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Minister’s foreword

On behalf of the Northern Territory Government, I welcome you to Alice Springs, and to the
eighteenth Annual Geoscience Exploration Seminar.
I believe a strong and innovative mineral and petroleum exploration sector is fundamentally
important in ensuring the Territory’s resources industry can grow and continue to provide
jobs and economic opportunities in regional areas. AGES continues to play a key role in
bringing explorers, researchers and government together to share the latest data, knowledge
and concepts that can help lead to the Territory’s next big resource discoveries. AGES will
again showcase much of the new geoscience data and information that is being produced
by the NT Geological Survey through the Creating Opportunities for Resource Exploration
(CORE) initiative, as well as highlighting some of the exciting new exploration results
from the past year. I also welcome the involvement of Commonwealth organisations such
as CSIRO1 and Geoscience Australia 2 who are successfully partnering with the Territory in
major collaborations to understand resource potential of the NT.
The Territory remains both prospective and underexplored 3, and there is exciting potential
Hon. Ken Vowles, MLA
Minister for Primary Industry
to grow our importance as a supplier of resources to the growing markets of Asia. The Territory
and Resources
Government is committed to supporting and growing the resources sector, and ensuring that
the industry has the social licence to operate through a transparent regulatory regime that meets community expectations.
Welcome again to AGES 2017 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
2
3

http://www.csiro.au/en/Research/MRF/Areas/Resourceful-magazine/Issue-09/Collaboration-at-the-top-end
http://www.ga.gov.au/about/projects/priority-projects/exploring-for-the-future
http://www.ga.gov.au/data-pubs/data-and-publications-search/publications/australian-minerals-resource-assessment/mineral-exploration
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Overview of mineral and petroleum exploration and production in 2016
Ian R Scrimgeour 1,2
Exploration statistics

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 2016 (which may relate to activity in
2015 and/or 2016) totalled $56.8 million in admissible
exploration expenditure; this is down 56% from the peak
of $131 million in 2011. Of expenditure reported to DPIR in
2016, 27% ($15.4 million) was from exploration conducted
in the McArthur Basin, 21% ($11.7 million) in the Arunta
Region and 19% ($10.6 million) in the Pine Creek Orogen
(Figure 2a). Reported expenditure was also collected by
commodity for the first time (Figure 2b) with the bulk of
expenditure spent on three commodity groups: base metals
(41%; $23.4 million), gold (19%; $10.9 million) and uranium
(13%; $7.3 million).
At the end of 2016, there were 882 granted nonextractive mineral exploration licences (compared with 906
at the end of 2015) and 629 outstanding exploration licence
applications. During 2016, 183 applications were received,
146 granted and 340 licences were relinquished. The area of

Minerals
Mineral exploration remained at relatively subdued levels
in the Northern Territory (NT) in 2016 although there
was recovery for some commodities such as base metals
and lithium. According to Australian Bureau of Statistics
(ABS) figures, mineral exploration expenditure in the
NT in 2015 –16 was $100.8 million, a 5% increase on the
$95.7 million spent in 2014–15 (Figure 1). This increase
was encouraging given that mineral exploration expenditure
Australia-wide in 2015–16 was $1.42 billion, down 10%
from the $1.58 billion the previous year. The Territory’s
share of total Australian mineral exploration expenditure
increased from 6.1% to 7.1% over the year.
In addition to ABS exploration statistics, which include
the costs of feasibility studies and mine site exploration,
Northern Territory Geological Survey, GPO Box 4550, Darwin
NT 0801, Australia
Email: ian.scrimgeour@nt.gov.au
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Figure 1. Annual exploration
expenditure for all minerals except
coal and petroleum, for all Australian
states (excluding Western Australia,
who had $871 million in expenditure
in 2015–16), calculated quarterly, for
the 17 years to the June 2016 quarter.
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Figure 2. Summary of admissible exploration expenditure reported to DPIR during 2016 broken down by (a) geological region and
(b) primary commodity of interest. Note that exploration reported during 2016 may have occurred during either 2015 or 2016.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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the NT covered by granted exploration tenure is now 12%
compared to 29% in 2011.

in the onshore NT and coastal waters, there were 53 active
exploration permits, 3 retention licenses and 5 production
licenses.

