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Minister’s foreword
On behalf of the Northern Territory Government, I welcome you to Alice Springs and to the 
19th Annual Geoscience Exploration Seminar (AGES)1. 

As the exploration sector recovers from a prolonged downturn2, opportunities abound for 
industry to identify exciting new opportunities for exploration and discovery in the Northern 
Territory. I believe AGES plays a crucial role in this process by bringing explorers, researchers 
and government together to share the latest geoscience and exploration data, knowledge and 
concepts that can help lead to the Territory’s next big resource discoveries. AGES will also 
provide an opportunity to showcase the wealth of new data being released from the Creating 
Opportunities for Resource Exploration (CORE)3 initiative by the NT Geological Survey and 
its collaborative partners such as CSIRO and Geoscience Australia, as well as highlight some 
of the innovative and successful industry exploration underway across the Territory. 

The Government recognises the critical importance of the exploration sector in growing 
the resources industry and its contribution to the Territory economy. Whilst we are committed 
to a regulatory framework that meets community expectations for environmental protection, 
we have listened to industry’s concerns regarding the approvals processes for low-risk 

exploration activity. A pre-conference workshop4 at AGES will outline some of the changes being made to the Mining 
Management Plan process for exploration that is designed to provide a more streamlined and timely approvals process. 

Welcome again to AGES 2018 and I hope that the conference will help you identify new opportunities for exploration 
and discovery in the Northern Territory. Hon. Ken Vowles, MLA
1 AGES 2018 program
2 Australian Bureau of Statistics (ABS), 2017. Mineral and Petroleum Exploration, Australia, June 2017, cat. no. 8412.0, viewed 1 March 2017 (http://

www.abs.gov.au/ausstats/abs@.nsf/mf/8412.0?OpenDocument)
3 Northern Territory Government, 2018. CORE. Northern Territory Geological Survey, Darwin (http://www.core.nt.gov.au). 
4 AGES 2018 workshop (http://www.cvent.com/events/ages-2018/custom-17-be8521e3f65143ae82fb4752489d70e0.aspx?tw=EE-FA-B4-C0-69-55-93-

5E-3A-84-74-95-2C-DA-CE-09#tabs)
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Highlights of mineral and petroleum exploration and production in 2017
Ian R Scrimgeour 1,2

Exploration statistics

Mineral exploration began to recover in the Northern 
Territory (NT) during 2017 with an increase in greenfields 
exploration and in reported on-ground activity. This is despite 
Australian Bureau of Statistics (ABS) figures showing 
mineral exploration expenditure in the NT in 2016 –17 
was at a low of $78.4 million, down from $100.8 million 
in 2015–16 (Figure 1). However, exploration in greenfields 
areas (as defined by the ABS) has more than doubled from 
only $23.4 million in the twelve months to 30 September 
2014, to $47.1 million in the twelve months to 30 September 
2017 (Figure 2a). The proportion of greenfields areas’ 
exploration expenditure in the NT has increased over that 
time from 20% to 56%, much higher than the national 
average of 31% (Figure 2b). Figure 1 shows a comparison 
of annual exploration expenditure in all states since 2000. 
Figure 2 shows greenfields versus brownfields expenditure 
in the Northern Territory 

In addition to ABS exploration statistics, which include 
the costs of feasibility studies and mine site exploration, 
the NT Geological Survey (NTGS) collects statistics on the 
admissible exploration expenditure on exploration leases 
reported by industry to the Department of Primary Industry 
and Resources (DPIR). This shows that expenditure reports 
submitted during 2017 (which may relate to activity in 
2016 and/or 2017) totalled $48.6 million in admissible 
exploration expenditure, although not all reports had been 
received at the time of writing. Of expenditure reported to 
DPIR in 2017, 23% ($11.0 million) was in the McArthur 
Basin, 20% ($10.0 million) in the Arunta Region and 20% 
($9.9 million) in the Pine Creek Orogen (Figure 3a). The 
bulk of expenditure was for base metals (33%; $16.1 million), 
gold (22%; $10.7 million), uranium (10%; $4.8 million), and 
lithium (8%, $3.8 million) (Figure 3b).

At the end of 2017, there were 812 granted non-extractive 
mineral exploration licences (compared with 882 at the 
end of 2016) and 705 outstanding exploration licence 
applications. During 2017, 263 applications were received 
(up from 183 in 2016), 146 granted and 340 licences ceased. 
The area of the NT covered by granted exploration tenure 
remains at around 12%.

During 2017, onshore petroleum exploration activity 
was largely limited to the Amadeus Basin, with one 
seismic survey and airborne survey. At the end of 2017, in 
the onshore NT and coastal waters, there were 46 active 
exploration permits, 3 retention licenses and 5 production 
licenses. 

Exploration and production highlights

Figure 4 shows selected mineral exploration highlights for 
2017. In the following summary of exploration and mining 
results for the Territory during 2017, 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 publicly-listed company websites, news releases and 
stock exchange announcements. As a result, details of 
exploration by some private and other non-listed companies 
that do not report publicly could not be included.  Mineral 
production statistics for the NT for 2016–17, collected under 
the NT Mineral Titles Act, are given in Table 1. This shows 
mineral production was a record $3.63 billion in 2016–17, 
largely driven by increased prices for manganese and zinc.

Gold and copper-gold

Pine Creek Orogen
On 30 June 2017, Kirkland Lake Gold Inc (Kirkland Lake) 
suspended their operations at Cosmo Deeps underground 
mine north of Pine Creek (Figure 5). The company 
announced that this was to allow them to focus its activities 

© Northern Territory of Australia (NT Geological Survey) 2018. With the exception of 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
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2

Figure 2. (a) Graph of mineral 
exploration expenditure (annual 
expenditure calculated quarterly) in 
greenfields and brownfields areas, 
as measured by the ABS, showing 
a significant rise in greenfields 
expenditure relative to brownfields 
since 2014. (b) Graph of the amount 
of greenfields mineral exploration 
expenditure as a proportion of total 
expenditure, for the Northern Territory 
and Australia.0
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ABM Resources – 
Suess Au 
5 m @ 60.9 g/t Au
6 m @ 19.4 g/t Au

ABM Resources – 
Suplejack Au 
Updated resource
4.51 Mt @ 2.14 g/t Au

Independence Group – 
Grapple Au-Ag-Cu-Zn
11.4 m @ 7.9 g/t Au, 20.7 g/t Ag,

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

Todd River Resources – 
Mt Hardy Cu-Zn
7 m @ 1.77% Cu, 0.43% Zn,

17.7 g/t Ag
10.5 m @ 4.15% Zn, 1.10% Cu,

0.65% Pb

Energy Metals – Malawiri U
Maiden resource
0.42 Mt @ 0.13% U3O8

Emmerson Resources – 
Edna Beryl Au
8 m @ 157 g/t Au, 34.5 g/t Ag, 0.5% Cu
5 m @ 83.6 g/t Au

Emmerson Resources – 
Gecko-Goanna Cu
6 m @ 4.0% Cu

Chalice Gold Mines – Parakeet Cu-Au
8 m @ 1.74% Cu, 0.42 g/t Au

Northern Cobalt – Stanton Co
37 m @ 0.28% Co, 0.12% Cu, 0.16% Ni
1 m @ 2.13% Co

PNX Metals – Iron Blow
Au-Zn-Ag-Cu-Pb
11 m @ 15.78% Zn, 6.32 g/t Au,

343 g/t Ag, 3.42% Pb,
0.55% Cu

Core Exploration – Sandras Li
27 m @ 1.45% Li2O

Kirkland Lake Gold – Lantern Au
4.5 m @ 119 g/t Au
0.31 m @ 4750 g/t Au
18.7 m @ 40.8 g/t Au

Core Exploration – BP33 Li
54 m @ 1.42% Li2O

Core Exploration – Hang Gong Li
5.5 m @ 2.2% Li2O

Kingston Resources – Lei Li
9 m @ 1.69% Li2O

Primary Gold – Rustlers Roost Au
Updated resource
49.6 Mt @ 0.84 g/t Au 

PNX Metals – Moline Au
7 m @ 11.89 g/t Au
30 m @ 2.29 g/t Au, 0.7% Zn PNX Metals – Mount Bonnie 

Au-Zn-Ag-Cu-Pb
6 m @ 12.56% Zn, 4.80 g/t Au,
 236 g/t Ag,
 1.91% Pb, 0.69% Cu

KGL Resources –
Jervois Cu-Ag-Au (-Pb-Zn)
Rockface: 
8.21 m @ 9.21% Cu, 38.1 g/t Ag, 0.29 g/t Au
Reward:
8.16 m @ 5.03% Cu, 35.9 g/t Ag, 3.35 g/t Au

 

Verdant Minerals – Rockhole P
6 m @ 35.6% P2O5 

GWR Group – Hatches Creek W
9 m @ 2.03% WO3, 0.18% Cu
69 m @ 0.23% WO3, 0.34% Cu
7 m @ 1.16% WO3, 0.81 g/t Au
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Figure 4. Map of the Northern Territory showing selected mineral exploration highlights for 2017.

on an aggressive resource definition and exploration 
program at the mine, including the newly discovered 
Lantern deposit, and resume active exploration on advanced 
regional targets. Gold production from Cosmo Deeps in 
2017 prior to the suspension totalled 20 595 oz at an average 
grade of 2.6 g/t from 259 729 t milled. At the end of 2016, 
the Mineral Resource for Cosmo mine included Measured 
and Indicated Resources of 4.89 Mt at 3.1 g/t Au and an 
Inferred Mineral Resource of 2.03 Mt at 2.9 g/t Au, for a 
total contained Mineral Resource of 0.57 Moz of gold. 

In March 2017, Kirkland Lake announced the discovery 
of high-grade gold mineralisation at the Lantern gold 
deposit at Cosmo Deeps. The initial announcement was 

based on 25 diamond drillholes totalling 5973 m, which 
were targeted to test down-plunge extensions of the Cosmo 
open pit mineralisation. Intersections included 4.5 m at 
119 g/t Au, 11.1 m at 15.27 g/t Au and 22.75 m at 4.34 g/t 
Au. A further 74 holes for 27 737 m were drilled to test 
the expansion potential of the Lantern deposit. The results 
substantially increased the deposit footprint, especially to 
the north, with the highest grade result of 0.31 m at 4750 g/t 
Au intercepted 250 m north of the existing resource. Other 
significant intersections included 3 m at 198 g/t Au and 
18.7 m at 40.8 g/t Au. Mineralisation has now been defined 
over a strike extent of more than 500 m and a vertical 
extent of 1000 m, with more than 30 lodes being identified. 
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The mineralisation at Lantern is hosted within iron-rich, 
weakly-carbonaceous, siltstones and dolomitic siltstones 
with common intense carbonate, sericite-pyrite-chlorite 
and blood-red Fe-oxy-hydroxide hypogene alteration 
associated with quartz-carbonate veining. Although partly 
stratabound, gold mineralization occurs in a quartz-sulfide-
carbonate vein network of steeply dipping sub-linear shear 
veins and associated sub-horizontal dipping tensile vein 
arrays. Kirkland Lake interprets that the high-grade gold 
mineralisation changes from finer-grained free gold in the 
Cosmo deposit to coarser-grained free gold in narrow quartz 
veins in Lantern. Underground exploration development is 
expected to start in the first quarter of 2018 to access the 
Lantern mineralisation at two levels, 320 m vertically apart. 
Ongoing exploration is being conducted to increase Mineral 
Resources and outline a Mineral Reserve with a defined and 
sustainable five-year mine plan in order to re-start mining 
at Cosmo.

The Mount Porter gold project, 20 km north of Pine 
Creek, is owned by Ark Mines Ltd (Ark) and has Indicated 

Commodity Unit of 
quantity

2016–171,5

Quantity 
produced2

Quantity 
sold3

Quantity sold
($)4

Metallic Minerals

Bauxite Tonnes 9,858,279 9,707,372 $451,784,022

Gold 6 Grams 2,580 1,225 $63,415

Gold Dore 7 Grams 13,743,533 13,618,732 $723,568,655

Iron Ore Tonnes 0 0 $0

Manganese Tonnes 5,348,410 5,366,762 $1,484,958,711

Mineral Sands 
Concentrate Tonnes 2,600 0 $0

Lead Concentrate Tonnes 15,631 18,286 $21,160,018

Zinc Concentrate Tonnes 102,478 97,128 $139,658,076

Zinc Lead 
Concentrate Tonnes 331,263 366,130 $489,150,006

Metallic Minerals 
Value n/a $3,310,342,903

Non-Metallic Minerals

Crushed Rock Tonnes 1,522,268 1,328,430 36,517,091

Dimension Stone Tonnes 0 0 $0

Garnet Sands Tonnes 1,426 0 $0

Gravel 8 Tonnes 232,861 217,324 $3,171,139

Limestone Tonnes 0 1,749 $29,771

Mineral Specimen Tonnes 0.65 0.40 $74,340

Quicklime 9 Tonnes 23,877 25,163 $6,523,822

Sand Tonnes 267,138 251,585 $6,603,429

Soil Tonnes 47,689 45,092 $643,889

Vermiculite Tonnes 0 0 $0

Non-Metallic 
Minerals Value n/a $53,563,481

Energy Minerals

Uranium Oxide Tonnes 2,315 2,455 $262,833,908

Total Minerals 
Value n/a $3,626,740,292

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 28 August 2017 and may be subject to revision due to 
late lodgements and/or receipt of superior data. 
6. Pure gold (100% ); does not include gold reported as gold dore.
7. Average metallic content of reported gold dore is 91.9% gold and 8.1% 
silver.
8. Average sales values have been applied to some non-metallic minerals if 
this information was not supplied.
9. Quicklime is derived from limestone. Processing input and output data is 
deemed operator commercial-in-confidence.
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Table 1. 2016–17 mining production statistics for the Northern 
Territory.
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and Inferred Resources of 355 000 t at 3.0 g/t Au for 
34 200 oz Au (1.7 g/t cut-off). In late 2106, Ark announced 
plans to develop the project, but due to difficulties in 
obtaining an agreement to toll treat the Mount Porter ore at 
the Union Reefs plant, they suspended plans to commence 
mining in 2017. In March 2017, Ark announced the results 
of resource definition drilling at Mount Porter South, with 
a best intersection of 5 m at 4.13 g/t Au. Ark also has gold 
prospects at Frances Creek, 5 km northeast of Mount Porter 
and the Glencoe deposit, which has a Mineral Resource 
of 704 000 t at 1.9 g/t Au, for 42 900 oz Au. In August 
2017, Ark secured an option to purchase mining leases at 
the Union Extended project, north of Union Reefs, for the 
establishment of a 450 000 t per annum gold plant on the site 
to process of ore from Mount Porter, Glencoe and Frances 
Creek. 

PNX Metals Ltd undertook a 16 hole, 1609 m drilling 
program during 2017 at the historic Moline goldfield, 38 km 
east-northeast of Pine Creek; it comprises four key prospects 
hosted within the Mount Bonnie Formation: Moline, School, 
Tumbling Dice and Hercules. Drilling intersected 3 m at 
7.6 g/t Au from 138 m at the School prospect, downdip from 
a 2016 intersection of 7 m at 11.89 g/t Au from 115 m. The 
drilling also intersected 3 m at 2.5 g/t Au and 9 m at 1.55% 
Au from beneath the Moline open pit.

Primary Gold Ltd’s Mount Bundey project, located 
90 km southeast of Darwin, includes the Toms Gully, 
Rustlers Roost and Quest 29 deposits. Following a positive 
Scoping Study announced in April 2017, Primary Gold 
undertook a 5600 m drilling program at the Rustlers 
Roost and Quest 29 deposits in order to assess potential to 
expand the existing resource base and provide metallurgical 
samples to support a prefeasibility study. Drilling outside 
the existing pit design at Rustlers Roost intersected broad 
zones of mineralisation such as 117 m at 1.5 g/t Au from 
78 m, including 8 m at 6.9 g/t Au. At Quest 29, drilling 
targeted extensions of the gold lodes along strike and 
downdip. Results showed that mineralised zones extend 
below and outside of the current scoping pit design, with 
intersections up to 14 m at 1.0 g/t gold from 45 m, and 
5 m at 2.1 g/t gold from 90 m. Following the 2017 drilling 
program, Primary Gold announced an updated resource at 
Rustlers Roost, with Indicated and Inferred Resources of 
49.6 Mt at 0.84 g/t Au for 1.33 Moz Au, a 72% increase on 
the previous resource. This forms part of a larger resource 
in the Mount Bundey project area of 54.1 Mt at 1.03 g/t Au 
for a contained 1.795 Moz of gold. A prefeasibility study 
(PFS) for the project is expected to be announced in the first 
quarter of 2018.

Vista Gold Corporation (Vista) continued permitting 
and project optimisation work at their Mount Todd project, 
northwest of Katherine. Mineralisation at Mount Todd is 
contained in a stockwork of quartz veins and their margins, 
hosted within metamorphosed interbedded siltstone, shale 
and minor tuff of the Burrell Creek Formation. Mineral 
resources at Mount Todd include Measured and Indicated 
Mineral Resources of 279.6 Mt at 0.82 g/t Au containing 
7.40 Moz of gold, and Inferred Mineral Resources of 
72.5 Mt at 0.74 g/t Au containing 1.73 Moz of gold. Proven 
and Probable Ore Reserves are 222.8 Mt at 0.82 g/t Au 

containing 5.90 Moz of gold. In January 2018, Vista received 
Commonwealth environmental approval and announced 
an updated PFS that included re-design of elements of the 
process flow sheet, incorporating automated sorting and 
grinding circuit design changes in a 50 000 tonnes per day 
operation.

Tanami–Arunta regions
Newmont Mining Corporation (Newmont)’s Tanami 
Operations, located 550 km northwest of Alice Springs, has 
produced approximately 8 Moz of gold since start-up and 
remains the Territory’s largest gold operation, producing 
459 000 oz of gold during 2016. Mineralisation consists of 
high-grade Au-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), 
although recent rapid resource growth has occurred 
associated with down-plunge extensions of the >3.8 Moz 
Auron deposit and the 2013 discovery of the >0.5 Moz 
Federation Limb deposit. As of 31 December 2016, Proven 
and Probable Ore Reserves were 23.2 Mt at 6.00 g/t Au 
containing 4.48 Moz of gold. Additional Measured and 
Indicated Mineral Resources total 2.6 Mt at 5.53 g/t Au for 
0.46 Moz Au and Inferred Mineral Resources are 3.2 Mt 
at 5.85 g/t Au for 0.61 Moz Au. Newmont sees potential 
to double the current reserve and resource base through 
continued expansion down-plunge of the Callie and Auron 
orebodies, as well as through further resource growth from 
the Federation Limb and 2015 Liberator discoveries. In 
August 2017, the company announced the completion of a 
$120 million expansion project, which included building a 
second decline and an incremental increase in capacity in 
the processing plant. The expansion is expected to increase 
Tanami’s annual gold production by 80 000 ounces per year 
to between 425 000 and 475 000 ounces of gold per year, 
lower all-in sustaining costs to between $700 and $750 
per ounce, and extend mine life by three years. It was also 
designed to be a platform for further growth; studies to 
develop a second expansion are underway. 

During 2017, Northern Star Resources Ltd (Northern 
Star) continued to explore their 100% owned Tanami 
Regional project as well as the Central Tanami project as 
part of a purchase and farm-in agreement with Tanami 
Gold NL. In January 2013, the total mineral resources for 
the Central Tanami project stood at 25.50 Mt at 3.2 g/t 
Au containing 2.63 Moz of gold, including the flagship 
Groundrush deposit with a Mineral Resource of 6.72 Mt 
at 4.8 g/t Au containing 1.04 Moz of gold. During 2017, 
Northern Star undertook a 77 946 line km airborne magnetic 
and radiometric survey over 80% of their tenement package, 
and completed a 58 hole, 1959 m aircore drilling program 
over the Cave Hill project area.

Following a substantial drilling program during 2016, in 
February 2017 ABM Resources NL (ABM) announced an 
updated resource for their Suplejack project, which includes 
the Hyperion deposit located 17 km north-northeast of 
Groundrush. The Indicated and Inferred Resource totals 
4.51 Mt at 2.14 g/t Au, containing 309 000 oz Au; this includes 
a maiden Resources for the Seuss prospect of 0.63 Mt at 
2.85 g/t Au. A subsequent reverse circulation (RC) drilling 
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program of 3952 m was completed at Seuss in April 2017, 
with a best intersection of 5 m at 60.9 g/t Au from 54 m. Two 
mineralised shoots were identified, both of which remain 
open at depth. This was followed up with a reconnaissance 
aircore drilling program of 179 holes for 8490 m throughout 
the Suplejack project area to test for extensions of known 
structures and to further define rock types and structural 
intersections interpreted to host mineralised shoots. An 
additional 1608 m RC drilling program in November resulted 
in more high-grade intersections, including 4 m at 26.6 g/t Au 
from 87 m and 13 m at 7.3 g/t Au from 105 m from the Seuss 
Fault, and 5 m at 8.5 g/t Au from 120 m from the Tethys-
Seuss Fault Intersection.

ABM also undertook a reconnaissance aircore drilling 
program of 159 holes for 8474 m at their Bluebush project 
area, which includes the Capstan, Wild Turkey, Indefatigable 
and Hornblower projects located 50 km to the northwest 
of the Callie deposit. This reconnaissance program was 
aiming to confirm similarities with Callie, to complete 
an initial bedrock test under large arsenic anomalies, 
and to commence screening undercover for large-
scale geochemical anomalies as indicators of concealed 
deposits. At the Capstan prospect, an 8 km long zone of 
gold anomalism was identified beneath arsenic anomalism 
previously defined in soil sampling. Follow-up drilling at 
Capstan is planned for early 2018.

ABM also announced an updated Indicated and Inferred 
Mineral Resource for the Buccaneer project, totalling 
10.0 Mt at 1.82 g/t Au for 585 000 oz Au. This represents 
a significant reduction in both tonnage and grade of the 
deposits compared with the 2013 Resource due in part to 
the finding that the high-grade domains applied in the 2013 
model were not predictably based on geological features 
or structural trends. Gold mineralisation at Buccaneer is 
disseminated throughout a monzogranite granite intrusion 
with higher-grade zones typically associated with zones 
of shallow dipping quartz veins and sulphides (pyrite, 
arsenopyrite).

In October 2017, ABM entered into an Exploration 
Agreement with Thunderbird Metals on ABM’s North 
Arunta project whereby Thunderbird will sole fund $6.5M 
over 4.5 years to earn a 70% interest in the project. The 
project is located north and northwest of Barrow Creek, and 
includes the Kroda gold prospect.

Warramunga Province (gold-copper-bismuth)

Emmerson Resources Ltd (Emmerson) continued to 
explore the Tennant Creek mineral field as part of a major 
exploration joint venture with Evolution Mining (Evolution) 
under which Evolution can invest up to $25 million in 
exploration to earn up to 75% of the project. In June 2017, 
Emmerson announced the commencement of small-scale 
gold production at the high-grade Edna Beryl deposit, 40 km 
north of Tennant Creek, under a tribute mining agreement 
with the Edna Beryl Mining Company (Figure 6). The first 
600 t of development ore at Edna Beryl averaged 40 g/t Au; 
the first gold poured in December 2017. 

Following the discovery of high-grade gold 
mineralisation at Edna Beryl West in 2016 (including 
8 m at 157 g/t Au, 34.5 g/t Ag and 0.5% Cu), Emmerson 
undertook near mine and regional exploration programs and 
discovered additional ironstones, some highly anomalous in 
both copper and gold. The deep diamond drill program at 
Edna Beryl confirmed that ironstones and mineralisation 
persist at depth, with the best intersection of 0.65 m at 
6.53 g/t Au from 305 m. Drilling 200 m to the west of the 
Edna Beryl mine hit a thick shear zone containing chlorite-
hematite ironstone and quartz veining, with an intersection 
7 m at 1.33 g/t gold from 171 m. Drilling also confirmed 
potential for new mineralisation immediately to the north of 
Edna Beryl mine with intersections of 12 m at 0.59% Cu and 
0.07 g/t gold from 90 m. The company announced they are 
planning development of an underground exploration drive 
from the current Edna Beryl mine across to the recently 
discovered Edna Beryl West mineralisation. 

Figure 6. Opening of Edna Beryl gold 
mine in July 2017.
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In late 2017, Emmerson undertook a 2500 m drilling 
program at the Gecko-Goanna following up the discovery of 
shallow high-grade copper mineralisation (drill intersection 
of 7 m at 5.98% Cu in 2015). The drilling intersected 
high-grade copper, including 6 m at 4.0% Cu from 137 m; 
the company reported that it confirms the potential for 
non-ironstone hosted copper at the project.

In September 2017, Emmerson withdrew from the Rover 
farm-in joint venture with Andromeda Metals in the Rover 
field, 70 km southwest of Tennant Creek. This followed 
ambiguous results from a 3D induced polarisation (IP) and 
magnetotellurics (MT) survey covering three blocks over 
separate prospects at Rover 4, Rover 11 Central and Rover 11 
East. This survey had been aimed at assessing the potential 
of these techniques to generate and define sulphides beneath 
barren cover sequences; it was co-funded by NTGS under 
the Geophysics and Drilling Collaborations program. 

In June 2017, Chalice Gold Mines Ltd announced 
the discovery of Tennant Creek-style copper-gold 
mineralisation at the Parakeet prospect, which is part 
of their Warrego North project, 20 km northwest of the 
historic Warrego mine. The company’s first hole targeted 
a coincidental magnetic-gravity and IP chargeability 
anomaly; it intersected interstitial and stringer (vein) style 
chalcopyrite mineralisation in magnetite ironstone with 
8 m at 1.74% Cu and 0.42 g/t Au from 249 m. A follow-up 
1575 m drilling program identified two additional ironstone 
units, with a best intersection of 11 m at 0.24% Cu and 
0.21 g/t Au. Chalice can earn up to a 70% interest in the 
Warrego North project from Meteoric Resources NL by sole 
funding $800 000 in expenditure.

Copper, lead, zinc, silver

Arunta Region
During 2017, KGL Resources Ltd (KGL) continued 
exploration and assessment of the Jervois copper-silver-
lead-zinc-gold project northeast of Alice Springs (Figure 7). 
Mineralisation at Jervois occurs in a series of stratabound, 
subvertical sulfide-rich deposits along a 12 km strike length 
in the Bonya Metamorphics in the Aileron Province. It has 
a total resource of 30.5 Mt at 1.07% Cu and 23.0 g/t Ag for 
327 000 t contained copper. The existing lead-zinc resource 
is 3.8 Mt at 3.7% Pb, 1.2% Zn, 0.72% Cu and 67.5 g/t Ag. 
Exploration in 2017 focussed on newly identified high-grade 
mineralisation at the Rockface prospect. KGL continued 
to demonstrate the utility of down-hole electromagnetic 
(DHEM) surveys in identifying conductors associated 
with massive, semi-massive and veined chalcopyrite-
pyrite mineralisation within altered magnetite-garnet rich 
host rock. A nine hole drill program in the first half of 
2017 targeted conductors in the eastern zone of Rockface. 
Intersections included 9.62 m at 3.18% Cu, 26 g/t Ag and 
0.40 g/t Au from 679 m, and 5.67 m at 5.2% Cu, 0.2% 
Zn, 30 g/t Ag and 0.45 g/t Au from 517 m. In September 
2017, high-grade mineralisation was also intersected in the 
western zone at Rockface with 8.24 m at 9.21% Cu, 0.19% 
Zn, 38.1 g/t Ag and 0.29 g/t Au from 587 m, including 
4.57 m at 14.0% Cu, 53.6 g/t Ag and 0.34 g/t Au.

KGL also drilled the first hole in over two years at 
the Reward prospect, targeting DHEM conductors and 
discovered high-grade mineralisation with 11.63 m at 
4.2% Cu, 0.81% Pb, 1.07% Zn, 86 g/t Ag and 0.65 g/t Au 
from 636.1 m. The mineralised zone is dominated by a 
central interval of pervasive, disseminated chalcopyrite-
pyrite in magnetite-garnet-chlorite alteration with carbonate 
and quartz veining. This has similarities to the style of 
mineralisation at Rockface. Follow-up drilling intersected 
more mineralisation (including gold) with results of 9.57 m 
at 5.11% Cu, 0.4% Pb, 0.31% Zn, 78.5 g/t Ag and 2.44 g/t Au 
from 561 m, and 8.16 m at 5.03% Cu, 35.9 g/t Ag and 3.35 g/t 
Au from 691 m. During 2017, KGL also purchased the Unca 
Creek project area surrounding Jervois, which includes a 
number of known copper prospects such as Pioneer (along 
strike from Reward) and Hamburger Hill.

Independence Group NL continued their greenfields 
exploration in the remote southwestern Aileron Province, 
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northeast of Kintore, targeting polymetallic mineralisation 
as part of the Lake Mackay exploration alliance with ABM 
Resources Ltd. This followed the discovery of polymetallic 
copper-silver-gold-zinc mineralisation at the Bumblebee 
prospect in 2015 (7 m at 3.2% Cu 3.3 g/t Au, 37.7 g/t Ag, 
0.9% Pb, 1.3% Zn and 0.08% Co from 30 m) and at the 
Grapple prospect in 2016 (6 m at 8.98 g/t Au, 23.5 g/t Ag, 
1.45% Cu, 1.40% Zn, 0.26% Pb and 0.15% Co from 38 m, 
9 m at 1.8 g/t Au, 49.1 g/t Ag, 3.26% Cu, 3.63% Zn, 1.09% 
Pb and 0.26% Co from 85 m). A six hole 2917 m diamond 
drilling program was completed at the Grapple Prospect 
during 2017 to further define the extent and grade of 
mineralisation. Sulfide mineralisation was encountered 
in all six holes, with the best intersection being 11.4 m at 
7.9 g/t Au, 20.7 g/t Ag, 0.8% Cu, 1.1% Zn, 0.5% Pb and 
0.1% Co from 284.9 m including 3.5 m at 18.3 g/t Au, 
13.8 g/t Ag, 1.1% Cu, 0.3% Ag and 0.2% Pb from 288.8 m.  
The mineralisation consists of massive to semi-massive 
pyrrhotite-chalcopyrite-sphalerite-galena-arsenopyrite 
breccia sulfides and pyrrhotite with chalcopyrite stringers. 
The drilling confirmed the mineralisation has an extensive 
plunge component over 800 m and is open to the west. Soil 
sampling of adjacent areas was undertaken in late 2017. 
Granted tenure in the project area expanded during the year 
from 517 km2 to 7612 km2, and an additional 3245 km2 was 
applied for covering the extension of prospective geology 
along the Central Australian Suture.

Following their listing on the ASX in April 2017, 
Todd River Resources Ltd undertook a 14 hole, 2849 m 
drilling campaign at the Mount Hardy copper-zinc project 
area, 300 km northwest of Alice Springs. At the Browns 
prospect, drilling intersected 7 m at 1.77% Cu, 0.43% Zn 
and 17.7 g/t Ag from 67 m, which when combined with 
previous drilling, is interpreted to form part of a shallow 
south-dipping mineralised structure that persists for over 
100 m and remains open both up-dip to the north and 
down-dip to the south. At EM Target 2, three holes were 
drilled, with a best intersection of 10.5 m at 4.15% Zn, 
1.10% Cu and 0.65% Pb from 178 m, including 1 m at 
12.75% Zn, 3.30% Cu, and 3.43% Pb from 180 m. The 
mineralisation at EM Target 2 comprises sphalerite with 
lesser chalcopyrite and galena; it occurs as semi-massive 
vein infill and disseminations associated with quartz 
veining and silica flooded zones with chlorite and sericite 
alteration. Four holes were drilled at the copper-dominant 
Mount Hardy prospect returning a best intersection of 3 m 
at 1.98% Cu. Downhole EM modelling on EM Targets 1 
and 2 have identified strong new conductor plates, which 
will be a focus for future drilling.

Pine Creek Orogen 
PNX Metals Ltd (PNX) continued to progress at their 
Hayes Creek project, which comprises the Iron Blow 
and Mount Bonnie polymetallic gold-silver-zinc deposits 
in the basal Mount Bonnie Formation and Gerowie Tuff 
of the Pine Creek Orogen. Following a 5242 m, 30 hole 
RC and diamond drill program completed in early 
January 2017, PNX announced an upgraded Indicated and 
Inferred Resources for Mount Bonnie (1.55 Mt at 3.8% 
Zn, 1.34 g/t Au, 127 g/t Ag, 1.1% Pb, and 0.2% Cu) and 

Iron Blow (2.53 Mt at 2.1 g/t Au, 122 g/t Ag, 4.71% Zn, 
0.78% Pb and 0.26% Cu). The total combined resource 
is 4.1 Mt at 1.8 g/t Au, 124 g/t Ag, 4.35% Zn, 0.91% Pb 
and 0.25% Cu. In July 2017, PNX released the results of 
a PFS on the Hayes Creek project based on 450 000 tpa 
throughput and a 6.5 year mine life with ore sourced 
from initial open pit mining at Mt Bonnie and subsequent 
underground mining at Iron Blow. Following the positive 
PFS, the company announced that they were proceeding 
directly to a definitive feasibility study (DFS). As part 
of the DFS, PNX undertook 4063 m of drilling at Mount 
Bonnie in late 2017 to provide geotechnical, resource, 
hydrological, and metallurgical data to inform engineering 
and environmental studies. Extensional drilling at Mt 
Bonnie has intersected zinc mineralisation in a number 
of drillholes outside the existing mineral resource. PNX 
have also identified a number of polymetallic base metal 
prospects at their Moline project area, with initial drilling 
planned for December 2017 at the Swan prospect based on 
soil geochemistry and IP anomalies.

The Browns deposit near Batchelor comprises a large 
sediment-hosted polymetallic oxide and sulphide resource, 
which was briefly developed by Compass Resources Ltd 
in 2007–08. In 2017, Doe Run Australia, a subsidiary of 
North American lead producer The Doe Run Company, 
completed a metallurgical, geotechnical, and exploration 
drilling campaign focussing on the sulphide mineralisation 
at Browns as part of an agreement with current tenement 
holder Northern Territories Resources Pty Ltd. The program 
comprised 21 holes for 4679 m, although no results have 
been announced.

In October 2017, DevEx Resources Ltd (DevEx; formerly 
Uranium Equities Ltd) announced that it was commencing a 
new focus on copper, gold and base metal mineralisation in 
its tenements in western Arnhem Land, including the U40 
prospect where drilling in 2010 intersected 12.3 m at 2.03% 
Cu, 1.77 g/t Au and 0.74% U3O8. DevEx undertook an IP 
survey in late 2017 and identified chargeability anomalies 
coincident with mineralisation at U40 and U40 South, 
which will be targets for future drilling.

McArthur Basin
The McArthur River mine, 70 km southwest of Borroloola 
in the McArthur Basin, is operated by McArthur River 
Mining Pty Ltd (MRM), a subsidiary of Glencore. At 
31 December 2017, the McArthur River mine had total 
Mineral Resources of 188 Mt at 9.6% Zn, 4.5% Pb and 
46 g/t Ag, including Ore Reserves of 114 Mt at 9.3% Zn, 
4.4% Pb and 45 g/t Ag. During 2017, MRM produced 
210 000 t of zinc, 44 800 t of lead and 1.62 Moz of silver, 
representing a 5% increase in zinc production from 2016. 
The very fine-grained, thinly bedded sulfide ore is hosted 
in the HYC Pyritic Shale Member of the Barney Creek 
Formation. 

A second major zinc resource occurs at the Teena zinc 
deposit, 10 km west of the McArthur River mine. Teena 
was discovered in 2013 by a Teck Australia (Teck)–Rox 
Resources joint venture, with 14 holes drilled for 14 679 m 
from 2013–2015 The 2016 Inferred Mineral Resource 
at Teena is 58 Mt at 11.1% Zn and 1.6% Pb for 6.5 Mt of 
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zinc and 0.9 Mt of lead metal (at a 6% Zn+Pb cut-off). The 
mineralisation is a similar style to McArthur River and 
occurs as finely laminated sphalerite-galena mineralisation 
within carbonaceous shales and calcareous siltstones of the 
Barney Creek Formation. In February 2017, Teck finalised 
the purchase of Rox Resources’ share of the project to 
assume 100% ownership. No exploration results have been 
publicly reported from Teena during 2017. Teck is also 
involved in the Yalco joint venture with Marindi Metals 
Ltd. During 2017, they drilled a single 781 m diamond 
drillhole into a previously untested sub-basin, which was 
co-funded by NTGS under the Geophysics and Drilling 
Collaborations program. The hole intersected pyritic shales 
in the Carinbirini member of the Lynott Formation and the 
Barney Creek Formation. 

During 2017, Pacifico Minerals undertook a five hole, 
1403 m diamond drilling program at their Borroloola West 
JV with Sandfire Resources, which was co-funded by 
NTGS under the Geophysics and Drilling Collaborations 
program.  At the Coppermine Creek prospect, 100 km 
northwest of McArthur River, stratabound copper, cobalt 
and silver mineralisation occurs associated with an 
interpreted evaporate horizon in the Amelia Dolostone. 
Two holes were drilled targeting undercover extensions of 
the mineralisation; they intersected wide zones of visible 
copper up to 18 m in width, although at sub-economic 
grades. At the Mariner prospect, 12 km south of 
Coppermine Creek, oxidised lead mineralisation occurs at 
the base of the Roper Group where it is interpreted to have 
been remobilised from the underlying McArthur Group. 
Two holes were drilled at Mariner, one of which intersected 
anomalous copper-bearing pyritic black shales interpreted 
to be Barney Creek Formation. At the Lorella prospect, 
Pacifico announced an initial Exploration Target of 5–10 Mt 
at 0.8–1.1% Cu for flat lying oxide mineralisation related 
to the base of unconsolidated recent alluvium and gently 
west-dipping, stratabound horizons within the underlying 
Amelia Dolostone.

MMG Exploration Pty Ltd (MMG) continued to explore 
in the Batten Fault Zone area in the McArthur Basin on their 
own tenure and under their North Batten JV with Sandfire 
Resources. MMG undertook a significant drilling program 
in 2017 focussed on the Rosie Creek zinc prospect to test the 
prospective Barney Creek sub-basin at depth. 

In December 2017, Red Metal Ltd executed an option 
and joint venture agreement with MMG whereby MMG 
can earn up to a 70% interest in their Mallapunyah project 
located 60 km southwest of McArthur River.

Diamonds

Merlin Diamonds Ltd’s Merlin project in the McArthur 
Basin comprises 14 kimberlite pipes of which nine were 
mined by open cut between 1998 and 2003 producing 
507 000 ct of diamonds. The 2014 combined Probable 
Ore Reserve for all diamond pipes at Merlin is 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. In October 2016, Merlin 
recommenced small-scale operations at the mine with 

processing of stockpiled material and mining of ore from 
the Kaye open pit. In July 2017, the company reported 
that it had processed 86 407 t of material for production of 
22 000 diamonds totalling 4605 ct since mining operations 
recommenced. This included 37 diamonds above 5 ct with the 
largest diamond being 35.74 ct. In December 2017, a Tomra 
XRT (x-ray transmission) machine was commissioned at 
Merlin; this new sorting technology is expected to recover 
larger diamonds than previously possible and recover low 
luminescing diamonds that were missed with the previous 
sorting technology. During 2017, the company undertook a 
3500 m RC drilling program on the Merlin mine lease; no 
new kimberlites were discovered by this work.

Bauxite and alumina

Rio Tinto Ltd operates the Gove bauxite mine and alumina 
refinery in northeastern Arnhem Land, which has been in 
production since 1971. Bauxite at Gove occurs in deeply 
lateritised, dissected plateau remnants overlying the 
Cretaceous Yirrkala Formation. At the end of 2016, the 
Gove operation had Proven and Probable Ore Reserves of 
147 Mt at 49.2% Al2O3, with additional Measured, Indicated 
and Inferred Mineral Resources of 44 Mt at 49.5% Al2O3. 
During 2017, the Gove operation produced a record 11.20 Mt 
of bauxite. 

Gulkula Mining Company Pty Ltd, which is 100% 
owned by the Gumatj Corporation, was granted a mining 
lease in January 2017 for a new bauxite mine on the 
Dhupuma Plateau, immediately south of the Gove mineral 
lease. The operation is expected to ramp up to full annual 
production of 500 000 tpa bauxite within the first four years, 
and continue at this production rate 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 mine and training centre were 
officially opened in August 2017. The ore will be sold to Rio 
Tinto’s Gove operation.

Iron ore

All iron ore operations in the Northern Territory remained 
in care and maintenance during 2017; no substantial iron 
ore exploration was reported. However, Northern Territory 
Iron Ore (NTIO) submitted a Notice of Intent for the 
development of iron ore from three deposits (Deposits C, W 
and X) in the Roper region (formerly Sherwin Iron’s Roper 
River iron ore project), 420 km southeast of Darwin and 
150 km east of Mataranka. Iron ore would be transported 
to a purpose-built barge loading facility located near the 
mouth of the Roper River and then transhipped by barges 
to ocean-going vessels moored offshore in the Gulf of 
Carpentaria. 

