unlike the Black Label Suite, contain a small 
volume of intermediate rocks. The mafic components are 
largely calc-alkaline basalt/gabbro with subordinate basaltic 
andesite/gabbroic diorite (Figure 3a). On a REE plot, the 
mafic rocks from the Almbulbinya Supersuite display weak 
to moderate LREE-enrichment and flat to gently-sloping 
HREE. They generally lack Eu anomalies and this, plus their 
generally low Al2O3 content (<19 wt%) and high Mg# (>65), 
indicates that these are potential parental liquids (Glass 
2005). The Casper Suite mafic rocks have similar shaped 
REE patterns to those in the Almbulbinya Supersuite but 
have variably negative and positive Eu anomalies, which, 
coupled with their higher Al2O3 and lower Mg#, indicates 
both plagioclase accumulation and fractionation processes. 
The felsic and intermediate lithologies of the Casper Suite 
and Almbulbinya Supersuite have a range in silica contents 
between 55–78 wt% SiO2 with the highest silica values 
seen in the leucogranites of the Casper Suite; silica-rich 
compositions are generally missing from the Almbulbinya 
Supersuite. Al2O3 contents are highly variable from 
11 wt% in the most silica-rich rocks to 23 wt% in those 
that are silica-poor. On an ASI plot, these rocks classify 
as metaluminous to strongly peraluminous but are defined 
as I-type intrusive rocks based on the hornblende present 
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in some of the individual units (Figure 4a). An important 
distinction between the felsic rocks of the Casper Suite 
and Almbulbinya Supersuite rocks and those of the Black 
Label Suite is their low-K compositions (<4 wt% K2O), with 
the bulk of the felsic-intermediate rocks displaying low-K 
(tholeiitic) to calc-alkaline affinities.

The felsic rocks of the Molyhil and Fosters suites (Baikal 
Supersuite) are metaluminous to strongly peraluminous, 
similar to those of the Casper Suite and Almbulbinya 
Suite (Figure 4a). However, unlike the latter, they are 
characteristically K-rich (>4 wt% K2O) with high-K (calc-
alkaline series) to shoshonitic affinities. Compared to the 
low-K to calc-alkaline rocks, they also have narrower 
ranges in silica and aluminium, with abundances between 
70–77 wt% SiO2 and 11–15 wt% Al2O3 respectively. REE 
patterns for the Molyhil and Fosters suites are fractionated 
with moderate to strong LREE-enrichment and pronounced 
negative Eu anomalies. On an incompatible element (ICE) 
plot, they display relative enrichment in Th and U and have 
negative anomalies in Ba, Sr, P and Ti. The ca 1.78 Ga 
Denara Orthogneiss overlaps compositionally with the 
felsic parts of the Baikal Supersuite and is considered to be 
comagmatic; the ca 1.79 Ga Salthole Gneiss is chemically 
similar to the Molyhil Suite and may be related or have the 
same source.

The mafic rocks from the Baikal and Almbulbinya 
supersuites have trace element compositions typical of 
continental arc basalts, with pronounced depletions in Ta and 
Nb relative to Th and La, pronounced negative P anomalies, 
and moderate negative anomalies in Zr, Hf and Ti (Figures 
5b, c). This is also illustrated in Figure 6a, which shows 
the mafic rocks plotting across the fields for calc-alkaline 
rocks from active continental margins and oceanic arcs. 
These compositions suggest the mafic rocks were derived 
via melting of a mantle source contaminated by slab-
derived fluids, either in an arc or back arc tectonic regime. 
The felsic to intermediate rocks of the Baikal Supersuite 
are mainly alkali-calcic to calc-alkalic and magnesian to 
ferroan, with the latter dominating at higher SiO2 contents 
and peraluminosity (Figure 7a, b). These compositions 
are typical of plutons in the main portion of, or inboard 
from, Cordilleran batholiths. In comparison, the felsic 
to intermediate rocks of the Almbulbinya Supersuite are 
almost uniformly magnesian, largely calc-alkalic to calcic, 
and similar to plutons in island arcs or those situated in the 
outboard (or oceanward) portions of Cordilleran batholiths 
(Figure 7a, b). Isotopic data indicates a more juvenile source 
for the Almbulbinya Supersuite as a whole, with whole rock 
Sm–Nd and zircon Hf isotopic compositions that range to 
more radiogenic values than those for the Baikal Supersuite 
(Whelan et al 2011a, 2012b, Beyer et al 2013, in prep c).