Petroleum

Exploration and production highlights

During 2016, onshore petroleum exploration activity was
largely limited to the McArthur Basin and Amadeus Basin,
with four new exploration wells drilled, one horizontal well
tested, and one new seismic survey conducted. The reported
expenditure for onshore petroleum exploration activities in
the NT in 2016 was about $60 million. At the end of 2016,

Figure 3 shows selected mineral exploration highlights for
2016. In the following summary of exploration and mining
results for the Territory during 2016, all mineral resources
are assumed to have been reported in accordance with
the JORC or NI43-101 codes. Where resource categories
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Figure 3. Map of the Northern Territory showing selected mineral exploration highlights for 2016.
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are not listed, readers are directed to the original sources
for this information. Most material cited here has been
sourced from company websites, news releases and stock
exchange announcements. As a result, details of exploration
by some private and other non-listed companies that do not
report publicly could not be included. Mineral production
statistics for the NT for 2015–16 collected under the NT
Mineral Titles Act are given in Table 1.

Table 1. 2016 Northern Territory mining production.
Unit of
quantity

Commodity

2015-161,5
Quantity
produced

Quantity
sold3

Quantity sold
($)

Metallic Minerals
Tonnes

0

0

$0

Tonnes

0

0

$0

Tonnes

8,325,262

8,400,405

$447,686,761

Grams

482

0

$0

Grams

17,549,932

17,367,908

$885,066,997

Iron ore

Tonnes

0

46,692

$822,690

Manganese

Tonnes

5,532,731

5,655,850

$829,280,863

Mineral sands

Tonnes

0

268

$191,821

Lead concentrate

Tonnes

6,682

25,268

$29,619,509

Zinc concentrate

Tonnes

47,002

78,777

$70,617,810

Zinc Lead
concentrate

Tonnes

452,401

404,830

Alumina 6
Alumina hydrate

Gold and copper-gold

6

Bauxite

Pine Creek Orogen
Newmarket Gold Incorporated (Newmarket), now Kirkland
Lake Gold Ltd, continued gold production from their Cosmo
Deeps underground mine north of Pine Creek (Figure 4).
Gold production from Cosmo Deeps in 2016 totalled
55 765 oz at an average grade of 2.87 g/t from 646 848 t
milled, a 12% decrease in gold production from 2015. At the
end of 2015, the Mineral Resource for Cosmo mine included
a Measured Resource of 1.65 Mt at 3.63 g/t Au, an Indicated
Resource of 2.99 Mt at 2.99 g/t Au and an Inferred Mineral
Resource of 0.68 Mt at 2.76 g/t Au, for a total contained
mineral resource of 0.54 Moz of gold. In August 2016,
Newmarket announced the results of 13 834 m program
of diamond drilling that intersected mineralisation down
plunge of existing mineral resources at Cosmo Deeps. Drill
intersections included 7.75 m at 8.76 g/t Au from the Sliver
Lode, and discovered two new lodes, named Redbelly and
Taipan. Twenty-seven holes were subsequently drilled into
the Redbelly lode, the uppermost parts of which are only
25 m from existing underground development; intersections
here including 11.8 m at 4.29 g/t Au. The Taipan Lode extends
to within 20 m of the planned development of the Sliver
Lode; mineralised intersections here including 10.15 m at
11.3 g/t Au. New decline development had commenced to
access the Sliver Lode and the Redbelly Lode.
In May 2016, Newmarket announced the results of a
Preliminary Economic Assessment on the Maud Creek
project; the study suggests positive project economics for
a 9.5 year mine with average annual gold production of
52 000 oz, and total recovered gold of 496 000 oz with a
life of mine diluted head grade of 4.2 g/t Au. Maud Creek
has an Indicated Mineral Resource of 7.7 Mt at 3.50 g/t Au
for 871 000 oz of gold and an Inferred Mineral Resource of
4.2 Mt at 2.50 g/t Au for 343 600 oz of gold.
In late 2016, Ark Mines Ltd (Ark) announced that they
had acquired necessary approvals for the commencement of
mining at the Mount Porter gold project located 20 km north
of Pine Creek. The Mount Porter deposit has Indicated and
Inferred Resources of 355 000 t at 3.0 g/t Au for 34 200 oz
Au (1.7 g/t cut-off). Ark has an agreement to toll treat the
ore from Mount Porter at Newmarket’s Union Reefs plant.
Ark has announced plans to commence mining in 2017
following the wet season. They also commenced resource
definition drilling at Mount Porter South in December 2016.
Ark also has gold prospects at Frances Creek located 5 km
northeast of Mount Porter where drilling at the Golden
Honcho prospect in late 2015 intersected gold in 22 holes,
including 3 m at 13.4 g/t Au from 15 m. During 2016, Ark
also announced that it had purchased the Glencoe deposit