In early 2018, Britmar (Aust), a subsidiary of the 
international shipping and mining company British Marine, 
received an authorisation to recommence activities at the 
Roper Bar iron ore mine, which has been in care and 
maintenance since Western Desert Resources Ltd went 
into administration in 2015. The company are hoping to 
recommence production during 2018.
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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 oolitic or 
pisolitic 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 2016–17 totalled 4.99 Mt of manganese ore. 
There are remaining resources of 157 Mt at 44.1% Mn. 

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 2014, the 
Total Resources for Bootu Creek were 20.5 Mt at 22.24% 
Mn. After suspension of mining in December 2015 due to a 
low manganese prices, mining recommenced at Bootu Creek 
in February 2017. In 2017, OM mined 1.59 Mt of manganese 
ore at an average grade of 21.17% Mn, with production of 
lumps and fines totalling 656 149 t at 35.87% Mn.

Tungsten (-molybdenum)

Thor Mining PLC (Thor) continued to pursue options for 
development of the Molyhil tungsten-molybdenum project 
located near the Plenty Highway northeast of Alice Springs. 
Molyhil is a skarn-related scheelite-molybdenite-magnetite 
deposit within the Arunta Region. It has a Mineral Resource 
of 4.71 Mt at 0.28% WO3, 0.22% MoS2 and 18.1% Fe, most 
of which is in the Indicated category. During 2017, based on 
improved ore sorting results and operating cost estimates, 
the company announced an upgraded open cut Probable 
Ore Reserve of 3.5 Mt at 0.29% WO3 and 0.12% MoS2; this 
upgrade increases the open pit life by one year to seven 
years and increases metal content by 10% for tungsten and 
19% of molybdenum. 

GWR Group Ltd continued exploration in the historic 
Hatches Creek tungsten field in the Davenport Province, 
which contains numerous underground mines that were 
mined between 1915 and 1957. Mineralisation is hosted in 
quartz veins as wolframite with lesser scheelite, bismuth 
and copper oxides. Surface stockpiles of historically mined 
ore have an Inferred Resource of 225 066 t at 0.58% WO3 for 
1311 t WO3. In March 2017, GWR announced the results of 
their maiden RC drilling program at Hatches Creek, which 
intersected wide zones of mineralisation including 53 m at 
0.26% WO3 and 0.13% Cu from 63 m from the Treasure, 
and narrow high-grade intersections including 2 m at 3.05% 
WO3 from 3 m the Hit and Miss prospect. A follow-up 33 
hole RC program during 2017 confirmed the widespread 
and polymetallic nature of the mineralisation with further 
high-grade intersections from Hit and Miss: 9 m at 2.03% 
WO3, 0.18% Cu and 0.05% Mo from 93 m including 1 m at 
17.52% WO3, plus broad intersections such as 69 m at 0.23% 
WO3 and 0.34% Cu from 41 m. Results from Treasure 
included 8 m at 0.73% WO3 and 0.41% Cu from 55 m. A 
total of four holes were completed at Pioneer, which also 
contained significant gold, with a best intersection of 7 m 

at 1.16% WO3 and 0.81 g/t Au, including 1 m at 3.36% 
WO3 and 5.32 g/t Au. High-grade mineralisation was also 
intersected at Black Diamond (10 m at 0.46% WO3), Green 
Diamond (1 m at 3.90% WO3) and Bonanza (14 m at 0.39% 
WO3). The company have announced that a maiden Mineral 
Resource estimates for Pioneer, Treasure and Hit or Miss 
are in progress and will be completed in early 2018; they 
also plan a Scoping Study to review potential for near term 
production.

Vanadium-titanium-iron

TNG’s Mount Peake project is a vanadium-titanium-iron 
prospect hosted in the Mount Peake Gabbro in the northern 
Arunta Region, 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. TNG 
released an updated FS in November 2017 and continued 
progressing environmental approvals for the project. 

Magnesite

A number of high-grade magnesite (magnesium carbonate) 
deposits occur as stratabound bodies within the Celia and 
Coomalie Dolostones near Batchelor in the Pine Creek 
Orogen (Figure 8). The most notable of these is Winchester 
(Korab Resources Ltd), with Indicated and Inferred Mineral 
Resources of 16.6 Mt at 43.2% MgO and Huandot (Thessaly 
Resources Pty Ltd), 7 km northeast of Winchester, which 
has Indicated and Inferred Mineral Resources of 9.1 Mt at 
44.3% MgO. Both companies are investigating potential 
development options for these deposits. Korab announced 
in November 2017 that they were commencing an update of 
the PFS for Winchester.

Mineral sands 

During the first half of 2017, Australian Abrasive Minerals 
Pty Ltd (AAM) continued to move towards full production 
at the Harts Range garnet sand deposit (formerly known 
as Spinifex Bore) located near Harts Range community, 
170 km northeast of Alice Springs. However, in August 
2017 AAM were placed into administration, putting the 
short-term future of the mine in doubt. 

In 2017, Australian Ilmenite Resources Pty Ltd 
undertook refurbishment and upgrading of the processing 
plant at the Sill 80 ilmenite project in the Roper region in 
the hope of moving into full production in 2018. Ilmenite 
at Sill 80 occurs in surficial cover overlying sills of Derim 
Derim Dolerite intruding the Roper Group.

Rare earth elements

Arafura Resources Ltd (Arafura) continued feasibility 
and project optimisation studies on 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 
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56 Mt at 2.6% rare earth oxides (REO), 11% P2O5 and 
0.02% U3O8 containing 1.46 Mt REO. 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). During 2017, 
Arafura undertook a detailed resource assessment, which 
established that two-thirds of Measured and Indicated 
Resources inventory are NdPr-bearing phosphate-rich 
material types, supporting a mine plan that extends the life 
of the proposed operation to 37 years. In late 2017, Arafura 
received a positive Assessment Report from the Northern 
Territory Environment Protection Authority (NTEPA) for 
the Environmental Impact Statement (EIS) for the Nolans 
project.

Crossland Strategic Metals Ltd announced that they 
were undertaking a resource re-evaluation and an update 
of their 2013 Scoping Study at its Charley Creek alluvial 
rare earths project, located 120 km west of Alice Springs. 

The resource is contained within unconsolidated alluvial 
outwash and is hosted in xenotime and monazite. It has an 
Indicated Mineral Resource of 387 Mt at 295 ppm TREO 
and an Inferred Mineral Resource of 418 Mt at 289 ppm 
TREO. 

Lithium

Pine Creek Orogen
Lithium exploration continued to progress strongly during 
2017 following the 2016 discovery of significant pegmatite-
hosted lithium mineralisation in the Bynoe pegmatite field, 
20–50 km south-southwest of Darwin. Lithium mineralisation 
in the Bynoe pegmatite field occurs as spodumene in north-
trending pegmatites up to 40 m in width along a 30 km 
north-trending corridor. On the basis of drilling undertaken 
since August 2016, in May 2017 Core Exploration Ltd (Core) 
reported a maiden lithium resource at the Grants prospect 
of Indicated and Inferred Resources totalling 1.8 Mt at 
1.5% Li2O (Figure 9). They subsequently commenced a PFS 
study at Grants; in November 2017, Core submitted a Notice 
of Intent for development of the resource. Also during 2017, 
Core purchased a number of tenements owned by Liontown 
Resources Ltd to consolidate their tenement holding in the 
Bynoe pegmatite field. Following the purchase, the company 
undertook a drilling campaign at the BP33 prospect and 
intersected broad zones of mineralisation, including 62 m at 
1.24% Li2O from 66 m and 54 m at 1.42% Li2O from 101 m. A 
resource drilling program at BP33 was in progress during the 
2017–18 wet season, in addition to further resource drilling 
at Grants. The company also reported intersections from the 
Sandras prospect, including 27 m at 1.45% Li2O from 195 m, 
with 7 m at 2.13% Li2O. 

In December 2017, an RC drilling campaign in former 
Liontown Resources tenements intersected significant 
mineralisation in all four prospects targeted, including 
10 m at 1.6% Li2O from 83 m at the Carlton prospect, 
5.5 m at 2.2% Li2O from 70 m at Hang Gong, 4 m at 1.4% 
Li2O at Lees, and 3 m at 1.6% Li2O from Booths. The 
company reported that these four pegmatite prospects share 
characteristics including 5 m–15 m true width, consistent 
geometry, shallow dip (<45 degrees), stacked sets, high 
grades (~ 1.5% Li2O), and proximity to current roads and 
the proposed Grants mine.

Kingston Resources undertook a maiden drilling 
program of 45 holes for 4507 m in their tenements in the  
Bynoe pegmatite field at the Lei, Cai, Bao and Liana 
prospects, with a best intersection at Lei of 12 m at 1.43% 
Li2O from 121 m, including 9 m at 1.69% Li2O. The 
company also tested the use of deep ground penetrating 
radar (DGPR) technology, which they consider has potential 
to be an effective targeting tool for pegmatites.

Arunta Region
In March 2017, Kingston Resources Ltd announced the 
identification of Cs, Ta and Li geochemical anomalies in soils 
from their Spotted Wonder project area 160 km northeast of 
Alice Springs. They also located an amblygonite (lithium 
phosphate)-bearing pegmatite that returned a rock chip assay 
of 9.63% Li2O at the newly identified Delmore prospect.
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Todd River Resources Ltd announced in August that 
mapping and sampling the Anningie Tin Field near Barrow 
Creek had identified rock samples with exceptionally high-
grade lithium results including values of up to 4.42% Li2O 
and anomalous soil results over a 12-hectare area around 
the Bismark prospect. Follow-up infill sampling returned 
values of up to 4.63% Li2O, along with highly anomalous 
Cs, Sn, Ta and Nb. Core also reported positive rock chip 
and soil sampling results from a number of prospects in the 
Anningie and Barrow Creek fields.

Cobalt

A new NT-focussed cobalt explorer, Northern Cobalt Ltd 
(N27), listed on the ASX in September 2017. N27’s flagship 
project is the Wollogorang project in the McArthur Basin 
near the Queensland border, which includes the existing 
Stanton cobalt-copper-nickel resource. Prior to listing, N27 
announced a maiden JORC-compliant resource for Stanton 
from historic drilling, reporting an Inferred Resource of 
500 000 t at 0.17% Co, 0.09% Ni and 0.11% Cu. In late 
2017, the company drilled 70 RC holes for 6259 m and 
10 diamond holes for 773 m on the Stanton resource, with 
best intersections including 37 m at 0.28% Co, 0.12% Cu and 
0.16% Ni from 25 m, 18 m at 0.33% Co from 32 m (including 
1 m at 2.13% Co), and 20 m at 0.31% Co, 0.10% Cu and 0.16% 
Ni from 27 m. The company describe the mineralisation as 
outcropping flat-lying sediment-hosted mineralisation; it is 
non-refractory and predominantly comprising the cobalt 
sulphide mineral siegenite. Drilling has shown that the 
deposit remains open to the southeast and northwest. As well 
as resource definition and extension drilling at Stanton, the 
company also undertook exploration drilling at the Stanton 
SW, Stanton NT, Stanton SE, Running Creek and East Felix 
prospects, with 57 RC holes for 4554 m on a broad spacing, 
although no high-grade results were reported. A further 
15 targets were not tested due to the onset of the wet season.

Phosphate

Verdant Minerals Ltd continued to progress their bankable 
feasibility study (BFS) and environmental approvals for 
their Ammaroo phosphate project located in the southern 
Georgina Basin, approximately 80 km east of Barrow 
Creek. In March 2017, Verdant announced an upgraded 
resource with the Indicated Mineral Resources more than 
doubling to 165 Mt at 15.5% P2O5, while total Measured, 
Indicated and Inferred Mineral Resources remained largely 
unchanged 1.141 Bt at 14% P2O5 at 10% P2O5 cut-off. The 
BFS is focussing on the development of a surface mining 
operation, a flotation beneficiation facility and associated 
infrastructure with a maximum annual capacity of 2 Mt of 
export quality phosphate rock concentrate (30% P2O5). They 
submitted their draft EIS to the NTEPA in October 2017.

In May and June 2017, Verdant undertook a 62 hole, 
1457 m RC drilling program at the Rockhole prospect, 
50 km northeast of Ammaroo. This was the first testing of 
the greenfields potential of their eastern tenement package, 
which comprises a number of palaeo-embayments along the 
western margin of the Georgina Basin. The best intersection 
from the drilling was 6 m at 35.6% P2O5 from 27 m, as part 
of a broader intersection of 11 m at 29.2% P2O5. Based on 
the drilling, Verdant announced an Exploration target for 
the Rockhole prospect of 40–70 Mt at 17–24% P2O5 at a cut-
off grade of 10%, or 30–50 Mt at 20–27% P2O5 at a 15% 
cut-off grade. 

Potash

The Territory’s only advanced potash project is Verdant 
Minerals’ Karinga Lakes project, located between 
Erldunda and Curtin Springs, 200–300 km southwest 
of Alice Springs. The project area contains hundreds of 
salt lakes representing the eastern extension of the Lake 
Amadeus system. Measured, Indicated and Inferred 

Figure 9. Diamond drill rig at the 
Grants lithium prospect, Bynoe 
pegmatite field.
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Mineral Resources at Karinga Lakes are 8.4 Mt K2SO4 at an 
average resource thickness of 17 m beneath 25 lakes with a 
total area of 132 km2. The average potassium grade in the 
resource is 4760 mg/l (at 3000 mg/l cut-off). Two distinct 
aquifers are present: one contained in unconsolidated near-
surface lake sediments; the second hosted in siltstone and 
sandy interbeds of the Devonian Horseshoe Bend Shale of 
the Finke Group (Amadeus Basin). In August 2017, Verdant 
announced that an Australian water technology company, 
Aqua Guardian Group Ltd, had entered into a $3 million 
earn-in agreement to earn up to 40% of the project through 
staged evaluation of their mineral processing technology for 
producing sulfate of potash at Karinga Lakes.

Salt

Tellus Holdings Ltd (Tellus) continued to progress plans to 
develop an underground rock salt mine at their Chandler 
project near Titjikala, located in the Amadeus Basin 120 km 
south of Alice Springs. The business model is based on the 
usage of the voids from salt mining for the storage, recovery 
and permanent isolation of waste, as well as equipment and 
archive storage. The project is focussed on a halite resource 
within a flat-lying, extensive evaporite unit (in excess of 
200 m thick) within the Cambrian Chandler Formation. It 
contains a Measured Mineral Resource of 309 Mt NaCl, and 
Indicated and Inferred Mineral Resources of 1.128 Bt NaCl 
and 3.103 Bt NaCl respectively, with an average halite grade 
of 88.6%. The total thickness of the deposit varies between 
220–261 m. Tellus have continued to progress regulatory 
approvals for the Chandler project and in December 2017, 
Tellus received the Assessment Report from the NTEPA on 
their EIS.

Uranium

Activity for uranium in the Northern Territory remained 
subdued in 2017 due to ongoing low uranium price. The 
Territory’s only operating uranium mine is Ranger, in 
production since 1981, which is hosted in the lower Cahill 
Formation in the Pine Creek Orogen. During 2017, Energy 
Resources of Australia Ltd (ERA) produced 2294 t of 
uranium oxide, a 2% decrease from 2016. All production 
was from stockpiles from the Ranger 3 open pit, which is 
now backfilled and being used as tailings facility. At the end 
of 2017, Ore Reserves at Ranger (entirely within stockpiles 
from Ranger 3 pit) are 7.43 Mt at 0.078% U3O8 for 5783 t 
U3O8, (at 0.06% U3O8 cut-off); additional Mineral Resources 
(in stockpiles and in Ranger 3 Deeps) are 47.74 Mt at 0.12% 
U3O8 for 55 135 t U3O8. No exploration was undertaken in 
2017, and the exploration decline for the Ranger 3 Deeps 
deposit, which has a Mineral Resource of 19.58 Mt at 
0.224% U3O8 for 43 858 t contained U3O8, remains in care 
and maintenance. 

Alligator Energy Ltd (Alligator) continued exploration 
at their Beatrice project area in western Arnhem Land, with 
a helicopter-supported field program; 262 samples were 
collected and two separate pathfinder anomalies identified 
at target BT7. Cameco Australia Pty Ltd (Cameco) also 
undertook exploration program in their Wellington Range 

project area, located near the north coast of western Arnhem 
Land, although no results have been publicly reported. 

Energy Metals Ltd (Energy Metals) have uranium 
projects in the Ngalia Basin northwest of Alice Springs, 
including 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, for a contained 9600 t of 
U3O8 and 8900 t of V2O5. Following drilling at the Malawiri 
project area in the eastern Ngalia basin in 2016, Energy 
Metals announced a maiden Inferred Resource for the 
deposit of 421 000 t at 0.129% U3O8, for 542 t of contained 
U3O8. The company reported that although Malawiri is a 
small deposit, it is relatively high grade and has similarities 
in style to Bigrlyi. Mineralisation is sandstone-hosted and 
occurs within a number of sub-vertically oriented, stacked, 
tabular lenses bounded by conglomerate marker beds. The 
width of the mineralised intervals varies from 0.3 m to 
12.6 m, averaging 3.2 m in thickness. The host Mt Eclipse 
Sandstone is unconformably overlain by 80 to 100 m of 
younger, unconsolidated sediments of Cenozoic age. The 
2017 exploration program in Energy Metals’ Ngalia Regional 
project area focused on geophysical exploration using aerial 
electromagnetic (AEM) and induced polarization (IP) survey 
methods to target undercover uranium mineralisation in 
reduced pyrite-bearing beds, with a number of chargeable 
anomalies identified.

Onshore petroleum

Petroleum exploration activity in the onshore basins of 
the Northern Territory in 2017 was largely limited to the 
Amadeus Basin, with no substantial exploration in the 
greater McArthur Basin (including the Beetaloo Sub-basin) 
pending the outcome of the Scientific Inquiry into Hydraulic 
Fracturing.  Figure 10 shows granted petroleum tenure 
and basins in the NT, and the location of wells and fields 
mentioned in the text. 

McArthur Basin
The Beetaloo Sub-basin is a significant depocentre of 
Mesoproterozoic Roper Group sedimentary rocks that 
underlies the Mesozoic Carpentaria Basin near Dunmarra 
and Daly Waters. It is the Territory’s most advanced shale 
gas play. In February 2017, following the completion of 
extended production testing during 2016 at the Amungee 
NW-1H exploration well in the Beetaloo Sub-basin, 
Origin Energy Ltd (Origin) announced it has submitted 
the Velkerri B Shale Pool Discovery Evaluation Report to 
the Northern Territory Government. Origin  reported that 
drilling and seismic results across more the 10 000 km2 
indicate the continuity of the Velkerri Formation shale 
play over a large area, and that the ‘B-shale’ member of the 
Velkerri Formation is interpreted to be the most continuous 
of three individual targets in the play. Origin also reported 
that production test data from the Amungee NW-1H well 
with 11 fracture stimulation stages across approximately 
600 m of the lateral section, confirmed the ability of 
the Velkerri Formation ‘B-shale’ to flow gas following 
hydraulic fracture stimulation. Origin announced a 2C 
Contingent Gas Resource Estimate for the Velkerri B 
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shale pool of 6.6 trillion cubic feet (TCF) over 1968 km2, 
with original gas in place (OGIP) of 6.0 TCF. No field 
exploration was reported in 2017 by the main tenement-
holders in the sub-basin, which also include Santos and 
Pangaea Resources.

Amadeus Basin
The Territory’s onshore gas production is sourced from the 
Mereenie, Dingo and Palm Valley fields in the Amadeus 
Basin south and west of Alice Springs, operated by Central 
Petroleum Ltd. Since Central Petroleum took over the 
Mereenie field in 2015, they have been transitioning the field 
towards an increase in gas production relative to oil. With 
the increase in gas production at Mereenie, the Palm Valley 
gas field has been placed on standby, with no production in 
2017, although it can be brought back online at short notice 
to satisfy any increase in gas demand. In 2017, 4.980 billion 
standard cubic feet (bscf) of gas was produced in the 

onshore NT, comprising 4.184 bscf from Mereenie (a 30% 
increase on 2016) and 0.795 bscf from Dingo. Onshore oil 
production in the NT in 2017 was sourced entirely from the 
Mereenie field, with 0.216 million barrels (mmbbls) of oil, a 
7% decrease on 2016.  

Central Petroleum also have 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 
Quartzite System in the southeastern part of the basin, 
which have potential for large gas and helium accumulations 
hosted in the Heavitree Quartzite. In November 2016, Santos 
commenced a 1300 km 2D seismic program, targeting the 
Dukas, Mahler and Rossini leads. They completed Stage 1 
of the program in early 2017, with a total of 932 km of 
seismic line data acquired to mature the Dukas lead and 
to gather data for the Rossini lead. Seismic acquisition is 
scheduled to continue in 2018.
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Introduction

Kirkland Lake Gold Ltd (KL) is a mid-tier gold producer 
with total gold production in 2017 of 596 405 oz from 
mines in Canada and Australia. The production profile of 
the company is anchored from two high-grade, low-cost 
operations: the Macassa Mine located in northeastern 

Ontario, Canada and the Fosterville Mine located near 
Bendigo in Victoria, Australia. 

The Northern Territory operations are centred on the 
Cosmo Gold Mine and the Union Reefs processing plant 
situated approximately 60 km and 20 km respectively 
north of the Pine Creek Township, which is approximately 
225 km south of Darwin. The Northern Territory 
property is comprised of 77 mineral titles (72 granted 
and 5 applications together covering 20 009 ha) and 25 
exploration titles covering a total area of 1798 km2.  The 
exploration titles are held under a joint venture agreement 
with PNX Metals Ltd (Figure 1).

Figure 1. Tenement location map.
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Geology

The Cosmo Gold Mine contains two main known zones of 
mineralisation, the Cosmo Deeps deposit and the Lantern 
deposit (Figure 2). The Cosmo Deeps gold mineralisation 
occurs within the folded upper Koolpin Formation 
between the Zamu Dolerite sill and a 30+ m thick 
pyritic carbonaceous mudstone unit. Siltstones located 
in close proximity to the carbonaceous unit generally 
contain stratabound nodular chert lenses. Mineralisation 
occurs within arsenopyrite, pyrrhotite and pyrite sulfide 
assemblages hosted in the strong silica-chlorite altered 
nodular-siltstone units. 

Several major faults occur through the Cosmo system 
with the largest, the F1 Fault, dipping shallowly to the 
north with an apparent reverse movement offsetting the 
stratigraphy and mineralisation by approximately 150 m.  
The F1 fault decouples the ductile carbonaceous shale 
from the brittle Zamu Dolerite, allowing an increase in 

structural complexity through the formation of tight, 
upright parasitic folding.  The tightly folded nodular unit 
above the F1 fault remains mineralised, with this area 
known as the Sliver orebody.  The same unit can be traced 
across the Howley anticline hinge, with several smaller 
scale parasitic folds also being mineralised, forming the 
Taipan and Redbelly lodes, as well as the 500 Lode on the 
western parasitic fold closure (Figure 2). 

The recently discovered Lantern gold deposit is located 
stratigraphically deeper between the Zamu Dolerite sill 
and underlying Phantom Dolerite sill.  Gold mineralisation 
occurs as visible gold in major bedding-parallel quartz-
carbonate veins and in selvages surrounding tensional 
quartz-carbonate veins formed in close proximity major 
shear veins. 

The competency contrast between the dolerite sills and 
the metasediments create zones of structural thickening, 
accommodated through bedding-parallel shears and low-
amplitude parasitic folding. Mineralisation is hosted 

Figure 2. Schematic cross-section.
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within iron-rich, weakly carbonaceous siltstones with 
common, intense carbonate, sericite-pyrite-chlorite and 
blood-red Fe-Oxy hydroxide hypogene alteration.

Northwest-trending, sub-vertical strike-slip faulting is 
also present within the Cosmo and Lantern deposits with 
several faults showing small-scale dextral movements 
recorded in the order of 10s of metres. The northwest 
faulting appears to have a positive influence on localised 
grade distributions surrounding the faulting. 

The Cosmo Mine mineralisation host rocks experienced 
metamorphism ranging between lower-amphibolite facies to 
upper-greenschist facies; this has pervasively re-crystallised 
the protolith sediments and dolerite sills, causing significant 
alteration/recrystallisation of former pyroxenes to fibrous 
actinolite and phyllosilicates to garnet, cordierite and 
micaceous phyllite. The metamorphism is likely related to 
the emplacement of an underlying granitic pluton/batholith, 
presumably a shoulder of the Cullen Supersuite batholith. 
Recent interpretation of the Lantern and Cosmo alteration 
zoning suggests that the western fold limb of the main 
anticline acted as the main conduit for gold-bearing fluids 
that became trapped in the fold hinge and forced down the 
eastern limb against the blanket of the thick carbonaceous 
mudstone.

History

Gold was discovered at Brocks Creek in 1871 and at 
Cosmo Howley in 1873 during the construction of the 
Adelaide–Darwin overland telegraph line. Dominion 
Mining commenced modern open-pit mining within the 
Burnside group of tenements during 1987; underground 
mining at Cosmo commenced in 2010 with Crocodile 
Gold. 

Underground mining and exploration focused on the 
eastern limb of the Howley Anticline, delineating and 
expanding the geometrically simple linear 100 Lode 
mineralisation found in the nodular metasiltstone sequences. 
The nodular package was traced above the F1 fault, where 
the Sliver mineralisation was discovered in 2014.

During late 2014 as gold grades within the 100 Lode 
exploration drilling declined, a consulting structural 
geologist was employed to integrate existing geological 
understanding in order to explain ore shoot controls 
and deformation history, as well as generate near-mine 
exploration targets.  This work confirmed the site geologist’s 
views with respect to targeting of gold; it also highlighted 
two further targets, the Western Lode footwall and the Inner 
Metasedimentary (IMS) units. Three older diamond holes 
had transected the IMS units in the western fold limb below 
the Zamu Dolerite, but the intersected mineralisation was 
under appreciated and the target considered un-economic 
and outside the mining plans.

The IMS target was subsequently tested by two 
drillholes in early 2015 with varying results.  The first 
hole (CW101001A) returned 7.5 m @ 5.3 g/t Au from the 
eastern limb of the IMS host rocks and several narrow gold 
intercepts on the western limb, including 1.0 m @ 61.6 g/t 
Au. The second (CW101002) was more successful with 
intercepts of:

• 4.0 g/t Au over 4.7 m from 14.0 m
• 6.8 g/t Au over 6.1 m from 159.0 m
• 4.3 g/t Au over 22.7 m from 169.0 m
• 25.2 g/t Au over 1.7 m from 220.0 m
• 4.4 g/t Au over 13.7 m from 234.5 m
• 7.7 g/t Au over 2.3 m from 378.0 m.

After the success of the initial drilling, the consulting 
structural geologist returned to assess the information 
exposed in the drilling. The study found there was a clear 
control on gold mineralisation with a reactive siltstone 
containing a quartz lode recurring downhole due to the 
folded geometries observed in the core.  The reactive unit 
was easily identifiable via its characteristic sericitic green 
appearance, leading to the name of the new deposit (Green 
Lantern).

Ten more holes were drilled by late 2015 following up on 
the results and interpretation of Lantern. A further 15 holes 
were drilled during 2016 in two stages, May and September, 
which led to the maiden Mineral Resource estimate 
completed during late 2016. This was released as part of 
the NT Operations NI43-101 Report on Mineral Resources 
and Mineral Reserves. The maiden Mineral Resource 
comprised 556 000 t @ 3.05 g/t Au containing 55 500 oz of 
gold in the Indicated category and 1 119 000 t @ 2.89 g/t Au 
for 104 000 oz of gold in the Inferred category.

In July 2017, KL suspended production at the Cosmo 
Mine to allow the Company to conduct a review of operations 
and obtain a better understanding of near mine exploration 
targets (including the newly discovered Lantern) to support 
future profitable organic growth.

2017 Results

During 2017, the Lantern deposit was targeted as part of 
the KL exploration programs. Several large-scale step-out 
drilling programs were completed; combined with further 
exploration and grade-control infill drilling, the program 
identified mineralisation extending over 1.2 km (1 km below 
surface) along plunge within the Lantern IMS unit (Figure 3).

The additional drilling has expanded the initial six 
mineralised lodes to more than 30, of which the Western 
Lantern is the most continuous and gold endowed. The 
2017 drilling results were summarised in a KL news release 
(19 Dec 2017) with drilling highlights including:

• 1624 g/t Au over 0.91 m, including 4750 g/t Au over 
0.31 m

• 198 g/t Au over 3.0 m, including 1577 g/t Au over 0.35 m
• 89.7 g/t Au over 1.0 m
• 40.8 g/t Au over 18.7 m
• 22.6 g/t Au over 8.8 m
• 14.6 g/t Au over 5.9 m

Mineralisation studies during 2017 have significantly 
enhanced the Company’s understanding of the deposits, 
highlighting the importance the major shear veins and 
tensional vein arrays within the Lantern mineralisation 
system. Ongoing drilling is highlighting mineralisation 
variation within the deposit. For example, coarse visible 
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gold is more prevalent in the Lantern deposit as compared 
to Cosmo Deeps. Visible gold is often associated with 
the major shear veins, with arsenopyrite-rich sediments 
surrounding the tensional veins arrays.

Drilling continues to intersect mineralisation down-
plunge, with ongoing geological interpretation and further 
project work showing encouraging results and building an 
improved understanding of the geological controls involved 
in the formation of the Cosmo mineralised system.

Future

KL’s exploration expenditure in 2018 is 
expected to reach US$75–US$90 million, with 
approximately US$60 – US$75 million to be targeted at the 

Figure 3. Lantern mineralisation long projection.

Australian operations. The planned exploration programs 
at the NT Operations involve underground development 
and drilling to improve the understanding of the Lantern 
deposit and support resource definition and expansion, 
and to further test the prospectivity of the Union Reefs 
mineralised system. Exploration expenditures in 2018 for 
the Northern Territory are largely focused on supporting 
the establishment of a five-year production plan for 
the Cosmo Mine and Union Reefs mill that is sufficiently 
attractive to support a resumption of operations.

The Lantern deposit remains open in multiple directions; 
drilling of the Lantern mineralisation is continuing from 
existing underground drilling platforms. Underground 
development to establish new drilling platforms is expected 
to commence during the first quarter of 2018.
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Regional geoscience projects, together with the integration 
of new regional scale precompetitive datasets acquired 
under the 2014–2018 Creating Opportunities for Resource 
Exploration (CORE) initiative, have transformed the 
knowledge of the geology of the Northern Territory in 
key areas. Collaboration with Geoscience Australia under 
the federally funded 2016–2020 Exploring for the Future 
program (Blewett 2018) will continue to provide foundation 
datasets in underexplored areas of the Northern Territory.

Integrated precompetitive geoscience approach for the 
greater McArthur Basin

The acquisition of 4 km spaced or better ground gravity and 
400 m line spacing of airborne magnetic and radiometric 
data (potential field data) over the greater McArthur Basin 
was a focus of the CORE initiative (Dhu and Hallett 2017). 
This foundation dataset has been a key tool to improve the 
understanding to the structural architecture of the Palaeo-
Mesoproterozoic basin successions and the composition of 
the underlying metamorphosed basement. The upgraded 
regional scale potential field data plus the recently acquired 
2 km spaced ground gravity over the Batten Fault Zone 
(Dhu 2018) is being used to model sub-basin architecture 
in the Palaeoproterozoic McArthur Group of the McArthur 
Basin (Blaikie and Kunzmann 2018). Understanding the 
architecture and structural controls at this scale is providing 
the framework for studying the depositional environment 
of the middle McArthur Group within these sub-basins 
(Kunzmann et al 2018), an example being the setting of 
the Teena Pb-Zn deposit (Taylor and Hayward 2016). An 
analysis of the lithologies of the middle McArthur Group 
through high-resolution descriptive logging of open file drill 
core within the Glyde sub-basin (Kunzmann et al 2017) has 
allowed a sequence stratigraphic approach to understanding 
lateral facies variations at this sub-basin scale. This detailed 
understanding of the depositional environment within a 
discrete sub-basin also forms the basis to investigate carbon 
isotopes as a tool for stratigraphic correlation (Kunzmann 
et al 2018). 

The structural architecture of the sub-basin development 
and corresponding depositional fill has provided key 
information to assist in modelling the mechanisms that 
influence fluid flow in mineral systems within the fertile 
Batten Fault Zone (Sheldon and Schaubs 2018).

A systematic approach to characterising each formation 
within the Palaeo–Mesoproterozoic stratigraphy of the 
greater McArthur Basin has provided a foundation dataset 
for intra-basinal stratigraphic correlations and provenance 
patterns. Type sections for each formation (where the 
upper and lower stratigraphic contacts are identified) in 
the Wilton package and Glyde package across the greater 
McArthur Basin were field checked, described and sampled 

for thin section production, multi-element whole rock 
geochemistry, and U–Pb detrital zircon and Lu–Hf isotope 
analyses (Kositcin et al 2017, Munson et al in review). 
This work has assisted in correlating Mesoproterozoic 
stratigraphy across the outcropping units in the McArthur, 
Birrindudu basins and Tomkinson Province (Munson 
2016a,b). The results support the seismic evidence 
(Hoffman 2014, Hoffmann 2015) that these units represent 
a connected depositional basin. 

Whilst U–Pb detrital zircon geochronology provides 
robust and comparable maximum deposition ages, an 
Australian Research Council Linkage project co-ordinated 
through University of Adelaide will investigate alternative 
isotopic approaches to assess depositional environments 
and improved age constraints for the stratigraphy in the 
basin (Collins et al 2018).  

The improved resolution of the regional scale potential 
field datasets was key to updating the SEEBASE® product 
for the greater McArthur Basin (Frogtech Geoscience). 
The incorporation of this potential field data and upgraded 
industry seismic data (Dhu 2018) significantly contributed 
to an improved definition of the extent and subsurface 
thickness of the Mesoproterozoic Roper Group stratigraphy 
in the SEEBASE product and to the definition of the 
concealed Beetaloo Sub-basin boundary (Williams in prep).

Field work in the Arnhem Province on new 1:100 000 
scale, outcrop geology maps (Kraus et al 2015, Whelan et al 
2017) has provided isotopic evidence that the fragments 
of ‘basement’ exposure on the eastern margin of the 
greater McArthur Basin comprise age correlatives of the 
Pine Creek Orogen (forming part of the North Australian 
Craton). Whelan et al 2017 suggest that the whole rock Nd 
and zircon Hf–O isotopic evidence from (meta)igneous 
units in west and east Arnhem Land is indistinguishable, 
which indicates there is no difference in the crust beneath 
these basement terranes. The updated SEEBASE product 
incorporated this interpretation and suggested the greater 
McArthur Basin overlies a series of crustal elements with 
rheological contrast that influence basin/s formation and 
evolution (Connors and Pryor 2018).

Integrated precompetitive geoscience approach for the 
Aileron Province

Detailed investigations into the structural, metamorphic, 
magmatic, and depositional evolution of the eastern Aileron 
Province, conducted as part of the 1:100 000 mapping 
program (Reno et al 2015, Weisheit et al 2016, Reno et al 
2017), has provided context to understanding the base 
metal mineral systems operating in this area. The well-
exposed base metal mineralisation at the Jervois mineral 
field provided the opportunity to characterise the mineral 
systems in relation to the evolving regional geology. 
Syn-sedimentary Cu-Ag-Pb-Zn mineralisation is associated 
with high-thermal gradient metamorphism and bimodal 
magmatism in a back-arc basin setting at 1.79 Ga (McGloin 
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and Weisheit 2015, Reno et al 2017). The identification of 
metaexhalites as indicators of the alteration process during 
mineralisation in this setting, and thereby representing 
a potential vectoring tool, has been an important finding 
from this project (McGloin 2017). McGloin (2017) has 
differentiated epigenetic Cu-bearing mineralisation 
characterised by magnetite-chlorite alteration at the Jervois 
mineral field, particularly at the Rockface deposit, and 
at other prospects in the Aileron Province (eg Johnnies 
Reward). 

Integrated precompetitive geoscience approach for the 
Amadeus Basin

The characterisation and redefinition of the Neoproterozoic 
stratigraphy of the Amadeus Basin (Donnellan and 
Normington 2017) has provided the basis to revise the 
distribution of outcropping geology on the Henbury 
1:250 000 mapsheet. The improved understanding of the 
Neoproterozoic history of the Amadeus Basin is ensuring 
basin-wide correlations of units currently targeted for 
conventional petroleum plays. 

Construction of a pre-Mesozoic 1:500 000 basin-wide 
interpreted geology map for the Amadeus Basin (Weishett 
and Donnellan 2018) will assist in the correlation of 
concealed stratigraphic units and the interpretation of subtle 
formation parallel structures. Integration of this seamless 
interpreted geology with the extensive industry acquired 
2D seismic data will allow the construction of a 3D model 
of the basin and provide a framework of basin architecture 
for future petroleum and mineral system studies.  
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During 2017 and early 2018, new data and improvements 
in the delivery of geoscience information to industry by 
the Northern Territory Geological Survey (NTGS) can be 
grouped broadly into five areas:

1. new drilling and geochemical data
2. STRIKE
3. Creative Commons licencing
4. industry reports
5. new NTGS products.

1. New drilling and geochemistry data

The majority of geochemistry and drilling data submitted 
during the entire life cycle of all mineral titles active as 

of October 2016 has been captured.  While a significant 
portion is closed file, the data is being reviewed and 
policies and processes are being developed to facilitate 
regular release of data. The first release is scheduled for 
AGES 2018. Capture of legacy data on all historical titles 
in the Batten Fault Zone area is also in progress.

In March 2017, NTGS announced that a project to 
capture drilling and geochemistry data from all the 
previously submitted reports on the entire register of 
active titles into Geobank was in progress. The project 
commenced in October 2016 and is now 98.9% complete. 
With the exception of a few very large hardcopy group 
reports, data has now been captured from all current 
titles over their complete life cycle and added to a holding 
database. As at February 2018, 2092 of 2205 titles have 
had all data meeting the mandatory database criteria 
captured. One hundred and thirteen (113) titles have one 
or more reports outstanding, the main reason being their 
format and size.  To date (Feb 2018), 4980 out of 5037 
reports have been processed, with 57 reports remaining to 
be captured. Figure 1 shows the distribution of the open 
file captured data. Plans are to release the first package of 
data by mid-March 2018. 

NTGS wish to ensure that the best data is stored in 
the database and that records are not duplicated, therefore 
policies are required to address the issues arising when 
different reports contain submissions of the same datasets, 
with or without alterations or corrections. As some 
duplicated data may be open file in one report but closed 
file in a more recent report, clear policies are a necessity. 
Once the policies and process are in place, data will be 
released in batches on a regular basis. 

Capture of legacy drilling and geochemistry data from 
historical titles has commenced over 5 x 1:100 000 map 
sheets in the Batten Fault Zone area. When this project is 
complete, the database for this area will have all drilling 
and geochemistry data captured from every relevant 
statutory company report; in other words, all data from 
every title that currently exists or has ever existed in the 
area will have been captured. As new data is now added to 
the database when received, completion of this area is the 
first step towards 100% database coverage for exploration 
drilling and geochemistry data in the Northern Territory. 
Legacy open file data from back capture projects will 
be released in batches through STRIKE and DIP 001 – 
Northern Territory Geochemical Datasets.

2. STRIKE

During the last twelve months, several improvements were 
made to STRIKE functionality. Of particular note is the 
addition of a new Spatial Identify button designed to show 
information from all visible layers at the selected point. A 
new Concealed Boundaries layer showing the outline of 
the Beetaloo Sub-basin was also added and metadata has 
been updated. 

Figure 1. Map of Geological Regions of the NT showing 
distribution of the open file captured data.
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The new Open File Mineral Reports index layer 
mentioned in Rogers (2017) was released at AGES 2017, 
and can be found under the menu category called Industry 
Reports. This layer provides a spatial search tool for 
finding open file mineral reports regardless of title status. 
Previously, only reports from ceased titles could be 
searched using the STRIKE Historical Titles layer. 

An improved seismic line index layer has been 
available since March 2017. The layer data dictionary was 
expanded to include a number of new attributes such as 
dates, operator, acquisition and processing contractors, 
and total line kilometres for the surveys. Previously, 
this information was only summarised in a separate 
spreadsheet on the department website.

After a software upgrade in November 2017, STRIKE 
offers several new features and improvements:

• new Spatial Identify button now allows display of 
results from all visible layers so users can see what 
exists at a particular point within all the layers they 
have chosen to display.