The Carmencita Metadolerite is chemically distinct 
from the mafic parts of the Black Label Suite, and Baikal 
and Almbulbinya supersuites. Compositions are calc-
alkaline to tholeiitic, with basalt/gabbro dominating 
over basaltic andesite/gabbroic diorite. REE patterns are 
generally characterised by weak to moderate LREE-
enrichment, flat to weakly sloping HREE, and weak to 
moderate negative Eu anomalies. Mg# are <65 and Al2O3 
contents are typically <19 wt%, suggesting that these are 

probable fractionated liquids (Glass 2005). Trace element 
chemistry indicates compositions that are transitional 
between N-MORB and E-MORB, with variable depletion 
in Nb relative to Ta and La, and negative anomalies in Zr, 
Hf and Ti often lacking (Figure 5d). This is demonstrated 
in Figure 6a, which shows the metadolerite plotting in 
the mantle array, confirming the precursor mafic rock was 
derived from a mixed source with depleted and enriched 
mantle end members. Isotopic data in support of a juvenile 
source for the Carmencita Metadolerite comes from whole 
rock Sm–Nd isotopes, which indicate a large component of 
depleted mantle in the source region (Beyer et al in prep 
b). However, the LREE-enrichment seen for these rocks 
also implies a component of continental crust in the source; 
one possible scenario is these magmas formed in a nascent 
continental rift setting where mafic melts interacted with 
crustal wall rock. 

Ca 1.76–1.74 Ga magmatism

Summary of rock units and lithologies

Bruna Suite, Leaky Norite, Gidyea Granite, Harding 
Metagabbro and Atneequa Suite
The Bruna Suite outcrops mainly in Quartz with minor 
occurrences in Riddoch (Figure 1). The suite comprises 
a large range in lithologies but is dominated by coarse-
grained augen gneiss and porphyroblastic feldspar 
gneiss (which is locally garnet- and muscovite-bearing), 
leucocratic gneiss, subordinate megacrystic and rapakivi 
granite, granodiorite, orthopyroxene-garnet granite, and 
rare gabbro (Figure 2e, Whelan et al in prep). Hornblende 
in the felsic rocks is rare (Whelan et al 2012). Magmatic 
ages for the Bruna Suite indicate that it was emplaced 
between ca 1.76 and ca 1.75 Ga. The Leaky Norite outcrops 
predominantly in southern Quartz but may also include 
minor outcrops in Entia Dome. This unit is composed 
mostly of coarse-grained, layered olivine norite and olivine 
gabbronorite, with subordinate troctolite and gabbro. 
Magma mingling textures between the Leaky Norite and 
Bruna Suite are locally exposed, indicating that these 
units are comagmatic and coeval. The ca 1.75 Ga Gidyea 
Granite outcrops in northern ILLOGWA CREEK (Quartz 
and Brahma). This unit is predominantly a porphyritic to 
megacrystic biotite granite with abundant coarse-grained 
K-feldspar phenocrysts; garnet is locally present and rare 
rapakivi granite is also observed. Whelan et al (in prep) 
note that the Gidyea Granite is compositionally similar to 
felsic intrusive rocks of the Bruna Suite and suggest it may 
be comagmatic. The Harding Metagabbro is a pervasively 
sheared metagabbro to meta-ultramafic rock (websterite 
and hornblendite) that forms a series of small intrusions in 
southern Quartz. The Atneequa Suite occurs in northern 
Limbla and comprises biotite±garnet granite, granodiorite, 
quartz gabbro, and gabbro; emplacement age is interpreted 
as ca 1.74 Ga (Whelan et al 2011b). Felsic intrusive rocks 
of the Atneequa Suite are characterised by elevated 
fluorine and are spatially associated with fluorite–hematite 
hydrothermal breccia, potassic and silicic alteration, as 
well as copper ± gold mineralisation, consistent with 
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IOCG-style systems (Whelan et al 2009, 2012a, 2013; 
Lyons et al 2013). Studies focused on characterising the 
nature of the mineralising fluids and sources for metals and 
sulfur suggests mineralisation in this area was the result 
of interaction between highly saline basinal brines and 
copper-, sulfur- and fluorine-bearing magmatic rocks of the 
Atneequa Suite during the Palaeozoic (McGloin et al 2018).