Gold

7

Gold dore

8

Metallic minerals
value

$404,266,250
$2,667,552,700

n/a

Non-metallic minerals
Crushed rock

Tonnes

1,701,360

1,453,017

43,138,580

Dimension stone

Tonnes

0

0

$0

Gravel 9

Tonnes

380,395

332,980

$4,797,781

Limestone

Tonnes

0

5,313

$87,470

Mineral specimen

Tonnes

0.70

0.40

$73,175

Quicklime

Tonnes

29,703

29,323

$7,729,445

Sand

Tonnes

499,706

460,885

$12,505,643

Soil

Tonnes

21,316

21,016

$351,981

Vermiculite

Tonnes

0

0

$0

10

Non-metallic
minerals value

$68,684,075

n/a

Energy minerals
Uranium Oxide

Tonnes

Total minerals
value

n/a

2,208

2,077

$313,671,957
$3,049,908,732

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 Australian Dollars and presumed to be the
gross amount paid to the operator.
4. Data has been rounded and autosum applied.
5. Data is correct as at 31 August 2016 and may be subject to revision due to
late lodgements and/or receipt of superior data.
6. Alumina and alumina hydrate will be removed from future summaries
following the closure of the Gove Operations Bauxite Mine Alumina Refinery.
7. Pure gold (100% ); does not include gold reported as gold dore.
8. Estimated metallic content of gold dore is 92.5% gold and 7.5% silver.
9. Average sales values have been applied to some non-metallic minerals if
this information was not supplied.
10. Quicklime is derived from limestone. Processing input and output data is
deemed operator commercial-in-confidence.
Source: https://dpir.nt.gov.au/mining-and-energy/mines-and-energypublications-information-and-statistics/mineral-production-statistics
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from Newmarket; Glencoe has a Mineral Resource of
704 000 t at 1.9 g/t Au, for 42 900 oz of gold.
During 2016, Thor Mining PLC sold the Spring Hill
gold project, located 25 km north of Pine Creek, to private
company PC Gold Pty Ltd. Spring Hill has an Indicated
Mineral Resources of 4.0 Mt at 2.32 g/t Au for a contained
300 000 oz gold at a 1 g/t Au cut-off; the mineralisation
remains open at depth.
PNX Metals Ltd (PNX) undertook their first drilling
program at the historic Moline goldfield located 38 km
east-northeast of Pine Creek. Moline comprises four key
prospects hosted within the Mount Bonnie Formation:
Moline, School, Tumbling Dice and Hercules. Twelve
reverse circulation (RC) holes were drilled for 1497 m
during November 2016. At the School prospect, high-grade
gold was intersected beneath the historic open pit with a
best result of 7 m at 11.89 g/t Au from 115 m. At Moline,
the best intersection was 9 m at 2.57 g/t Au from 92 m; at
Tumbling Dice, a broad zone of gold-zinc mineralisation
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Figure 4. Location of gold and copper-gold deposits and projects
mentioned in the text.
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was intersected with 30 m at 2.29 g/t Au and 0.70% Zn.
A narrow intersection of polymetallic mineralisation at
Moline (2 m at 4.66 g/t Au, 177 g/t Ag, 4.92% Zn, and
4.41% Pb from 89 m) suggests the area may have potential
for mineralisation similar to the Iron Blow and Mount
Bonnie gold-silver-zinc deposits. An eight hole, 602 m
drilling program at the Langleys prospect near Hayes Creek