• more options for selection of intersecting layers when 
using the Spatial Select button

• all Spatial Select tools now use rectangular areas by 
default, rather than circular

• new expand all, collapse all and filter options in the 
layer menu

• new redline functionality giving users the ability to 
customise their maps and export redlines to KML 
format

• larger ‘arrow heads’ on panel edges showing users 
where to hide or show panels, eg hiding the data panel 
to expand the map area.

In addition, a new Concealed Boundary layer was 
added to the Geology menu category to show geological 
province and basin boundaries at depth. Currently, the only 
concealed boundary available is the Beetaloo Sub-basin 
boundary, which was defined from seismic and other 
datasets.  Figure 2 shows the latest version of STRIKE 
highlighting the Beetaloo Sub-basin boundary, the layer 
menu and the results of using the spatial identify function.

Further improvements to STRIKE include:

• moving GEMIS links within data attribute tables 
towards the left to make them easier to find

• fixing metadata links and bookmarks, 
• updating the attributes for the operating mines and 

historical mineral titles layers.

3. Industry reports

Under the five year ‘sunset clause’ introduced in the Mineral 
Titles Act (MTA), all closed file reports may be released five 
years after submission. The project to tackle the backlog 
continues and in the last 12 months reports from 2006 to 
2008 have been open filed and added to GEMIS.

Two new GEMIS collections were released in March 2017: 
the Core Sampling Reports (CSR) and PEX Geophysics (the 
petroleum exploration geophysical reports database). At the 
time of launch, PEX Geophysics had 456 records of which 
291 were without the files included for download.  Now 
400 out of 457 records have files that can be downloaded 
and only 57 records have no files attached. Records without 
reports and/or data included for downloading are either not 
scanned or the datasets are over 1GB. The availability of 
additional, usually big, datasets is indicated in the Notes 

Figure 2. Screen shot of the latest version of STRIKE showing the Beetaloo Sub-basin boundary, the layer menu and the results of using 
the spatial identify function.
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field. Clients can request copies using the GEMIS Request 
Cart. 

Eighty-one well completion reports from the Mereenie-
Palm Valley petroleum fields are now open file and 
available through PEX Wells. The PEX Tenure or Petroleum 
Exploration geological survey and other reports collection 
is being developed and will be launched later in 2018 to 
complete the PEX collections. 

An updated version of the Petroleum reporting guidelines 
is now available on the website. Transmittal checklists for 
wells and survey reports and data submissions have been 
introduced to assist petroleum title holders with their data 
submissions.

Resource and reserve reporting was introduced for 
Mineral Leases (ML) and Exploration Licences in Retention 
(ELR) under the Mineral Titles Act for the first time in 2017. 
Titleholders must report resources and reserves at the end 
of each financial year using an approved form.  Reporting 
is by deposit rather than title and returns are submitted on 
a standard form to facilitate the compilation of a resource 
inventory. The form is a simple Excel spreadsheet, and 
focusses on the resource and reserve figures. No explanation 
of the resource estimation model is required on the form 
although an indication of the reporting code used (eg JORC 
2012) should be included. A form is required for each deposit 
and therefore a form may cover one or more titles. As a title 
may include more than one deposit, a title may be referenced 
on more than one form.  The data collected is being used 
for a resource inventory so the standard form facilitates 
consistent data submission and makes data compilation 
considerably easier and more efficient. Learning from the 
experience in 2017, a slightly modified form, incorporating 
several minor changes, will be made available in several 
months. Furthermore, the use of the standard digital form 
will be rolled out to Exploration Licence holders as part of 
annual reporting.  

4. Creative Commons licencing

NTGS products are now being licenced under Creative 
Commons. Each new product is being released with a 
Creative Commons International 4.0 licence (CC-BY 4.0) 
allowing re-use and redistribution as long as NTGS is 
attributed as the source and any copyright statements 
are kept intact and incorporated in the derived and/or 
redistributed material. The first products available under 
the CC-BY 4.0 licence were released on 16th June 2017; the 
licence was applied to the geoscience datasets on STRIKE 
on 13th September 2017.

A project to roll out Creative Commons licencing for 
legacy publications and datasets has commenced. The 
online Product Catalogue records and Geophysical Image 
Web Server will be updated with the licencing information 
as it is applied. 

5. New NTGS products

New or updated NTGS products released since March 2017 
include nine new records, six HyLogger Data Packages, five 
Digital Information Packages, four new GIS datasets and 
one gravity survey. Two GIS datasets were also re-released 
with revisions.

In March 2017, NTGS released new editions of four 
NT-wide maps, seven updated Digital Information Packages 
and three Records. Since AGES 2017, new GIS datasets for 
the Melville Island, Junction Bay, Cobourg-Melville Island 
and Bathurst:1:250 000 outcrop geology maps have been 
published. Other releases include revised GIS datasets for 
the Alice Springs and Highland Rocks 1:250 000 outcrop 
geology maps. Only two 1:250 000 scale outcrop geology 
maps have not yet been released in GIS form, and NTGS is 
aiming at having these released by July 2018 at which time 
the coverage over the NT will be 100%. However, it should 
be noted that the data is not seamless and there are gaps and 
overlaps resulting from differences in the datum used for 
mapping.

DIP 008, the NT Geoscience Data Package containing 
the NT-wide datasets and geophysical imagery was 
overhauled and streamlined during 2017. Changes include:

• standardised naming of MapInfo workspace and ArcGIS 
mxd files

• standardising layer names across both MapInfo TAB 
and ArcGIS Shape files

• updated metadata
• shared imagery for MapInfo and ArcGIS, reducing the 

size of the data package
• standardising symbology across mxd and workspace 

files
• application of the Creative Commons Attribution 

International 4.0 licence.

Data and images from the Batten Fault Zone 
Gravity Survey, six HyLogger Data Packages, several 
miscellaneous publications with information on HyLogger 
data interpretation and nine Records have also been 
released since March 2017. An update to the gravity and 
metallogenic NT-wide maps and new editions of five Digital 
Information Packages will be released for AGES 2018 in 
addition to several new products. 
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A large number of exploration licences (EL) have been 
granted in West Arnhem Land under the Aboriginal 
Land Rights (NT) Act 1976 (ALRA NT) in this region. 
West Arnhem Land is aboriginal freehold land which is 
collectively owned. It has been under intensive exploration 
for uranium and base metals from the late 1960s (before 
ALRA NT 1976) to the present time. Exploration and mining 
agreements are negotiated by Northern Land Council 
(NLC) on behalf of traditional owners. In November 2010, 

Alligator Energy Ltd acquired EL 24921, 24922 and 25002 
from Cameco Australia Pty Ltd. Cameco holds a 51 per cent 
buy back right on the discovery of a significant uranium 
deposit. 

This presentation aims to highlight the success and 
challenges Alligator Energy has faced over the past five years 
with traditional owner employment, weed management and 
partnerships formed with local indigenous ranger groups. 
The case study will highlight how some simple assistance 
measures can have significant overall benefits to all parties 
involved. This presentation also will talk of some of the 
barriers to indigenous employment and ways these can be 
overcome.
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A range of interpretative products focussed on the greater 
McArthur Basin have been completed or are currently 
underway. These products are compiled using either 
pre-competitive geophysical data acquired under the 
CORE initiative or high-resolution data submitted through 
industry statutory reporting. They include the following: 
reprocessing of industry submitted AEM data in the 
Batten Fault Zone, development of an interpretation-ready 
Kingdom® seismic project over the Beetaloo Sub-basin, 
and application of the same to assist in defining the Beetaloo 
Sub-basin boundary. Elsewhere in the greater McArthur 
Basin, a higher-resolution ground gravity survey has been 
acquired over the Batten Fault Zone through collaboration 
with CSIRO. In addition, three new geophysical surveys 
were also completed under Round 9 of the Geophysics and 
Drilling Collaborations (GDC) program.

Batten Fault Zone

The north-trending Batten Fault Zone, located in the Palaeo–
Mesoproterozoic greater McArthur Basin (Figure 1) hosts 
the world class McArthur River Pb-Zn-Ag mine, the Teena 
Pb-Zn deposit and several other base metal prospects. The 
mineralisation at McArthur River is hosted in the HYC 
Pyritic Shale Member of the Barney Creek Formation 
(Ahmad et al 2013). In collaboration with CSIRO, a 
higher resolution ground gravity survey (infilling existing 
4 km spaced ground gravity to 2 km) has been acquired. 
Existing industry-submitted airborne electromagnetic 
(AEM) surveys for the same region have been reprocessed 
and either transformed or inverted. These data are being 
interpreted to assist in understanding the structure and 
evolution of the Batten Fault Zone (Blaikie et al 2018) and 
of the related subsurface extent and geometry of the Barney 
Creek Formation (Munday et al 2017). 

The Batten Fault Zone gravity survey (Figure 2) infills 
the existing 4 km spaced gravity data of the Barkly and 
Southern McArthur gravity surveys (acquired by NTGS 
in 2009 and 2013 respectively) to 2 km station spacing. 
It was funded by NTGS and managed by CSIRO; it also 
includes CSIRO’s high resolution Caranbirini gravity 
survey. The new survey was designed around existing open 
and closed file industry ground gravity and airborne gravity 
gradiometry surveys; it also includes several profiles of 
500 m spaced gravity stations used for potential field 
forward modelling and inversion. The data offers improved 
resolution of structural and stratigraphic features within the 
Batten Fault Zone.

Over 40 individual AEM survey areas (Figure 4a) have 
been assessed and reprocessed using EMFlow (Macnae 
et al 1988) and, where possible, Geoscience Australia-
Layered Earth Inversion (GA_LEI, Brodie and Fisher 2008). 
This project has involved both the geophysical assessment 

and value adding to existing data (Ley-Cooper et al 2016) 
and the geological interpretation of the transformed or 
inverted data (Munday et al 2017). The reprocessed AEM 
data will be provided as a Digital Information Package 
(DIP) that includes the following data: AEM reports; 
specifications and EMFlow descriptor files for each survey; 
EM flow sections and grids; GA_LEI sections and grids; 
and conductivity mosaics of combined surveys at different 
depth intervals (Figure 4b). The DIP will be supported by 
an interpretation record. Interpretation of AEM has proved 
useful for mapping shallow structure within the Batten Fault 
Zone; in certain circumstances, it can image structures that 
are not clear in either the gravity or magnetic data. In some 
areas, the geometry of conductive elements of the Barney 
Creek Formation are mappable within the data. 

Beetaloo Sub-basin

The Mesoproterozoic Beetaloo Sub-basin is located 
300 km south-southeast of Katherine and extends over an 
area of about 28 000 km2 (Figure 1). The fully concealed 
sub-basin contains thick successions of Roper Group within 
the McArthur Basin including the Velkerri and Kyalla 
formations, both of which are prospective for hydrocarbon 
resources. Defining the boundary of the sub-basin was 
highly dependent on seismic interpretation; to aid this 
a Kingdom® interpretation ready seismic project was 
developed. This project will be available as a new DIP 
containing over 190 lines that have been adjusted to a 
constant seismic datum of 200 mASL.

Figure 5 shows the Beetaloo Sub-basin as two discrete 
areas separated by the uplifted Daly Waters Fault Zone. 
The boundary represents the top of the Kyalla Formation 
at a depth of 400 m below current-day topographic surface. 
The sub-basin is bounded by faults except along the 
western-margin where it gradually shallows (Williams in 
prep). Selecting a depth-contour to constrain the boundary 
allows a consistent approach to be applied across the entire 
sub-basin; the Kyalla Formation was selected as the best-
constrained within the sub-basin. The boundary is based on 
the interpretation of 96 seismic lines constrained by 26 wells.

Geophysics and Drilling Collaborations

The GDC program provides co-funding for drilling and 
geophysical projects with the aim of increasing coverage 
in greenfields areas of the Northern Territory. Figure 1 
outlines the geophysical projects that were awarded to 
Independence Group NL (Aileron Province, blue polygon), 
Energy Metals (Ngalia Basin, red polygon) and Bowgan 
Minerals (Aileron Province, green polygon) in Round 9 of 
the GDC program. 

Independence Group NL acquired over 35 000 line km 
of airborne magnetic data at 200 m line spacing for their 
Lake Mackay project (Figure 1; Winzar 2016). The survey 
was flown over the Andrew Young Igneous Complex 
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Figure 1. Map of Geological Regions of the NT showing location of greater McArthur Basin (black outline), Beetaloo Sub-basin (red 
outline) and GDC surveys.
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Figure 2. (a) Station locations for the NTGS Batten Fault Zone gravity survey (black points), infilling the pre-existing Barkly (red points) 
and South McArthur (blue points) gravity surveys. The South Nicholson gravity survey, acquired through by Geoscience Australia 
under the Exploring for the Future initiative (green points) and CSIRO’s Caranbirini gravity survey (yellow points) are also shown. 
The Batten Fault Zone gravity survey was designed to complement existing open and closed file industry ground gravity and airborne 
gravity gradiometry surveys (shown in coloured polygons). (b) Bouguer anomaly image of the merged Batten Fault Zone, Barkly, South 
McArthur, South Nicholson and Caranbirini gravity surveys.

targeting IOCG mineralisation; the resultant data is being 
used for detailed mapping and prospect scale targeting. A 
passive seismic survey was completed by Energy Metals 
as part of a joint GDC drilling and geophysical program; 
the survey data was used to determine depth of Cenozoic 
cover (Fordyce et al 2016) prior to drilling. Four profiles 
totalling 18 line-km were completed at the Malawiri-

Minerva uranium prospect in eastern Ngalia Basin. Bowgan 
Minerals acquired 520 ground gravity stations infilling the 
existing open-file 4 x 4 km spaced ground gravity data to 
1 x 1 km spacing (Price 2017). The survey was completed 
at their Neutral Junction project, which is bordered by the 
Aileron Province to the south and Devonport Province to 
the north. Data from all these surveys are now open-file.
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Figure 3. Bouguer anomaly image pre (a) and post (b) the NTGS Batten Fault Zone gravity survey.

Figure 4. (a) Location of surveys that have been assessed for reprocessing, coloured by survey type. (b) Mosaic of conductivity from all 
processed surveys for depth interval 130–150 m. 
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Figure 5. Location of Beetaloo Sub-basin boundary (red polygons) separated by the Daly Waters Fault Zone, overlaying the NT-wide 
Bouguer Anomaly gravity map. The location of seismic lines from the Kindom® seismic project are also shown (white lines).
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Introduction

A new regional scale SEEBASE® study has been produced 
for the greater McArthur Basin, providing a substantial, 
higher resolution update in comparison to the 2006 
Proterozoic OZ SEEBASE version (Frogtech 2006). The 
basin has generated increasing interest for unconventional 
resources over the last decade, resulting in acquisition of 
potential field, seismic and well data by Northern Territory 
Geological Survey, Geoscience Australia and industry. The 
improved data quality and coverage provided an excellent 
opportunity to produce a new comprehensive SEEBASE 
depth-to-basement model (Figure 1), and to review the 
structural evolution and the nature of the underlying 
basement. 

The SEEBASE methodology focusses on a regional 
understanding of basement and emphasises the compilation, 
processing and integration of a wide range of datasets. 
Potential field data is used to interpret basement terranes, 
depth-to-basement (SEEBASE), regional structural geology, 
and basement composition; interpretation is calibrated with 
outcrop geology, published data and models, published 
cross-sections, seismic data, well data, and magnetic depth 
models. This integrated interpretation provides a powerful 
tool for better understanding the detailed geometry of the 
basement surface as well as the structural evolution of the 
overlying basins; it illustrates the basement control on the 
location and extent of basin elements. 

2018 greater McArthur Basin SEEBASE

The new SEEBASE model (Figure 1) was interpreted at an 
average resolution of ~1:1M but is higher resolution in areas 
with more and/or better-quality calibration data. This is an 
increase in resolution of an order of magnitude. Definition 
of the SEEBASE basement for the greater McArthur Basin 
differs in the west and east (red dashed line defines the change; 
Figure 1). The SEEBASE basement in the western half of 
the study area is defined as the base of the Redbank package 
or ‘crystalline basement’ (see Figure 1b for overview of 
sedimentary packages and Ahmad et al 2013 for a detailed 
stratigraphic chart). The underlying pre-1780 Ma basement 
units include deformed and metamorphosed units, syn- 
to post-tectonic granitoids, and in some areas, deformed 
unmetamorphosed sedimentary units. The deformed and 
folded Tomkinson Creek Group in the south of the project 
area is interpreted to predate the Redbank package and 
therefore is included with the basement units, although 
the age of the group is not well constrained (Figure 1b; 
Donnellan 2013 and references therein). 

The SEEBASE basement in the eastern half of the 
study area is defined as near the top of Redbank package 

(Figure 1). This definition is used for three main reasons. 
Firstly, Santos Limited and Pangaea Resources Pty Ltd have 
generously contributed to this project several proprietary 
SEEBASE models that used this definition of basement. 
Secondly, the upper Redbank package and equivalent 
units of the Calvert Superbasin to the east in Queensland 
include widespread volcanic units with a high magnetic 
susceptibility. These magnetic units define a consistent 
‘magnetic basement’ for the eastern area. Thirdly, new 
gravity data, and more importantly, several seismic lines 
in the South Nicholson region, were being collected when 
this project initiated but were not available for use during 
this project. Therefore, it is not logical to revise the eastern 
part of the area of interest until the new data are available. 

Basement to the greater McArthur Basin SEEBASE

To interpret the depth-to-basement we must first confidently 
understand the nature of the basement and then assess 
the influence of the basement terranes, composition and 
structures on the evolution of the greater McArthur Basin. 
The distribution of basement terranes (Figure 2) underlying 
the greater McArthur Basin are interpreted from a variety 
of sources, including magnetic and gravity data, digital 
elevation models, publications, and geological maps. It is 
important to note that the basement terranes interpreted 
here are not directly equivalent to the mapped geological 
provinces or orogens exposed at surface (Figure 2). The 
basement terranes typically extend beyond the surface 
exposure of the related province or domain; the boundaries 
are interpreted beneath the cover based on changes between 
distinct ‘blocks’ with internally consistent structural, 
gravity, and magnetic properties. 

Outcrop of ‘crystalline’ basement units within this region 
of the North Australian Element (NAE; terminology based 
on Huston et al 2012) is dominated by ca 1900 –1780 Ma 
metasedimentary rocks (and metavolcanic rocks) and 
intrusions dominantly of the same age range. Exposure of 
the underlying basement is relatively rare. Despite the lack 
of outcrop, pre-1900 Ma basement must be present at depth 
across the NAE. Hf model ages (Beyer et al 2013), Nd model 
ages and detrital zircon populations suggest this basement 
is dominated by crust formed ca 2500–2200 Ma, plus 
Archean crust (eg Champion 2013). The interpretation of 
basement terranes presented in this study aims to highlight 
the extent of the underlying basement terranes upon which 
the 1900 –1780 Ma units were deposited. 

The aim of assigning a ‘type’ to each terrane (Figure 2) 
is to highlight the regional scale variations in rheology. 
The cratons represent competent stable blocks that are 
unlikely to undergo further deformation after cratonisation 
(except along their margins), whereas the orogenic belts and 
accretion complexes typically represent elongate belts of 
rheologically weaker crust that will reactivate more readily 
during subsequent tectonic events. The interpretation 



33

AGES 2018 Proceedings, NT Geological Survey

of terrane type presented here does not rely solely on the 
outcrop geology. 

The Neoarchean to ca 1900 Ma evolution of the 
Pine Creek craton is reasonably well documented from 
outcropping geology of the Pine Creek Orogen (Ahmad and 
Hollis 2013). The Arnhem craton is interpreted to have a 

similar underlying basement based on mapping and analysis 
of the limited outcrop of the Arnhem Province (Whelan et al 
2017). Although it is not possible to confidently interpret 
the Pine Creek and Arnhem basement terranes as ‘cratons’ 
based on the outcrop data, their magnetic and gravity 
response (ie they have numerous circular negative gravity 

Figure 1. (a) 2018 greater McArthur SEEBASE depth-to-
basement model. Basin features with official names are capitalised 
(eg Birrindudu Basin) and unofficial names are italics (eg OT Downs 
sub-basin). B = Broadmere Syncline; BSW = western Beetaloo 
Sub-basin; CR = Carrara Ridge; DHW = Daly Waters High; FZ 
(fz) = Fault Zone (fault zone); OT = OT Downs sub-basin; SD = 
Shandon Downs sub-basin; SLW = South Lake Woods sub-basin. 
2018 SEEBASE project area is shown in red. Yellow dashed line 
highlights the Urapunga and Batchelor fault zones. (b) Correlation 
of units within the greater McArthur Basin (Close 2014) 
summarised from Munson (2016), Donnellan (2013) and Dunster 
and Ahmad (2013). The age of the Tomkinson Creek Group is poorly 
constrained; it can be equivalent in age to the Redbank package, or 
older as favoured here based on an earlier initiation of deposition (ca 
1815–1805 Ma; Donnellan 2013) and the widespread folding of the 
group. Note that this interpretation for the Tomkinson Creek Group 
makes the Davenport Event 1790–1780 Ma and therefore coeval 
with the Stafford and/or Yambah events of the Aileron Province 
rather than the younger Strangways Event.

a

b
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Figure 2. Interpretation of the basement terranes underlying the greater McArthur Basin and surrounding region (red dashed polygon 
shows the 2018 SEEBASE project area), overlain by the mapped regions and provinces of the Northern Territory Geological Survey 
(2500K digital geology) in red, purple, brown and green (outlined in black). Terrane names are in bold and NTGS province/region names 
are in italics. Bright red areas highlight the Archean outcrop / subcrop. Yellow dashed line highlights the Urapunga (UFZ) and Batchelor 
(Bfz) fault zones. Note that the northern end of the Tennant Region includes Renner and Namerinni groups (ie basin packages) as well 
as deformed Tomkinson Creek Group.

anomalies [granites] and lack a preferred fabric; Figure 3), 
as well as their regional extent favour interpretation as 
cratons. Both terranes extend north to the active margin 
with Southeast Asia (Figure 3). The outcrop extent of the 
Pine Creek Orogen is roughly 400 km x 200 km whereas 
the underlying basement terrane is interpreted as ca 700 km 
x 500 km. The Arnhem craton (including Arnhem North) 
extends roughly 1400 km north to Papua New Guinea. 

The Murphy South terrane interpretation is based on 
the prominent linear positive gravity response (Figure 3) 
that forms a paired belt to the negative gravity response of 
the Murphy North terrane. These two basement terranes 
truncate the southern boundaries of the Arnhem and 
Batten basement terranes. The ‘paired’ belts of negative 
and positive gravity response are typical of active margins; 

they favour interpretation of a lower-density, sediment-
dominated passive margin complex (subsequently intruded 
by granites) and a higher-density belt of more mafic rocks 
such as an accreted island arc (or oceanic fragment).  The 
geochemistry of the outcropping ca 1850 Ma Nicholson 
Granite Complex of the Murphy Province (Figure 2) shows 
no evidence of contamination or of being sourced from 
subduction-modified crust (J Whelan pers comm 2018). 
This geochemical data comes from granites that lie within 
the Murphy North terrane (Figure 2), therefore suggesting 
that continental crust of the Arnhem craton extends south 
beneath the Murphy North terrane and that the relict 
subduction zone related to accretion of the Murphy South 
terrane must have dipped southward with the Murphy 
terranes thrust to the north. The proposed accretion of the 

Nicholson Granite 
Complex
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Murphy South terrane is likely to have occurred during 
original amalgamation of the NAE (ca 2500–2200 Ma; 
eg Champion 2013), well before emplacement of Nicholson 
Granite Complex.

The large Tanami and Tennant terranes are defined as 
undifferentiated continental crust as they are not ‘equant’ 
cratons representing old and stabilised continental 
lithosphere. They are both likely to be underlain by Archean 
to Early Palaeoproterozoic crust (ca 2500–2200 Ma) accreted 
to the proto-NAE by ca 2200 Ma. The present-day extent 
and fabric of these terranes (Figure 3) represents extensive 
reworking during ca 1900–1780 Ma episodic sedimentation, 
extension, magmatism and compression.

The Larrimah, Bauhinia North, and Bauhinia South 
basement terranes form small, competent blocks within 
the much larger NAE. No basement rocks are exposed 
(Figure 2) so interpretation is based on the potential field 
data and structural model. These terranes typically show a 
distinct gravity signature with broad anomalies of moderate 
amplitude; they lack the numerous negative gravity 
anomalies (due to granites) as well as the curvilinear fabric 
(indicating a deformation belt) of many adjacent terranes 

(Figure 3). They are therefore interpreted to represent 
micro-cratons or continental fragments that rifted from 
larger cratons. 

The competent cratons and smaller micro-cratonic 
blocks are separated by a series of linear terranes. These 
terranes are mainly interpreted from the gravity and 
magnetic data (Figure 3), which typically show a curvilinear 
pattern, but in some cases this pattern has been overprinted 
by significant volumes of intrusive bodies, eg the Murphy 
North terrane. These linear terranes are mainly interpreted 
as orogenic belts or accretion complexes (or accreted arcs as 
in the case of the Murphy South terrane as discussed above; 
Figure 3). 

The Litchfield and Lamboo basement terranes form 
elongate linear belts along the western margin of the greater 
McArthur Basin. The Litchfield Domain has been correlated 
with the Lamboo Province (West and Central), but recent 
studies have raised some questions (eg Carson et al 2008). 
Although the units of both terranes formed within or on the 
margins of the same ocean basin at a similar time, direct 
correlation is considered unlikely. The outcropping units of 
the Litchfield Domain formed along the west margin of the 

Figure 3. High pass 300 km filter 
of the Bouguer gravity data for a 
region surrounding the project area. 
The terrane  boundaries are in white. 
Yellow dashed line highlights the 
Urapunga (UFZ) and Batchelor (Bfz) 
fault zones. This image highlights 
the offshore extent of the Pine Creek 
and Arnhem (plus Arnhem North) 
terranes, which are interpreted as large, 
competent cratons. The paired positive 
and negative gravity response of the 
Mirarrmina and Milingimbi terranes 
extends offshore between the two 
cratons. Onshore gravity data - NT-wide 
geophysical stitch from Northern 
Territory Geological Survey 2017; and 
offshore gravity data - Satellite Free 
Air Gravity downloaded from Scripps 
Institution of Oceanography.
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Pine Creek Orogen (proto-NAE; Hollis and Glass 2012). In 
contrast, the West and Central Lamboo Province formed 
on the east margin of the Kimberley Craton and accreted 
at ca 1870–1850 Ma (eg Tyler et al 2012 and references 
therein). Based on these observations, a transform boundary 
is interpreted between the Litchfield and Lamboo terranes. 
If the ca 1880–1840 Ma passive margin of the proto-NAE 
(Halls Creek Orogen; Tyler et al 2012; part of the Lamboo 
East margin terrane) continued to the north then it must lie 
to the west of the outcropping Litchfield Domain.

Evolution of the NAE

Based on integrated interpretation of outcrop and potential 
field data, the nature of basement underlying the greater 
McArthur Basin and its influence on basin evolution can 
be better understood. The proto-NAE is interpreted to have 
assembled during Neoarchean time or ca 2500–2200 Ma, 
consistent with results by other workers (eg Champion, 
2013). The timing is not well constrained but accretion of 
the Murphy basement terranes is considered most likely to 
have occurred during this period of assembly and to have 
coincided with collision of the large Tennant basement 
terrane. This timing is favoured as the Murphy terranes 
truncate the Arnhem and Batten terranes to the north; the 
basement terranes of the NAE all record broadly similar 
history during the period ca 1880–1780 Ma indicating 
assembly prior to this period. The ca 1856–1845 Ma 
Nicolson Granite Complex (Page et al 2000; Kositcin et al 
2013) provides a minimum age for accretion of the Murphy 
terranes. East of the project area, the north-south trending 
basement terranes of the Mount Isa Province ‘truncate’ 
the roughly east-west boundaries between the Arnhem, 
Murphy, Tennant, and Altjawarra terranes providing a 
similar minimum age for assembly of ca 1870–1850 Ma, 
based on the timing of deformation and magmatism in 
Mount Isa Province (eg Bierlein et al 2011).

The Urapunga Fault Zone (yellow outline; Figures 2 
and 3) has been long recognised in outcrop and identified 
as a significant structure (Plumb and Derrick 1975, Abbott 
et al 2001), but its formation and relationship to other 
regional structures is unclear. It is interpreted here as the 
intracontinental continuation of the transform boundary 
between the Litchfield and Lamboo terranes. The fault 
zone is interpreted to link the transform boundary in the 
west through to a ‘promontory’ in the competent Arnhem 
craton; it would have initiated during final assembly of the 
NAE (collision of the Kimberley Craton) to accommodate 
differential shortening south of the Pine Creek craton.  

Breakup into the micro-cratons or smaller 
continental fragments is most likely to have initiated at 
ca 2100 –2000 Ma (age of extension in the Pine Creek Orogen; 
Ahmad and Hollis 2013), and/or ca 1900 –1880 Ma, based 
on evidence for widespread extension and sedimentation 
(eg Etheridge et al 1987; and more recent data compilation 
by Champion 2013 and Ahmad and Munson 2013). It is 
unclear in many cases whether extension within the linear 
basement terranes culminated in large intracratonic rifts or 
proceeded to seafloor spreading. It is also unclear whether 
ca 2100 –1880 Ma extension merely reworked these elongate 

basement terranes or was responsible for their formation. 
Either way, these zones were inverted (or closed) during 
ca 1865–1780 Ma tectonism and widespread magmatism. 
The episodic sedimentation (and extension), magmatism 
and deformation (dominated by folding of supracrustal 
sequences) implies relatively weak and/or hot crust 
(eg Etheridge et al 1987, McLaren et al 2003), which forms 
the basement to the greater McArthur Basin. Initiation of 
the basin with deposition of the Redbank package followed 
soon after ca 1865–1780 Ma tectonothermal events. 

Influence of basement

Integrated interpretation of potential field, seismic and well 
data, and surface geology data has highlighted the influence 
of the underlying basement on the evolution of the greater 
McArthur Basin. One of the most obvious examples is 
from the northwest McArthur Basin, which overlies the 
rheologically strong Pine Creek craton (Figure 4). As a 
result, the basin is relatively shallow with the sedimentary 
packages onlapping the basement. The Redbank and Favenc 
packages are both widespread but relatively thin and uniform 
(ca 400–600 m each); the Goyder and Glyde packages 
are absent, and the Wilton package is a fairly consistent 
thickness of 1500 m (Ahmad et al 2013). This region 
contrasts with the Walker Fault Zone to the east where the 
Redbank, Goyder, and Glyde packages are all significantly 
thicker (Ahmad et al 2013) with a total sediment thickness 
of 5–10 km.

The Walker and Batten fault zones formed within 
linear terranes that represent rheologically weaker zones 
especially in comparison to the large competent Arnhem 
craton to the east (Figure 4). The Batten Fault Zone dies out 
to the south toward the cratonised Murphy North terrane, 
which is extensively intruded by the Nicholson Granite 
Complex. Inversion within the Batten Fault Zone increases 
to the north toward the Urapunga Fault Zone (Figure 4) and 
the promontory in the Arnhem craton, which have localised 
deformation during post depositional inversion. The Walker 
Fault Zone similarly shows increasing uplift to the north 
where the competent Pine Creek and Arnhem terranes are 
closer together resulting in increased shortening across the 
fault zone during post-Wilton package shortening.

The central and western parts of the Beetaloo 
Sub-basin (BS and BSW respectively; Figure 4) overlie 
fairly-competent basement terranes (Bauhinia South and 
Larrimah respectively), interpreted as micro-cratons or 
rifted continental fragments. The Daly Waters High (DWH, 
Figures 1 and 4) formed as a fault zone within the less 
competent Scarlet Hill terrane and was active during the 
Isan Orogeny and post-Wilton deformation, but was also 
probably active during syn-depositional extension.

Rifted depocentres are interpreted to be present in 
the west of the greater McArthur Basin where the gravity 
and magnetic data both indicate variations in basement 
depth (northern Birrindudu Basin). These depocentres 
developed over the Lamboo East margin and northern 
Tanami basement terranes, which have a moderate to strong 
basement fabric due to reworking during the 1835–1805 Ma 
Halls Creek Orogeny and/or earlier events. This basement 
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fabric reactivated to form fault-controlled depocentres 
more readily than the more competent basement terranes 
beneath the western Beetaloo Sub-basin. Fault-controlled 
depocentres in the northern Lawn Hill Platform (beneath 
the South Nicholson Basin; Figure 4) are well documented 
to the east in Queensland (Bradshaw and Scott 1999); they 
are interpreted to extend west into the greater McArthur 
Basin. These depocentres have similarly developed over 
a relict suture zone represented by the accreted Murphy 
basement terranes. The graben and half-graben (Bradshaw 
and Scott 1999) are controlled by reactivation of terrane 
boundaries and major basement faults. 

The Redbank, Goyder, and Glyde packages are seen 
to be thin and locally absent in areas across the Urapunga 
Fault Zone where the overlying Wilton package has been 
uplifted and eroded (Abbot et al 2001). This absence 
reflects a combination of depositional controls as well as 
post-depositional uplift and erosion (Isan Orogeny) prior to 

Wilton package deposition. This fault zone shows significant 
reactivation during post-Wilton package deformation, 
and was also active during Redbank and Glyde package 
deposition (Abbott et al 2001). 

The interpreted absence of the Redbank Package in the 
south of the basin (Tomkinson Province) and in the west of 
the basin (Lamboo West terrane) is attributed to deformation 
in these zones immediately preceding Redbank deposition. 
These areas would have been uplifted at this time and 
may have instead supplied detritus to adjacent Redbank 
depocentres. 

Conclusions

The SEEBASE methodology, with its focus on a regional 
understanding of basement and integrated interpretation 
of a wide range of datasets, provides a powerful tool for 
better understanding basement evolution and 3D geometry 

Figure 4. 2018 greater McArthur SEEBASE depth-to-basement model overlain with terrane boundaries in white. Terrane names are 
in yellow. Names of basin features are in black or white; official names are capitalised (eg Birrindudu Basin) and unofficial names are 
italicised (eg OT Downs sub-basin). B = Broadmere Syncline; BSW = western Beetaloo Sub-basin; CR = Carrara Ridge; DHW = Daly 
Waters High; FZ (fz) = Fault Zone (fault zone); OT = OT Downs sub-basin; SD = Shandon Downs sub-basin; SLW = South Lake Woods 
sub-basin. 2018 SEEBASE project area is shown in red. Yellow dashed line highlights the Urapunga and Batchelor fault zones.
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of the basement surface, as well as the structural evolution 
of overlying basins. New insights into the nature and 
evolution of the NAE in this region include the large extent 
of Pine Creek and Arnhem cratons and distribution of a 
series of linear terranes defining accretion complexes and/
or orogenic belts. Despite the lack of outcrop evidence, the 
distinct gravity response of the Murphy terranes and the 
truncation of the basement terranes to the north supports 
interpretation of a relict suture zone defined by an accreted 
arc and deformed passive margin. 

The integrated interpretation of basement during basin 
studies illustrates the strong basement control on the 
location and extent of basin elements within the greater 
McArthur Basin. The nature, composition and fabric of 
the underlying basement terranes has controlled basin 
evolution during deposition of the basin packages and 
during post-depositional deformation. For example, the 
large competent cratons underlie broad shallow parts of the 
basin, whereas elongate depocentres have developed over 
some of weaker basement terranes such as the accretion 
complexes or orogenic belts, which have a strong basement 
fabric. This approach with its initial focus on understanding 
basement and its influence on the overlying basin, allows 
more confident prediction of the general depth-to-basement 
and 3D geometry of the basement surface in areas with little 
or no data.
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Abstract 

The Kyalla Formation historically has been considered a 
low prospectivity, secondary unconventional target in the 
Beetaloo Sub-basin owing to inherently high clay volume. 
In-depth re-evaluation of legacy data, in addition to data 
acquired by the Beetaloo joint venture (Beetaloo JV; Origin, 
Falcon Oil & Gas and Sasol) in 2015–2016, demonstrate clay 
volumes have been over-estimated using traditional x-ray 
diffraction analysis. The implications of such over-estimation 
are that pre-conceived assumptions of poor reservoir quality 
in the Kyalla Formation are potentially incorrect. 

Combined sedimentological and petrographic evaluation 
of conventional cores from the southern Beetaloo Sub-
basin east support intermittent deposition under relatively 
energetic settings (likely above the storm wave base) and 
quiescent conditions. Sedimentary structures (including 
cross-bedding, ripples, cross-lamination, and scour 
surfaces) support a depositional environment within a 
current dominated setting with intermittent periods of 
increased siliciclastic sediment input.  

Fluorescence in sandstone intervals is common 
indicating hydrocarbon generation and local migration 
occurred. Limited source rock property analysis on core 
samples from these intervals show relatively good porosity 
and millidarcy-range permeability values on fluorescing 
intervals. Non-fluorescent samples tend to be occluded by 
pore-filling, authigenic siderite cement. 

This study has helped re-evaluate the prospectivity 
of the Kyalla Formation based on compositional and 
sedimentological evidence from both legacy and recently 
acquired core and wireline data across the Beetaloo Sub-
basin. A deeper understanding of mineralogy and the 
potential impacts of depositional and diagenetic controls 
on rock properties are fundamentally important to the 
perceived reservoir quality of shale gas reservoirs.

Introduction

The Beetaloo Sub-basin of the greater McArthur Basin 
in the Northern Territory hosts some of the oldest proven 
hydrocarbon source rocks in the world. The Mesoproterozoic 
Roper Group has both oil and gas potential tied in organic-
rich intervals in the Velkerri and Kyalla formations. Despite 
numerous oil stains and gas shows, the unconventional 
potential of these organic-rich formations was generally 
overlooked during the early stages of basin exploration, 
which was focused on conventional oil and gas plays. The 
strong conventional focus is particularly evident in the 
limited conventional core and rock property evaluation 
completed across these units. 

The potential of the Kyalla Formation as a possible 
source rock reservoir (SRR) was first recognised by the 

Omega Oil and Pacific Oil and Gas joint venture (JV) in 
1995. The JV identified reservoir similarities between 
the Kyalla and the gas producing Devonian shales of 
the Appalachian Basin and the Bakken Formation in 
the Williston Basin (Clementson 1994). The concept of 
the Kyalla Formation as an exploration prospect was 
never tested as Omega Oil farmed-out of its permit 
commitments following unsuccessful attempts to raise 
capital and interest (Flavelle personal communication; 
in Altmann et al 2018). The booming shale gas industry 
in North America sparked a renewed interest in the 
unconventional potential of the Beetaloo Sub-basin 
with the Velkerri and Kyalla formations recognised as 
potential targets. Contrary to the Velkerri Formation 
(proven to be a technical success by Origin in 2016; in 
Close et al 2017), the Kyalla Formation was assumed to 
have lower prospectivity owing to the inherent large bulk 
clay volumes (50–70 wt% average; up to 80 wt% locally). 
Origin’s confirmation of the quality and lateral continuity 
of the formation across its exploration permits (Altmann 
et al 2018), as well as in-depth re-evaluation of both legacy 
and data acquired in the 2015–2016 exploration campaign, 
have shifted pre-conceived assumptions and indicate the 
Kyalla Formation contains the necessary components to 
be a potentially viable unconventional exploration target.

The Kyalla Formation

The Mesoproterozoic Kyalla Formation (Kyalla) is part 
of the Roper Group in the Beetaloo Sub-basin. The 
formation is a medium-bedded to thinly-interbedded and 
interlaminated siltstone, silty claystone, claystone and very 
fine-grained sandstone in the subsurface, displaying an 
increase in resistant sandstone-rich units in outcropping 
areas towards the north of the basin (Munson 2016). The 
Kyalla conformably overlies the Moroak Sandstone in the 
Beetaloo Sub-basin – where it forms a transgressional and 
gradational, fining-upwards transition; and the oolitic, iron-
rich Sherwin Formation in the Urapunga region – where it 
shows a sharp contact with the fine-grained, fining-upwards 
sequence (Figure 1 and 2). The top of the formation is 
marked by an erosional unconformity. The Bukalorkmi 
Sandstone overlies the formation in most of the Beetaloo 
Sub-basin and, where absent, sediments of the Cambrian 
succession, as interpreted from 2D seismic profiles in 
the southern margin of the basin (Figure 3). Wells in the 
western-most portion of the basin (informally known as 
Beetaloo Sub-basin west; NTGS 2017) confirm that sills of 
the 1324 ± 4 Ma Derim Derim Dolerite intrude the Kyalla in 
that area (Munson 2016; Figure 2).

The Kyalla is informally subdivided into upper, middle, 
and lower units. Fine sandstone to siltstone interbeds, 
formed by intermittent supply of relatively coarse (ie fine to 
medium size) siliciclastic material to the basin is common 
in the southern Beetaloo Sub-basin east, and becomes 
less frequent towards the north and north-western region, 
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Figure 1. South-north well cross-section across the Beetaloo Sub-basin east, Larrimah and Hodgson Downs region highlighting 
the distribution of the upper, middle and lower units of the Kyalla Formation. The informal Kyalla sandstone is shown in 
blue and orange lines. The Moroak Sandstone and Velkerri Formation are highlighted in yellow and green respectively. The 
location of fluorescent intervals is also provided. A base map showing the Beetaloo Sub-basin extent (as per the NTGS 2017), 
the Beetaloo JV permit boundaries and well locations is included.