Tarlton Bore Granite and Boundary Igneous Complex
The Tarlton Bore Granite and Boundary Igneous Complex 
outcrop predominantly in Jervois Range, with minor 
outcrop in Jinka (Figure 1, Weisheit et al 2019, Reno 
et al in prep). These units are poorly exposed and intrusive 
relationships with other units are generally not seen. The 
Tarlton Bore Granite is a strongly weathered and altered 
leucogranite, which is foliated and locally porphyritic 
(Figure 2f). The Boundary Igneous Complex consists of a 
variety of foliated rock types, including biotite granodiorite, 
biotite granite with abundant K-feldspar phenocrysts, and 
leucogranite. Emplacement age for these units is considered 
to be ca 1.75 Ga.

Geochemical characteristics and implications for 
geodynamic setting

The ca 1.76–1.74 Ga intrusive rocks in ILLOGWA 
CREEK form a continuum between mafic and felsic end 
members with intermediate compositions moderately 
well-represented. Silica contents range from 43–77 wt% 
SiO2 with a small compositional gap between 55–58 wt% 
SiO2. The mafic rocks are predominantly calc-alkaline 
basalt/gabbro with subordinate basaltic andesite/gabbroic 
diorite; rare picrobasalt/olivine gabbro and trachybasalt/
monzogabbro are also noted (Figure 3b). REE patterns for 
the mafic rocks are fractionated with LREE enrichment 
and moderate HREE depletion, indicating the presence 
of garnet in the source region. Negative Eu anomalies 
are weak to absent, but Mg# are generally <65 and Al2O3 
content <19 wt%, suggesting that these are probable 
fractionated liquids, albeit at low degrees of fractionation 
(Glass 2011). The felsic and intermediate intrusive rocks 
have silica content ranging from 66–77 wt% SiO2 and 
alumina abundances largely between 11–17 wt% Al2O3. 
On an ASI plot, the intermediate rocks are predominantly 
metaluminous compared to the felsic rocks that are mostly 
weakly peraluminous (Figure 4b). The presence of garnet 
(and lack of appreciable hornblende) in the Bruna Suite 
and Atneequa Granite suggests that at least some of these 
intrusive rocks are S-type. In general, these rocks classify 
as high K (calc-alkaline) to shoshonitic with a strong 
positive correlation between silica and K2O contents. 
REE patterns for these rocks are characterised by LREE-
enrichment and weak to moderate negative Eu anomalies. 
On an ICE plot, they display enrichment in Rb relative to 
Ba, and negative Nb, Ta, Sr and Ti anomalies. Major and 
trace element chemistry for the ca 1.76–1.74 Ga intrusive 
rocks in HUCKITTA largely overlaps that for the felsic 
rocks in ILLOGWA CREEK. The main difference is that 
the HUCKITTA rocks are largely peraluminous and I-type 
(Weisheit et al 2019).