A
G

ES 2018 Proceedings, N
T G

eological Survey

42

Figure 2. West-east well cross-section across the Beetaloo Sub-basin west and east highlighting the distribution of the upper, middle and lower units of the Kyalla Formation. The informal Kyalla 
sandstone is shown in blue and orange lines in the Beetaloo Sub-basin east wells and black dotted-lines in the Beetaloo Sub-basin west wells. The Moroak Sandstone and Velkerri Formation are 
highlighted in yellow and green respectively. The location of fluorescent intervals is also provided.
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consistent with a more basin-ward shift in depositional 
setting. A prominent sandstone-rich interval, informally 
known as the Kyalla sandstone (or Elliott sandstone 
member; Gorter and Grey 2012) appears to be regionally 
continuous based on lithostratigraphic well correlation 
(Figure 1 and 2). The Kyalla displays remarkable lateral 
continuity, thinning towards the north and northeast of the 
basin indicating the original extent was likely considerably 
larger than its present distribution (Abbot and Sweet 2000). 
The formation reaches its greatest stratigraphic thickness in 
the deepest depocentres of the basin, with 784 m intersected 
in the center (Beetaloo W-1 well) and upwards of 980 m 
in the eastern margin of the Beetaloo Sub-basin east 
(Tanumbirini-1 well). Zircon dating analysis indicates the 
Moroak Sandstone and Kyalla Formation sediments were 
likely sourced from the Arunta Region to the south (Yang 
et al 2017). 

Organic matter (kerogen) is Type I-II derived from 
primitive bacteria and other filamentous organisms 
including blue green algae (Cyanobacteria; Faiz et al 2016). 
Total organic carbon (TOC) is generally 1–4 wt%, with 
samples reaching up to 6–9 wt% locally. Geochemical 
evaluation, including methylphenanthrene index (MPI), 
pyrolisys Tmax, and alginite reflectance data indicate the 
Kyalla is predominantly oil to wet gas mature in most parts 
of the Beetaloo Sub-basin east (Altmann et al 2018).

The unconventional potential of the unit is currently 
identified within three organic-rich SRR intervals 
informally subdivided by Origin into ‘upper Kyalla SRR’, 
‘middle Kyalla SRR’ and ‘lower Kyalla SRR’. The upper 
Kyalla SRR is restricted to the centre of the Beetaloo Sub-
basin east whereas the middle and lower Kyalla SRR have a 
greater regional extent. The lower Kyalla SRR is typically 
present throughout the basin (ie Beetaloo Sub-basin 
east and west) before thinning north within the Hodgson 
Downs and Urapunga regions (Figure 3). The distribution 
of organic-rich intervals is inferred from mud gas shows 
observed while drilling and confirmed after rock property 
and petrophysical interpretation. 

Mineralogy

Mineralogy is an important aspect of shale gas reservoir 
evaluation due to its impact on rock properties. Abundant 
clay minerals typically make rocks more ductile, negatively 
impacting the effectiveness of hydraulic fracture 
stimulation. Mineralogy can also affect rock properties 
owing to the tight packing of clay particles and realignment 
during burial. It also affects saturations as clay tends to 
adsorb and retain bound-water due to the natural affinity 
to water. Bulk clay content of less than 50 wt% have been 
described as desirable in shale gas producing plays in the 
United States (Lu et al 2012).

The average mineral composition of the Kyalla 
estimated from x-ray diffraction (XRD) analysis includes 
clays (50–70 wt% average, up to 80 wt% locally), consisting 
of illite, interstratified illite-smectite (I/S), mica, kaolinite 
and chlorite. Other components are quartz (40 wt% 
average) and minor to trace proportions of feldspar, pyrite, 
siderite, calcite and dolomite (Figure 4). XRD is used 

Figure 3. South-north Beetaloo Sub-basin schematic cross-
section.
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widely due to its fast and practical applications; however, 
the identification and quantification of the clay fraction 
can be challenging due to the fine-grained nature of the 
sediment. The main difficulty lies in the proper separation 
and identification of partially overlapped mineral peaks 
representative of mixed-layered I/S, illite, and mica. The 
overlap occurs due to similarities in the crystal structure, 

poor crystallinity and/or small particle size (Brindley 
1952). Given the apparently large clay percentage in the 
Kyalla and its implications for the perceived prospectivity 
of shales gas reservoirs (Rezaee 2015), further evaluation 
was necessary to understand the impact of the mineral 
make-up on rock properties.

Origin conducted mineralogical analysis using Fourier 
transform infrared spectroscopy (FTIR; a technique 
capable of separating the muscovite and illite spectra) on 
samples from its Beetaloo W-1 well. Results indicate that 
approximately half of what is typically classified as the 
unresolved illite/mica group by traditional XRD techniques 
is composed of mica species (ie muscovite and/or biotite). 
The FTIR results were subsequently confirmed through 
field emission scanning electron microscopy (FE–SEM) 
and NanoMin evaluation (ie a technique capable of sub-
millimeter quantitative mineral mapping). FE–SEM images 
acquired in back-scattered electrons mode (BSE mode) 
show the mica group is dominated by muscovite and biotite. 
Primary clay species include kaolinite, illite, I/S, and chlorite 
(Figure 5). There is wide evidence showing diagenetic 
alteration of mica to clay with the most common examples 
being kaolinite and illite replacing detrital muscovite along 
the cleavage and chlorite replacing biotite. Kaolinite, illite, 
and chlorite aggregates also commonly occur as pore 
filling cements. Despite textural relationships, it is still 
challenging to separate the clay volume that is detrital versus 
authigenic in origin. The abundance of micas observed in 
samples is consistent with the preservation of chemically 

Figure 4. Ternary diagram of mineral composition in the Kyalla 
Formation.

Figure 5. Field emission scanning electron microscopy (FE-SEM) in back-scattered electrons (BSE) mode and NanoMin images of 
the Kyalla Formation. (a) BSE and NanoMin composite image showing the fine-grained texture of the formation. The upper and lower 
portions of the image are composed primarily by illite, kaolinite and chlorite particles, quartz grains, as well as muscovite and biotite 
fragments. The lower section displays a relatively larger grain size overall compared to the upper section. A coarser interval made 
up of quartz, feldspar, mica grains, organic matter and pore filling kaolinite, and chlorite is enclosed in dashed yellow lines. Feldspar 
dissolution occurs within the interval (white arrow). Horizontal field of view 250 µm. (b) Inset of image a) in BSE mode shows diagenetic 
alteration of detrital muscovite to kaolinite and illite along the cleavage (yellow arrows). Horizontal field of view 60 µm. (c) BSE and 
NanoMin composite image showing pyrite crystals in anhedral to euhedral shapes. Horizontal field of view 280 µm. (d) BSE and 
NanoMin composite image showing common pore-reducing phases include diagenetic quartz overgrowths on detrital quartz and pore 
filling, authigenic chlorite and kaolinite. Horizontal field of view 250 µm. (e) Inset of image d) in BSE mode shows grain-to-grain 
relationships. Possible detrital quartz grain (dashed black lines) and associated quartz overgrowth is highlighted. K = kaolinite; Cl = 
chlorite; M = muscovite; Q = quartz. Horizontal field of view 70 µm.
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immature minerals (ie micas, feldspars) characteristic of 
the Precambrian (Garrels and Mackenzie 1971; Weaver 
1989). The absence of land biota and biotic soils at the time 
broadly supported a reduction in the chemical-weathering 
intensity resulting in preservation of chemically unstable 
mineral phases (Algeo and Scheckler 1998). Similar 
mineral preservation have also been interpreted in the 
Palaeoproterozoic Barney Creek Formation, a potential 
shale gas unit in the McArthur Group of the McArthur 
Basin (Baruch et al 2015). 

XRD and FTIR data a the Beetaloo Sub-basin suggest 
little compositional variation with local fluctuations 
pertaining to the presence of fine sandstone to siltstone 
interbeds. HyLogger™ spectral data from the Kyalla 
conventional cored sections in the Elliott-1, Jamison-1, and 
Balmain-1 wells (south and centre of the Beetaloo Sub-basin 
east respectively) also support this observation (Figure 6). 
Major mineral phases detected using the HyLogger™ 
[dominant mineral group in the shortwave infrared spectra 
(SWIR)] include white micas, kaolin and chlorite. Kaolin 
dominates the mineral fraction in the upper Kyalla whereas 
white micas and chlorites increase in the middle and lower 
Kyalla sections. A similar pattern is observed in the lower 
Kyalla section penetrated by the Lady Penrhyn-1 well in 
the Hodgson Downs region. The paucity of data, however, 
makes it difficult to assert regional composition and 
distributions of the unit outside the core area of the Beetaloo 
Sub-basin east.

Depositional and diagenetic controls on rock properties

Lithological core description and associated sedimentological 
interpretation were conducted over 1600 m of conventional 
core recovered from the Kyalla. However, core degradation 
over clay-rich zones (ie Jamison 1 well) posed a challenge to 
the interpretation. The dominant lithologies recognised in 
the core include mudstone, siltstone and sandstone.

Mudstone intervals are typically interbedded with 
white, medium to light grey siltstone and fine-grained, 
planar to wavy bedded sandstone. Laminations display 
fining-upward transitions that are typically capped by 
erosional or sharp tops, with common evidence of cross-
lamination and ripples suggesting deposition under bedload 
or saltation movement in a current dominated environment, 
likely above the storm-wave base (Figure  7). Presence of 
gutter casts and flaser bedding also support deposition 
under current flow or wave action conditions. Localised 
soft sediment deformation when present is suggestive 
of slope instability. Remnant microbial mats coating 
sand ripples, forming small domes and shrinkage cracks 
are also common. Associations with the mineral matrix 
suggest organic matter was likely formed in-situ but locally 
reworked during higher energy influx. Syneresis cracks 
commonly occur in the lower Kyalla and within intervals 
of relatively high silt-to-clay ratio. The preferential 
stratigraphic distribution and relationship with overlying, 
relatively coarser grained input suggest these structures are 

Figure 6. Well log correlation and HyLogger™ spectral data from the Kyalla conventional cored sections in the Elliott-1, Jamison-1, 
Balmain-1, and Lady Penrhyn-1 wells. Major mineral phases detected in the shortwave infrared spectra (uTSAS) include white micas, 
kaolin and chlorite. Track 1 = Gamma Ray, Track 2 = Resistivity, Track 3 = Total organic carbon (%wt), Track 4 = dominant mineral 
group in the HyLogger™ shortwave infrared (SWIR) spectral data, and Track 5 = dominant mineral group in the HyLogger™ thermal 
infrared (TIR) spectral data.
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Figure 7. Sedimentological features observed in conventional core in the Kyalla Formation. (Left) Remnant microbial mats. (Upper 
right) Sedimentary structures including grading, cross-bedding, ripples, cross-lamination, and scoured surfaces in mudstone and 
sandstone facies. (Lower right) Syneresis cracks in Beetaloo Sub-basin east wells. Vertical scale approximately 15–20 cm.

likely the result of subaqueous contraction of the clay-rich 
sediment driven by salinity changes, specifically dilution 
of the marine salinity by fresh, riverine input (Foster et al 
1955; Donovan and Foster 1972). SEM evaluation indicates 
mudstones are dominated by nano- to micron-size mica 
and clay particles whereas siltstone/fine-grained sandstone 
interbeds are composed of coarser, poorly sorted, micron-
size quartz and feldspar grains with minor mica and clay 
(Figure 5). Common pore size-reducing phases include 
diagenetic quartz overgrowths on detrital quartz and 
pore filling, authigenic chlorite, and kaolinite. Pyrite 
crystals in anhedral to euhedral shapes are also present 
and interpreted as a direct indicator of sediment deposition 
under sulfidic conditions.

Silt/sandstone-rich intervals are common throughout the 
Kyalla within the centre and southern Beetaloo Sub-basin 
east. Sandstone is generally very fine- to fine-grained, and 
thinly to medium bedded. The rock fabric commonly appears 
massive owing to cementation and recrystallization, which 
hinders the identification of primary sedimentary structures. 
Grading, cross-bedding, ripples, cross-lamination, and 
scoured surfaces can be identified (despite secondary 
alteration) and are supportive of episodic sedimentation 
through periods of fluctuating current intensity (Figure 7). 

Hydrocarbon-related fluorescence has been described 
in cuttings within the silt/sandstone-rich intervals at 
various stratigraphic levels across the basin indicating 

hydrocarbon generation and local migration occurred 
within the formation. Conventional core evaluation 
performed on the Beetaloo W-1 well indicates 
fluorescence occurs as patchy, discontinuous horizons 
interbedded with non-fluorescing intervals (Figure 8). 
While the core was slabbed using air, the drilling fluid 
utilised was water-based which might have affected the 
distribution of the fluorescence. Petrographic examination 
of samples prepared from fluorescent intervals reveal 
the presence of disseminated organic matter consistent 
with microbial mat textures as well as the presence 
of widespread hydrocarbon coating on grains. Non-
fluorescing horizons show evidence of pore-filling siderite 
precipitation preferentially oriented along laminations, 
cross-laminations and ripples. Siderite cementation is 
interpreted to have formed as a by-product of microbial 
mat degradation under relatively fresh to brackish pore 
water settings (Garlick 1988). Fluorescent intervals 
display greater porosity and permeability values overall 
compared with the non-fluorescent counterpart. SEM 
images show siderite occluding primary porosity and, 
depending on pervasiveness and lateral extent, is likely 
to have led to a reduction in pore volume connectivity 
within the sandstone unit. Siderite has only been observed 
as pore filling cement in the Kyalla sandstone; however, 
this assumption is likely biased by the limited core and 
mineralogical analysis available to the time of publication.
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The greater McArthur Basin covers a wide extent of 
northern Australia, spanning from Western Australia 
to Queensland and stretching from near Tennant Creek 
in the south to an unknown extent beneath the Arafura 
Sea to the north. As such, a consortium of universities, 
industry and the NT Government obtained a three-year 
Australian Research Council Linkage grant to research 
both tectonic and palaeo-environmental importance of 
the basin. The grant will allow the consortium to focus on 
unravelling the history of the basin leading to improved 
understanding of the tectonic evolution of Australia at the 
time, as well as that of the setting, origin and controls 
on the formation of the petroleum resources within the 
basin. In addition, the basin spans the Palaeoproterozoic–
Mesoproterozoic, a fascinating time where eukaryotes 
gained a foothold and oxygenation of the atmosphere and 
ocean commenced. Consequently, the basin is an essential 
geological archive for global earth system development 
through this time. 

The partners in this project are the Australian Research 
Council, the Northern Territory Geological Survey, 
Origin Energy Limited, Santos Limited, The University of 
Adelaide, The University of Wollongong, The University 
of South Australia and the Czech Academy of Sciences. 
The consortium’s philosophy is to identify new data to 
complement existing datasets and to build a spatial and 
temporal framework of the chemostratigraphy, age, detrital 
chronology, and low-temperature thermochronology of the 
basin. These data will be used to a) correlate effectively 
between sequences and drillholes up to 1000 km apart; 
b) illuminate the tectonic evolution of the basin and 
its margins by examining source-to-sink pathways 
for sediments through time; c) determine the palaeo-
environmental conditions that persisted during deposition 
using geochemical proxies for redox, biological activity 
and nutrient influx; and d) study the thermal history of 
the basin by using low temperature thermochronometers 
to examine both the basin thermal history and that of the 
surrounding basement to better understand the ancient 
surface movements. 

The project started in the second half of 2017 and to date 
we have undertaken the following projects (the details of 
many of which are on the posters in the AGES 2018 foyer).

a) We have dated the crystallisation of the Derim 
Derim Dolerite dykes in Altree-2 to 1312.9 ± 0.7 Ma 
by separating baddeleyite crystals and using U–Pb 
isotopes with thermal ionisation mass spectrometry. 
Furthermore, we have shown that these dykes differ in 
chemistry from the coeval Galiwinku Dolerite dykes of 
Arnhem Land although both represent the same intra-
continental magmatic event. 

b) The thermal perturbation of the Derim Derim Dolerite 
dykes’ emplacement in the shales of the upper Roper 
Group has been modelled, demonstrating the importance 
of these intrusions in maturity models. This modelling 
shows that these sills have likely contributed significantly 
to the thermal maturity of a large part of the shale subcrop.

c) Whole-rock geochemistry data reveal that most of 
the Neoproterozoic Jamison sandstone and Hayfield 
mudstone were deposited in a suboxic environment, 
whereas the Kyalla Formation (top formation of the 
underlying Roper Group) was deposited in an anoxic 
environment with total organic carbon (TOC) enrichment 
at the top of this formation. Whole-rock Sm–Nd isotope 
data suggest that this TOC-enriched section was sourced 
from a relatively juvenile provenance. Juvenile rocks 
(eg basalt) usually contain higher P contents, which is 
considered the limiting nutrient for photosynthesis on 
timescales >200 000 yr. So the weathering of this type 
of rock would deliver significant nutrients to the basin 
resulting in high primary productivity, as recorded by 
the higher TOC concentration in the top of the Kyalla 
Formation. We suggest that this juvenile influx may be 
related to the Derim Derim mafic event. 

Herein we shall focus on two of our main projects: 
1) spatial and temporal variation in detrital zircon age 
provenance of the hydrocarbon-bearing upper Roper 
Group, Beetaloo Sub-basin; and 2) isotope constraints 
on intra-basin correlation and depositional settings of the 
mid-Proterozoic carbonates and organic-rich shales in the 
greater McArthur Basin

1) Spatial and temporal variation in detrital zircon 
age provenance of the hydrocarbon-bearing upper 
Roper Group, Beetaloo Sub-basin, Northern Territory, 
Australia (Yang et al 2017)

The subsurface Beetaloo Sub-basin of the McArthur Basin 
comprises a succession of shallow-water, dominantly marine, 
clastic sedimentary rocks that formed in the main depocentre 
of the Mesoproterozoic Roper Group. This group contains 
the oldest commercial hydrocarbons known, whose presence 
has been linked to changing nutrient flux controlled by a 
changing provenance. LA–ICP–MS detrital zircon U–Pb age 
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data provide new age constraints on the upper Roper Group. 
The results reveal spatial and temporal provenance variations 
that indicate the evolution of the basin and its margins are 
linked to a major provenance change caused by the coeval 
collision of the combined South Australian Craton/North 
Australian Craton with the West Australian Craton.

The maximum depositional ages of the Bessie Creek 
Sandstone and the Velkerri Formation of the Roper 
Group are constrained to 1386 ± 13 Ma and 1308 ± 41 Ma 
respectively, whereas the overlying Moroak Sandstone has 
no younger detrital zircons so its maximum depositional 
age is also constrained as 1308 ± 41 Ma. The Kyalla 
Formation was deposited after 1313 ± 47 Ma, and two latest 
Mesoproterozoic to Neoproterozoic sedimentary units, 
the lower and upper Jamison sandstone, have maximum 
depositional ages of 1092 ± 16 Ma and 959 ± 18 Ma 
respectively. Large detrital zircon age datasets (of 1204 
near-concordant analyses) indicate that zircons from 
the Maiwok Subgroup were originally sourced from 
Palaeoproterozoic and earliest Mesoproterozoic rocks. 
These are consistent with derivation from the surrounding 
exposed basement. Detrital zircon age variations up-section 
suggest a systematic temporal change in provenance. The 
oldest formation analysed (Bessie Creek Sandstone) has a 
major source dated at ca 1823 Ma. Rocks of this age are 
common in northern basement exposures. Samples from 
the overlying Velkerri Formation show derivation from 
a ca 1590 Ma source, consistent with rocks exposed in 
Queensland and the Musgrave Province. The Moroak 
Sandstone and the Kyalla Formation show progressively 
more ca 1740 Ma detritus, which likely reflects new sources 
in the Aileron Province to the south. 

We suggest that the provenance variation initially records 
exposure and denudation of western Queensland rocks at 
ca 1400 Ma due to rifting between Laurentia and the North 
Australian Craton. From then until at least ca 1320 Ma, 
the increased ca 1740 Ma detritus indicates uplift of 
the Aileron Province, which we interpret as reflecting 
collision between the southern North Australian Craton 
and the West Australian Craton at ca 1300–1400 Ma. This 
tectonically controlled provenance change is interpreted 

to have included erosion of nutrient-rich arc-rocks, which 
may have caused a bacterial bloom in the Roper seaway. 
The Jamison sandstone and overlying Hayfield mudstone 
signify a marked change in provenance; they were deposited 
after the 1220–1150 Ma Musgrave Orogeny and represented 
a newly recognised siliciclastic basin that may have formed 
a shallow, long wavelength foreland basin to areas uplifted 
during the Musgrave Orogeny (Figure 1). 

2) Isotope constraints on intra-basin correlation and 
depositional settings of the mid-Proterozoic carbonates 
and organic-rich shales in the greater McArthur Basin

Palaeoproterozoic sedimentary successions of the Glyde 
package of the greater McArthur Basin (ie the McArthur 
and Limbunya groups) are dominated by carbonate rocks 
(ie dolostones) deposited in various shallow marine to 
more restricted lagoonal and sabkha/playa evaporitic 
environments; associated organic-rich shales (ie the Barney 
Creek and Fraynes formations) likely formed in relatively 
deeper depositional settings. These formations have 
long been thought to be coeval. Herein we test whether 
chemostratigraphy can be used to correlate over hundreds 
of kilometres in this basin, and discuss the implications for 
the observed isotope and element variations for the earth 
system.

In this study, we use a multi-proxy approach based 
on the isotope tracers of carbon (d13C) and strontium 
(87Sr/86Sr), and selected palaeo-redox proxies (eg cerium 
anomalies: Ce/ Ce*) to further constrain the temporal and 
spatial changes in the palaeo-depositional environments 
and redox-structure of the basin. This approach also tests 
the applicability of the above isotope proxies for intra-basin 
correlations within the greater McArthur Basin. We present 
the first continuous high-resolution d13C and 87Sr/86Sr 
isotope records acquired from two drill cores: LV09001 and 
Manbulloo-S1 (located more than 400 km apart; Figure 2). 
These drillholes intersect Glyde package sedimentary 
sequences (ie the Barney Creek and Fraynes formations, 
dated at ca 1640 ± 5 Ma) deposited in the central and western 
parts of the basin respectively.  

Figure 1. Interpretive cartoon of the changing Mesoproterozoic provenance through the Upper Roper Group from a broadly Queensland 
source in the Bessie Creek Sandstone times to a (modern day) southerly source in the Velkerri Formation and Moroak Formation, coeval 
with a nutrient bloom, anoxia and high carbon levels in the shales. Modified from Yang et al (2017). 
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Importantly, our composite isotope trends from the 
greater McArthur Basin (based on data from LV09001 and 
Manbulloo-S1) show consistent and systematic variations 
in the carbonate-based d13C, 87Sr/86Sr and Ce/Ce* proxy 
records, which are tightly coupled to changes in the local 
depositional environments. The latter variations are 
interpreted as oscillations between relatively redox stratified 
open marine conditions and more restricted (anoxic to 
euxinic) conditions. Overall, the results indicate coherent 
basin-wide isotope patterns with characteristic isotope 
anomalies during the purported basin restriction event (ie 
the deposition of organic-rich shales). The measured d13C 
and 87Sr/86Sr trends shift to isotopically lighter and more 
radiogenic values respectively. These coherent isotope 
trends acquired from LV09001 and Manbulloo-S1 cores 
thus supports the proposed connectivity of the central and 
western parts of the basin, particularly during deposition 
of the Barney Creek and Fraynes formations, while also 
showing subtle intra-basin/sub-basin variability. These data 
also show the potential of multi-proxy isotope approach 
for future intra-basin correlation studies in the greater 
McArthur Basin.
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Introduction

Exploring for the Future (EFTF) is a four-year 
$100.5 million initiative by the Australian Government 
conducted by Geoscience Australia in partnership with 
state and Northern Territory government agencies, 
CSIRO and universities. This program aims to boost 
northern Australia’s attractiveness for investment in 
resource exploration. As part of this program, Geoscience 

Australia will use innovative techniques to gather new pre-
competitive data and information on an unprecedented 
scale about the energy, mineral and groundwater resource 
potential concealed beneath the surface. 

A major EFTF output is a land seismic survey (the 
South Nicolson seismic survey) between the southern 
McArthur Basin and the western part of the Mount Isa 
Province, crossing the South Nicholson Basin and Murphy 
Province. Data acquisition was completed in early August 
2017. Prior to this survey, the region contained no seismic 
data (Figure 1). Five seismic lines were oriented to best 
image geological features as indicated by outcrop and from 

Figure 1. Gravity image of the South Nicholson region. New seismic survey: thick white lines. Older seismic surveys: thin white lines. 
Petroleum wells: black dots.
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other geophysical data (Figure 2). The acquisition was 
designed to determine the undercover extent of exposed 
sedimentary basins, to better understand the location and 
scale of potential oil, gas and mineral resources, and to 
image the crustal architecture.

South Nicholson seismic survey

Acquisition of the new seismic data was led by Geoscience 
Australia in collaboration with the Northern Territory 
Geological Survey and the Geological Survey of Queensland. 
It was acquired largely on minor roads and tracks by Terrex 
Seismic using an array of three Inova AHV-IV PLS364 
(62 000 lb) units configured to image the whole of crust. 
Five seismic lines were acquired totalling 1100 line km 
(Figure 2), with the new seismic array directly linking 
with existing Mount Isa Province seismic lines (06GA-M1 
and 06GA-M2) in the Century Mine area, and linked along 
strike with the 06GA-M3 seismic line (Figure 1). This data 
will support exploration activities by providing an improved 
understanding of the architecture and structural evolution 
of the region and assist in identifying geological terranes 
with greater resource potential. 

The high-quality seismic data collected has revealed 
numerous features; some of the most significant are 

described below. One of the aims was to investigate the 
prominent gravity lows in the region and to determine 
whether they represented thickened underlying basin 
sequences in a similar way to the coincident gravity low 
of the Beetaloo Sub-basin. The gravity low that straddles 
the Northern Territory Queensland border to the north of 
Camooweal (Figure 2) was a primary target and is entirely 
under the Georgina Basin. At the location of this gravity low, 
the new seismic data has imaged a 5–7 km thick, relatively 
undeformed basin; major semi-continuous seismic horizons 
can be tracked across the intersecting lines 17GA-SN1, 
17GA-SN2, 17GA, SN3 and 17GA-SN4 (Figure 2). Although 
the sequences within this basin are currently unknown due 
to the lack of well data, interpretation of seismic data in 
the Century mine area (ie lines 06GA-M1 and 06GA-M2) 
and correlations with the existing data suggest that the 
McNamara Group units and overlying Mesoproterozoic 
units (which have proven gas discoveries and host major 
Cu, Pb, Zn, resources elsewhere) may extend undercover 
to the west of their current outcropping locations and into 
this basin. Understanding the lateral extent of these units 
is critical to developing our knowledge of high potential 
exploration areas within this new basin. Additional 
geochronology work is also being undertaken to test and 
establish stratigraphic correlations between the southern 

Figure 2. Geology image of the South Nicholson region, showing named seismic lines.
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McArthur Basin, South Nicholson Basin and Mount Isa 
Province. 

The north-south 17GA-SN5 seismic line (Figure 2) is 
oriented broadly orthogonal to the southern outcropping 
boundary of the South Nicholson Basin, which is roughly 
defined by the Little Range Fault. A series of parallel 
east-west structures are clearly defined in geological map 
patterns in this area and display significant displacement 
across faults. The new seismic has imaged structures in 
the area consistent with a structural architecture of thin-
skinned north over south, low angle thrusting; the timing of 
this deformation is still to be determined. These structures 
are in contrast to the relatively undeformed new basin to 
the south indicating that there is a sharp transition in 
structural character to the south of the Little Range Fault. 
The northern boundary of the outcropping South Nicholson 
Basin is bounded by the Paleoproterozoic Murphy Province. 
Seismic reflectivity at this boundary does not allow clear 
interpretation of the contact and further work is required to 
determine the nature of this boundary.

To the north of the Murphy Province, the northern extent 
of the 17GA-SN5 seismic line traverses a large gravity low 
over an area of outcropping McArthur Basin units. From 
the northern boundary of the Murphy Province where lower 
Tawallah Group units outcrop, to the northern extent of the 

seismic line where the McArthur Group units outcrop, the 
new seismic data images a deep basin sequence of semi-
continuous reflectors dipping to the north and reaching 
a total depth of ~13 km. This basin sequence is host to 
the Redbank copper mine; these new findings will have 
implications for understanding the genesis of this mineral 
system.

Conclusions

The new South Nicholson seismic survey represents a 
foundation dataset from the Exploring for the Future program 
that links the highly prospective resource-rich areas of the 
McArthur Basin and Mount Isa Province via a continuous 
seismic traverse. Decades of scientific research undertaken 
in both regions will act as a framework to interpret the 
new data in the South Nicholson Basin region and act as 
a catalyst to enable transfer of scientific knowledge across 
the border. This output will be combined with additional 
EFTF data collected over the region (including drilling, 
magnetotelluric surveys, airborne electromagnetic surveys 
and passive seismic surveys) to greatly improve resource 
evaluations in northern Australia. The Exploring for the 
Future program will de-risk greenfield regions and position 
Australia for the next wave of exploration investment.
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Exploring for the Future is a four-year $100.5 million program 
to unveil new resource opportunities in Northern Australia 
and parts of South Australia. It is being conducted by 
Geoscience Australia in partnership with state and Northern 
Territory government agencies, CSIRO, and universities. 
This initiative, which is due for completion in 2020–2021, has 
started to deliver a suite of new products to help unveil new 
resource opportunities in Northern Australia.

The program has three inter-related elements: minerals, 
energy and groundwater, which collectively aims to:

• provide baseline pre-competitive geoscience data 
to inform and encourage government, industry and 
community decision making about sustainable resources 
management to improve Northern Australia’s economic 
development

• attract investment in resource exploration to Northern 
Australia

• deliver an assessment of groundwater resources for 
irrigated agriculture and community water supplies 
as well as for mineral and energy development; 
and an assessment of the potential impacts of those 
developments.

The minerals-focussed projects have been designed 
with a three-fold program logic (Figure 1): 1) Northern 
Australia-wide projects, 2) focussed integrated studies, 
and 3) generic innovation and method development. The 
minerals-focussed project activities address a number of the 
highest and high priority themes identified by the mineral 
exploration industry in the UNCOVER Roadmap. 

1) Northern Australia-wide projects

This work program will develop and use innovative 
tools and techniques to collect semi-continental 

Figure 1: Exploring for the Future project activity map as of 2017. Note the focus of numerous projects in the Tennant Creek to Mount 
Isa region.
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a) geological, b) geochemical, and c) geophysical data 
on an unprecedented scale. The commencement of these 
projects is focussed on the region between Tennant Creek 
and Mount Isa (TISA). 

a) Geological projects

Because one person’s cover is another person’s basement, 
a Northern Australia-wide series of time-based geological 
maps are being prepared. Building from the national 1:1 M 
scale Surface Geology Map of Australia, the Cenozoic, 
Mesozoic, Palaeozoic and Neoproterozoic layers will be 
successively removed to reveal a series of ‘solid geology’ 
maps at 1:1M scale. These maps will form the basis for 
subsequent 3D models and resource assessments.

Extensive use is being made of national-scale potential 
field geophysical data and existing drillhole data. This 
has the combined effect of calibrating the geological 
interpretation of the geophysics with known rocks and 
attributing the interfaces with their actual depth (from 
drilling or geophysical estimates). Resultant 3D data 
are being stored in a new database called Estimates of 
Geological and Geophysical Surfaces (EGGS); this is 
a national repository for depth-determined geological 
information from any method (drilling or geophysical 
estimate). The EGGS’ database will form the depth-control 
points from which new 3D surfaces will be constructed 
and imported into a 3D geological model along with 
uncertainty.

A new peak metamorphic map of Australia is also in 
production, with a subset available for Northern Australia 
in the first phase. This map is a compilation of quantitative 
and qualitative estimates of metamorphic conditions across 
Australia. The maps will provide important constraints on 
the crustal exhumation and (mineral) preservation history, 
as well as thermo-barometric evolution of Australia.

b) Geochemical projects

An atlas of the surface of Northern Australia, as a subset of 
the national atlas, is in preparation. Geoscience Australia 
has time-series LANDSAT data from NASA extending 
back into the 1980s. Each pixel from each scene has been 
organised in Digital Earth Australia (DEA) so the archive 
can be ‘data-mined’ to extract pixels with the least vegetation 
and cloud-cover effects. Products of this work will be a new 
national Bare Earth image along with iron oxide, silica 
and clay mineral maps of the surface at 25 m resolution. 
The European Space Agency’s Sentinel 2 satellite system 
provides global coverage of multispectral earth-observation 
data at 10 m resolution from these data. A new cloud-free 
seamless Sentinel 2 national map will be produced at 10 m 
resolution.  

A suite of new machine learning codes has been 
produced in collaboration with DATA61. These codes are 
being deployed on the national whole rock and surface 
geochemical datasets to produce national surface maps of 
the major elements.

An isotopic atlas for northern Australia is being 
prepared, consisting of a suite of map layers including 

Sm – Nd, Lu – Hf, U–Pb, Ar–Ar and Pb–Pb; it will be 
delivered in GIS form, and draped on the aforementioned 
3D surfaces. In addition, selected age dating of geological 
units through U–Pb SHRIMP geochronology and various 
other dating techniques for direct dating of key mineral 
deposits are being undertaken. 

c) Geophysical projects

The world’s largest airborne electromagnetic (AusAEM) 
survey and the most extensive long-period magnetotelluric 
(AusLAMP) survey are well underway. At the time of 
writing (February 2018), 20 600 line-km of the 60 000 
planned AusAEM data have been flown and 155 new 
AusLAMP stations have been acquired. In addition, a new 
seismic tomographic velocity model will be constructed 
from historical earthquake data; these data form the basis 
of the Australia-wide AusARRAY project. Gravity data are 
being infilled at higher resolutions in areas where station 
spacing is >4 km using a mix of ground and airborne gravity 
and airborne gravity gradiometry.

2) Focused integrated studies (TISA)

The region between Tennant Creek and Mount Isa (TISA) 
is the initial focus of all the above-mentioned activities plus 
a series of additional projects. This vast under cover region 
lies between the great mining centres of Tennant Creek 
(Cu, Au) and Mount Isa (Cu, Pb, Zn, Ag). The thickness 
of cover is variable and the underlying ‘basement’ geology 
is poorly known. The region lies at a key junction in 
Australian geology, with north-south striking domains in 
the east joining east-west and northwest-southeast striking 
domains in the west. The region showed unexplained base 
metal anomalism in the National Geochemical Survey of 
Australia (NGSA) and at depth, it has variable seismic 
velocity and Moho depths.

The program has collected 782 surface geochemical 
and 118 groundwater samples to augment the broad-spaced 
NGSA dataset; laboratory results are being modelled 
with the first products due for release in March 2018. The 
AusARRAY project deployed 120 passive seismic recorders 
that will remain in the TISA region until later this year. Two 
more deployments are expected in the life of the program at 
locations to be confirmed. A total of 2724 ground gravity 
stations were collected; the data was released in 2017. 
A total of 1100 km of deep seismic reflection data have 
been acquired and processed (see Henson this volume), 
with processed data to be released in March 2018, and 
interpretation products to follow. 

The aim of focusing the activities into one region is to 
provide the best possible suite of data that will be integrated 
into an assessment of the undercover mineral potential of the 
TISA region. This assessment and the geological and mineral 
systems interpretations of the above data will be tested by 
a stratigraphic drilling program in 2019. Assessments are 
underway for basin-hosted base metals (Cu, Pb, Zn) and 
for iron-oxide-copper-gold mineral systems. The basin 
assessment will draw on well-established petroleum systems 
approaches and apply them to these mineral systems.
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When the program is complete, the TISA region will 
arguably be the best imaged and understood piece of 
lithosphere on the planet.

3) Innovation and method development

To complement data acquisition, new big data management 
and data analytical methods, tools and platforms are being 
developed to maximise data value. Strategic collaborations 
have been established with world-leading experts at 
Australian universities and DATA61 to develop a suite of 
new geoscience-relevant computer codes and products 
that will be released in open source repositories (GitHub) 
and be incorporated into the Australian National Virtual 
Geophysical Laboratory (ANVGL).

Given the vast range of activities being conducted, 
many of which are novel, effort is being made to share the 
generic lessons. This includes publishing software codes 
and standard operating procedures as well as developing an 

Explorer’s Guide for the TISA region that will have generic 
applicability elsewhere. Particular effort is being made to 
transfer knowledge and receive feedback from industry 
through a series of workshops that commenced in 2017. 

Conclusions

Exploring for the Future, an exciting initiative in 
collaboration with state and NT partners, will:
• Assist in securing an ongoing pipeline of new discoveries 

and help maintain Australia’s position as a major global 
mineral and energy exporter.

• Determine the location, quantity and quality of 
groundwater resources to inform water management 
options, including infrastructure development and water 
banking.

• Benefit the Mining Equipment, Technology and Services 
(METS) sector by drawing on private sector expertise in 
undertaking data acquisition and analysis.
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Understanding the architecture of the Batten Fault Zone from the regional to sub-basin scale. 
Insights from geophysical interpretation and modelling
Teagan Blaikie 1,2 and Marcus Kunzmann 1,3

Introduction

The Batten Fault Zone, located in the southeastern 
McArthur Basin is a 50–80 km wide, north-south trending 
fault zone that preserves sedimentary and volcanic 
sequences from the Palaeo to Mesoproterozoic Tawallah, 
McArthur, Nathan, and Roper Groups (Figure 1; Ahmad 
et al 2013). The fault zone is host to the McArthur River 
Pb-Zn-Ag mine and the Teena Pb-Zn deposit. Structurally 
controlled sub-basins containing locally thick sequences 
of the Barney Creek Formation (McArthur Group) host 
the base metals mineralisation. The controlling structures 
of these sub-basins are generally not evident at the 
surface; their exploration therefore requires geophysical 
techniques.

Government and industry have acquired a range of 
geophysical datasets across the Batten Fault Zone. Publically 
available data includes aeromagnetics and radiometrics at 

500 m line spacing, two deep seismic profiles (Rawlings 
et al 2004), and a complete coverage of the fault zone with 
gravity between 4 km and 500 m spacing. Available data 
also includes industry-submitted airborne electromagnetics 
(AEM) covering the majority of the fault zone, which has 
been reprocessed (Munday et al 2017). Interpretation of all 
these datasets and their integration with existing geological 
data offers the ability to map structure and stratigraphy 
under cover, and model the 3D architecture of the basin at 
the regional to sub-basin scale. 

Knowledge of the structural framework of the basin at 
the time of deposition of the McArthur Group is important 
to determine how and where sub-basins develop. This 
information is also critical for numerical simulations 
of fluid flow and understanding the mechanisms that 
may lead to mineralisation (Sheldon and Schaubs, this 
volume). This abstract discusses preliminary results from 
the interpretation and modelling of new and historical 
geophysical data across the Batten Fault Zone. The work 
forms part of a 3-year collaborative project between 
CSIRO and Northern Territory Geological Survey on the 
architecture and prospectivity of the McArthur Basin.

© Northern Territory of Australia (NT Geological Survey) 2018. With the exception of logos and where otherwise noted, all material in this publication 
is provided under a Creative Commons Attribution 4.0 International licence (https://creativecommons.org/licenses/by/4.0/legalcode).
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Figure 1. Regional geological map of the greater McArthur Basin (modified from Ahmad et al 2013). 

1 CSIRO Mineral Resources; Northern Territory Geological 
Survey, GPO Box 4550, Darwin NT 0801, Australia

2 Email: teagan.blaikie@csiro.au
3 Email: marcus.kunzmann@csiro.au



59

AGES 2018 Proceedings, NT Geological Survey

Geophysical interpretation and modelling of the Batten 
Fault Zone

A structural and lithological interpretation of the Batten 
Fault Zone (Figure 2) focused on mapping the distribution 
of Proterozoic stratigraphy under cover. The interpretation 
was derived from gravity, magnetic, radiometric and AEM 
data, with constraints provided by existing geological 
mapping, drillholes, and satellite photos. The majority 
of the Batten Fault Zone has been interpreted down to 
formation scale; however, there are some regions under 
significant cover with poor geophysical contrast in the 
underlying stratigraphy. Interpretations in these regions are 
constrained to sub-group or group level and are still subject 
to some uncertainty. 