Compositions of the ca 1.76–1.74 Ga mafic intrusive 
rocks overlap with mafic rocks from the Almbulbinya 
Supersuite, implying a similar source and tectonic setting 
(Figures 5e, 6b). The felsic intrusive rocks from ILLOGWA 
CREEK and HUCKITTA are magnesian to ferroan for the 
most silica-rich lithologies, and are largely calcic to calc-
alkalic and less commonly alkali-calcic (Figure 7c,d). In 
Cordilleran batholiths, magnesian alkali-calcic plutons are 
typically found further inboard of the subduction margin 
than calc-alkalic granitoids, but these compositions are 
also characteristic of post-orogenic granitoids (Frost et al 
2001); therefore, it is possible that these later intrusive rocks 
represent reworking of the older supersuites. This scenario 
was posited by Whelan et al (2012) who presents whole rock 
Sm–Nd and zircon Lu–Hf isotopic data for the ILLOGWA 
CREEK rocks that indicate the source was largely reworked 
crust with only minor juvenile material; Weisheit et al 
(2019) note the same for the counterparts in HUCKITTA. 

Ca 1.73–1.71 Ga magmatism

Summary of rock units and lithologies

Alkara and Sainthill suites, Woodgreen and Mollie granite 
complexes, and Mount Swan Granite
Felsic magmatism between ca 1.73–1.71 Ga in the eastern 
Aileron Province is widespread in western and central 
HUCKITTA and eastern ALCOOTA. It is represented by the 
Alkara and Sainthill suites, Woodgreen and Mollie granite 
complexes, and Mount Swan Granite (Figure 1, Haines and 
Scrimgeour 2007, Beyer et al in prep b, Reno et al in prep). 
These intrusive rocks are interpreted as late syn- to post-
tectonic and are generally undeformed except in outcrops 
within or adjacent to major structures; the exception is 
the Alkara Suite, which was emplaced during regional 
granulite facies metamorphism. The Alkara Suite comprises 
ca 1.73 Ga anatectic biotite±garnet granite, orthogneiss, 
and migmatitic gneiss, all derived by the partial melting 
of the Kanandra Metamorphics (Figure 2g). Anatectic 
garnet-rich leucogranite is also noted in the Bleechmore 
Metamorphics in central ALCOOTA (Beyer et al in prep b). 
The Sainthill Suite is restricted to central HUCKITTA and 
consists of biotite granite and leucogranite with magmatic 
ages between ca 1.73 and ca 1.71 Ga; voluminous pegmatite 
and pegmatitic granite of the Samarkand Pegmatite may be 
related to this suite (Weisheit et al 2019). The biotite granite 
has variable textures but is dominated by a porphyritic 
variant that contains abundant coarse-grained K-feldspar 
phenocrysts (Figure 2h). Field evidence indicates that 
the Sainthill Suite was derived via partial melting of the 
ca 1.79 Ga Molyhil Suite or equivalents. The Woodgreen 
and Mollie granite complexes contain a wide variety of 
felsic rock types emplaced between ca 1.73–1.71 Ga; the 
main rock types include biotite±garnet granite, biotite-
rich granite, and porphyritic leucogranite and biotite 
granodiorite, the latter with mafic microgranular enclaves. 
The Mount Swan Granite occurs in eastern ALCOOTA and 
western HUCKITTA and is a ca 1.72 Ga hornblende–biotite 
granite with abundant K-feldspar phenocrysts (Freeman 
1986, Beyer et al in prep b). There is growing evidence that 
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widespread epigenetic copper ± tungsten ± molybdenum 
mineralisation in central Australia is associated with this 
magmatic event, such as at the Molyhil W–Mo deposit in 
central HUCKITTA but also further afield in the Davenport 
Province (eg Juggler prospect) and Warramunga Province 
(Hatches Creek and Mosquito Creek tungsten fields and 
Tennant Creek mineral field; McGloin et al 2020, Reno et al 
2021, McGloin and Weisheit in review).