This interpretation constrained forward modelling of 
geological cross-sections. Sections were constructed using 
500 m spaced gravity data acquired along several profiles 
as part of the Batten Fault Zone gravity survey (Dhu 2018). 
Two models have currently been constructed to better 
define the 3D geometry of the fault zone, the distribution 
of depositional packages and architecture of the basement. 
One profile is orientated north-south through the central 
Batten Fault Zone (between Tawallah and Emu faults); the 
other is east-west. Seismic data located along or close to the 
sections helped constrain the model geometry. Drillhole 
and rock property data provided additional geological 

constraints. The models were constructed at the group scale 
and an average density for each group was applied during 
modelling. The rock property data were sourced from 
Hallet (2017), however measurements were largely derived 
from variably weathered drill core and hand samples. 
During modelling, the densities of each group were 
increased slightly to account for both measurements made 
on weathered samples and the increase in density due to 
water saturation and lithostatic loading. Contrasts between 
average group densities in the model were kept consistent 
with observed data.

The east-west section highlights the geometry of the 
fault zone, including that of the west-dipping Tawallah and 
Hot Spring faults, the central Batten Fault Zone and the 
Broadmere sub-basin (Figure 3). Modelling and constraints 
from seismic data suggests the McArthur Group is relatively 
thin in the Broadmere region and thickens towards the 
central Batten Fault Zone against the north-trending Emu 
Fault. A lack of drillhole and seismic information make it 
difficult to determine whether thinner stratigraphy in the 
Broadmere region represents a thinning of the McArthur 
Group towards the west or if the sequence was eroded prior 
to deposition of the Nathan and Roper Groups.

The north-south profile suggests northwest–southeast 
orientated faults influenced the architecture of the basin at 
the time of McArthur Group deposition. The McArthur 
Group appears to thicken from the north towards the central 
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Batten Fault Zone where it thins against a palaeo high and 
then immediately thickens again between the Hot Spring and 
Mallapunyah faults. The preserved thickness of the McArthur 
Group gradually thins south of the Mallapunyah Fault. 

Modelling also provides some insight into the nature of 
the basement to the McArthur Basin. Some long-wavelength 
gravity anomalies in both the north-south and the east-west 
profiles could not be reproduced through variations in 
stratigraphic thickness or minor changes to the density of 
the McArthur and Tawallah groups. As a result, oval-shaped 
gravity lows located within the central Batten Fault Zone are 
intetrpreted as granites within the basement. These granites 
may have influenced how strain was accommodated in the 
crust during extension and where sub-basins formed. 

Modelling sub-basins

Lateral thickness and facies variations of the Barney Creek 
Formation developed within fault-bounded sub-basins 
between the Emu and Tawallah faults (McGoldrick et al 
2010). The Glyde sub-basin (Figure 2), in the southeast of 
the Batten Fault Zone, is a north-south trending depocentre 
that preserves up to 900 m of Barney Creek Formation. 
The sub-basin was been interpreted to have formed in a 
transtensional region along segments of the Emu Fault 
Zone (Figure 3). It is well-imaged in geophysical data 
with good coverage of magnetics, Falcon airborne gravity 
gradiometry (AGG) acquired by Armour Energy (2012), 
and AEM data (Munday 2017). This has allowed modelling 
of structures controlling the architecture of the sub-basin, 
as well as imaging of conductive elements of the Barney 
Creek Formation. 

Geophysical interpretation and modelling results are 
integrated with information from detailed stratigraphic 
logging and geochemical analysis (Kunzmann 2018). 
Results indicate a thickening of the Barney Creek Formation 
from west to east towards the Emu Fault, and a deepening 
of the basin from the south towards to the north. This is 
consistent with the interpreted architecture of the McArthur 
Group at the regional scale.

Summary and future work

The architecture of the fault zone and the McArthur Group 
suggests north-south to northeast-southwest directed 

extension was accommodated along major northwest-
southeast trending normal faults and along north trending 
strike-slip fault zones. The north-south trending strike slip 
faults were reactivated as west-dipping thrust faults during 
later deformation. 

Sub-basins within the Batten Fault Zone developed in 
north-south trending transtensional segments of the Emu 
Fault zone; they also formed adjacent to east-west trending 
cross-faults between the Hot Spring and Emu Fault. 
Geophysical modelling suggests the basement to the central 
Batten Fault Zone may be granitic in parts, which may have 
influenced how strain was accommodated in the crust and 
where sub-basins were forming.

Ongoing work within the Batten Fault Zone will 
include additional forward modelling to better constrain 
the fault zone architecture, including that of the basement. 
These results will be integrated with high-resolution 
case studies that focus on local sub-basin architecture, 
including the subsurface extent and thickness of the Barney 
Creek Formation. Combining regional and local scale 
interpretations will assist in the reconstruction of the basin 
architecture at the time of McArthur Group deposition. 

Approaches described here can be applied to other areas 
of the greater McArthur Basin (such as the Walker Fault 
Zone and Birrindudu Basin) to determine if they are equally 
prospective for base metals mineralisation. 
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Introduction

The Palaeo- to Mesoproterozoic greater McArthur Basin 
(Figure 1a) in the Northern Territory is a 5–15 km thick 
mixed siliciclastic-carbonate succession with minor bimodal 
volcanics at the base (eg Plumb et al 1979a, b; Jackson et al 
1987; Rawlings 1999). Together with the Isa Superbasin in 
Queensland, it represents one of the most important base 
metals provinces in the world (Leach et al 2005, 2010; 
Huston et al 2006). The ca 1640 Ma Barney Creek Formation 
of the McArthur Group (Figure 2) is the most important 
exploration target as it hosts the world class McArthur River 
Zn-Pb-Ag deposit and the Teena Zn-Pb prospect (eg Croxford 
1975; Large et al 1998; Taylor et al 2017).

The Barney Creek Formation has been deposited in a basin 
with complex architecture characterised by palaeohighs and 
sub-basins (Davidson and Dashlooty 1993; McGoldrick et al 
2010). This hinders basin-wide stratigraphic correlation. 
Furthermore, the most prospective organic-rich siltstone 
and shale facies is confined to sub-basins, highlighting the 
need for a detailed understanding of sub-basin development 
and architecture.

Here we present a sedimentological, carbon isotope 
chemostratigraphic, and sequence stratigraphic evaluation 
of the Glyde sub-basin, a fault-bound depocentre in the 
southern McArthur Basin (Figure 1b), based on detailed 
logs of historical drill cores. We demonstrate that carbon 
isotope chemostratigraphy is a powerful tool to constrain 
basin-wide correlations in the greater McArthur Basin. 
Furthermore, we use the Glyde sub-basin as a case study 
for a multidisciplinary approach to gain insights into base 
metals systems in sedimentary basins. This approach can 
be applied in other parts of the McArthur Basin and in other 
sedimentary basins in general.

Geological setting

The greater McArthur Basin is part of a Proterozoic basin 
system on the North Australian Craton that likely formed in 
a far-field continental back arc setting with the postulated 
subduction zone to the south (in present coordinates; Giles 
et al 2002; Betts et al 2003; Betts and Giles 2006). The 
basin is divided into the northern and southern McArthur 
basins, separated by the east-west striking Urapunga Fault 
Zone (Figure 1a). The most important structural features 
are the Walker and Batten Fault Zones in the northern and 
southern McArthur Basin respectively (Figure 1a). These 
fault zones are north-south striking corridors, each about 
20 km wide and 200 km long. 
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Rawlings (1999) divided the greater McArthur Basin 
stratigraphy into five informal and non-genetic packages. In 
the southern McArthur Basin, the ca 1670–1600 Ma Glyde 
package comprises the 1–3.5 km thick McArthur Group 
(Figure 2; Jackson et al 1987; Rawlings 1999). Organic-
rich and dolomitic siltstones and shales of the ca 1640 Ma 
Barney Creek Formation are part of the middle McArthur 
Group and host the McArthur River Zn-Pb-Ag deposit.  

Onset of Barney Creek deposition was accompanied by 
a change in the tectonic regime in the southern McArthur 
Basin. The depositional setting changed from a stable 
carbonate platform to a compartmentalised basin with 
numerous palaeohighs and sub-basins (McGoldrick et al 
2010). Sub-basin formation was related to sinistral strike-
slip along arcuate and broadly north-south trending fault 
systems. Whereas transpression occurred at east to west 
trending segments of the faults, transtension along north- to 
northwest-trending segments created accommodation space 
and led to sub-basin opening (McGoldrick et al 2010).

The 10–900 m thick Barney Creek Formation comprises 
three members: the W-Fold Shale, HYC Pyritic Shale, 
and the Cooley Dolostone (Figure 2; Jackson et al 1987). 
These members were defined in the sub-basin that hosts the 
McArthur River deposit; it is not well understood whether 
they represent basin-wide occurring lithostratigraphic 
units or lateral facies changes (Jackson et al 1987). This is 
particularly important for the Cooley Dolostone, which is 
mostly bound to local fault scarps and may thus not be a 
mappable unit. 

The W-Fold Shale is generally described as green and 
red dolomitic siltstone and green vitric tuff (Brown et al 
1978; Jackson et al 1987). The HYC Pyritic Shale Member 
consists of dolomitic and pyritic siltstones and minor 
silty shales, generally regarded to have formed in a deep 
subtidal environment (Bull 1998). The Cooley Dolostone is 
a locally, fault-derived, carbonate breccia that interfingers 

with all parts of the Barney Creek Formation. The clasts are 
likely sourced from the underlying Teena and Emmerugga 
dolostones (Brown et al 1978; Ahmad et al 2013). 

Principles of carbon isotope chemostratigraphy and 
sequence stratigraphy

Chemostratigraphy is the study of the variations in the 
chemical composition of sedimentary rocks. The chemical 
signals on which chemostratigraphy focuses are typically 
proxies for seawater compositions or environmental 
conditions at the time of deposition or during early 
diagenesis. One important application of chemostratigraphy 
is as a tool for intra-basinal and global correlations of 
stratigraphic units. When combined with radiometrically 
calibrated reference sections, chemostratigraphy can 
be used for indirect chronostratigraphy, comparable to 
biostratigraphy and magnetostratigraphy.

As biostratigraphy, arguably the most important 
stratigraphic tool in Phanerozoic successions, is only of very 
limited use in the Precambrian, basin-wide stratigraphic 
correlations in Precambrian basins are often difficult to 
unravel. However, the carbon isotopic composition of 
carbonate rocks (δ13Ccarb) has been successfully applied 
in Proterozoic (mostly Neoproterozoic) basins around the 
world (eg Halverson et al 2005, 2010). 

The carbon isotopic composition of unaltered marine 
carbonate rocks closely approximates the isotopic 
composition of the dissolved inorganic carbon (DIC) 
reservoir in seawater. Considering that the residence time of 
carbon in the modern ocean (about 200 000 years) is about two 
orders of magnitude longer than the mixing time of the ocean 
(1000–2000 years), coeval carbonate rocks in one basin (and 
even the global ocean) have the same isotopic composition 
(see Kump and Arthur 1999 for detailed review of carbon 
isotopes). This principle can be used for chemostratigraphic 
correlation if one important requirement is met – significant 
and systematic changes of the carbon isotopic composition 
of DIC, and thus carbonate rocks, through time. Otherwise, 
carbonate rocks from different stratigraphic units may have 
the same carbon isotopic composition, making it impossible 
to distinguish them.

Sequence stratigraphy defines a quasi-
chronostratigraphic framework for sedimentary basins 
by defining stratigraphic surfaces that represent breaks in 
sedimentation or changes in depositional trends. Two major 
approaches of sequence stratigraphy exist: one defines 
sequence stratigraphic surfaces based on the theoretical 
base level curve (approximates relative sea-level curve); 
the other relies on observable, physical characteristics in 
the rock record to define sequence stratigraphic surfaces 
(eg Embry and Johannessen 2017). The latter approach 
defines transgressive-regressive (T-R) sequences (Embry 
1993, 2009). We used this approach in the McArthur Basin 
because it requires less robust data and is generally easier 
to apply in structurally complex Proterozoic basins with 
limited or no available seismic data.

A T-R sequence is bounded by subaerial unconformities 
or the unconformable shoreline revinement surface in 
marginal and shallow marine settings, or by their deep-

M
cA

rt
hu

r G
ro

up

U
m

bo
lo

og
a 

S
ub

gr
ou

p
B

at
te

n 
S

.

Masterson Sandstone
Mallapunyah Formation
Amelia Dolostone
Tatoola Sandstone 1648±3 Ma

Tooganinie
Formation Leila Sandstone

Myrtle Shale

sandstone

dolostone

siltstone shaleredbeds

Emmerugga
Dolostone Mara Dolostone

Mitchell Yard

Teena Dolostone Coxco Dolo.

Barney Creek Fm
1640±3 Ma, 1639±3 Ma W-Fold S.

HYC Pyritic S.

Reward Dolostone

Lynott Formation
Caranbirini
Hot Spring
Donnegan

1636±4 Ma

Yalco Formation
Stretton Sandstone

Looking
Glass Fm

Amos Fm
1614±4 Ma

1636±4 Ma

1625±2 Ma

Lower Balbirini Dolostone
1609±3 Ma
1613±4 Ma

Batten Fault Zone
North South

1641±6 Ma

Cooley
Dolo.

th
is

 s
tu

dy

A18-090.ai

Figure 2. Stratigraphy and geochronology of the McArthur 
Group. Modified from Ahmad et al (2013). 



AGES 2018 Proceedings, NT Geological Survey

64

water equivalents, the maximum regressive surfaces 
(MRS). The sequence is divided into two systems tracts: a 
transgressive systems tract (TST), deposited during base 
level (relative sea-level) rise; and a regressive systems 
tract (RST), deposited during the subsequent base level 
fall. The TST and RST are separated by the maximum 
flooding surface (MFS). Refer to Embry (2009) and 
Catuneanu (2006) for a detailed introduction to sequence 
stratigraphy.

Results and discussion

The Barney Creek Formation thickens from ca 170 m 
in drillhole Lamont Pass 3 located on the Lamont Pass 
palaeohigh (Figure 1b) to ca 900 m in drillhole GRNT-79-
7, about 17 km to the south in the northern Glyde sub-basin 
(Figure 3). Further to the south, the thickness ranges from 
ca 400 to 650 m. Thickening is also observable in west-east 
transects within the sub-basin, for example from ca 300 m 
in drillhole GRNT-79-3 to ca 900 m in GRNT-79-7. This 
threefold increase in thickness occurs over a distance of less 
than 10 km (Figure 1b). Importantly, whereas the Barney 
Creek Formation is conformably overlain by the Reward 
and Lynott formations in Lamont Pass 3, it is truncated 
by the sub-Cambrian unconformity in all drillholes in the 
Glyde sub-basin (Figure 3). The Barney Creek Formation 
is dominated by deep subtidal dolomitic siltstones in the 
Glyde sub-basin. In contrast, on the palaeohigh in Lamont 
Pass 3, it is composed of deep to shallow subtidal carbonate 
facies (Figure 3). This highlights that sedimentological and 
stratigraphic studies of the Barney Creek Formation must 
consider significant lateral facies changes.  

Carbon isotope values show significant and systematic 
variation in the middle McArthur Group. In Lamont Pass 3, 
the high-resolution δ13Ccarb curve starts with ca -3.5 ‰ in 
the Myrtle Shale and values gradually increase upsection 
to ca -0.5 to 0 ‰ in the middle Barney Creek Formation, 
followed by an upsection decrease to ca -1.5 to -2.0 ‰ in 
the lower Lynott Formation (Figure 3). The Barney Creek 
Formation itself is characterised by a subordinate δ13Ccarb 
trend showing an increase from ca -1.5‰ at the base to 
ca 0 ‰ in the middle part of the formation, followed by 
values clustering around -1.0 ‰ in the upper Barney Creek 
Formation (Figure 3). The carbon isotopic composition and 
trend of the Barney Creek Formation is also observable in 
all of the ten studied drill cores from the Glyde sub-basin. 
Other distinctive carbon isotope signals are associated with 
the transition into the Barney Creek Formation and within 
the W-Fold shale respectively (Figure 3), and the contact 
between the Teena Dolostone and W-Fold Shale. These 
systematic and significant δ13Ccarb trends in the middle 
McArthur Group demonstrate that future application of 
carbon isotope chemostratigraphy will likely significantly 
improve our understanding of stratigraphic correlations in 
the greater McArthur Basin.

The Barney Creek Formation records two T-R 
sequences, herein named B1 and B2 (Figure 3). Sequence 
B1 starts at the Teena Dolostone-Barney Creek Formation 
contact or, in locations were the W-Fold Shale occurs, at 
the W-Fold Shale-HYC Pyritic Shale Member contact. It is 

characterised by a thin TST and a MFS that is composed 
of pyritic, organic-rich shale and silty shale in the Glyde 
sub-basin or sits within a tens of metres thick rhythmite in 
Lamont Pass 3. The RST represents a thick shoaling upward 
succession of dolomitic siltstone transitioning into silty 
dolarenite in the Glyde sub-basin and a shoaling to shallow 
subtidal dolarenite in Lamont Pass 3. Sequence B2 starts 
with renewed deepening to dark organic-rich dolomudstone 
in Lamont Pass 3 and dolomitic siltstone in the Glyde 
sub-basin. The thin TST culminates in a thick interval of 
dolomudstone (Lamont Pass 3) or pyritic and organic-rich 
shale and silty shale (Glyde sub-basin), representing the 
MFS. The overlying RST is composed of shallow subtidal 
dolarenite in Lamont Pass 3 and dolomitic siltstone and silty 
dolarenite in the Glyde sub-basin. The sequence boundary 
of B2 occurs in the Reward Dolostone (Lamont Pass 3). 
However, it is not preserved in the drill cores from the 
Glyde sub-basin due to truncation by the sub-Cambrian 
unconformity.

Whereas B1 is preserved in most of the Glyde sub-basin 
and is only truncated in the southern part, B2 is significantly 
truncated in the northern part of the sub-basin and absent in 
the south (Figure 3). This indicates that truncation below the 
sub-Cambrian unconformity increases towards the south. 
Importantly, the two MFS of both sequences are likely the 
most important intervals in the Barney Creek Formation to 
host base metals mineralization. Preliminary geochemical 
data suggest that both MFS were deposited under euxinic 
(anoxic and free H2S/HS-) conditions, which are ideal 
chemical traps, independent of models for syngenetic or 
early diagenetic models of mineralization. Furthermore, 
the McArhur River deposit sits stratigraphically at the 
level of the MFS in sequence B1. The absence of the MFS 
of sequence B2 in most of the Glyde sub-basin lowers its 
prospectivity. This highlights that sequence stratigraphy is 
a powerful tool in mineral exploration, similar to petroleum 
exploration. 

Conclusion

We established a high-resolution carbon isotope curve for 
the middle McArthur Group in Lamont Pass 3. The same 
isotopic composition and isotopic trends observable in the 
Barney Creek Formation in Lamont Pass 3 are also observable 
in ten studied drill cores from the Glyde sub-basin. The 
observable systematic and significant stratigraphic changes 
in the carbon isotopic composition highlight the potential 
for carbon isotope chemostratigraphy to significantly 
improve our understanding of basin-wide stratigraphic 
correlation in the greater McArthur Basin. Considering that 
these analyses are also inexpensive and fast, we recommend 
to routinely use carbon isotopes in stratigraphic studies and 
mineral exploration in the greater McArthur Basin. This 
should be particularly helpful in underexplored areas where 
the stratigraphy is not well understood.

Using sequence stratigraphy, we were able to reconstruct 
the depositional architecture of the Glyde sub-basin. The 
Barney Creek Formation records two T-R sequences. However, 
the second sequence is significantly truncated or even 
entirely removed beneath the sub-Cambrian unconformity in 
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Figure 3. Litho-, chemo-, and sequence stratigraphy of the middle McArthur Group in the Glyde sub-basin. See Figure 1 for location 
of drill cores. 

the Glyde area. This observation is insofar important as the 
two MFS from both sequences represent the most important 
intervals for base metals mineralization in the Barney Creek 
Formation. This highlights that sequence stratigraphy is 
a powerful tool to identify and predict the occurrence of 
prospective intervals for base metals mineralization. 

The results of this study will be integrated with 
geochemistry, and geophysical and numerical deformation 
fluid-flow models to strengthen our multidisciplinary 
approach to base metals exploration in sedimentary basins. 
Furthermore, these studies will be extended to the entire 
Batten Fault Zone in the next 12 months. 
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Introduction

The McArthur River (HYC) Pb-Zn-Ag deposit is a large 
stratiform sediment-hosted deposit located in the Batten 
Fault Zone of the southern McArthur Basin (Figure 1). 
The ca 1640 Ma deposit occurs in relatively un-deformed 
dolomitic siltstones of the Barney Creek Formation 
(McArthur Group). It is believed to have formed by reduction 
of an oxidised basinal brine interacting with anoxic sediments 
at or just below the sea floor (eg Logan et al 2001; Rye and 
Williams 1981; Eldridge et al 1993; Hinman 1995; Large et al 
1998). This brine likely originated from evaporitic deposits 
deeper in the basin, and leached metals from deeply buried 
volcanic units before returning to the surface via the Emu 
Fault on the eastern side of the Batten Fault Zone (Williford 
et al 2011; Cooke et al 1998; Large et al 1998). However, 
questions remain as to the fluid flow drivers and pathways 
that controlled this mineral system and its location within the 
Batten Fault Zone. This study aims to address these questions 
by using numerical models to explore patterns of fluid flow in 
simple fault architectures representing aspects of the Batten 
Fault Zone at the time of mineralisation. We simulate fluid 
flow driven by density (ie convection) and deformation under 
varying stress regimes in order to identify key controls on the 
fluid flow regime within the known architecture.

Geological setting

The McArthur Basin comprises a Palaeo- to Mesoproterozoic 
succession of carbonate and siliciclastic units with minor 
volcanic units, deposited in an intracratonic setting (Rawlings 
et al 2004; Betts et al 2003). The basin-fill is divided into 4 
groups. The Tawallah Group is dominated by shallow marine 
to fluvial sandstones, with minor mudstone, dolostone and 
volcanic intervals. Volcanic units of the upper Tawallah 
Group have been interpreted as the source of metals for the 
HYC deposit (Cooke et al 1998) with permeable sandstones 
and faults providing a pathway for the metal-charged fluid to 
reach the seafloor (Large et al 1998; Garven et al 2001). The 

Tawallah Group is overlain by the McArthur Group, which 
comprises interbedded dolostones, sandstones, mudstones 
and minor tuffaceous mudstones, deposited primarily in 
shallow water environments. The McArthur Group includes 
the Barney Creek Formation, which hosts the HYC deposit. 
The remaining two groups, the Nathan and Roper groups, 
postdate mineralisation at HYC and are not relevant to this 
study.

Previous numerical modelling studies 

Previous numerical modelling studies of the HYC 
mineralising system focused on fluid flow driven by 
topography and density, with the density variations related 
to temperature and/or salinity of the pore fluid (eg Garven 
et al 2001; Yang et al 2004a; Yang et al 2004b; Yang 
2006). The first studies were based on a simple 2D cross-
section of the Batten Fault Zone (Figure 2), comprising 

Figure 1. Location of the Batten Fault Zone and HYC deposit 
within the McArthur Basin, Northern Territory, Australia. 
Modified from Garven et al (2001).

Figure 2. Simple 2D geometry used in previous numerical modelling studies (modified from Yang et al 2004a). Vertical exaggeration 
x2. Stratigraphy: BCF siltstones and Carbonates = McArthur Group. Aquifer = lower McArthur Group and Upper Tawallah Group. 
Clastics = Tawallah Group. Aquifer and faults have high permeability; other units have low permeability (see Table 1). Arrows indicate 
general pattern of fluid flow predicted by numerical models.

70 km

8 
km
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two west-dipping faults (the Tawallah and Emu faults, 
representing the boundaries of the Batten Fault Zone) 
intersecting a simplified stratigraphic sequence. The results 
of these studies suggested that fluid would flow down the 
Tawallah Fault, then through an aquifer unit representing 
siliciclastics and volcanics of the upper Tawallah Group 
where it would scavenge metals, and then flow up the Emu 
Fault to the seafloor where mineralisation could take place.

Yang (2006) expanded the model into 3 dimensions by 
extrapolating the 2D model along strike of the faults, and 
found that the dominant convective flow pattern switched 
to one of convection within the plane of the faults with 
very little fluid passing through the aquifer unit between 
the faults. The only way to achieve significant fluid flow 
between the faults (as in previous 2D studies) was to 
introduce a cross-fault connecting the Tawallah and Emu 
faults.

While these studies have provided useful insights into 
some aspects of the fluid flow regime in the Batten Fault 
Zone, they did not consider the effect of deformation on 
fluid flow. Deformation influences fluid flow by driving 
fluid away from areas of contraction and towards areas of 
dilation. Depending on the strain rate, deformation may 
override density and topography to become the dominant 
fluid flow driver. In particular, fluid tends to move 
downwards during extensional deformation, making it more 
difficult to achieve the strong upward flow that is required to 
explain the return of the metal-charged brine from depth to 
the seafloor. This is particularly relevant to mineralisation 
at HYC as the geological evidence indicates that the Barney 
Creek Formation was deposited in a rapidly subsiding sub-
basin adjacent to the Emu Fault, implying relatively high 

strain rates in an extensional or strike-slip tectonic setting 
(e.g. Rawlings et al 2004; Betts et al 2003). Hence, we build 
on the previous modelling studies by including deformation, 
and investigate the competition between deformation and 
density as fluid flow drivers.

Modelling approach

To explore the competition between different fluid flow 
drivers we use the open-source finite element solver MOOSE 
(Multiphysics Object Oriented Simulation Environment) to 
solve the coupled partial differential equations that describe 
conservation of mass, momentum and energy in a deforming 
porous medium. The rock is treated as an elastic-plastic 
porous medium in which the pore space is completely 
saturated with a single pore fluid (water). Plasticity is 
represented by the Drucker-Prager constitutive law with 
a tensile cut-off; fluid flow is assumed to obey Darcy’s 
law. Heat is transported by conduction and advection with 
the moving pore fluid. The pore fluid moves in response 
to changes in fluid pressure caused by deformation and 
to changes in density associated with the temperature 
gradient. Details of the equations and solution technique 
can be found in the MOOSE documentation (CSIRO and 
INL 2018). Table 1 lists the rock properties used in the 
simulations.

In this contribution, we present results obtained using 
two simple geometries representing aspects of the Batten 
Fault Zone. The first geometry represents a steeply dipping, 
north-south striking normal fault intersecting a horizontally 
layered sequence (Figure 3a) using the same layering as 
in previous modelling studies (Figure 2). With this simple 

Figure 3. Geometry of numerical models in this study. (a) Model with single fault. (b) Model with Tawallah and Emu faults and a cross fault.
BCF = Barney Creek Formation.

Property BCF Carbonate Aquifer Clastics Basement Faults
Cohesion (MPa) 20 22 20 27 24 1
Tensile strength (MPa) 2 2.2 2 2.7 2.4 0.1
Friction angle (°) 20 30 25 28 30 15
Bulk modulus (GPa) 6 30 20 27 30 10
Shear modulus (GPa) 6 20 5 7 25 2
Horizontal permeability (10-15 m2) 1 10 100 1 0.01 100
Vertical permeability (10-15 m2) 0.01 0.1 1 0.01 0.01 100
Porosity (-) 0.3 0.1 0.15 0.05 0.01 0.05
Thermal conductivity (W/m/K) 2.9 2.8 3.5 3.5 3 3.2
Specific heat capacity (J/kg/K) 850 850 850 850 850 850

Table 1. Rock properties used in the models.
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geometry, we investigate the interplay between east–west 
extensional deformation and thermal convection in the fault. 

The second geometry represents the Tawallah and Emu 
faults, intersected by a cross-fault striking east-northeast–
west-southwest (Figure 3b). In this model, we impose 
sinistral strike-slip deformation on the north-south model 
boundaries, and again observe the interplay between 
deformation and thermal convection.

In both models, the top boundary represents the seafloor 
with fluid pressure corresponding to a water depth of 
200 m and temperature 20°C, consistent with the inferred 
depositional environment of the Barney Creek Formation 

Figure 4. Temperature and fluid flux in the single fault model 
at low strain rate. (a) Temperature contours (20–270°C) and 
fluid flow vectors in the fault. Vectors scaled by flux magnitude 
and coloured by vertical component of fluid flux (-2 x 10-8 – 4 
x 10-8 m/s). (b) Vertical component of fluid flux (-2 x 10-8 – 4 x 
10-8 m/s), whole model. (c) Temperature (20–313 °C), whole model. 

(Schmid 2015). The top boundary temperature is fixed 
except in the faults, where the temperature is that of the 
pore fluid where fluid is flowing out of the model, and is 
20°C where fluid is flowing into the model. The initial fluid 
pressure gradient is hydrostatic. The base of the model is 
subject to a fixed heat flux of 70 mW/m2, corresponding to 
a geothermal gradient of ~20–30°C/km depending on the 
thermal conductivity, which varies between the stratigraphic 
units (Table 1).

Results

Figure 4 illustrates the fluid flow patterns and temperature 
distribution in the first model when it is subject to a slow 
extensional strain rate of 10-17 s-1. The dominant flow pattern 
is one of thermal convection in the plane of the fault, with 
temperatures reaching 100°C at the seafloor. Once convection 
has been established, the strain rate is increased to a higher 
value in order to observe the effect of deformation-driven flow 
on convection. Figure 5 shows the evolution of the maximum 
and minimum vertical fluid flux in the fault; this is a measure 
of strength of the convective flow. Negative values imply 
downward flow, positive values imply upward flow. The strain 
rate is increased from 10-17 s-1 to a higher value (10-16 s-1, 10-15 s-1, 
10-14 s-1 or 10-13 s-1) after 2 x 1013 s (0.63 million years; this 

Figure 5. Evolution of the maximum and minimum vertical fluid 
flux in the single fault model. Strain rate is increased from 10-17 s-1 
to a higher value (indicated in legend) after 2 x 1013 s (0.63 million 
years). (a) Duration of model. (b) Detail of behaviour immediately 
before and after increase in strain rate.
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time was chosen for being sufficient to allow convection to be 
established in the faults, but it does not have any geological 
significance). At the highest strain rate, the maximum and 
minimum fluid flux are dramatically reduced; whereas at the 
lower strain rates, the fluid flux at first decreases but then 
begins to recover. These patterns reflect the tendency for 
extensional deformation to drive downward flow. 

Computational limitations prevented running the 
simulations long enough to determine whether the convective 
fluid flux would eventually recover at the higher strain rates. 
However, the results do show that convective flow would 
at least be disrupted at moderate to high strain rates. It is 
possible that convective flow may be overridden completely 
at strain rates higher than those investigated here.

Figure 6 illustrates the behaviour of the second geometry 
when subject to sinistral strike-slip deformation imposed on 
the north-south boundaries of the model at a strain rate of 
10-15 s-1. In this case, the results show localised convective 
upwelling at the fault intersections with downwelling 
immediately adjacent to these points.

Discussion and future directions

Formation of the HYC deposit involved fluid ascending 
from depth, probably along the Emu Fault or related 
structures. The simulation results presented here, and those 
of previous modelling studies, suggest that convection may 
have contributed to this upward flow. However, we have 
also shown that deformation at moderate strain rates can 
disrupt convective flow; at higher strain rates the convective 
flow might be overridden completely by downward, 
deformation-driven flow. Thus, if convection played a 
role in this system, it seems likely that it would have been 
during a hiatus in deformation. The presence of alternating 

fine-grained sediments and breccias in the Barney Creek 
Formation (Large et al 1998) is suggestive of intermittent 
high strain rate events, interspersed with periods of lower 
strain rate when convection may have been established. 
Our results also suggest that fault intersections may have 
been important conduits for upward flow, consistent with 
the occurrence of deposits close to fault intersections in the 
Batten Fault Zone (Betts et al 2003). 

In the models presented here, fluid flow is predominantly 
within the faults, with little interaction between the fluid and 
the likely source rocks of the metals (ie the aquifer). Thus 
these models alone cannot explain formation of the HYC 
deposit as this mineralisation required interaction of a large 
volume of fluid with the source rocks. The same problem 
was encountered in an earlier 3D modelling study, which 
also found fluid flow being largely restricted to the faults 
(Yang 2006). Further investigation is required to identify 
conditions under which sufficient volumes of fluid would 
have moved through the source rocks to account for the 
observed mineralisation. Critical factors in achieving such 
flow patterns may include salinity gradients, spatial and 
temporal variations in permeability in the faults and host 
rocks, and geometric complexities such as variations in dip 
and thickness of the rock units. Future modelling work will 
explore these factors with the aim of better understanding 
the mineralising system at HYC.
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The Wollogorang Cobalt Project lies on the eastern edge of 
the McArthur Basin, straddling the NT-QLD border in the 
Gulf of Carpentaria (Figure 1). Geologically, it comprises 
the uppermost Redbank package on the Wearyan Shelf where 
it is postulated that no Glyde Package (McArthur Group) 
was deposited as it was a stable margin to the Batten Fault 
Zone, which hosts the McArthur River Zn-Pb-Ag deposit 
(McArthur River Mine). This part of the stratigraphy is 
currently viewed as unprospective for world-class mineral 
deposits, unlike the younger packages that host McArthur 
River, Mount Isa, Century and Walford Creek. However, 
Northern Cobalt (“N27”) is aiming to dispel this theory by 
progressing the Wollogorang Project from the current small 
high-grade ‘boutique’ base metal deposits into a significant 
mineral province in its own right – this is only possible if 
the broader mineral system is tested.

The upper Tawallah Group host-rocks for Wollogorang 
comprise interlayered basalt, sandstone, shale, dolostone 
and felsic volcanics (Gold Creek Volcanics and Pungalina 
Member; Figure 2). These are intruded by small shallow-
level co-magmatic felsic intrusives (Rawlings 1996). This 
geology is laterally very continuous, recognised almost 
identically in Arnhem Land some 600 km to the northwest. 
The host-sequence is folded in a Jura-style – disharmonic 
low-amplitude folds. This contrasts with the underlying 

rigid Settlement Creek Dolerite and overlying Echo 
Sandstone, suggesting that this folding was synchronous 
with felsic plutonism and gravity slide of the more ductile 
basalt-sediment sequence. It is postulated that this folding 
and intrusive activity was responsible for the numerous 
breccia pipes in the district – Running Creek, Redbank and 
Selby pipe clusters being the only named and tested clusters 
(Figure 3). Others likely exist as subtle flexures and circular 
features, or under cover of the overlying Tawallah Group 
and thin Cenozoic coastal sediments.

The district has attracted the attention of the major 
exploration companies in the 1980s and 1990s: Rio Tinto, 
BHP, MIM and others were lured to the area by the regular 
occurrences of stratiform-style copper, and by the breccia 
pipes at Redbank (which were mined sporadically for 
40 years until the mid-2000s). Redbank incorporates over 
20 small pipes up to 150 m diameter with copper grades 
of 1.5%, as both primary sulphide and secondary oxide 
zones. Joe Fisher discovered the Running Creek pipe cluster 
(Figure 3) in the late 1980s and attracted CRAE into a 
joint venture in the early 1990s. It is likely that originally, 
CRAE were interested in chasing the stratiform copper 
model in the area until the cobalt grades at the newly 
discovered Stanton took their attention. With the upswing 
of the cobalt price, CRAE soon found themselves defining 
small Co-Cu-Ni breccia pipes, much to the amusement of 
many CRAE officianados who thought this did not pass the 
CRAE ‘size test’. However, one suspects they still had their 
eye on the bigger picture, but faltering cobalt prices and new 
management in London soon had them exiting the project 

Figure 1. Regional location and projects.
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before they could test the broader geology. No further work 
has taken place until Northern Cobalt listed on the ASX in 
August 2017.

The currently defined breccia pipes at Wollogorang 
(Figure 3) are cone-shaped features up to 100 m in vertical 
extent and 100 m in diameter. They appear to terminate 
downwards within the Wollogorang Formation, and 
upwards at a subtle disconformity below the Pungalina 
Member (Figure 4). The pipes are filled with in situ 
breccia of mixed clasts of the host stratigraphy comprising 
oxidised and reduced basalt, sandstone, siltstone, organic 
shale, and dolostone in a matrix of the retextured sediments 
(Figure 5). The material has not been milled but is a 
disaggregation of partially lithified materials. 

Each breccia pipe is interpreted to be the conduit for 
the ascent of relatively hot (but still <150°C) reduced 
hydrocarbon-bearing fluids from the Wollogorang 
Formation. These mixed with the ambient, oxidised, 
saline metalliferous brines in the Gold Creek Volcanics 
wherever there was sufficient permeability. The mixing 
zone was a transient redox interface, delicately balanced 
by the competing fluid fluxes and thermodynamic regime 
so as to discourage pyrite precipitation, which is almost 
absent at Wollogorang, but prolific at the Cu-dominant 
Redbank. This has also led to the development of some 
complex redox phenomena preserved in the breccia 
(Figure 6).

Timing of fluid movement is contentious but the 
euhedral shape of siegenite ((Ni,Co)3S4), low temperature 
(implied by fluid inclusions and alteration assemblages) and 
the presence of pyrobitumen and live oil, all point to being 
contemporaneous with sedimentation in the overlying Echo 
Sandstone. It appears likely that the mineral system would 
not have been confined to the breccia pipes and would have 
propagated outwards where permeability allows. Leakage 
of metals above the breccia pipes is likely to be manifest 
as the uranium-base metal occurrences at Karns and Selby 
(Figure 3), about 200 m higher in the stratigraphy to the 
west. The hydrothermal plume is likely to have a vertical 
zonation, as seen in the Arizona Strip breccia pipes. 

N27 contends that the permeable conglomeratic 
sediments of the lower Pungalina Member represent 
an ideal medium to transport the reduced fluid laterally 
away from the pipes. There is local evidence to support 
this, such as reduction of originally oxic siltstones in 
the subjacent stratigraphy (Figure 7). This model forms 
part of N27’s exploration going forward as it begins to 
test for more breccia pipes and potential stratiform-style 
(large) Co-Cu mineralisation in the district. N27 believes 
the district is an analogue of the Dzhezkazgan copper 
deposits in Kazakhstan that host billion tonne stratiform 
Cu-Ag deposits (7th biggest copper producer in the 
1990s; Box et al 2012). It appears likely that the mineral 
system has the capacity to generate significant volumes 
of reduced fluid, which then migrate to various trap 
sites vertically and laterally from the conduit pipes. The 
oxidised fluids are likely to be in hydrologic continuum 
with the brines that formed the sedex deposits in the 
overlying stratigraphy (McArthur River etc). However, the 
Wollogorang Formation otherwise acted as an aquiclude, 

compartmentalising the Westmoreland-Alligator Rivers 
uranium system below.

Cenozoic weathering has affected the breccia pipes at 
the Wollogorang Project, leading to the development of a 
10–20 m thick oxidised zone where Co grades can reach 
percent levels. Cobalt is hosted by asbolane, a hydrated 
oxide of manganese. Asbolane is the cobalt mineral dug out 
by artisanal miners in the DRC. Weathering, together with 
the natural rock-property differences created by the pipes, 
should logically be manifest in high resolution datasets 
like magnetics (Figure 8), which N27 has already begun 
investigating.

From October to December 2017, N27 drilled 70 reverse 
circulation (RC) and 10 diamond core holes on the Stanton 
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cobalt resource, aiming to upgrade the existing inferred 
Mineral Resource of 500 000 t of 0.17% Co, 0.09% Ni, 
and 0.11% Cu, as well as to obtain material for metallurgy 
studies and use in scoping studies. A further 57 RC holes 
were drilling on existing regional prospects previously 
defined by CRA, for a combined total of 11 856 m drilled 
in 2017.

Figure 9 depicts a schematic cross-section with 
drillholes through the middle of the Stanton resource, 
showing the relatively flat-lying interlayered basalts/
sandstones/siltstone peripheral to the main central zone 
of brecciation. Cobalt mineralisation comprises both 
asbolane in the oxidised zone and siegenite in the sulphide 
zone below (Figure 10). Significant intervals of cobalt 
mineralisation from the Stanton resource include:

 17RC003  37 m @ 0.28% Co (from 25 to 62 m)
 17RC005 18 m @ 0.33% Co (from 32 to 50 m)
 17RC021 20 m @ 0.31% Co (from 27 to 47 m)
 17RC126 19 m @ 0.29% Co (from 11 to 30 m)

A helicopter airborne magnetic and radiometric survey 
was flown during the 2017 field season (Figure 8). Flight lines 
were 25 m spaced with a sensor height of 30 m. The surveyed 
area overlapped historic surface soil and lag geochemistry 
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grids. The results have provided a new foundation in the 
understanding of the geophysical characteristics of the 
basement geology and will complement surface exploration 
techniques.