Aleeltara Granite, Oodnarta Diorite and unnamed granite
Minor igneous activity at ca 1.73 Ga is recognised in western 
ILLOGWA CREEK as felsic and mafic magmatism. Felsic 
lithologies include foliated to gneissic biotite granite and 
leucogranite of the ca 1.73 Ga Aleeltara Granite and unnamed 
ca 1.73–1.72 Ga quartz-rich tourmaline–muscovite granite 
and leucogranite exposed largely in northwest Limbla; rare 
alkaline magmatism is represented by ca 1.72 Ga alkali 
feldspar syenite in central Limbla (Whelan et al 2011b). 
Mafic lithologies are restricted to central Quartz where 
dykes and plugs of quartz diorite and quartz gabbro of the 
1.73 Ga Oodnarta Diorite intrude the Bruna Suite.

Geochemical characteristics and implications for 
geodynamic setting

Magmatism between ca 1.73–1.71 Ga in the eastern Aileron 
Province is predominantly felsic in nature, with mafic 
rocks generally restricted to western ILLOGWA CREEK. 
The felsic rocks can be separated into two compositional 
types: I-types with biotite±hornblende, and S-types with 
garnet±biotite or tourmaline–muscovite. The I-type 
granites include those in the Sainthill Suite, Woodgreen 
and Mollie granite complexes, and the Mount Swan 
Granite. The S-type granites are those of the Alkara Suite 
and the Aleeltara Granite. Overall these two compositional 
types have similar chemistry with strong overlap in most 
major elements. On an ASI plot, compositions range from 
metaluminous (I-type) to strongly peraluminous (S-type), 
but there is considerable variability with some I-types 
having strongly peraluminous compositions (Figure 4b). 
In general, these intrusive rocks are potassium-rich 
(>4 wt% with up to 12 wt% K2O) and classify as high-K 
(calc-alkaline) to shoshonite series rocks. REE patterns 
are strongly fractionated, with LREE enrichment, sloping 
HREE and deep negative Eu anomalies, suggesting that 
plagioclase fractionation played an important role in their 
formation. On an ICE plot, they display enrichment in Rb 
and Th relative to Ba, and negative Nb, Ta, Sr, P and Ti 
anomalies.

Compositions of the ca 1.73–1.71 Ga intrusive rocks are 
magnesian to ferroan and largely fall within the field for 
Cordilleran granites in Figure 7c. There is similar overlap 
in Figure 7d; however, the I-types tend to lie more in 
the alkali-calcic field compared to the S-types, which are 
dominantly calc-alkalic. As the Sainthill Suite is known to 
have derived via partial melting of the ca 1.79 Ga Molyhil 
Suite (and equivalents), any “Cordilleran” signature is 
interpreted as inherited; this is also likely the case for the 
other I-type intrusive rocks in this age group. The S-type 
Alkara Suite has similar chemistry; however, this is 

inferred to be coincidental as its parent rock is known to 
be metasedimentary. Whole rock Sm–Nd isotopic evidence 
also supports a crustal origin for the ca 1.73–1.71 Ga felsic 
intrusive rocks, with radiogenic εNd values indicating 
their sources were reworked and isotopically evolved 
Palaeoproterozoic basement (Whelan et al 2011a, 2012b; 
Beyer et al in prep b, Reno et al in prep).

The mafic intrusive rocks of the Oodnarta Diorite classify 
as basaltic andesites in Figure 3b and have compositions 
that overlap with mafic rocks of the ca  1.76– 1.74 Ga group 
and the Almbulbinya Supersuite (Figures 5f, 6b). It is likely 
that these rocks represent localised melting of the older 
mafic units.