The Stanton cobalt deposit is characterised by a 
prominent magnetic low in the TMI_RTP (Figure 11) 
and TMI_RTP_1VD, as well as a semi-coincident VRMI 
(vector residual magnetic intensity) high. Detailed GIS 
synthesis has revealed 32 new priority anomalies in 
the dataset with identical geophysical characteristics to 
Stanton, as well as over 80 secondary anomalies. Further 
review of data indicates a correlation between existing 
surface geochemistry anomalies and the K-channel in the 
radiometric data, broadly picking out areas of outcropping 
and subcropping basement geology. N27 believe that 
significant areas of prospectivity remain untested below 
thin transported sedimentary cover.  

During the 2018 exploration season, N27 will test for 
extensions to the Stanton cobalt deposit (which remains 
open to the southeast and northwest), as well as following 
up anomalous geochemistry results from the 2017 regional 
drillholes. Concurrently, N27 will implement a larger 
drilling program using rapid shallow drilling techniques 
to test newly defined anomalies in the magnetic data for 
mineralisation below transported sedimentary cover. The 
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company will utilise a portable XRF (pending successful 
validation against existing drill samples) for rapid 
geochemical analysis as drilling progresses, providing 
focused decision making for more detailed target drilling.

N27 also plans to increase the airborne magnetic survey 
coverage over the broader tenement package to assist in 
discovery of further mineralised deposits. Geological 
mapping and structural interpretation of new anomalies 
identified from planned geophysical surveys will enhance 
the potential for the discovery of new mineralised systems 
in the quest to establish a significant mineral province. 
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Figure 4. Breccia pipe morphology schematic (Rawlings 2006).

Figure 5. Breccia texture in drill core (Rawlings 2006).

Figure 6. Breccia showing the contrasting redox state of clasts 
and matrix (Rawlings 2006).

Figure 7. Secondary reduction of originally oxic “redbed” 
siltstone (Rawlings 2006).
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Figure 8. Total Magnetic Intensity (TMI_
RTP) data over the Stanton Cobalt deposit 
and surrounding area showing existing 
prospects.

Figure 9. Cross-section through the Stanton Resource with N27 drillholes, historic CRA drillholes and intersections >0.05% cobalt.
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Figure 11. Total Magnetic Intensity 
(reduced to pole) over the Stanton 
Cobalt deposit showing completed drill 
collars.

Figure 10. (a) Asbolane (17DD003 @ 47 m depth). (b) Siegenite (17DD006 @ 85.9 m depth) mineralisation in HQ diamond drill core 
at Stanton.

a b
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Protecting Sacred Sites in the Northern Territory
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Legislation for the protection of sacred sites in the Northern 
Territory is unique in Australia. It was one of the first 
pieces of legislation passed after Northern Territory’s 
self-government was introduced in 1978, and so this year 
marks 40 years of Sacred Site protection in the Territory. 
In this presentation, the key mechanisms of the Act for the 
protection of sacred sites will be outlined with reference to 
exploration and mining activities in the Northern Territory.
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The Amadeus and Georgina basins (Centralian Superbasin) 
are commonly labelled prospective for base metals yet no 
economic base metal mineralisation has been discovered. 
Herein the concept that economic base metal mineralisation 
could exist in areas where basinal fluids interact with 
suitable basement source rocks is discussed. Isotopic and 
fluid inclusion data provide evidence that younger basinal 
brines have mineralised older Palaeoproterozoic-aged 
rocks on basin–basement contacts. This study suggests 
exploration targets on basement–basin contacts; likewise, 
areas of overlying basin with suitable source rocks, such as 
rift zones, remain suitable targets for exploration. 

Several examples of copper-bearing fluorite–quartz–
iron oxide veins and vein-breccias occur across the eastern 
Aileron Province within about a 70 km radius (Figure 1); 
these include the Oorabra reefs (Pietsch 1973, Ivanac and 
Pietsch 1976), the Perenti prospect (Ransom 1970, Ivanac 
1970), and the Illogwa copper prospects (Whelan et al 2013, 
Lyons et al 2013). These veins and vein-breccias share 
geological similarities that indicate a possible genetic link: 
(1) they host chalcopyrite associated with pyrite and hematite; 

(2) they have associated potassic, hydrolytic and hematite 
alteration; (3) they cross-cut both altered Palaeoproterozoic 
granite and mafic intrusions; (4) they occur proximal to 
unconformities or structural contacts with the overlying 
Amadeus or Georgina basins; and (5) they occur within 
sub-vertical northwest-trending brittle structures.

Pietsch (1973) and Ivanac and Pietsch (1976) have 
proposed descriptive genetic models involving hydrothermal 
fluids for these vein systems; Whelan et al (2013) and Lyons 
et al (2013) suggested mineralisation might be part of an 
IOCG system. New field and analytical data provide some 
quantitative constraints on the timing of mineralisation, and 
the composition and sources of mineralising fluids at the 
Illogwa copper prospects.  

Illogwa copper prospects

The Illogwa copper prospects consist of a number of fluorite–
quartz ± carbonate veins cross-cutting the Palaeoproterozoic 
Atneequa Granite Complex near to the contact with the 
Neoproterozoic Heavitree Formation. These veins are 
commonly associated with intense silicification, hematite 
alteration and brecciation of the host granite (Figure 2a,b) 
and minor mafic bodies (Figure 2c). Some veins are 
associated with sub-economic malachite, chalcopyrite  and 
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pyrite (Figure 2b). Extensive exploration in the area has 
defined a number of prospects and occurrences over about 
40 km strike length (eg Bigglesworth, Austin, Powers, Mini 
Me and El Gordo; Lyons et al 2013). Rock chip assay results 
from mineralised outcrop indicated ≤4.5% Cu, 0.2 g/t Au 
and 2.3 g/t Ag (Mithril Resources Ltd 2011). Subsequent 
NTGS co-funded drilling at the Austin prospect intersected 
copper mineralisation with results of ≤0.7% Cu and 
≤0.4 ppm Au (Lyons et al 2013).

Results 

Geochronology

Chronologic studies were attempted using a range of isotopic 
systems to provide timing constraints on mineralisation at 
the Illogwa copper prospects. Sm–Nd analyses of three 
fluorite samples and one altered granite sample of the 
Atneequa Granite Complex from the Austin prospect 
yielded an isochron with an age of 530 ± 22 Ma (Figure 3). 
Pyrite Pb isotope analyses from the Austin and Bigglesworth 
copper prospects produced variable Pb model ages: Two 
samples from the Austin prospect yielded Pb model ages 

of ca 1570 Ma and ca 850 Ma, whereas two samples from 
the Bigglesworth prospect yielded Pb model ages of ca 1370 
and ca 1050 Ma (D Huston 2017, pers. comm.). Pyrite from 
chalcopyrite-bearing veins at the Austin prospect yielded 
insufficient Re concentrations (<0.5 ppb) to construct 
reliable Re–Os isochrons (R Creaser 2016, pers comm).

Sulfide sulfur isotopes

Sulfur isotope analyses were carried out on seven pyrite and 
five chalcopyrite samples taken from drill core at the Austin 
prospect. These analyses are used to indicate potential 
geological sources for sulfur (eg igneous rocks, sedimentary 
rocks, seawater). The results produce a discrete range of 
δ34S values between 5.3 ‰ and -0.9 ‰ (mean = 3.8 ‰). 

Fluid inclusion data

Fluid inclusion analyses on minerals related to mineralisation 
are commonly used to estimate the composition of ore-
forming fluids (eg salinity, temperature and chemistry). 
Measuring ratios of Br/Cl, I/Cl and 40Ar/36Ar in fluid 
inclusions are also useful for fingerprinting fluid sources 

Figure 2. Photographs of drill core from drillhole APDD002: 
Austin prospect, Illogwa copper prospects. (a) Thin chacopyrite–
pyrite–hematite (Ccp–Py–Hem)  bearing quartz–fluorite–
carbonate (Qtz–Fl–Cal) vein cross-cutting altered Atneequa 
Granite Complex. (b) Chalcopyrite mineralisation hosted 
in intensely hematite- and silica-altered brecciated granite. 
Photograph after Lyons et al (2013). (c) Pyrite on the margins 
of quartz veins cross-cutting intensely chlorite-altered mafic 
amphibolite, associated with the host granite.

a c

b



81

AGES 2018 Proceedings, NT Geological Survey

(Kendrick and Bernard, 2013). Fluid inclusions were 
analysed from fluorite, quartz, and carbonate directly 
associated with chalcopyrite mineralisation at the Austin 
prospect. Most inclusions in quartz and carbonate were 
too small for analysis and when analysed, did not yield 
robust data. Fluorite fluid inclusions were more successful 
with three types of fluid inclusion observed: (1) all-liquid 
inclusions; (2) two-phase aqueous (liquid and vapour) 
inclusions; and, (3) most abundantly, multiphase inclusions 
(containing liquid, vapour, and one or more solid phases). 
The all-liquid inclusions are likely to have resulted from 
changes after entrapment of fluids in the inclusions, and so 
were not analysed.  

Fluid salinity and temperature conditions were 
calculated from the final melting of hydrohalite. The range 
of salinities of the two-phase inclusions was 24–27 wt% 

NaCl eq with a mode of 26 wt% NaCl eq (Figure 4a,b). 
The two-phase inclusions homogenise over the range 
90–200°C. The multiphase inclusions exhibited a wider 
range of salinities from 32–60 wt% NaCl eq, assuming 
solid inclusions were halite. The multiphase inclusions 
homogenised at temperatures ranging from 160–400°C 
(Figure 4c,d). Solids in many of the multiphase inclusions 
did not dissolve on heating to 400°C, and are possibly 
calcite; therefore, most of the temperatures below 170°C 
represent partial homogenisation temperatures where solid 
phases have not dissolved. 

Analyses of halogen and noble gas ratios in two fluorite 
separates (D1-Fluorite, D2-Fluorite) and one calcite separate 
(D1-Carbonate) associated with chalcopyrite mineralisation 
in sample IC11JAW1576d at the Austin prospect, yielded 
uniform molar Br/Cl ratios (~0.0026), and I/Cl ratios 
ranging from 3 x 10-5 in the carbonate up to a maximum of 
1.2 x 10-4 in one fluorite sample (Figure 5a). The recorded 
Br/Cl ratios are significantly higher than present in mantle-
derived fluids or seawater, and are also higher than can be 
explained by interaction of seawater with organic matter 
(see trends in Figure 5b). I/Cl ratios are higher than can be 
attained on the seawater evaporation trajectory or in mantle-
derived fluids. 40Ar/36Ar ratios range from ~300–800 in 
sample D2-fluorite and are <2200 in sample D1-carbonate. 
I/Cl is negatively correlated with 40Ar/36Ar; the samples 
with the highest I/Cl have the lowest 40Ar/36Ar (Figure 5c). 
The range of 40Ar/36Ar in the fluids extends from close to the 
atmospheric value of 296 to crustal values.

Discussion

Timing of mineralisation

The Illogwa copper prospects are hosted within altered 
granite of the Atneequa Granite Complex, which has a 
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Figure 3. Sm–Nd isochron for isotopic data from fluorite and 
altered granite of the Atneequa Granite Complex, Austin prospect. 

Figure 4. Histograms showing salinity and homogenisation temperatures of two-phase (a,b) and multiphase (c,d) fluid inclusions from 
fluorite, Austin prospect.
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magmatic crystallisation age of 1743 ± 4 Ma (Kositcin 
et al 2011). Hematite alteration and minor copper vein 
mineralisation extends into large fault structures that 
overprint metasandstone (interpreted as the Heavitree 
Formation) and juxtapose basin against basement. SHRIMP 
U–Pb zircon dating of a sample of hematite-altered 
metasandstone yielded a poorly constrained maximum 
depositional age of 1236 ± 64 Ma (Kositcin et al 2014). 
However, the timing of deposition of the protolith to this 
metasandstone unit is inferred to have occurred prior to 
ca 820 Ma based on mafic dykes cross-cutting overlying 
stratigraphy (Glikson et al 1996). An age of ca 1170 Ma 
for hydrothermal rims on detrital zircon in the Heavitree 
Formation provides a maximum constraint on the age of 
this metasedimentary rock (Kositcin et al 2014). These 
relationships indicate that at least some mineralisation that 

cross-cuts these units at Illogwa is much younger than the 
host Atneequa Granite Complex.

Chalcopyrite-bearing fluorite veins at the Perenti 
prospect and at the Oorabra reef system (Figure 1) also 
indicate similar age relationships to the Illogwa occurrences. 
Both mineralised systems are hosted in altered ca 1.71 Ga 
granites (Mount Swan and Jinka granites, respectively) 
providing a maximum age constraint for mineralisation 
(Hollis et al 2010, Kositcin et al 2011). The timing for vein 
emplacement at the Oorabra reef system can be further 
constrained by the maximum depositional ages of Georgina 
Basin rocks that are cross-cut by some veins. Units that 
are reported to be intruded by mineralised veins are the 
late Cryogenian Mount Cornish Formation, the Ediacaran 
Oorabra Arkose and Grant Bluff Formation (Ivanac and 
Pietsch 1976, Shaw et al 1984, Freeman 1986), and the early 
Cambrian Red Heart Dolostone (D. Huston, pers. comm, 
2016), but not the middle Cambrian Arrinthrunga Formation 
(Ivanac and Pietsch 1976, Freeman 1986; see Dunster et al 
2007 and Kruse et al 2013 for references on age-constraints 
and stratigraphy of the Georgina Basin). 

These relationships suggest a Cryogenian to early 
Cambrian timing at least for some of these mineralised 
veins. This timing is interpreted to be contemporaneous 
with the Huckitta Movement (eg Shaw et al 1984, Freeman 
1986), which caused uplift, gentle folding and erosion of 
Ediacaran-aged and older units in the southern Georgina 
Basin (Kruse et al 2013). The Huckitta Movement is 
interpreted to have occurred as a far-field effect of the 
Ediacaran to Cambrian, intracratonic Petermann Orogeny 
(Kruse et al 2013). This orogeny is interpreted to have 
occurred during regional north-northwest–south-southeast 
compression (Teasdale and Pryer 2002). Because the 
Oorabra reefs are vertical and north northwest-trending, it 
is likely that the majority of these reefs formed during the 
Petermann Orogeny between the Ediacaran (some veins 
pre-dating the Red Heart Dolostone) and the Cambrian 
(some veins post-dating the Red Heart Dolostone). 

Within this regional context, it is apparent that if all the 
similar fluorite veins at Illogwa, Perenti and the Oorabra 
reefs are linked, they must have formed after or likely 
between ca 635–490 Ma. The Sm–Nd isotope studies 
of fluorite and altered granite at the Austin prospect 
yielded a geologically plausible Sm–Nd isochron age of 
530 ± 22 Ma for the fluorite veining (Figure 3). Although 
the new Pb model ages from pyrite at the Illogwa copper 
prospects remain unconstrained, they indicate variable 
and improbable old mineralisation ages (ca 1570–850 Ma). 
These older ages may be explained by chemical inheritance 
from older host rocks contaminating mineralising fluids. 
Several studies dating galena, cassiterite and epidote have 
attributed radiogenic Pb release from accessory minerals 
like zircon and monazite in host rocks to the over- or under-
estimation of geological ages using Pb isotopes (eg Gulson 
and Porritt 1987, Gulson and Jones 1992, Duncan and Maas 
2014). A scenario whereby younger Pb-poor hydrothermal 
fluids incorporate radiogenic lead from interaction with 
older (granitic) rocks is plausible for the Illogwa prospects; 
this may explain the apparently old Pb model ages yielded 
from the Illogwa copper prospects. 

Figure 5. Halogen and noble gas plots from fluorite and carbonate 
samples, Austin prospect. 
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Nature of the mineralising fluids

The fluid inclusion and halogen and noble gas data from 
the Austin prospect (Figure 5) are most simply explained 
by evolved fluids that originally formed by subaerial 
evaporation of seawater beyond the point of halite 
saturation. This process would remove halite (with very 
low Br/Cl ratios) from the fluids. Elevated Br/Cl ratios 
could also be produced by incongruent dissolution of halite; 
recrystallisation of halite would release more Br into the 
fluid leading to an increased Br/Cl ratio. These fluids were 
then modified in the subsurface by either (or both) hydration 
reactions or dissolution of minor halite. The latter is required 
to generate fluid inclusions with halite daughter minerals. 
After fluid inclusions were trapped, they were subsequently 
modified by necking down to produce the highest salinity 
values (Mernagh 2015). Sub-surface fluid interaction with 
organic rich sedimentary rocks may have enhanced I/Cl 
ratios. The correlation of 40Ar/36Ar with both Cl/36Ar and 
I/Cl (Figure 5) are consistent with either mixing of two 
fluids or modification of a single fluid through water–rock 
interaction. For example, a relatively low I/Cl ratio fluid 
with 40Ar/36Ar of ~2000 could have acquired I and 36Ar by 
interaction with an organic-rich (K-poor) sedimentary rock; 
however, the data could also be explained by a single fluid 
evolving its composition during fluid–-rock interaction 
acquiring extra I and 36Ar from sedimentary sources.  

The two-phase and multiphase inclusion data show 
variable but generally high salinities (Figure 4) indicating 
halite saturation consistent with the halogen data 
(Figure 5). Because multiphase inclusions are abundant 
in the Austin prospect samples, they must have influenced 
(or dominated) the halogen analysis. Burial and heating of 
subaerial, NaCl saturated brines would have increased the 
salinity by dissolving NaCl. If the fluids were trapped as a 
single phase, then subsequent cooling after trapping would 
lead to the precipitation of halite within the inclusions. 
Necking down may divide the inclusion into two separate 
inclusions, one would contain a saturated fluid with a salinity 
of 26.3 wt% NaCl while the other inclusion would contain 
a halite crystal and have higher total salinity. Therefore, 
these latter inclusions would provide an overestimate of 
the true salinity of the fluid. The composition of the fluids 
in this study are very similar to the deep basinal brines 
(derived from surface-evaporated brines) reported at the 
Bou Azzer Co–Ag deposit in the Precambrian basement of 
the Anti-Atlas belt in Morocco (Essarraj et al 2005). The 
primary brines in this deposit were modified by fluid–rock 
interaction during burial and migration through basement 
rocks.

Potential ore-forming processes 

More work is needed to test and develop the ideas and 
results presented above; nonetheless, some discussion on 
mineralising processes for the Illogwa copper prospects is 
possible. 

The range of halogen and 40Ar/36Ar ratios measured in 
fluid inclusions at the Illogwa copper prospects (Figure 5) 
are similar to those reported for sediment-hosted ore 

deposits including Mississippi Valley-type (MVT) Zn-Pb 
mineralisation (Kendrick and Burnard 2013). The basinal 
brines that form MVT deposits are typically oxidised, 
warm (95–150°C) and moderately to highly saline (10–30 
wt% NaCl eq;  Wilkinson 2014). High Zn and Pb solubility 
in these low temperature fluids are a function of high 
salinity and oxygen fugacities (Leach et al 2005). High 
Cu solubility in oxidised saline fluids is not reached until 
higher temperatures (≥300°C), consistent with the Cu-poor 
nature of MVT deposits (eg Liu and McPhail 2005, Zhong 
et al 2015). Although the halogen ratios and salinities of 
fluids reported here for the Illogwa prospects are consistent 
with MVT-related fluids, the higher temperatures and 
Cu-rich, Zn-Pb-poor nature of the mineralising system 
are not. Absence of Zn and Pb may be explained by a lack 
of suitable Zn or Pb sources available for leaching during 
fluid transport, or by Zn and Pb precipitation earlier during 
fluid transport. Copper could be sourced from basement or 
overlying basin rocks. 

Warm saline basinal fluids transporting base metals 
are generally considered unable to transport both chloride 
complexes and reduced sulfur in the same fluid as their 
co-existence forces sulfide precipitation (Cooke et al 2000). 
Consequently for MVT systems, it is commonly suggested 
that reduced sulfur and metals must be sourced via different 
processes (for example, mixing with a H2S-rich rock or 
fluid, or via sulfate reduction; eg Zhong et al 2015). In this 
regard, the sources of sulfur needed to precipitate sulfide 
mineralisation become important. The near-zero sulfide 
δ34S values from the Austin prospect are broadly consistent 
with igneous-derived sulfur (δ34S = 0 ± 3‰; Ohmoto 1986). 
Minor deviations (± 2‰) from near-zero δ34S values can 
be reasonably explained by pH and temperature changes 
and fluid–rock reactions during mineralisation (Ohmoto 
and Rye 1979). There is no evidence of magmatic fluids in 
these systems. Consequently, if the sulfur has an igneous 
source, it was most likely derived passively from leaching 
of rocks containing magmatic sulfides during fluid–rock 
interactions. Since mineralisation at the Illogwa copper 
prospects is spatially associated with minor mafic intrusions 
(Lyons et al 2013), leaching of accessory sulfides in mafic 
rocks, as well as basement granite, provides a plausible 
locally accessible sulfur and copper source. 

The influx of a basinal fluid reacting with basement 
rocks may also explain the fluorite-rich gangue at Illogwa. 
The abundant fluorite at the Illogwa copper prospects is 
potentially problematic as fluorite is only sparingly soluble 
in many geological fluids and at surface conditions (Tropper 
and Manning 2007). The low solubility of fluorite means that 
any fluids carrying even small concentrations of Ca2+ and F- 

should precipitate fluorite readily. This logic has led some 
authors to propose fluid mixing models, whereby F- must be 
transported in separate fluids to Ca2+ prior to fluid mixing 
(Galindo et al 1994, Cooke et al 2000, Williams et al 2013). 
The host granites contain readily available Ca and F from 
dissolution and alteration of feldspar and F-bearing minerals 
such as fluorite and biotite. Fluorite becomes increasingly 
soluble in increasingly saline fluids, particularly with rising 
temperature and pressure (Tropper and Manning 2007). 
Consequently, it is plausible that fluorite from basement 
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granites (the most plausible source of the fluorine; Whelan 
et al 2012) was leached by warm, highly saline fluids at 
depths of ≤4.5 km. In this case, fluid mixing models are not 
necessarily required and an alternative model would involve 
the dissolution of Ca and F from basement rocks by higher 
temperature evolved brines. 

The three fluorite vein systems (Figure 1) all occur on or 
near to basement–basin contacts. A change in the composition 
of country rocks at this contact may alter the chemistry of 
infiltrating fluids enabling a suitable depositional trap for 
mineralisation. Compared to the overlying basin rocks, the 
basement granites and mafic intrusions provide a consistent 
source for Fe, S and Cu, and can act as a potential redox trap. 
In chloride dominated fluid systems (eg MVT deposits), 
low sulfide solubilities prevent ore-forming fluids from 
carrying both reduced sulfur and metals (Zhong et al 2015); 
mineralisation occurs when fluids encounter reduced sulfur 
through fluid mixing or sulfate reduction. The presence of 
sulfides at the basement contact potentially provides an 
efficient trap for complexing metals with basement-derived 
sulfur without the need for extended transport of reduced 
sulfur: hydrothermal fluids can progressively leach sulfide 
from fluid-rock interactions with increasing temperature 
(Seward et al 2014). Under these conditions, base metals 
and reduced sulfur can be carried in the same fluid as 
increasing sulfur solubility promotes base metal transport as 
hydrosulfide complexes at the expense of chloride complexes 
(Zhong et al 2015). This process may explain the observed 
copper mineralisation. It is plausible that copper and sulfur 
could be preferentially leached from granite and mafic 
intrusions rapidly during fluid interaction, leading to sulfur- 
and copper-saturated fluids and localised mineralisation.

Exploration implications

The results presented herein potentially open up exploration 
space in central Australia for base metal mineralisation. 
One interpretation of the results is the possibility of 
a widespread hydrothermal mineralising episode at 
ca 635 –490 Ma. This episode involves basinal brines 
forming base metal mineralisation in Palaeoproterozoic-
aged rocks on basin–basement contacts. In contrast to the 
overlying basins, basement rocks of the Aileron Province 
host small but widespread base metal deposits and prospects 
(eg Huston et al 2006), suggesting basement rocks have 
some metallogenic potential as metal sources.

The results of this study also imply that these basin-
derived brines, amenable to base metal transport, were 
active in the overlying Centralian Superbasin around the 
Neoproterozoic to Cambrian transition. Providing similar 
fluids were present, undiscovered basin-hosted base metal 
deposits may be located in areas containing suitable source 
rocks and depositional traps. Basin areas characterised by, 
for example, voluminous igneous rocks or sedimentary 
rocks containing immature rift detritus, should also be 
considered serious targets for exploration, providing these 
zones can be uncovered at economically explorable  (and 
mineable) depths (eg < 2 km). 

   The Amadeus basin does not host any known economic 
Zn-Pb or Cu mineralisation (Kruse et al 2013). However, 

the Georgina Basin hosts small prospects containing 
sub-economic Cu and Zn-Pb mineralisation (eg Mount 
Skinner, Box Hole, Marqua-Boat Hill area; Kruse et al 
2013). The Zn-Pb prospects are consistent with MVT 
models of ore-formation. The Zn-Pb and Cu mineralisation 
presumably formed from similar fluids to those detected 
in this study at the Illogwa copper prospects. The Mount 
Skinner Cu mineralisation must have formed before the 
ca 580–530 Ma Petermann Orogeny, based on the late 
Ediacaran host rock (Mount Stuart Formation) whereas 
the Marqua-Boat Hill and Box Hole Zn-Pb mineralisation 
must have formed after this orogeny, based on the middle 
to late Cambrian-aged host rocks (Red Heart Dolostone 
and Arrinthrunga Formation; Kruse et al 2013). Galena Pb 
isotope data indicate a likely poorly constrained Palaeozoic 
mineralisation age, as well as a basement lead source at 
both Mount Skinner and Box Hole (Dunster et al 2007). It 
is plausible that these small basin-hosted prospects and the 
basement-hosted mineralisation reported in this study may 
represent a broad widespread hydrothermal mineral system. 

Some encouragement may be taken from the broadly 
comparable timing of the fluorite veins in this study 
with mafic magmatism and basin-hosted base metal 
mineralisation elsewhere in Australia. The nearby 
Irindina Province (a metamorphosed part of the Centralian 
Superbasin; Maidment 2005; Whelan et al 2010; Figure 1) 
includes the early Cambrian Riddock Amphibolite. This 
voluminous rift tholeiite hosts metamorphosed base metal 
mineralisation (eg the Basil deposit) along the contact 
between the Aileron and Irindina provinces (eg Sharrad et al 
2013 and references therein). Further afield, base metals are 
documented in the voluminous continental flood basalts 
of the ca 507 Ma Kalkarindji Province (Glass and Phillips 
2006, Glass et al 2013) and associated with arc-related mafic 
magmatism in the ca 510–500 Ma Mount Stavely Volcanic 
Complex (Lewis et al 2015 and references therein). A 
similar timing for basin-hosted base metal mineralisation is 
also documented in the Adelaide Fold Belt (eg Kanmantoo, 
Angas deposits) of South Australia (Cowley 2017).  
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HENBURY.

The Amadeus Basin in central Australia is an extensive 
(ca 170 000 km2) intra-cratonic fold-and-thrust belt. It 
comprises several sedimentary successions deposited 
during successive stages of basin evolution from the 
Neoproterozoic to the late Devonian/early Carboniferous 
(eg Lindsay and Korsch 1991). The Basin’s long-lasting 
evolution and changing architecture have been influenced 
by a number of factors. These include pre-existing basement 
fabrics, palaeotopography and eustatic changes in sea level, 
syn-depositional regional tectonism, and halotectonics. The 
relative importance of these various controls have been a 
matter of debate since local and regional studies of the Basin’s 
architecture commenced in the 1960s (eg Ranford et al 1965, 
Wells et al 1970, Weste 1990, papers in Korsch and Kennard 
1991, Haines et al 2001, papers in Munson and Ambrose 
2007, Carr and Korsch 2011, Haines and Allen 2014). 

A current mapping project by the Northern Territory 
Geological Survey (NTGS) in HENBURY3 in the central 
Amadeus Basin (Figure 1) has led to a revision of the 
Neoproterozoic stratigraphy (Donnellan and Normington 
2017, Normington and Edgoose 2018, this volume) and 
a new structural interpretation (Donnellan et al in prep) 
in this map area. The results are being integrated into a 
re-interpretation of the pre-Mesozoic geology and structure 
of the entire Amadeus Basin in the Northern Territory. 

The revised interpretation is primarily based on 
previously published surface geology maps dated from 
the 1960s to the 1980s, processed airborne magnetic data 

(flown in late 1990s and early 2000s; 400 m line spacing) 
and gravity data (acquisition in 2012 and 2014). Open file 
drillhole data, seismic interpretation, regional-scale basin 
3D model (Schmid et al 2015) and published literature are 
also used to constrain used to constrain this interpretation. 
Baseline capture of geology and structure at 1:100 000 scale 
in a GIS environment allows interpretation of stratigraphy 
at formation- and group-level. The work will result in two 
published 1:500 000 pre-Mesozoic interpreted geology maps 
covering the eastern and western Amadeus Basin in the 
NT, an explanatory notes covering both maps, and a fully 
attributed GIS dataset. These new interpreted geology maps 
are intended to supersede the 1:1 000 000 Geological Map 
and the Structural Map of the Amadeus Basin published 
by the Australian Geological Survey Organisation (Stewart 
1992a,b; Figure 1).

Structures in the central Amadeus Basin and the 
problem of convergent evolution

The present-day structure (and areal extent) of the Amadeus 
Basin was substantially established during the ca 450 –300 Ma 
Alice Springs Orogeny, which locally re-activated faults 
and folds interpreted to have originally formed during the 
earlier 580–530 Ma Petermann Orogeny (eg Shaw et al 1991; 
see Edgoose 2013 for references on these orogenies). Both 
these intracratonic orogenic episodes are interpreted to have 
formed basement-cored nappe structures: in the southwest 
during the north to northeast-vergent Pertermann Orogeny, 
and in the north during the south-vergent Alice Springs 
Orogeny. These structural zones largely define the current 
exposed tectonic margins of the Amadeus Basin (eg Wells 
et al 1970, Flöttmann et al 2004). The style of deformation 

A18-019.ai

Figure 1. Structural Map of the Amadeus Basin; scale of 1: 1 000 000 (Stewart 1992b). The change in the style of the regional folding 
from the margins of the basin to the centre is clearly visible. Basement-cored thrust nappes dominate the southwestern and northern 
margins, while km-scale dome-and-basin folds, now interpreted as fault-propagation folds, dominate the central part of the basin. Flat-
lying strata characterise the southern and southeastern areas. 
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and the structures formed change away from these margins 
towards the centre of the basin where contradictory structural 
models have been proposed for both orogenies. These include 
thin-skinned thrusting and folding (eg Teyssier 1985, Shaw 
1991), detachment-style folding (eg Ranford et al 1965) 
and basement-involved deformation (Munroe et al 2004, 
Marshall and Dyson 2007; see Figure 1). 

Detailed structural analysis in conjunction with 
stratigraphic interpretation can help to determine the 
most likely structural model for the central Amadeus 
Basin. Previous studies that include direct analyses of 
structures are rare (eg Stewart et al 1991). Instead tectonic 
processes interpreted to have affected the Amadeus 
Basin (“movements”) have been indirectly defined by 
qualitative observation of fold styles and by the record of 
gaps or unconformities in the stratigraphic succession. 
Consequently the timing of these processes was tied to the 
relative age of the affected stratigraphic units and given the 
term “movement” when it did not correspond to tectonic 
processes directly dated in the adjacent basement (eg Oaks 
et al 1991). In addition, the interpretation of deformation 
style was also highly influenced by the type of stratigraphic 
assessment – for example, sequence stratigraphy (eg Lindsay 
and Korsch 1991) and lithostratigraphy (eg Oaks et al 1991) 
vary in their identification of the effects of eustatic sea-
level changes versus local tectonic uplift or subsidence. 
Additionally the recognition of local versus regional 
unconformities or disconformities in the field is challenging 
because outcrops are generally confined to areas where 
folding and faulting have resulted in steeply dipping strata. 
Many relationships observed between lithological units 
are also ambiguous when considered on a regional scale. 
Apparent conformable and even transitional contacts can 
equally result from uninterrupted sedimentation or from 
non-deposition, or layer-parallel faulting. For example, 
the contact between the Cambrian Jay Creek Limestone 
and the Ordovician Stairway Sandstone in the Seymour 
Range in southeastern HENBURY is either conformable 
and apparently transitional (despite a substantial time-
break indicated by missing intervening stratigraphic 
units) or marked by disharmonic folding in the limestone 
relative to the sandstone. Similarly, layer-parallel faulting 
that juxtaposes intervals of the same, rather homogeneous 
lithostratigraphic unit (eg the early Devonian Mereenie 
Sandstone or the late Devonian Hermannsburg Sandstone) 
are very difficult to recognise in the field. However, mapping 
discrete members within these units is useful for structural 
mapping and interpretation. 

The complete basin coverage of modern regional 
airborne magnetic data and extensive high quality seismic 
data in the eastern part of the basin, in conjunction with 
the use of measured sections and drillholes, has helped 
to distinguish some of the sedimentary versus structural 
relationships, although the interpretation is still dependent 
on the preferred tectonic model. For example, many growth 
structures have been interpreted as a result of halotectonics 
(eg McNaughton et al 1968, Nicoll et al 1991, Marshall and 
Dyson 2007), but these are almost indistinguishable from 
growth structures formed during tectonic growth of an 
anticline due to fault propagation (eg Wells et al 1970, Shaw 

et al 1991). A convergent evolution can similarly account 
for the observed km-scale fold patterns, such as dome-
and-basin-like or sigmoidal, en échelon-like anticlines and 
synclines (see northwestern and central Amadeus Basin in 
Figure 1). These structures can derive either from simple 
fold interference (interpreted as detachment folds produced 
during the Petermann and Alice Springs orogenies, eg 
Wells et al 1965), fold-and-thrust belt tectonics such as 
above frontal and lateral ramps (eg Stewart et al 1991) or 
overprinting directions of strike-slip and dip-slip faults.

Structures in HENBURY as a model for the central 
Amadeus Basin

The structural and stratigraphic data currently available 
for the central Amadeus Basin is consistent with differing 
models of syn-depositional and post-depositional evolution 
(as noted above). Ongoing geological mapping and 
interpretation in HENBURY by NTGS is helping to resolve 
some of the ambiguity of convergent evolution in the central 
Amadeus Basin.

In HENBURY, fault indicators are abundant and 
laterally persistent. These include bedding-parallel and 
oblique slickensides, flat-and-ramp structures, tectonic 
breccias and shear zones (Figure 2). Indirect evidence for 
fault movement includes steepening and overturning of 
strata, sudden changes of bedding dip and dip direction, 
and missing stratigraphy. Many of the faults have been 
interpreted as laterally persistent in the subsurface based 
on characteristic linear trends in airborne magnetic images. 

The majority of west- to northwest-trending, dominantly 
reverse faults are associated with tight, asymmetric, kink-
style anticlines in the hanging wall and gentle synclines 
in the footwall – typical of fault-propagation folds. 
The occurrence of re-folded thrusts within these fault 
propagation folds can be interpreted to indicate progressive 
fold-thrust tectonics by the formation of duplex structures. 
The locally developed open, symmetric, concentric fold 
styles are more indicative of fault-bend folds with the 
reverse ramp structure being entirely subsurface. These 
west- to northwest-trending structures are north- and 
south-dipping (-vergent); minor flat-and-ramp structures 
and back-thrusts are common. Seismic data indicates that 
most of these faults detach in the lower stratigraphy of the 
basin (probably at the level of salt in the Neoproterozoic 
Gillen Formation of the Bitter Springs Group), with rare 
basement-involvement. Because all stratigraphic units, 
including the Devonian Hermannsburg Sandstone, have 
been deformed, these fault-propagation and fold-bend folds 
are interpreted to have developed their final shape during 
the early- to mid-Alice Springs Orogeny. Initiation of fold 
structures in the southern half of the basin during the earlier 
Petermann Orogeny has long been interpreted (eg Well et al 
1970, Stewart et al 1992) and is confirmed by well exposed 
unconformities in the south of HENBURY and by regional 
seismic data.

Several generations of large-scale cross-cutting faults 
have been newly mapped in HENBURY and can be 
interpreted for the entire Amadeus Basin. These structures 
vary between slightly- to highly-oblique to the pre-existing 
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fault-propagation and fault-bend folds; they are interpreted 
to have formed during deformation late in the Alice Springs 
Orogeny. Oblique-slip to strike-slip movement along these 
structures caused disruption of the long, narrow fault-
propagation folds to form areas of en échelon- and dome-
and-basin-type folds and/or structurally chaotic zones. One 
generation of cross-cutting faults are northeast-trending and 
confined to the southern and western part of the basin. These 
faults appear to originate from similarly trending cross-
cutting faults in the basement rocks of the south-bounding 
Musgrave Province. These structures coincide with the 
margins of gravity lows and highs, indicating basement-
involved deformation. Another generation of west-northwest 
cross-cutting structures formed sub-parallel to the pre-
existing fault-propagation and fault-bend fold structures; 
they are abundant in the north of the basin. These structures 
are regionally sub-parallel with anastomosing shear zones in 
the basement rocks of the north-bounding Warumpi Province 
and are therefore interpreted to have formed during thick-
skinned deformation. 

Based on the available data, it is unlikely that pure 
detachment-style folding (buckling) occurred in HENBURY 
and elsewhere in the basin. The majority of folds are related 
to thrusts that are only locally exposed. Therefore, changes 
in stratigraphy from one limb of a fold to the other is not 
necessarily a result of lateral changes in sedimentation 
but can be related to allochthonous emplacements along 
regional thrusts. 

Structures that are clearly related to halotectonics have not 
been recognised during the current mapping in HENBURY 
but were interpreted by previous studies (eg Ranford et al 

1965, McNaughton et al 1968). The available data however 
does not exclude the possibility of the occurrence of salt-
cored anticlines in the fault-propagation or fault-bend folds 
in the basin. 

Identifying the first-order tectonic processes that 
influenced the evolution of the Amadeus Basin has significant 
implications for understanding the regional stratigraphy and 
vice-versa. Progressive detachment folding, fault-bend folding 
or fault-propagation folding, as well as overprinting strike-
slip faults, thick-skinned tectonics and halotectonics will 
all result in variable stratigraphic relationships and varying 
degrees of preservation of the succession (eg stratigraphic 
thinning/thickening; allochthonous versus autochthonous). 
The previously unrecognised importance and prevalence of 
faulting in the development of folds in the central Amadeus 
Basin described herein also has implications for both mineral 
and petroleum systems because of the presence of multiple 
fluid pathways in both space and time, potential tapping of 
basement source rocks, and the formation of traps and seals. 
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Figure 2. Examples of fault-related structures in the central Amadeus Basin. (a) Small-scale flat-and-ramp slickensides formed in a mid-
Palaeozoic sandstone along the Walker Creek Fault zone in central western HENBURY (53K225871mE 7302058mN). (b) Tectonic, matrix-
supported, crackle to chaotic breccia that developed parallel to a steeply N-dipping reverse fault south of HENBURY (53K224757mE 
7224103mN). An asymmetric syncline formed in the footwall of this fault. (c-e) Outcrop photographs of the Gardiner Thrust zone in 
northwest HENBURY. The panorama photo (e) were taken looking southeast along strike of the thrust zone (53K225753mE 7332345mN), 
which is expressed as isolated hills comprised of tectonic crackle breccias (d; 53K225737mE 7332328mN) and ductile shear structures 
(c; 53K226208mE 7332171mN). The steepening of the bedding in Ordovician sandstones proximal to the steeply S-dipping reverse 
Gardiner Thrust zone is clearly visible in figure (e).
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Background

Santos Limited entered into the southern Amadeus Basin 
via a partnership with Central Petroleum Limited in 2012 
to explore the Neoproterozoic Heavitree–Gillen play. A 
central basin high (and focus for regional migration) was 
postulated to be a result of both deformation and loading 
of the basin to the south from the Petermann Orogeny and 
deformation and loading to the north from the later Alice 
Springs Orogeny. The primary objective was the Heavitree 
Formation, a fluvio-marine sandstone that flowed gas 
from Magee-1 (drilled 1992), at that time the only well 
to test the Neoproterozoic sub-salt play in this frontier 
basin (Figure 1). Subsequently, a second test of the play, 
the Southern Amadeus Joint Venture’s (SAJV) Mt Kitty-1 
well, flowed gas from fractured granitic basement. This test 
confirmed the existence of an extensive sub-salt petroleum 
system as well as the excellent sealing capacity of the 
Neoproterozoic evaporites. 

Since 2013, Santos has acquired over 2500 km of both 
regional and infill 2D seismic across the SAJV permits. 
Prior to 2013, there were no regional seismic lines and a poor 
understanding of the structural complexity related to salt 
mobilisation. A high-resolution depth-to-basement model 
created for Santos by FROGTECH (Debacker et al 2015) was 
used as a guide for planning the infill seismic program over 
key leads. A second infill seismic program over the Dukas 
Prospect and new leads will be acquired in 2018.

2D seismic interpretation and depth conversion 

The SAJV’s seismic dataset illustrates the dominantly 
thin-skinned nature of deformation associated with the 
~600–520 Ma Petermann Orogeny, in addition to local 
basement-involved deformation. Evaporites of the Gillen 
Formation form a detachment zone, above which folds 
and thrusts have developed, whilst the basement remains 
relatively undeformed (Figure 2). Poor data zones, which 
broadly correlate with high gravity values, are attributed to 
steeply dipping beds at or near surface, and/or the presence 
of relatively shallow Bitter Springs Group carbonates and 
evaporites.

Structural orientations and associated tectonic events

Analysis of the seismic profiles, constrained with structural 
trends observed on gravity and magnetic maps, allows the 
identification of three main structural orientations:

• WNW–ESE thrusts generally affect the whole 
stratigraphic succession and are commonly associated 
with poor seismic imaging to surface. WNW–ESE 
trends are also a feature of the surface geology north of 
the Dukas Arch. In our study area, they do not clearly 
involve the basement and seem rather to be connected to 
a decollement surface at the base of the Gillen Formation 
evaporites. These structures are the result of contraction 
during the Alice Springs Orogeny. 

• NW–SE structural features have been mapped 
exclusively south of the Dukas Arch. Associated thrusts 

Figure 1. Overburden map (in metres) of the Amadeus Basin derived from SEEBASE® depth-to-basement model (FROGTECH 2015, 
Debacker et al 2016) showing seismic and wells.



93

AGES 2018 Proceedings, NT Geological Survey

show the same characteristics as the WNW – ESE 
thrusts with the difference that they mainly affect pre-
Petermann unconformity sediments. The NW – SE 
orientation is confirmed by trends in the gravity and 
magnetic data (Figure 3). These structures are the result 
of contraction during the Petermann Orogeny. 

• The SW–NE Mt Kitty structure is unique in our study 
area. The basement is clearly involved in a thick-skinned 
deformation-style; the SW–NE structural trend also 
coincides with the general orientation of the southeastern 
flank of the Amadeus Basin where onlap of the oldest 
seismic reflectors onto the Fregon East basement suggest 
a long-lived SW–NE basin margin (Plummer 2015; 
Figure 1). The SW–NE trend is attributed to reactivation 
of Albany-Fraser Orogen basement architecture (Aitken 
and Betts 2008, FROGTECH 2015). 

Time to depth conversion

Significant lateral and vertical seismic velocity changes 
resulting from the complex structures in fold and thrust 
belt terranes can distort seismic time images. The complex 
structure, poor seismic imaging, sparse well control and 
coarse 2D seismic line spacing (10–15 km) in the southern 
Amadeus Basin has required the construction of a 3D 
structural framework using the time horizons and interpreted 
faults (Figure 4). In areas of poor data, balanced cross-
sections were generated to ensure structurally plausible 
interpretations were used in the framework model. The model 

was further constrained with surface geology (Figure 5) and 
trends from gravity/magnetic data (Figure 3). The framework 
model then was populated with interval velocities from the 
available well data; the resulting velocity model was used to 
depth convert the time structural framework model.

The interval velocity model suggests that in the region 
of the Dukas Arch, average velocity to basement varies by 
as much as 20% (Figure 6). Compared to the time closure, 
basement depth closure at the Dukas Arch moved laterally to 
the northwest by approximately 3 km after depth conversion. 

Petroleum prospectivity of the greater Dukas Arch 
regional high

The greater Dukas Arch is a regional basement high with a 
SW–NE trend suggesting it may be a long-lived high related 
to Albany-Fraser Orogen basement trends pre-dating the 
Amadeus Basin succession (Figure 7). Later loading of 
the southern and northern margins of the Amadeus Basin 
during the Petermann and Alice Springs orogenies resulted 
in the present-day morphology of the Arch. The greater 
Dukas Arch is therefore considered a long-lived focus 
for hydrocarbon migration beneath the Gillen Formation 
evaporites. 

The Dukas prospect structural closure as currently 
mapped is about 250 km2 at top reservoir with 350 m of 
vertical relief. Follow-up 2D seismic to be acquired in 2018 
will help constrain the structural crest and eastern extension 
of the closure. The prospect has the potential to host a very 

Figure 2. Seismic line AMSAN13-B04 and associated line drawing across the southern Amadeus Basin showing structural detachment 
in the Gillen Formation evaporites. Seismic line location in Figure 1.

Figure 3. First vertical derivative of Bouguer Gravity (left) and second vertical derivative magnetic (right) maps (FROGTECH 2015). 
SW–NE (Petermann Orogeny) and WNW–ESE (Alice Springs Orogeny) orientations are both recorded. Map location in Figure 1.
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Figure 4. Building the 3D framework model and time to depth conversion workflow.

Figure 5. Integration of surface geology into 2D seismic interpretation – AMSAN16-DK03 example.
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large gas accumulation, including valuable helium gas. A 
drill test is planned for the first quarter of 2019.
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Introduction

The Amadeus Basin covers ~170 000 km2 of central 
Australia (Figure 1) and comprises a thick, variegated 
succession of clastic, carbonate and evaporite sediments 
of Neoproterozoic to early Palaeozoic age. Structural 
grain of the basin was generated by three principal 
tectonic events: an initial Mesoproterozoic basin-forming 
extension (Albany-Fraser tectonism); a late Neoproterozoic 
compression (Petermann Orogeny, driven from the 
southerly Musgrave Province); and episodic Silurian to 
Late Devonian compression (Alice Springs Orogeny, 
driven from the northerly Arunta Region). 

Outcrop of the Neoproterozoic succession is primarily 
limited to the northern margin and northeastern corner of 
the basin; within the basin, the Neoproterozoic is largely 
buried by younger Palaeozoic deposits. Compounding this 
general paucity of outcrop is severe halotectonic deformation 
of the included evaporites coupled with significant facies 
changes within specific stratigraphic intervals, especially 
those deposited under glaciogenic conditions. Combined, 
all these complications have hampered correlation between 
the isolated outcrops and scattered wells across the basin. 

Nevertheless, recent detailed examinations of the 
Neoproterozoic succession in both outcrop and well 
cores have improved the semi-regional correlation of 
the stratigraphy (eg Haines et al 2012, Edgoose 2013, 
Normington et al 2015). Additionally, the acquisition of a 
broad seismic grid across the eastern half of the basin has 
linked a number of the scattered wells and small, previously 

isolated seismic grids, thereby providing a third dimension 
for a more regional stratigraphic correlation. By utilising 
the new seismic data, this work revisits some critical well 
stratigraphies and builds upon the latest correlations, 
specifically of the section encompassing the Neoproterozoic 
glaciations to the base of the Arumbera Sandstone 
(Figure 2).

Neoproterozoic glaciations

The Neoproterozoic is typified by four significant glacial 
events, three during the Cryogenian (Kaigas: ~770–735 Ma; 
Sturtian: ~715–680 Ma; Marinoan: ~660–635 Ma) and 
the fourth during the Ediacaran (Gaskers: ~581–579 Ma) 
(MacGabhann 2005, Pu et al 2016). The Sturtian and 
Marinoan glaciations, the most globally widespread, are 
represented within the Amadeus Basin by glaciogenic 
cycles comprising, respectively, the Areyonga-Aralka and 
Olympic/Pioneer-Pertatataka successions (Figure 2), both 
deposited under generally fluvio-lacustrine to shallow 
marine conditions (Hill et al 2011). The Sturtian Areyonga 
glacial deposits were interpreted by Preiss et al (1978) and 
Lindsay (1989) to have been deposited only in the north 
and northeast of the basin, thus inferring a relatively small 
ice-sheet situated between the Amadeus and Ngalia basins. 
Despite the younger Olympic glacial deposits occurring in 
generally the same geographical area, Field (1991) found no 
apparent evidence on which to locate a Marinoan ice-sheet. 

The Sturtian and Marinoan glaciations are associated 
with two features of seemingly global extent. Firstly, the 
older Sturtian glacial deposits typically include interbeds 
of, and are overlain by, black organic-rich shales and 
siltstones that contain both aerobic and anaerobic bacterial 
biomarkers suggestive of anoxic bottom waters overlain 
by oxic surface waters. Secondly, the younger Marinoan 

Figure 1. Amadeus Basin located within central Australia, including well and outcrop locations mentioned in the text.  
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glacial deposits are capped by a distinctive pink to buff, 
often stromatolitic dolostone.

Historical perspective

Areyonga Formation

Initially identified by Madigan (1932) as the No.2 quartzite 
defining the base of his ‘Pertatataka Series’, the Areyonga 
Formation was formally recognised as a distinct unit by 
Prichard and Quinlan (1960; Table 1a). In the type section 
at Ellery Creek, the Areyonga Formation comprises two 
glaciogenic components resting upon a disconformity, which 
seismic data indicate scours deeply into the southeastern 
flank of the basin (Figure 3). The lower component 
comprises interbedded tillitic siltstones, quartz greywackes 
and conglomerates that are overlain by fluvio-glacial quartz 
greywackes. Both components contain erratics derived 
from underlying Neoproterozoic deposits along with 
metamorphic and igneous rocks from the adjacent Arunta 
Complex abutting the basin to the north. These glaciogenic 
Areyonga deposits are conformably overlain by grey to 
black shales and siltstones that were initially defined as the 
basal member of the Pertatataka Formation (Prichard and 
Quinlan 1960).

Pertatataka Formation

After extracting the Areyonga Formation from Madigan’s 
(1932) Pertatataka series, Prichard and Quinlan (1960) 
redefined the Pertatataka Formation as a fine-grained 
clastic sequence lying conformably between the underlying 
Areyonga Formation and overlying Arumbera Greywacke 
(Table 1a). Wells et al (1967) identified a suite of component 

Figure 2. Neoproterozoic stratigraphy (from Normington et al 
2015) with yellow box highlighting the main sequence discussed 
herein between the two glaciogenic sequences spanning the 
Cryogenian / Ediacaran boundary. 

Table 1. History of stratigraphic nomenclature for the post-Bitter Springs Formation sequence in the (a) Northern Territory portion, and 
(b) Western Australian portion of the Amadeus Basin. 
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members (Cyclops, Julie, Limbla, Olympic, Ringwood and 
Waldo Pedlar members), before Preiss et al (1978) recognised 
that the Pertatataka Formation was regionally divisible 
into four distinct units. The lower unit, comprising grey to 
black, predominantly fine clastics conformably overlying 
the Areyonga Formation, is disconformably overlain by a 
succession of coarse clastics (sandstones, conglomerates, 
diamictites) and typically capped with a dolostone. These 
coarse clastics are followed by a unit of predominantly red 
and green, fine to medium clastics which grade into the 
upper unit comprising limestones and dolostones that are 
conformably overlain by the Arumbera Sandstone. 

Preiss et al (1978) defined these units as, respectively, the 
Aralka Formation, the coarse-grained Olympic Formation 
and its laterally equivalent Pioneer Sandstone, the 
Pertatataka Formation, and the calcareous Julie Formation. 
This restricted definition of the Pertatataka Formation is the 
one in current use (Table 1; see Haines et al 2012, Edgoose 
2013, Normington et al 2015). 

Seismic data: Adding the third dimension

Seismic provides the continuity of data to link the isolated 
outcrops and scattered wells throughout the basin. Seismic 
reveals that, within numerous mini-basins induced by 
salt withdrawal, complete Neoproterozoic sections are 
preserved, albeit overlain by several hundred metres of early 
Palaeozoic deposits (Figure 4). Neoproterozoic deposition 
thus occurred throughout the basin. 

The Aralka–Olympic/Pioneer–Pertatataka succession is 
evident both on seismic and in wells throughout the eastern 
and southern Amadeus Basin as a persistent conglomeratic 
unit, displaying a distinctive coarsening-upward γ-ray well 
log signature (Figure 5), which disconformably separates 
underlying, predominantly grey shales and siltstones 
from overlying, predominantly red and green shales and 

siltstones (Figure 6). The calcareous Julie Formation, 
gradationally overlying the Pertatataka Formation, is 
recognisable on seismic in the southern Amadeus Basin by 
a karst topography developed on the various unconformity 
surfaces above the Neoproterozoic succession (Figure 7).

Of the members Wells et al (1967) recognised within the 
original Pertatataka sequence, the stromatolitic Ringwood 
and conglomeratic Limbla members represent facies 
changes respectively amid and atop the Aralka Formation 
while the Cyclops and Waldo Pedlar sandstone members, 
which Edgoose (2013) believes to be facies variants of 
the one unit, are components of the redbed Pertatataka 
Formation. Diagnostic domical to columnar clast-supported 
stromatolites within the Ringwood Member enabled the 
Aralka Formation to be recognised around Mount Conner 
in the southern Amadeus Basin (Hill et al 2011) and in the 
Boord Ridges in Western Australia (Haines et al 2009, 
Haines and Allen 2014; see Figure 1), confirming the 
regional extent of these stratigraphic units.

In the northeast of the basin, Freeman et al (1991) 
defined an additional member within this succession, the 

Figure 3. (a) Seismic expression of the disconformity at the 
base of the Areyonga Formation on the southeast flank of the 
basin. (b) Location map showing trend of scour edge (blue line) 
indicating grounded ice-sheet to the east.

a

b
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Gaylad Sandstone, ostensibly unconformably overlying the 
Olympic Formation but conformable with the overlying 
Pertatataka Formation. However, Field (1991) described the 
Gaylad Sandstone as locally conformable upon the Olympic 
Formation and of a comparable facies to that of the Pioneer 
Sandstone, suggesting it to be a facies variation within the 
Pioneer Sandstone.

Central wells

The presence of a consistent signature on regional seismic 
data provides a confidence not previously available for 
defining the stratigraphy in the scattering of wells that 
typify much of the basin. The south-central region, 
being essentially devoid of Neoproterozoic outcrop and 
containing only occasional wells, often lying 100+ km 
apart, exemplifies the difficulty of applying a coherent 
stratigraphy to the glacial / post-glacial succession. 

Northern Territory Geological Survey (NTGS) 
stratigraphic hole BR05DD01

At the western extremity of this south-central region, the 
NTGS stratigraphic hole BR05DD01 (see Figure 1) has 
been the subject of various interpretations (Figure 8). 
Ambrose et al (2010) defined the unit immediately beneath 
the Areyonga Formation as a component of the Johnnys 
Creek Member, while Grey et al (2012) recognised this 
same unit as a separate entity, the Finke Beds. Correlation 
with adjacent wells indicate a semi-regional extent to these 
beds, which Normington et al (2015) redefined as the 
Wallara Formation to eliminate potential confusion with the 
Devonian Finke Group.

Ambrose et al (2010) did not define Aralka Formation or 
Pioneer Sandstone in the hole, and identified the basal 48 m 
thick package of diamictites as the Areyonga Formation and 
the remaining 430 m as the Pertatataka Formation (Figure 8). 
However, Grey et al (2012) defined the diamictites as the 
Pioneer Sandstone on the basis of apparent conformity with 
the overlying unit. Also, Grey et al (2012) split the post-
diamictite section into the Pertatataka, Julie and Arumbera/
Carnegie formations on the basis of stromatolitic fragments 
within the middle unit.

However, from insight provided by seismic data in the 
southern Amadeus Basin, this work recognises: (a) the 
diamictites as the glaciogenic Areyonga Formation; (b) the 
predominantly grey, fine-grained lower shaly sequence as 
the Aralka Formation; (c) the coarse clastic middle portion 
as the Pioneer Sandstone; and (d) the predominantly red, 
fine-grained upper shaly sequence as the Pertatataka 
Formation.

Exploration well Wallara-1

Central to this south-central region is Wallara-1, drilled 
in 1990, located 180 km east of BR05DD01 (Figure 1) 
for which Geoweste (1990) described the following 
(downwards) lithostratigraphic units (Figure 9):  

• Pertatataka: a 558 m thick dark greenish grey siltstone 

and claystone, dolomitic and gradational at the base. 
Near the top, cyclical light grey, finely cross-bedded, 
very fine-grained sandstones with scoured bases fine 
upwards into grey shales and siltstones.

• Pioneer: very thin (9 m) grey, medium to very coarse-
grained, dolomitic, quartz sandstone, with chert and 
quartzite pebbles and soft-sediment deformation 
penetrating into the underlying siltstones, capped by a 
brown-grey dolostone.

• Aralka: 26 m of grey black, weakly laminated dolomitic 
siltstone with small dropstones in the basal metre.

• Areyonga: massive grey diamictite, 117 m thick, 
containing pebbles to boulders of quartzite and chert.

Figure 4. (a) Seismic data from the southern Amadeus Basin 
showing presence of the complete Neoproterozoic succession 
within a mini-basin induced by withdrawal of Gillen salt. Note 
the karstic topographic expression on the base Palaeozoic 
unconformity (green line) where intersected by the calcareous 
Julie Formation. (b) Location map.

a

b
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Figure 5. (a) Distinctive γ-log character 
of the coarse grained Pioneer Formation 
separating the shales of the underlying 
Aralka Formation from the overlying 
Pertatataka Formation along the eastern 
flank of the basin. (b) Location map.

Figure 6. (a) Disconformity at the base 
of the Pioneer Sandstone progressively 
eroding the underlying Areyonga–
Aralka sequence. (b) Location map 
showing the area where the Pioneer 
unconformity erodes down into the 
Bitter Springs Group and where glacial 
Olympic diamictite facies occurs. 

a

b

a

b
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Figure 7. (a) Seismic example of karst topography at the top of 
the Julie Formation, southern Amadeus Basin. Note to the south, 
onlap of the karst by successive unconformities (purple, blue, 
green, yellow). (b) Location map.

Figure 8. Various interpretations of 
the stratigraphy within the BR05DD01 
hole. See Figure 1 for well location.

a

b
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The soft-sediment deformation noted at the base of 
the thin “Pioneer” interval and dropstones within the 
basal “Aralka” siltstones suggest conformity with the 
underlying Areyonga diamictites, while the dolostone 
capping the “Pioneer” interval is grey, not the diagnostic 
pink/buff encountered elsewhere. It is proposed herein that 
the dark grey black shale/siltstone and thin capping, soft-
sediment deformed sandstone with grey dolostone represent 
conformable facies within the Areyonga Formation 
(Figure 9). The Pioneer Sandstone is evident on logs higher 
in the section where several thin sandstones interrupt the 
dark grey shale deposits of the Aralka Formation. Above 
these Pioneer sandstones, the shaly Pertatataka Formation 
becomes sandy towards the top as it grades into the overlying 
Arumbera Sandstone.

Exploration well Erldunda-1

At the eastern extremity of this south-central region, 
Erldunda-1, drilled in 1965, lies 112 km southeast of 
Wallara-1 (see Figure 1). As with Wallara-1, the post-

Figure 9. Previous and revised stratigraphy of the Areyonga–
Pioneer sequence within the Wallara-1 well. See Figure 1 for well 
location.

Areyonga sequence was originally defined as “Pertatataka 
Formation” (Pemberton and McTaggart 1966), although it 
was sub-divided into three units, namely:

• Unit A: an upper 302 m of shale, ranging from black, 
through grey to purple, red, brown and green, with 
minor siltstone

• Unit B: a central 19 m thick white, fine-grained to 
conglomeratic sandstone, silty towards the base

• Unit C: a basal dark grey to black, silty dolomitic shale, 
213 m thick.

This work herein recognises units A, B and C as separate 
formations namely, respectively, the Pertatataka, Pioneer 
and Aralka formations.

In all these wells the shales immediately overlying the 
Areyonga diamictites are dark grey to black whilst those 
capping the sequence are variegated, but predominantly red 
brown. Separating these shaly packages in BR05DD01 and 
Erldunda-1 (some 300 km apart) are massive, poorly sorted 
conglomeratic sandstones that contain a variety of clasts, 
including stromatolitic carbonates and siltstones. Although 
variously described as a turbidite or tempestite (Ambrose 
et al 2010), seismic data suggest that this conglomeratic 
unit equates stratigraphically to the Pioneer Sandstone and 
is thus inherently of glaciogenic origin. The dark grey to 
black shales and siltstones underlying these conglomeratic 
sandstones thus equate regionally to the Aralka Formation, 
thereby limiting the Pertatataka Formation to the overlying 
predominantly red brown shales, which is in accordance with 
the redefinition by Preiss et al (1978). This interpretation is 
supported by seismic evidence of a low angle disconformity 
at the base Pioneer, which cuts progressively deeper into the 
stratigraphy in a northeasterly direction (Figure 6), not in 
a southwesterly direction as the previous interpretation of 
these well stratigraphies would have required.

This correlation counters the argument by Kendall 
et al (2006) for a diachronous Sturtian glaciation as their 
“postglacial” Re-Os age from a black shale within the 
previously defined Aralka Formation is in fact from the 
Areyonga Formation and hence indicative of the glacial age, 
which correlates well with the Sturt tillites in the Flinders 
Ranges of South Australia. This revised correlation also 
corroborates the Hill et al (2011) identification of an 
Areyonga-Aralka sequence in the Mt Conner area of the 
south-central Amadeus Basin (see Figure 1).

Eastern wells

In the Mt Charlotte-1 (McTaggart et al 1965), Magee-1 
(Wakelin-King and Austin 1992) and Bluebush-1 (Bell 
1983) wells on the eastern flank of the basin (Figure 5), the 
post-Bitter Springs Neoproterozoic succession comprises 
essentially grey dolomitic and glauconitic shales and 
siltstones. However, well logs reveal the presence of 
a thin coarsening upward unit that occurs in the same 
stratigraphic position as the conglomeratic Pioneer 
Sandstone in Erldunda-1 that separates grey to black pyrite-
bearing shales and siltstones from multi-coloured non-
pyrite-bearing shales. Also, the uppermost 14 m of this unit 
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in Bluebush-1 is a dolomitic limestone, initially defined as 
the post-Pertatataka Julie Formation, but correlated herein 
to the Marinoan cap carbonate. It is suggested that the 
equivalents of the conglomeratic unit thus equate to the 
Pioneer Formation and that the underlying, predominantly 
grey-black shales and siltstones in these wells are Aralka 
Formation, with the Pertatataka Formation restricted to the 
overlying multi-coloured shales. 

This recognition of Areyonga-Aralka and Pioneer-
Pertatataka deposits in a number of wells across the basin 
corroborates the recent redefinitions from outcrop in the 
southern Amadeus Basin (Hill et al 2011) and the Boord 
Ridges in Western Australia (Haines et al 2009, Haines 
and Allen 2014); this confirms that neither Sturtian nor 
Marinoan glacial deposition were restricted solely to the 

northeastern quarter of the basin but occurred widely across 
the basin (Figure 10).

Seismic data from the eastern flank of the basin also 
reveal unusual mound-like features (Figure 11) sitting 
directly upon the unconformity surface at the base of the 
Areyonga Formation. Central to the base of one such mound 
south of the Magee-1 well is a channel-like feature that has 
scoured down into the underlying Bitter Springs carbonates. 
This mound and basal scour is mappable (Figure 11b) and 
compares favourably with a wedge of diamictite mapped 
off northwest Greenland (Figure 11c). A similar mound-
like feature is developed at the same stratigraphic level to 
the northwest of Bluebush-1 (Figure 12). Such mounds 
accumulate at the limit of ice-sheet advance due to the 
continual input of sediment from sub-glacial streams (Powell 

Figure 10. (a) West-to-east correlation of 
the Neoproterozoic stratigraphy across 
the Amadeus Basin. Unconformities 
represented by thick correlation lines 
demarcate disconformity/unconformity; 
thin lines indicate conformity. Boord 
Ridges section from Haines and Allen 
(2014), BR05DD01 column from 
Ambrose et al (2010). (b) Location map.

b

a
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Figure 11. (a) Mound feature interpreted as a grounding zone wedge south of Magee-1 compared to (b) similar feature off northwest 
Greenland (Dowdeswell and Fugelli 2012). (c) Trace of sub-glacial outlet channel south of Magee, flowing north then east; shown by 
blue arrow. See Figure 1 for well location.

Figure 12. (a) Glacial mound deposited upon the Areyonga unconformity to the northwest of Bluebush-1 (see Figure 1 for location). 
(b) Model of grounding zone wedge formation through glacial advance and retreat (from Powell and Cooper 2002). (c) Hummocky 
terrain created from moraine deposition along an extensive icesheet grounding zone.
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and Cooper 2002, Dowdeswell and Fugelli 2012). With 
adequate seismic data, it may be possible to identify such 
mounds developed sporadically in proximity to the edge of 
the grounding zone along the entire southeastern flank of 
the basin, perhaps creating a post-glacial hummocky terrain 
similar to that shown in Figure 12c.

Inindia Beds, Winnall Beds and Boord Formation

Adding to the profusion of stratigraphic terms within the 
glacial post-glacial interval was the introduction by Wells et 
al (1963) of the terms Inindia Beds and Winnall Beds in the 
central and southern Amadeus Basin as lateral equivalents 
of the Areyonga and Pertatataka formations (Table 1a). The 
Inindia Beds, defined as disconformably overlying the Bitter 
Springs Formation and overlain, possibly unconformably, 
by the Winnall Beds, comprise a variety of lithologies, 
including shale, siltstone, chert, sandstone, conglomerate 
and tillite along with thin lenticular beds of limestone 
and dolostone. In the west, Wells et al (1964) defined the 
Winnall Beds as comprising four units of predominantly 
sandstone lithology (Table 1b) unconformably overlain by 
the predominantly Palaeozoic Pertaoorrta Group.

Wells et al (1966) equated the Inindia beds in part with 
the Areyonga Formation and the Winnall Beds with the 
Pertatataka Formation, while Weste (1989) equated the 
Inindia Beds with the Areyonga through Olympic/Pioneer 
formations and the Winnall Beds with the Pertatataka 
and Julie formations (Table 1b). On the basis of the 
predominant sandstone lithology and its contained organic 
features, Edgoose (2013) re-correlated the Winnall Beds 
as equivalent to the late Neoproterozoic–early Cambrian 
Arumbera Sandstone, which comprises a similar four-fold 
subdivision and contains organic traces and remains, such 
as the enigmatic Arumberia body fossil. This re-correlation 
necessitated the extension of the definition of the Inindia 
Beds to include the Neoproterozoic succession from the 
Areyonga Formation to the Julie Formation, or essentially 
equivalent to the original definition of the Pertatataka 
Formation by Prichard and Quinlan (1960). Meanwhile, 
Donnellan and Normington (2017) omitted the Inindia Beds 
and elevated the Winnall to group status, comprising six 
formations encompassing the entire section from the base 
of the Areyonga to the base of the Arumbera Sandstone (see 
Table 1a). 

In the Western Australian portion of the Amadeus Basin, 
Wells et al (1964) introduced the Boord Formation as a 
sequence of calcilutites, calcarenites, dolomitic limestones, 
siltstones, sandstones and boulder beds that disconformably 
overlies the Bitter Springs Formation that is overlain by 
the predominantly Palaeozoic Pertaoorrta Group. Weste 
(1989) restricted the correlation of the Boord Formation 
to essentially the Areyonga Formation (Table 1b) before 
Haines et al (2009) reverted to the original definition, which 
essentially equates to the Edgoose (2013) redefinition of 
the Inindia Beds by excluding the Finke Beds (compare 
Table 1a with 1b). 

However, Hill et al (2011), identified the Areyonga 
and Aralka formations in outcrop around Mt Conner in 
the southern Amadeus Basin, while these and facies of 

the Pioneer and Julie formations have been identified in 
outcrop at Boord Ridges in the Western Australian portion 
of the basin (Haines and Allen 2014). These correlations 
support the claim by Wells et al (1970, p28) that ‘The 
Areyonga Formation, Inindia Beds, and the Carnegie and 
Boord Formations have a similar stratigraphical position 
and environment of deposition, and were probably for the 
most part contemporaneous’. Wells et al (1970, p32) also 
concluded that ‘the Pertatataka Formation, Winnall Beds, 
Ellis Sandstone, Sir Frederick Conglomerate and Maurice 
Formation are for the most part laterally equivalent’ and 
as such the terms Inindia Beds, Winnall Beds and Boord 
Formation are herein deemed essentially redundant. 
That being the case, and in an endeavour to eliminate the 
application of multiple names for the one stratigraphic 
interval based on geography rather than geology, this paper 
proposes that a single nomenclature, based essentially on 
that of Preiss et al (1978), is applicable across the entire 
basin (Figure 10, Table 2).

Conclusion

The detailed review of the Neoproterozoic succession 
bounded by the two near-global glacial/post-glacial 
successions within the Amadeus Basin has led to a better 
understanding of the stratigraphy. Recently acquired 
regional seismic data, coupled with a critical review of the 
stratigraphy within specific wells, have revealed the presence 
of the glacial deposits over the entire Amadeus Basin, in 
addition to their previously thought restriction to the north 
and northeast of the basin from outcrop studies alone. The 
seismic data have also revealed the extent and character 
of disconformities at the base of both the older, Sturtian, 
Areyonga glacial succession and the younger, Marinoan, 
Olympic/Pioneer glacial succession. These disconformities 
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Table 2. Stratigraphic nomenclature for the Neoproterozoic 
applicable across the entire Amadeus Basin (after Preiss et al 1978, 
Haines et al 2012, Edgoose 2013, Normington et al 2015). Thick 
blue lines demarcate principal disconformities/unconformities, 
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suggest the Areyonga ice-sheet to have been located to the 
east and southeast of the basin while the Olympic/Pioneer 
ice-sheet was located to the north-northeast.
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Introduction

The Neoproterozoic to Palaeozoic Amadeus Basin is 
a large (ca 170 000 km2) elongate intracratonic basin in 
central Australia, predominantly in the Northern Territory 
but extending into Western Australia (Figure 1). The basin 
has an extensive depositional history, from sedimentation 
of the Heavitree Formation and Dean Quartzite in the 
early Cryogenian (> 820 Ma) to molasse deposition in 
response to the latter part of the 450–300 Ma Alice Springs 
Orogeny. Up to 14 km of succession is preserved locally 
(Edgoose 2013). The depositional history is punctuated 
by a number of significant epeirogenic, orogenic and 
erosional episodes, including a number of unconformities 
and time breaks of local and regional significance. 

A stratigraphic characterisation study of the 
Neoproterozoic succession along the structurally 
controlled northeast margin of the basin (Figure 1) has 
enabled significant improvements in the understanding 
of this period of basin history. This work also resulted 
in changes to the stratigraphic nomenclature (Figure 2) 
that have been reported previously at AGES (Normington 
et al 2015, Donnellan and Normington 2017); and in 
Normington and Donnellan (in review). In summary, the 
new nomenclature:

 

• renames the Heavitree Quartzite as Heavitree Formation.
• upgrades the Bitter Springs Formation to Bitter Springs 

Group 
• re-assigns the Gillen and Loves Creek members to 

formations of the Bitter Springs Group 
• formalises Johnnys Creek ‘beds’ to Johnnys Creek 

Formation of the Bitter Springs Group 
• formalises the ‘finke beds’ to the Wallara Formation

That study took a field-based approach to 
systematically describing, characterising and correlating 
the lithostratigraphic units. Herein we apply the updated 
nomenclature to, and produce revised drill logs for, 
some key drillholes in the basin. The revised drill 
logs were compiled from a combination of relogging, 
correlating hyperspectral data sets (HyLogger), reviewing 
published logs and existing lithological descriptions, and 
incorporating recent biostratigraphic studies. The results 
are being released through a number of NTGS publications 
including Normington and Edgoose (2015), Normington 
(2018), and Normington et al (in prep). 

To date six drillholes have been assessed and logs 
updated in accordance with the revised stratigraphy. 
Drillholes inspected are shown in Figure 1 and comprise: 
mineral exploration holes CPDD001–003 (Pipeline 
Prospect) and stratigraphic drillhole BMR Alice Springs 27 
in the northeast of the basin; and stratigraphic drillholes 
LA05DD01 and BR05DD01 drilled by NTGS in the 
western-central Amadeus Basin. 
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Starting with the oldest unit intersected in the drillholes, 
the distinctive cycles of red mudstone (Figure 3) and buff 
carbonate of the Johnnys Creek Formation (Figure 2) have 
been recognised in BMR Alice Springs 27, CPDD002 
and CPDD003 and BR05DD01. Original logging of 
drillholes CPDD002 and CPDD003 by Nowland (2008) and 
McKinnon-Matthews (2009) also recorded numerous basalt 
flows characteristic of the upper Johnnys Creek Formation. 
Basalt was not observed in BMR Alice Springs 27 or 
BR05DD01 (Normington and Edgoose 2015, Normington 
et al in prep). 

The Wallara Formation (formerly ‘finke beds’; 
Figure 2) was not previously recorded in any of the 
drillholes investigated (eg Chopra 1987, McKinnon-
Matthews 2009, Ambrose et al 2010). The type section 
for the Wallara Formation is in Wallara-1 (Normington 
et al 2015, Normington and Donnellan in review). The 
Wallara Formation has now been identified in CPDD003 
(Normington 2018) and BR05DD01 (Normington et al in 
prep). 

The Aralka Formation (Figure 2) was also not 
previously recorded in any of the drillholes investigated (eg 
Chopra 1987, McKinnon-Matthews 2009, Ambrose et al 
2010). The Aralka Formation has now been recognised in 
drillholes CPDD001 (Figure 3), CPDD002 and CPDD003 
(Figure 4; Normington 2018) and BR05DD01 (Normington 
et al in prep) on the basis of stratigraphic position and the 
presence of its characteristic organic rich and pyritic black 
shales (Figures 3 and 4). It had previously been logged as 
the younger Pertatataka Formation (Figure 2) in CPDD001 
(McKinnon-Matthews 2009) and BR05DD01 (Ambrose 
et al 2010), and was not separated from the Johnnys Creek 
Formation (described as unit 3 of the Loves Creek Member 
by McKinnon-Matthews 2009) in drillhole CPDD002. The 
revision in BR05DD01 is confirmed by the identification of 
the Ringwood Member of the Aralka Formation (Figure 2; 
Allen et al in prep, Normington et al in prep) on the basis 
of its unique biostratigraphy (as described by Allen et al 
2016). This is only the second reported occurrence of 
the Ringwood Member outside of exposures in the north 
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and northeast of the basin – the other is at Mount Conner 
(Figure 1) described in Allen et al (in prep) and Edgoose 
et al (in review). 

Basin-wide implications

The newly recognised occurrences of the Johnnys Creek, 
Wallara and Aralka formations (Figure 2) in these 
drillholes has significantly extended the known regional 
distribution of these units within the Amadeus Basin. The 
Johnnys Creek Formation is not currently recorded on any 
published maps of the basin; however, it has previously been 
identified as unit 3 of the Loves Creek Member in outcrop 
in the northeast or assigned to the ‘Johnnys Creek beds’ in 
drillholes (Gorter 1982). The Johnnys Creek Formation has 
now been identified in outcrop in the northeast and central 
north of the basin (Normington and Donnellan in review). 
Recent mapping by NTGS in HENBURY (Donnellan and 
Normington 2017, Normington and Donnellan in prep, 
Donnellan et al in prep) in the central Amadeus Basin has 
recorded Johnnys Creek Formation (originally mapped 
as undivided Bitter Springs Formation; Ranford and 
Mikolajczak 1963) The recognition of the Johnnys Creek 
Formation in BR05DD01 has significantly extended its 
westward distribution and therefore increased its importance 
as a regionally significant unit. 

The Wallara Formation (Figure 2), formerly described 
as ‘finke beds’, had been recorded in drillholes Finke-1 
and Wallara-1 (Gorter 1983, Geowest 1990). The known 
surface extent of the Wallara Formation is limited as 
a result of its relatively new identification as a unique 
stratigraphic unit, which is largely a consequence of its 
poor exposure. Like the Johnnys Creek Formation, it 
is not currently recorded on any published maps of the 
basin. The unit has now been observed by the authors at 
Ellery Creek (HERMANNSBURG; Normington and 
Donnellan in review), at Fenn Gap (ALICE SPRINGS; 
Normington et al 2015, Normington and Donnellan in 
review) and tentatively at Mount Conner (AYERS ROCK; 
Edgoose et al in review). Recent mapping by NTGS in 
HENBURY (Figure 1; Donnellan and Normington 2017, 
Normington and Donnellan in prep, Donnellan et al in prep) 
in the central Amadeus Basin has recorded thin, localised 
exposures of the Wallara Formation. The occurrence of 
the Wallara Formation within drillhole CPDD003 is the 
most easterly known occurrence of the unit. The westerly 
extent is confidently constrained by BR05DD01, however 
rubbly exposure of probable Wallara Formation in the 
Boord Ridges (MACDONALD; Figure 1) in WA (Haines 
and Allen 2014) suggests it likely extends further west. 
The Wallara Formation may have a thin but continuous 
basin-wide distribution varying from 20 m in thickness 

Johnnys Creek Formation

Aralka Formation

A18-074.ai

Figure 3. Core from drillhole CPDD01 
showing the transitional contact 
(between the yellow dashed lines) for 
the Aralka Formation (grey-green 
mudstone) and the Johnnys Creek 
Formation (red calcareous mudstone) at 
100 to 101 m (Normington 2018).

Figure 4. Dark grey, variably calcareous 
siltstone of the Aralka Formation, 
showing buff, fine laminations at 204 m 
in drillhole CPDD003 (Normington 
2018).
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in CPDD003 (Normington 2018) in the northeast of the 
basin to 86 m in Wallara-1 (Geowest 1990, Normington 
et al 2015) and 150 m in BR05DD01 (Normington et al in 
prep). Determining the full distribution of this unit is key 
to understanding the Neoproterozoic palaeogeography and 
architecture of the basin as it has a unique biostratigraphy 
that makes it an important time marker for the late 
Neoproterozoic both nationally and internationally.

One of the most significant changes from the drillhole 
revisions is the increase in the known distribution of the 
Aralka Formation. The stratigraphic revisions in drillholes 
CPDD001, CPDD002, CPDD003 and BR05DD01 where the 
younger Pertatataka Formation is now recognised as Aralka 
Formation (Figure 2) has significantly extended the known 
distribution of this unit: the Aralka Formation is most 
likely continuous across much of the basin with thicknesses 
varying from 30 m in Wallara-1 (Geowest 1990) to over 
100 m in CPDD001 and BR05DD01 (Normington 2018, 
Normington et al in prep). 

The drillhole revisions are critical to understanding 
both the distribution and continuity of the Neoproterozoic 
succession across the Amadeus Basin. The increase in the 
known distribution of these units has a positive impact on 
the petroleum and mineral potential of this succession. For 
example, the Heavitree–Aralka succession contains proven 
petroleum systems (petroleum systems 1 and 2: Marshall 
2003; Figure 2). The Johnnys Creek Formation (largely 
identified as Loves Creek Formation at the time of drilling) is 
considered a petroliferous succession with oil shows in wells 
across the basin. Munson (2014) suggests that these shows 
may be due to migrated hydrocarbons from the underlying 
Gillen Formation. The Wallara Formation has oil shows in 
Finke-1 where Marshall et al (2007) noted no permeability 
and little remaining intergranular porosity within the unit. 
Munson (2014) listed the Wallara Formation as one of the 
most promising reservoirs in the Neoproterozoic. The 
Aralka Formation, where intersected in drill core, also has 
strong petroleum system indicators. Marshall (2004) noted 
high TOC levels in a number of wells in the east of the 
Amadeus Basin. Munson (2014) suggests that the Aralka 
Formation shows strong source rock characteristics and has 
(or could) generate gas with some subordinate oil potential.  

As noted above, some of the recorded Pertatataka 
Formation drillhole intersections in the north and west of 
the basin are now confidently revised to Aralka Formation. 
The Pertatataka Formation is a known petroleum source 
(Munson 2014). It is a viable gas-prone source rock in the 
north of the basin and has been geochemically matched to 
the gas resource in the Dingo and Orange gas fields (Munson 
2014). However, the apparent reduction in distribution of 
the Pertatataka Formation and increase in distribution of 
the Aralka Formation does not necessarily downgrade the 
petroleum potential of these areas. In BR05DD01, Ambrose 
et al (2010) noted a minor oil stain in the revised succession 
(ie from Pertatataka to Aralka), indicating there is an ability 
to generate oil within the Aralka Formation in this area at 
least. 

There have only been few investigations into the mineral 
system potential of the Amadeus Basin. A recent basin-wide 
study based on the depositional environment, geochemical 

composition and mineralogy of the units suggests that the 
Johnnys Creek Formation has the potential to host or be the 
source of redbed copper-style mineralisation (Schmid et al 
2016). The Johnnys Creek and Wallara formations were 
also recognised as having potential for sourcing or hosting 
MVT-style base metal mineralisation. The Wallara and 
Aralka formations were also assessed to have the potential 
to source or host sedex-style base metal mineralisation. 