Magmatic evolution of the eastern Aileron Province and 
model for geodynamic setting

Based on the information presented herein, the following 
scenario is proposed for the eastern Aileron Province: 

• Extension and attenuation of continental crust 
(possibly formed in an older subduction regime) at 
ca 1.81– 1.80 Ga with asthenospheric upwelling and 
low-pressure differentiation of a tholeiitic underplate 
to produce the mafic magmas of the Black Label Suite 
and their felsic differentiates. Crustal contamination 
during ascent through (subduction-modified?) crust was 
possibly responsible for a relict ‘arc-like’ signature in 
the mafic rocks.

• Early phase of continent–ocean convergence, slab 
melting, back-arc basin formation (slab rollback), and 
mafic upwelling/underplating between ca 1.79–1.77 Ga, 
with emplacement of bimodal calc-alkaline intrusive 
rocks of the Baikal Supersuite proximal to the locus of 
back-arc spreading, ie outboard from the convergent 
margin. Associated base metal and Ti–V–Fe(–Au–PGE) 
orthomagmatic mineralisation formed locally, driven by 
emplacement of mafic intrusive rocks.

• Ongoing continent–ocean convergence between 
ca 1.78–1.76 Ga, with emplacement of bimodal calc-
alkaline intrusive rocks of the Almbulbinya Supersuite 
proximal to or within the magmatic arc, ie inboard of the 
convergent margin. 

• Upwelling of enriched subcontinental mantle and onset 
of rift magmatism within the back-arc and emplacement 
of Carmencita Metadolerite at ca 1.78 Ga. 

• Cessation of convergence and arc magmatism between 
ca 1.76–1.74 Ga and start of a compressive regime, with 
closure of the back-arc basin, crustal thickening and 
reworking/melting of older basement to produce I-type 
and S-type felsic intrusive rocks. 

• Crust stabilisation and relaxation, with renewed felsic 
magmatism in thickened crust between 1.73–1.71 Ga. 
Associated copper ± tungsten ± molybdenum epigenetic 
mineralisation formed locally, driven by large-scale 
emplacement of fractionated granites.

This model supports previous interpretations for a 
convergent margin in this part of the Aileron Province and 
provides improved constraints on the extent and timing 
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of subduction-related magmatism in both time and space. 
Importantly, this model indicates that subduction was in 
play from ca 1.79–1.76 Ga, and that magmatism during this 
time can be related back to this convergent system, with no 
requirement for some intrusive rocks to have formed via 
melting of older, pre-existing subduction-modified crust 
as postulated by workers such as Zhao and McCulloch 
(1995). The model is also supported by the tectonothermal 
cycle determined for Jervois Range by Weisheit et al 
(2019) and Weisheit (2019), which indicates a possible 
extensional setting between 1.79–1.76 Ga, then a switch to a 
transpressional setting between ca 1.75–1.73 Ga, and finally 
decompression from ca 1.73–1.70 Ga.
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Core Lithium has been exploring the Bynoe Pegmatite 
Field, located just 15 km south of Darwin, since April 2016 
and has now progressed the project through various stages 
of feasibility and approvals for mining development. This 
paper will focus on the application of recently-acquired 
gravity data to the exploration for lithium-rich pegmatite 
deposits.

The Bynoe lithium-rich pegmatites have intruded the 
Finniss River Group, the youngest part of the Pine Creek 
Orogen. The magmatic source is currently interpreted to 
be the geochemically-similar Two Sisters Granite, which 
outcrops to the west and possibly underpins the entire area 
(Ahmad 1995, Frater 2005).

The original objective of the gravity survey outlined 
here was to test whether pegmatite presence, style and 
fertility are at least in part related to the geometry of the 
underlying granite roof in the Bynoe Pegmatite Field. The 
previous gravity dataset in the Finniss area is a very broad 
11 km spacing, the results of which were interpreted to 
imply a regular upwards slope of the upper granite contact 
from east to west. This is consistent with the metamorphic 
gradient and the transition to the high-grade Litchfield 
Complex to the west. However, there is potential for this to 
be an accreted terrain that underwent metamorphism prior 
to emplacement of the Two Sisters Granite. If so, then this 
broad gravity data might reflect lower crustal architecture 
rather than the shallower granite roof. The slope might be 
entirely different. The previous gravity data spacing was 
also not sufficient to decipher the mesoscale geometry of 
the contact, which may play an important role of localising 
pegmatites, such as above apophyses on top of the granite. 
The apparent clustering of pegmatites in several areas 
(groups; Frater 2005) within the Bynoe Field was thought 
to be directly related to this geometry (eg Leviathan, Kings 
Table, Observation Hill Groups etc). 