Ongoing investigations into the Neoproterozoic 
stratigraphy of drillholes in the Amadeus Basin is planned 
to continue improvements of the known distribution of 
the succession. This will enhance understanding of the 
palaeogeographic setting of the period, better define 
and constrain the petroleum and mineral potential, and 
provide seamless and up to date basin-wide stratigraphic 
nomenclature. 
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Introduction

The Browns deposit is located north of Batchelor, Northern 
Territory, Australia (Figure 1). It occurs in the Rum Jungle 
mineral field within the Pine Creek Orogen. Mineralisation 
at Browns has been known for 140 years. The deposit is a 
sediment-hosted polymetallic base metal oxide and sulfide 
resource. The Browns Project consists of 51 tenements 
currently held by Northern Territory Resources Pty Ltd 
(NTR) and is centered on 12 mining leases covering the 
Browns deposit area (Figure 2). Doe Run Australia (DRA) 
has an agreement with NTR covering the 51 tenements. 

Most of the historic work on Browns has been on the 
definition and development of the surficial oxide portion of 
the deposit. DRA has focused on the lower sulfide portion of 
the orebody. As part of its deposit evaluation process, DRA 
completed a metallurgical, geotechnical, and exploration 
drilling campaign in 2017. This paper presents results from 
the work completed during this program.

2017 drill program

The Browns 2017 drill program consisted of 19 diamond 
drillholes and 2 reverse circulation (RC) holes (Figure 3) 

made up of 10 metallurgical holes (2622.53 m), 6 geotechnical 
holes (1185.92 m), 2 hydrological holes (RC; 66 m), and 3 
exploration holes (804.97 m). The entire program totaled 
4679.4 m with 1770 assay samples taken, excluding QA/QC 
sample checks. Drillhole collars were based on historical 
drilling. No historical core was available for inspection. The 
metallurgical holes were drilled with PQ pipe and designed 

Figure 2. Browns Project Tenements 
(NTR: Northern Territory Resources).

Figure 1. Browns location.
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to maximise ore intercepts by drilling as acute angled to 
the ore intercept as technically feasible. Two of the holes 
were drilled down dip. All of the metallurgical drillholes 
intercepted the projected mineralised zone at elevations and 
depths predicted from adjacent historic holes. A total of 
32.628 t of drill core was shipped to The Doe Run Resource 
Corporation (DRRC) facilities in Viburnum, Missouri for 
processing and metallurgical testing.  

The geotechnical holes were drilled with HQ pipe. 
All of these holes were oriented, and structural data was 
recorded under the guidance of a third party geotechnical 
consultant. Sections of core chosen for additional testing 
were sent to a third party laboratory. Two of the three 
exploration holes were designed to extend the resource to 
the northeast. One exploration hole was misaligned and 
stopped at 21 m.

Geology and mineralisation

The Browns deposit lies within sediments of the Proterozoic 
Whites Formation. The Whites Formation occurs within the 
Mount Partridge Group, which lies unconformably upon 
Archean basement (McCready et al 2004). The deposit is 
predominantly hosted by carbonaceous shales and siltstones. 
These sediments are in fault and gradational contact with 
footwall Coomalie Dolostone. The hanging wall contact 
is sharp and often interfingered with the Zamu Dolerite. 
Regional metamorphism achieved lower greenschist grade 
(Ahmad et al 2006). The structural history of Browns is 
complex, consisting of six deformational events (Lally 
2002). This complexity was reflected in drill core which 
contained brittle and ductile fabrics, mostly within Whites 
Formation sediments.

The deposit lies within the arm of a syncline that plunges 
shallowly to the southwest.  The sulfide lode is tabular and 
dips steeply to the southeast (McCready et al 2004). The 
mineralisation is acute to the Coomalie-Whites Formation 
contact, striking away from the contact to the southwest 
(Figure 4). The upper oxide portion of the lode flattens into 
a more moderate dip near the surface toward the northeast 
end of the deposit where it is in contact or near contact 
wxith the dolomite. Here, oxide mineralisation occurs as an 
embayment within the weathered portion of the Coomalie 
Dolostone to the northwest.

Observed mineralisation within drill core consisted 
predominantly of very fine-grained galena. It commonly 
occurs as wispy and flattened “plates” along folded 
bedding-parallel foliation and locally as coarse-grained 
aggregates in veins that crosscut the foliation. High-grade 
lead areas contain clast supported shale breccias with fine- 
and coarse-grained galena in the matrix. Sphalerite and 
chalcopyrite occur as disseminations, blebs and veinlets 
with quartz + carbonate along and across the foliation. 
Locally, chalcopyrite occurs as cm-scale bands parallel to 
the dominant foliation. Minor siegenite and arsenopyrite, 
bornite, and gersdorffite occur as disseminations. Gangue 
mineralisation consists of sericite, pyrite, graphite, quartz, 
and carbonates. Areas of bituminous rock occur locally 
within both oxidised and unoxidised shales. Observed oxide 
mineralisation consists of iron, copper, manganese, lead, 
and zinc oxides and hydroxides.  The oxide zone extends 
from 30–50 m in depth from surface. 

Metal zonation is complex. The deposit is zoned 
along strike from southwest to northeast where metal 
concentration varies from a Zn zone in the southwest 
to a Pb dominant domain, then a Pb-Cu domain at the 

Figure 3. DRA Browns 2017 drillhole location map.



115

AGES 2018 Proceedings, NT Geological Survey

715000

85
65

00
0

85
64

00
0

85
63

00
0

85
62

00
0

85
65

00
0

85
64

00
0

85
63

00
0

85
62

00
0

716000

Compass Tenements
Browns Sulfide
Resource Outline
Fault

Colluvium

Tertiary sediments

Zamu Dolerite

Whites Formation

Whites Formation Quartzite Member

Coomalie Dolerite

Crater Formation

Rum Jungle Complex

Quartz

Gossan

Alteration (HQB)

Historical disturbance

717000 718000 719000

715000 716000 717000 718000 719000

Figure 4. Browns deposit area geology (after Hutchinson 2009).

Figure 5. Metal Zonation along strike at 
Browns, Blue: Zn, Red: Pb, Green: Cu, 
Bluish-gray: Co.

northeast extent of Browns; it progresses to a Cu domain 
and then to a Cu-Co domain at Browns East (Figure 5). 
These domains overlap and are zoned locally across strike 
and down dip.

Conclusion

The relative ease of mining the oxide mineralisation 
plus the difficulty processing the complex sulfide 

mineralisation caused most historical development at 
Browns to be on the oxide portion of the deposit. The 
evaluation by DRA has focused on the sulfide portion 
of Browns.  Geotechnical and metallurgical evaluation 
have been positive for the mineability and beneficiation 
of the sulfide ore. In addition, recent exploration drilling 
combined with historic drilling suggests that the deposit 
is open at depth and extends to the northeast and possibly 
to the southwest as well.
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There is little publically available information on mineralogy 
variations in the Kombolgie Subgroup sandstones. This 
is important as mineralogy variations may result from 
alteration associated with mineralisation. Visual logging 
is the main tool in assessing alteration associated with 
mineralisation. However, visual logging is subjective and 
introduces variation by using different company generated 
logging templates or logging by multiple geologists. This 
hinders the ability to map alteration between drillholes. 
Recent HyLogging of drillcore around the Angularli 
prospect has identified mineralogy zonation and cross-
cutting mineral relationships (mineral paragenesis) in 
the sandstones and conglomerates of the Kombolgie 
Subgroup. These results have increased understanding on 
differentiating diagenetic from hydrothermal mineralogy in 
sandstones. This information may be applied by explorers in 
other areas to assist in prioritising exploration targets.  

Unconformity-style uranium mineralisation alteration

The Alligator Rivers Uranium Field, located in west Arnhem 
Land hosts a number of unconformity-style uranium 
deposits, including; Ranger 1 and 3, Koongarra, Nabarlek 
and Jabiluka 1 (Figure 1). Uranium deposits in this area 
are economically significant, with a combined estimated 
uranium endowment of 360 000 t U3O8 (Lally and Bajwah 
2006). Key features of this style of mineralisation are 
well documented (Lally and Bajwah 2006 and references 
herein). These features include mineralisation within the 
basement rocks immediately below the unconformity, 
and an association with structural traps (fault or breccia 
zone). Palaeoproterozoic basement rocks of the Nimbuwah 
Domain (Pine Creek Orogen) comprise metamorphosed 
sedimentary rocks of the Cahill Formation and Nourlangie 
Schist and mafic amphibolite (Hollis and Glass 2012). A 
spatial association between Neoarchean granitic gneisses 
and uranium mineralisation is also been documented 
(Hollis and Glass 2012 and reference therein). Sandstones of 
the Kombolgie Subgroup, McArthur Basin unconformably 
overlie the Neoarchean and Palaeoproterozoic basement 
rocks (Figure 2). The Oenpelli Dolerite intrudes both the 
sandstones and the basement metamorphic rocks. Mg-Al-
rich chlorite accompanied uranium deposition in and around 
ore in some deposits (eg Jabiluka, Figure 1: Gustafson and 
Curtis 1983; Ranger 1#3: Potma et al 2012). However, 
at Nabarlek (Figure 1) uraninite mineralisation was not 
coeval with chlorite, but precipitated with illite and hematite 
(Polito et al 2004). This demonstrates that alteration varies 
between deposits and can increase the difficulty in exploring 
for these deposits. Exploration success is further hampered 
by the surface expression of thick sequences of Kombolgie 
Subgroup sandstones masking mineralisation.

Fluid flow through the sandstones of the Kombolgie 
Subgroup is considered a key factor in the development of 
unconformity-style uranium mineralisation (Hollis and Glass 
2012). Sandstone mineralogy is not affected by variations 
in protolith composition or overprinting metamorphism, 
so mineralogy changes are likely to be due to diagenesis 
and/or hydrothermal alteration. Diagenetic mineralogy that 
has not been overprinted by later-stage hydrothermal fluid 
flow would be expected to have a consistent composition 
and crystallinity within a thick interval and/or over a large 
area. The ability to distinguish diagenetic minerals from 
hydrothermal minerals would be useful in identifying fluid 
pathways and prioritising exploration targets.

Previous studies

Previous studies have focussed on characterising alteration 
within the underlying Cahill Formation or Nourlangie 
Schist host rocks at uranium deposits. Beaufort et al (2005) 
analysed 230 samples from seven sites, while other studies 
focussed on Nabarlek (Wilde and Wall 1987, Polito et al 
2004), Ranger (Potma et al 2012), and Jabiluka deposits 
(Gustafson and Curtis 1983, Nutt 1989). Methods of analysis 
include x-ray diffraction (XRD), x-ray fluorescence (XRF), 
petrography, electron microprobe, isotope measurements and 
microthermometry, and hyperspectral analysis (at 0.5 –1 m 
spacings). The hyperspectral analyses collected spectra 
from the visible and near infrared (VNIR) and shortwave 
infrared (SWIR) wavelength ranges (350–2500 nm) from 
basement lithologies below the unconformity at Ranger 1#3 
(Potma et al 2012). 

There is little publically available information on 
mineralogy variations in the Kombolgie Subgroup 
sandstones above the unconformity. Quirt (1998) 
characterised the Kombolgie Subgroup sandstones in the 
Deaf Adder Project area, noting diagenetic features and 
hydrothermal alteration. This study developed a rating 
scheme attempting to differentiate diagenetic features from 
diagenetic-hydrothermal features to be used in prioritising 
targets in mineral exploration.

Angularli prospect

Angularli is an unconformity-style uranium prospect 
located in western Arnhem Land, about 50 km north 
of Oenpelli in the COBOURG PENINSULA3 map area 
(Figure 1). It is located below a cover of Cretaceous Bathurst 
Island Formation sedimentary rocks, and a 250 m thick 
succession of Mamadawerre Sandstone of the Kombolgie 
Subgroup above the unconformity-style uranium 
mineralisation. The Angularli prospect was discovered 
from an offset in TEMPEST airborne electromagnetic data 
that coincides with a NW-trending magnetic feature (King 

3 Names of 1:250 000 and 1:100 000 mapsheets are shown in 
large and small capital letters respectively, eg COBOURG 
PENINSULA, oenpelli



AGES 2018 Proceedings, NT Geological Survey

118

2012). The mineralisation is described as being primarily 
in the hanging wall of a structural zone (Angularli fault 
zone) extending from the basement into the overlying 
sandstone. Intense silica-sericite-clay pyrite alteration 
surrounds the primary mineralisation. The alteration halo 
and sandstone mineralogy is not described (King 2012). 

HyLogger results

A summary of the mineralogy results for the Mamadawerre 
Sandstone around the Angularli prospect is presented here. 
It is part of a collaborative project between NTGS and Joint 
Venture partners Cameco Australia Pty Ltd and Rio Tinto 
Exploration Pty Ltd (Smith and Sinclair in prep), which also 
documents the mineralogy of the Cahill Formation within 
the geological context of the Angularli prospect. The aim 
of this summary is to document the mineralogy changes 

in the sandstone and highlight implications for uranium 
exploration in other areas. 

Seventeen drillholes in this study were scanned by 
HyLogger 3-7 in Darwin, with 15 of the drillholes remaining 
the property of the Rio Tinto / Cameco Joint Venture (JV). Two 
of the drillholes (WRDD0134 and WRDD0136) were drilled 
as part of the NTGS Geophysics and Drilling Collaborations 
Programme (Round 9; 2016). Any drill core interval that 
recorded a reading of >500 ppm eU3O8 and intervals within 
the same core tray were not scanned. Thus mineralisation 
and immediately adjacent intervals are excluded from this 
study. Lithological and stratigraphic logs were provided by 
Cameco on behalf of the JV and give context to the HyLogger 
results. To validate the HyLogger response, a small number 
of samples were analysed by XRD.

Key findings from this study of sandstone mineralogy 
include the following observations.
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i) Quartz is the dominant mineral. No feldspars were 
identified in any of the sandstones.

ii) Most of the matrix around the quartz occurs as a 
mixture of minerals. For example, kaolinite may be 
in a mineral mixture with white mica +/- dickite +/- 
pyrophyllite +/- diaspore.

iii) White micas (short wavelength, muscovitic white 
micas) and well-crystalline kaolinites are the most 
common matrix minerals around quartz. White micas 
and kaolinite are found both proximal and distal to 
mineralisation.

iv) White micas distal to mineralisation are more likely to 
have a consistent wavelength and crystallinity (eg in 
drillhole WRDD0136).

v) Well-crystalline kaolinite most commonly occurs 
as a matrix mineral with hematite. Less commonly, 
kaolinite with goethite is found in fractures or 
in weathered sandstone. In a mineralised hole at 
Angularli (WRD0084), kaolinite is found with goethite 
between two zones of (unscanned) sandstone-hosted 
mineralisation.

vi) There is a north-south zonation of some minerals at 
Angularli prospect:
a. White mica intervals become thinner with 

increasing crystallinity moving from north to 
south.

b. Kaolinite is more common in holes to the north, 
with less kaolinite in holes to the south.

c. Dickite and pyrophyllite increase in quantity and 
interval thickness moving further south. Sporadic 
pyrophyllite and dickite associated with fractures 
are found both in holes to the north at Angularli 
prospect, and distal to Angularli prospect.

vii) There is a zonation of mineralogy with depth in some holes:
a. ‘Pure’ kaolinite occurs for thicknesses of around 

110–140 m extending from 70 m uphole of the 
unconformity in drillholes over a mineralised cross-
section of the Angularli prospect (MGA 8701450 N). 

b. Thick intervals of dickite may be mixed with 
well-crystalline kaolinite at shallower depths and 
at transitions to dickite mixed with pyrophyllite 
closer to the unconformity.

c. Thick intervals of pyrophyllite are found in the lower 
portions of the sandstone and adjacent to intervals 
that contain sandstone-hosted mineralisation.

d. Matrix-hosted Mg chlorite is found in limited 
intervals in the upper part of the sandstone to the 
north at Angularli prospect. There is no matrix 
chlorite in sandstones further south at Angularli. 
Chlorite (when present) in other holes is usually 
associated with alteration around intrusives (eg 
Oenpelli Dolerite) or along fractures. 

viii) Pyrophyllite is either absent or minor in holes away 
from Angularli mineralisation.

ix) Matrix pyrophyllite (when present) is found in 
sandstones with varying grain size and textures.

x) Diaspore is found in the Angularli fault zone and/or 
adjacent to the (unscanned) mineralised zones. It is not 
found away from the Angularli fault zone or distal to 
mineralisation.
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xi) Tourmaline is not common, but is found proximal 
to mapped mineralisation, especially within the 
sandstone matrix. Tourmaline is either extremely 
minor or absent away from mineralisation.

As well as mineralogy zonation, there is evidence 
for several phases of minerals based on cross-cutting 
relationships. White mica, kaolinite, dickite and pyrophyllite 
occur as thick intervals within the matrix of the quartzose 

Figure 2. Simplified stratigraphic column of the Nimbuwah 
Domain, Pine Creek Orogen. Modified from Hollis and Glass 
(2012).



AGES 2018 Proceedings, NT Geological Survey

120

sandstone. These minerals are also found as later-stage 
fracture linings cross-cutting the matrix minerals. Dickite 
and pyrophyllite are absent from the alteration selvedge 
around dolerite intrusions. This would imply that the dickite 
and pyrophyllite predated the dolerite intrusives.

Kaolinite and white mica are common diagenetic minerals 
that can form at shallow depths in warm wet conditions. 
Dickite is a high temperature kaolin polymorph and can be 
a common indicator of burial depth (3–4.5km burial depth, 
with temperatures of 90–130°C; Worden and Morad 2003). 
Diagenetic dickite would perhaps be expected to be regionally 
pervasive, especially in areas with no textural evidence of 
alteration, such as around faults. At Angularli prospect, the 
dickite is zoned along the Angularli fault zone, increasing to 
the south. Fracture-hosted dickite is also found in holes distal 
to Angularli prospect (WRDD0136).  

Pyrophyllite is rarely documented in sandstones; it 
is usually found in aluminium-rich metamorphic rocks, 
or as a hydrothermal alteration product in siliceous rocks 
(Deer et al 2013). Pyrophyllite can form from kaolinite 
in the presence of quartz-rich fluids at around 345°C and 
2 Kbars water pressure (Eberl and Howie 1974). The zoned 
pyrophyllite distribution at Angularli, along with the lack of 
evidence of overprinting metamorphism in the sandstones, 
would indicate pyrophyllite emplacement is from localised 
high temperature hydrothermal alteration of kaolinite, 
rather than as a diagenetic effect. 

Diaspore also forms at high temperatures (275°C; Ervin 
and Osborn 1951) and can form from the desilicification of 
kaolinite or pyrophyllite (Essene et al 1994). This process 
of desilicification liberates quartz and water into the system. 
As with pyrophyllite formation, the presence of diaspore 
and its location within faults and near mineralisation would 
indicate hydrothermal emplacement.

Tourmaline is found within fractures and breccias or 
as patchy matrix infill in the sandstones proximal to the 
Angularli mineralisation. It is not detrital tourmaline. 
Tourmaline (specifically dravite) is well-documented in 
alteration haloes around uranium mineralisation in the 
Athabasca Basin (Hoeve and Sibbald 1978).

Application to exploration

As noted above, visual logging is subjective and introduces 
variation from the use of different logging templates or from 
logging by multiple geologists. The use of hyperspectral 
instruments such as HyLogger, objectively logs mineralogy 
and allows for comparisons between drillholes. 

This study has generated more than 360 000 mineralogy 
results from the Mamadawerre Sandstone. Previous studies 
focussing on sandstone mineralogy were based on tens or 
hundreds of samples. The higher number of samples in 
this study has highlighted the mineralogical zoning in the 
sandstone. This contrasts with the findings in previous work 
(eg Beaufort et al 2005) which categorised the sandstones 
as containing illite and/or kaolinite, but did not describe 
spatial relationships of the mineralogy. Being able to 
recognise mineralogical zonation and overprinting will 
assist in determining fluid pathways within the sandstone 
and rating the prospectivity of the sandstone.

This study has indicated that collecting spectra with 
imagery from both the sandstone matrix and fractures may 
be used to determine cross-cutting mineralogy and mineral 
paragenesis. Handheld field hyperspectral instruments 
(Terraspec, ASD, PIMA etc) could be used in lieu of a 
HyLogger to map mineralogy, especially when used in 
conjunction with photographing textures. The standard 
practice of routinely collecting one metre-spaced spectral 
data of sandstone matrix is more useful when additional 
measurements of fractured or ‘bleached’ material are also 
collected. Cross-referencing the spectral data with texture 
photos can be done in the field to enhance understanding of 
cross-cutting mineralogy.

When collecting or assessing spectral data from sandstones, 
it is useful to note the following issues and observations. 

i) White mica crystallinity and composition should be 
filtered for samples containing ‘pure’ white mica only 
(not in a mineral mix with other Al-rich minerals such as 
kaolinite or pyrophyllite). The presence of these other Al-
rich minerals gives a spurious result which will impact 
on geological interpretation.

ii) Presence or absence of variation in sandstone mineralogy. 
A monotonous sequence of white mica with no change 
in composition or crystallinity has probably not been 
in contact with post-diagenetic fluid flow (diagenetic 
aquitard).

iii) Presence of chlorite, tourmaline and diaspore in 
sandstone, with textural context (in matrix, or along 
fractures/faults). 

iv) Minerals with overlapping spectral features (such as 
pyrophyllite and kaolinite) may not give accurate mineral 
matches within the TSG software. This may affect the 
interpretation of geological history of the sandstone. 
Minerals such as kaolinite and pyrophyllite can be 
distinguished by using scalars based on the diagnostic 
reflectance features in other wavelength ranges, or 
confirmed with other methods (such as XRD). Assays 
may be useful (eg; in confirming tourmaline by using 
boron assays). 

v) Mineralogical and textural information integrated 
with other known geological information (location of 
intrusives, distance from major faults, and proximity to 
unconformity). For example, is the change in mineralogy 
explained by the presence of post-mineralisation 
intrusives (which could downgrade the significance of 
the mineral change)? 

vi) Integrate the mineralogical information with external 
information. If assay results are available, there should 
be a change in the K:Al ratio in kaolinitic sandstones 
compared with white mica-rich sandstones. This could 
be used to confirm large-scale mineralogy changes. 
Petrography can illustrate the quantity of quartz cement 
(from diagenesis, which could impair fluid flow). Deformed 
quartz grains and styolites could indicate significant 
burial depth during diagenesis. This information could 
be used to determine whether dickite is more likely to 
be diagenetic rather result from hydrothermal fluids. 
Integrating surface hyperspectral results (ie HyMap) 
with drillcore could identify mineralogical zonations on 
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a regional scale. Beckitt (2003) presented results from 
integrating HyMap with PIMA results at King River.

The mineralogy in Kombolgie Subgroup sandstones may 
vary between depocentres / sub-basins due to differences in 
diagenetic conditions. For example, a closed sub-basin may 
favour widespread diagenetic white mica formation over 
kaolinite. A sub-basin that underwent deeper burial than 
another depocentre may have a higher quartz cement content 
that affected permeability during diagenesis. A deeper burial 
in one sub-basin may favour the development of diagenetic 
dickite. Comparing the diagenetic mineralogy between areas 
may not be useful if the areas are in different sub-basins.

There are also variations in alteration minerals around 
uranium mineralisation between deposits. Chlorite is associated 
with uranium mineralisation at Jabiluka, which contrasts with 
the illite–hematite alteration at Nabarlek. These mineralogical 
differences demonstrate that there is no prescriptive list of 
minerals that may indicate uranium mineralisation. The textural 
context is also important. For example, sandstone-hosted 
chlorite near the unconformity is related to mineralisation 
at Jabiluka, but sandstone-hosted chlorite may also be in an 
alteration selvedge around Oenpelli Dolerite (as noted in this 
study). Chlorite may also suggest fluid flow along a fault zone, 
as interpreted by the presence of chlorite in breccia zones 
within the sandstone at the Angularli prospect. 

Integrating carefully processed spectral data (either 
from HyLogger or handheld field ASD instruments) with 
photographs and other ancillary data can aid in differentiating 
diagenetic minerals from hydrothermal minerals, which can 
then be used to prioritise exploration areas.
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Newmont’s Tanami Operations (100% ownership), located 
in the Northern Territory of Australia, has a strong history 
of gold production, resource development and exploration 
success. Current production is sourced from the Dead 
Bullock Soak (DBS) underground mine (Figure 1). 
Significant additions of reserves and resources to the 
main DBS deposits over the last five years have been due 
to the success of near-mine exploration and accelerated 
underground resource definition programmes; this has 
resulted in the discovery of Federation South Limb in 2013, 
significant extensions to the Auron Deposit during 2014 and 
2015, and the latest discovery, Liberator, in 2016.  

At December 2017, historic gold production from 
DBS comprised 1.80 Moz from open pits and 6.49 Moz 
from underground operations; remaining ore reserves and 
mineral resources are 4.41 Moz and 1.50 Moz5 respectively, 
giving a total gold endowment of 14.2 Moz.  With reserve 
conversion and resource additions of 4.47 Moz and 
4.21 Moz5 respectively since 2012, these endowment figures 
make the DBS gold deposits one of the largest and fastest 
growing gold occurrences in Australia (Figure 2).

Since their initial discovery in 1989 by North Flinders 
Mines Limited (NFM), the DBS gold deposits have been 
owned and operated by NFM (1989-1997), Normandy 
NFM Limited (1997-2002), and more recently by Newmont 
Tanami Proprietary Limited, a subsidiary of Newmont 
Mining Corporation (2002–present). 

NFM was granted exploration licences over DBS in 1988 
after the prospectivity of the area was identified based on 
its prominent outcrop, magnetic pattern and recorded gold 
occurrence (Ireland 1995). The initial discovery of gold 
was made on the back of systematic mapping and rock chip 
sampling; the maiden Inferred Resource of 0.6 Mt @ 3.3 g/t 
for 64 000 oz5  for the outcropping ferruginous chert-hosted 
Dead Bullock Ridge deposit was announced in June 1989 
(Lovett 1993). Successive discoveries of the Triumph Hill 
and Colliwobble Ridge deposits in the same stratigraphic 
unit, the informally named ‘Schist Hills Iron Member’, were 
made before the end of 1990.

Discoveries of the Villa deposit in poorly exposed 
ferruginous chert of the ‘Orac Formation’, and the more 
significant Callie deposit in shallowly buried planar 
laminated siltstone of the ‘Callie Laminated Beds’ and 
‘Magpie Schist’, occurred during 1991 following the 
direction of exploration westward into the hinge of the 
anticlinorium. Open cut mining commenced at DBS 
in November 1991, exploiting the Dead Bullock Ridge, 
Triumph Hill, Colliwobble Ridge, Villa, and Callie 
orebodies. Production from the Callie underground mine 
commenced in May 1998 following sufficient development 
of the Callie open pit (Pendergast et al 2017).

The subsequent discoveries of the Auron deposit in 2007 
(Pendergast 2011) and Federation South Limb deposit in 
2013 (Baggott et al 2015, Baggott et al 2016) resulted from 

Figure 1. Location map of the Newmont Tanami Operations, Northern Territory, Australia.
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a conscious effort to delineate shallow ore as the Callie and 
Auron mining front progressed deeper over time. Mining 
of the Auron deposit began in 2012; it had a pre-mining 
endowment of 5.83 Moz (1.62 Moz mined, 3.34 Moz reserve 
and 0.87 Moz Resource, including Inferred) and is expected 
to surpass the Callie deposit in terms of deposit size. It was 
discovered when geologists once again applied the same 
fundamental exploration strategy as they did to discover 
Callie: by pushing the targeting of mineralisation further 
into the core of the DBS anticlinorium. The deposit remains 
open at depth and extends below the current life-of-mine 
plan; current drilling is being conducted from dedicated 
underground exploration drill platforms to improve resource 
confidence. 

Federation South Limb was identified in the Callie host 
stratigraphy approximately 200 m across strike to the south 
of the Callie orebody (Pendergast et al 2017); it is presently 
in the resource development phase. The deposit currently 
contains 0.36 Moz of Reserve and 0.36 Moz of Resource1 
(inclusive of Inferred); it remains open up and down plunge 
(Morgan 2016).

The Liberator discovery was made between 2015 and 
2016 and is currently the subject of resource infill drilling 
with the first declaration of Inferred Resource expected 
at the end of 2018. The deposit is located within the same 
mineralised corridor as Federation South Limb, 300 m 
down dip within the Auron host stratigraphy where the two 
intersect5. 

After the discovery of Auron in 2007, the operation 
became focused on a production shaft solution to resolve 
the issue of increasing unit production costs and lower 
production rates related to mining at depth using trucks. 
Unfortunately, the Tanami Shaft project was placed on 
hold at the end of 2012 and the mine continued as a truck-
only underground operation using a single decline. With 
significant additions of 4.0 Moz (2.1 Moz reserve, 1.9 Moz 
Resource, inclusive of Inferred) made at DBS between 
2013 and 2014, it was determined that a dual access decline 
would be a viable option to increase production rates from 
Auron, lower mining costs and allow the mine to meet the 

processing demand of a hungry mill. This also allowed 
the base of the mine to extend by a further 220 m below 
the previous economic base and enabled new resource and 
reserve additions to be made during 2015 and 2016 from the 
Auron deposit at depth. 

This consistent measured growth is the product of 
persistence, the drive to revisit historic data and deposit 
targeting models, diamond drilling strategy, and mine 
design. It is also a story of gaining management support 
for further exploration effort, applying best practices in 
resource definition and bringing together a team with the 
passion and desire to make a difference at a site that had 
otherwise been set for sale.

The Life of Mine of the Tanami Operations was extended 
from 2024 five years ago to 2029; this extension provided 
Newmont with the necessary support to justify funding 
of a US$120 million expansion of the processing facility 
and installation of the second decline to access the Auron 
deposit (as note above). The expansion was completed in 
September 2017 and is expected to increase gold production 
at the Tanami Operations by 80 000 ozpa to a total output 
in the range of 425 000 to 475 000 ozpa, and to lower all-in 
sustaining costs6 to US$700–750/oz.  

Newmont continues to sees the potential to significantly 
increase the current reserve and resource base at DBS 
through ongoing application of best practices in resource 

6 All-in sustaining costs or AISC as used in this estimate are 
forward-looking non-GAAP metrics defined as the sum of 
costs applicable to sales (including all direct and indirect costs 
related to current gold production incurred to execute on the 
current mine plan), reclamation costs (including operating 
accretion and amortization of asset retirement costs), G&A, 
exploration expense, advanced projects and R&D, treatment 
and refining costs, other expense, net of one-time adjustments 
and sustaining capital. A reconciliation has not been provided 
in reliance on Item 10(e)(1)(i)(B) of Regulation S-K because 
such reconciliation is not available without unreasonable 
efforts. For illustrative purposes, a reconciliation of historical 
AISC and 2017 AISC gold outlook on a consolidated basis can 
be found in the Company’s most recent quarterly earnings 
release available at www.newmont.com.

Figure 2. Graph showing historical 
Mine Production, Reserve and Resource 
growth of the DBS deposits (modified 
from Pendergast, 2017).
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development to expand existing deposits and maintain 
the current and future mine production profiles. This, in 
conjunction with continued near mine exploration success, 
will be the foundation of longer-term growth for the 
Newmont Tanami Operations.

Acknowledgments

Newmont acknowledges the traditional owners of the land 
on which the mine is located, the Warlpiri people.  

Acknowledgement also goes to the past and present 
geologists, resource geologists, engineers, metallurgists 
and the current management team of the Newmont Tanami 
Operations for your commitment to making a difference 
over the last four years. A special thanks to Chris Robinson, 
Grigore Simon and Radislav Golijanin for permission to 
prepare this Abstract and for their ongoing support and belief 
in the Tanami Operations and the world-class DBS deposits. 

References 

Baggott M, Schmeider S, Pendergast WJ, Robinson C 
and Sivwright P, 2015.   Ongoing Discovery in the 
Gold Deposits at Dead Bullock Soak, Tanami Orogen, 
Northern Territory: The Emergence of a World-Class 
Gold Camp: in  ‘World-Class Ore Deposits: Discovery to 
Recovery’. Society of Economic Geologists Conference 
Proceedings. September 27-30, 2005. Hobart, TAS, 
Australia.

Baggott M, Robinson C and Schmeider S, 2016.  
Transformational growth and cost improvement at 
Newmont’s  Tanami  Operations,  Central  Australia. 
Abstract and Presentation. Prospectors & Developers 
Association of Canada (PDAC) Convention 2016.

Ireland TJ, 1995. The discovery of the Callie Gold Deposit 
in the Tanami Region, Northern Territory, Australia: in 
‘New generation gold mines: case histories of discovery’. 
Australian Mineral Foundation, Adelaide, 601–6.10.

Lovett DR, Giles CW, Edmonds W, Gum JC and Webb RJ, 
1993. The geology and exploration of the Dead Bullock 
Soak gold deposits, The Granites – Tanami Goldfield, 
NT: in ‘Proceedings of the AusIMM Centenary 
Conference 1993’.The Australasian Institute of Mining 
and Metallurgy: Melbourne, 73–80.

Morgan G, Vine S, Cranley A and Florea P, 2016. Competent 
Person Report for Reserves and Resources, Newmont 
Tanami Operations. Internal Newmont report.

Pendergast WJ, 2011: The Discovery of the Auron lode, 
Newmont Tanami Operations – A case study of a ~3 Moz 
discovery in a “mature” field. Abstract and Presentation. 
NewGenGold 2011, Perth, WA.

Pendergast J, Baggott M and Schmeider S, 2017. Dead Bullock 
Soak Gold Deposits: in Phillip N (editor). ‘Monograph 32 
- Australian Ore Deposits’. The Australasian Institute of 
Mining and Metallurgy: Melbourne, 551–556.

Vine S, Wetzel N and Hart S. 2012.  Ore Reserves and Non 
Reserve Mineralisation (NRM) as of December 31st, 
2012. Newmont Tanami Operations. Internal Newmont 
report.

This paper contains forward-looking statements that are intended to 
be covered by the safe harbour provided for under securities laws. 
Such forward-looking statements may include, without limitation, 
estimates of future production, costs, mine life, project expansion and 
development, and potential drilling and mineralization (including 
expectations regarding future reserve and resource conversions and 
additions). Estimates of future results are based upon assumptions 
and remain subject to risks, which could cause actual results to 
differ materially from future results. For a description of risks, see 
the Company’s filing with the SEC on February 22, 2018 under the 
heading “risk factors”, as well as the Company’s other SEC filings. 
Reliance on forward-looking statements is at your own risk.  U.S. 
investors are reminded that reserves were prepared in compliance 
with Industry Guide 7 published by the SEC. Whereas, the term 
resource, measured resource, indicated resources and inferred 
resources are not SEC recognized terms. Newmont has determined 
that such resources would be substantively the same as those 
prepared using the Guidelines established by the Society of Mining, 
Metallurgy and Exploration and defined as Mineral Resource. 
Estimates of resources are subject to further exploration and 
development, are subject to additional risks, and no assurance can be 
given that they will eventually convert to future reserves. Inferred 
resources have a great amount of uncertainty as to their existence 
and their economic and legal feasibility. Investors are cautioned not 
to assume that any part or all of the inferred resource exists, or is 
economically or legally mineable. Inventory and upside potential 
have a greater amount of uncertainty. Investors are cautioned that 
drill results are not necessarily indicative of future results or future 
production. Even if significant mineralization is discovered and 
converted to reserves, during the time necessary to ultimately move 
such mineralization to production the economic and legal feasibility 
of production may change. As such, you are cautioned against 
relying upon those estimates. For more information regarding the 
Company’s reserves, see the Company’s Annual Report filed with 
the SEC on February 22, 2018 for the Proven and Probable reserve 
tables prepared in compliance with the SEC’s Industry Guide 7, 
which is available at www.sec.gov or on the Company’s website. 
Reserve and resource estimates used in this paper are estimates as 
of December 31, 2017 unless otherwise stated.



125

AGES 2018 Proceedings, NT Geological Survey

Geochemical classification of the Tanami Group – a tool for gold exploration
Susanne Schmid 1,2, James Davis 3, Neil Jones 3, Peter Schaubs 1 and John Miller 1

© Northern Territory of Australia (NT Geological Survey) 2018. With the exception of 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 CSIRO Mineral Resources, 26 Dick Perry Ave, Kensington 
WA 6151, Australia

2 Email: susanne.schmid@csiro.au
3 ABM Resources, Level 1, 141 Broadway, Nedlands WA 6009, 

Australia

Introduction

The Tanami Region on the border between the NT and WA 
is an orogenic gold province with several operating and 
past producing gold mines. Gold mineralisation is hosted 
by structural-controlled epigenetic quartz veins with a 
suggested mineralisation age of ~1795 Ma (Huston et al 
2007; Bagas et al 2010). The quartz veins are emplaced in 
the Tanami Group, which consists of mostly greenschist 
metamorphic facies sedimentary and mafic rocks. The 
Tanami Group depositional age is between ~1900 and 
1850 Ma, and was deposited in an oceanic back-arc basin 
setting (Bagas et al 2013). The lithostratigraphic evolution 
of rift basins with oceanic crust can be reflected in the 
geochemistry of the rocks. Early oceanic basin formation 
will be dominated by mafic rocks with interflow sediments 
between basalt flows. The geochemical signature of such 
sedimentary rock is more likely to be similar to mafic rocks. 
During basin deepening and development of continental 
shelfs and slope, sediments will be more likely sourced 
from the continental crust, which is generally felsic in 
composition. Using these principles, we can establish a 
relative younging sequence using whole rock geochemistry.

Project area

The Suplejack collaboration project between CSIRO 
Mineral Resources and ABM Resources is centred over 
the 15 x 10 km Suplejack lease, 13 km northeast of the 
Groundrush gold deposit. The project area is characterised 
by limited outcrop, abundant windblown dunes and a 
palaeo-drainage system. The project area and stratigraphy 
run parallel to the north-south of the Suplejack fault. The 

area hosts the 309 000 ounce Suplejack Resource (ABM 
Resources 2017a: 4.51 Mt at 2.14 g/t gold), and has been 
a focus of exploration for ABM Resources. Reverse 
circulation (RC) and core drilling in 2017 identified a 
new shoot position at Seuss, highlighting the potential for 
resource growth in the area. 

Results

Systematic niche sampling was conducted on drill core 
and rock chips to create specific geochemical vectors by 
defining lithology based on petrography, geochemistry 
and mineralogy. These vectors, or parameters, were then 
applied to a dataset of ~1000 analysis and ~600 drillholes. 
For example, Ti versus Al vectors were used to clearly 
distinguish felsic sedimentary rocks from mafic suites 
(Figure 1). This is also reflected in the REE chondrite 
pattern, showing the gradual change from a mafic to felsic 
REE signature (Figure 2).

The results show that west of the Suplejack Fault 
the stratigraphy consists of near vertical dipping basalt 
flows with interflow sediments. The ratio between mafic 
and sedimentary rocks changes towards more sediment 
dominated rocks going west. The sedimentary rocks (lower 
greenschist facies) are predominantly siltstone and fine 
laminated shales, which transition from a strong mafic 
signature to intermediate, then felsic. The Suplejack fault 
shows a sharp contact between basalts with interflow 
sediments to felsic sediments, suggesting a structural offset 
along the fault. Once understanding the geochemistry of the 
non-mineralised host rock, we can then test for geochemical 
alteration halos. Such alteration is often identified along 
structures within in the basalt and mafic sediments.

Conclusion

The geochemical classification of the stratigraphic 
sequence at Suplejack confirms the mafic and sedimentary 

Figure 1. Geochemical plot (Suplejack 
area) of titanium versus aluminium 
distinguishing mafic igneous and 
sedimentary rocks (blue-green colours) 
from felsic sedimentary rocks (orange-
red colours).
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rocks are part of the Tanami Group. Geochemically 
‘fingerprinting’ the sequence allows stratigraphic 
correlation to be made across areas of poorly outcropping 
terrane, something that has not been possible before due to 
the historic reliance on visual discrimination. Geochemical 
classification from the study has resulted in improved 
understandings of the structure and lithological controls 
on mineralisation. This knowledge has allowed ABM 
Resources to target the prospective interflow sediments 
in the latest round of RC drilling at Seuss and Hyperion 
South. The results from the RC drilling (ABM Resources 
2017b: 13 m @ 7.3 g/t gold including 7 m @ 12.7 g/t gold: 
in SSRC100047) demonstrate the success of these tools. 
ABM’s geologists have grown the strike length of known 
mineralisation at Hyperion to over 2.4 km. The tools 
and vectors developed can be applied across the Tanami 
Region. These will confirm, simplify and correlate target 
lithology for gold mineralisation that may have previously 
been misidentified or not fully understood based on their 
geochemical signature. The lithogeochemical data is also 
being integrated with geophysical datasets to develop 
attributed basement geology maps. 

Figure 2. Plot of REE C1 chondrite 
normalised showing increasing ratio 
between LREE and HREE from mafic 
to felsic rocks (colour scheme the same 
as in Figure 1).
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