Core Lithium requested and was granted collaborative 
Government support to collect closed-spaced gravity over 
the project area to assist in exploration and to improve the 
NT Governments regional gravity dataset in the Pine Creek 
Orogen.

The Finniss Gravity Survey was carried out by Daishsat 
Pty Ltd between 3 to 18 August 2020 via the ground 
collection on a 500×500 m or 500×1000 m grid of gravity 
stations through the majority of Core Lithium’s landholding 
and along the main gazetted roads. The data has been terrain 
corrected and processed. Various images and processed data 
can be found in the public report supplied to the Northern 
Territory Geological Survey (Rawlings 2020). 

The survey was successful in achieving a number of 
planned objectives. Processed gravity data neatly maps 

granite geometry at macro- and meso-scale. The regional 
gravity field would appear to be related to deep crustal 
structure and not granite geometry. Based on the residual 
gravity data (Figure 1), granite has been differentiated 
into three main bodies: Two Sisters Granite in the west; 
the concealed shallow-level Ringwood pluton in the 
southeast; and a linear north-northeast deep-level granite 
in the middle that has a spatial connection with economic 
pegmatites. 

Pegmatites are largely restricted to the gravity highs 
(‘belts’) that are interpreted to be the shoulders of the 
central granite body. The Grants belt in the west hosts 
almost all the strongly-mineralised pegmatites, while 
the Sandras belt in the east has thus far been found to be 
less fertile but nonetheless is still prospective for lithium-
bearing pegmatites. Steep-dipping pegmatites reside on 
the crest, with shallow-dipping bodies at the flank, and to 
some extent, above the larger granite bodies. The shape of 
the granite apophysis, therefore, exerts a strong control on 
the structural regime above it into which pegmatites are 
emplaced. The steep-dipping and shallow-dipping styles 
currently recognised in the Bynoe Field thus have a spatial 
relationship with the gravity-implied roof geometry. 

The heat-flow created by the regional-scale and meso-
scale depth-to-granite is also likely to have controlled 
the depth at which pegmatites are fertile for lithium 
precipitation and preservation.

Most importantly, the survey highlights the Grants belt, 
a major north-northeast-trending gravity high and lithium-
pegmatite corridor that extends from Kings Table Group in 
the north to the Leviathan Group in the south, and includes 
the lithium-rich Observation Hill Group (Figure 2; main 
prospect are Grants, Carlton, Hang Gong). There is no 
reason to believe that these pegmatite groups are clusters. 
It appears more likely that the current apparent distribution 
of pegmatites in this belt is due to exploration maturity as 
large tracts of ground between Grants and Leviathan are 
covered in a thick mantle of laterite or estuarine cover 
and have not been effectively explored to date. The River 
Annie Group appears to relate to a separate gravity high 
on the eastern side of the central gravity ridge. There is no 
logical explanation for the larger pegmatite size or lower 
fertility of these pegmatites at present. This may also reflect 
exploration maturity.

The gravity data also demonstrate that magnetic data 
are sometimes deceiving. There is no evidence for the 
linear granite belt on Core Lithium’s 75 m-spaced regional 
magnetic grid, but the Ringwood pluton is manifest nicely 
by the same data (Figure 3).

In conclusion, the gravity survey demonstrates 
unequivocally that the gravity methodology is a very useful 
tool for pegmatite exploration and granite mapping.
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