intersected gold mineralisation with a best intersection of
2 m at 5.10 g/t Au; the gold mineralisation was typically
narrower and lower-grade than that previously drilled at
the prospect.
Monax Mining completed a maiden drilling program
at their Mount Ringwood project with nine drillholes for
564 m. Six holes were completed at the Great Northern area,
two holes at the Great Western prospect and one hole at the
Star of the North area located 35 km east of Adelaide River.
Best results came from the Great Northern area with 1 m
at 8.6 g/t Au; anomalous gold (>0.5 g/t) was reported from
most holes.
Primary Gold Ltd’s Mount Bundey project, located
90 km southeast of Darwin, includes the Toms Gully,
Rustlers Roost and Quest 29 deposits. In June 2016, Primary
Gold announced an updated resource for the Rustlers Roost
deposit of Indicated and Inferred Resources of 22.4 Mt at
1.1 g/t Au for 772 000 oz of gold. This forms part of a larger
resource for the Mount Bundey project area of 26.9 Mt at
1.5 g/t Au for a contained 1.24 Moz of gold.
Vista Gold Corporation (Vista) continued permitting
and project optimisation work at their Mount Todd project
located northwest of Katherine. Mineralisation at Mount
Todd is contained in a stockwork of quartz veins that are
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.
Tanami–Arunta regions
Newmont Mining Corporation’s (Newmont) Tanami
Operations, located 550 km northwest of Alice Springs, has
produced about 8 Moz of gold; it is the Territory’s largest
gold operation, producing 436 000 oz of gold during 2015.
Mineralisation consists of high-grade gold-quartz veins in
folded carbonaceous siltstone in the lower part of the Dead
Bullock Formation. The operations include the flagship
Callie deposit (>7.6 Moz), the Auron deposit (>3.8 Moz) and
the Federation Limb deposit (>0.5 Moz). As of 31 December
2015, Proven and Probable Ore Reserves were 17.7 Mt
at 5.80 g/t Au containing 3.31 Moz of gold. Additional
Measured and Indicated Mineral Resources total 5.5 Mt at
5.51 g/t Au for 0.97 Moz of gold; Inferred Mineral Resources
are 5.8 Mt at 6.29 g/t Au for 1.16 Moz of gold. Newmont sees
potential to double the current reserve and resource base
through continued expansion down-plunge of the Callie and
Auron orebodies, together with further resource growth
from the Federation Limb and 2015 Liberator discoveries.
An expansion of the Tanami operation is underway,
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including a second decline and an increase in plant capacity.
The expansion is due to be completed and in full production
by the second half of 2017.
In April 2016, ABM Resources NL (ABM) completed
mining at their Old Pirate mine, 90 km west-northwest of
Callie near the WA border. During 2016, 73 948 t of ore
was processed for a recovery of 10 785 oz of gold. Total
production for the life of the mine from May 2015 to April
2016 was 157 092 t ore processed at an average grade of
5.9 g/t Au for total recovered gold of 29 376 oz. Following
the completion of mining, ABM announced an updated
remaining Indicated and Inferred Mineral Resource for
Old Pirate of 760 000 t at an average grade of 4.7 g/t Au
for 114 900 oz of contained gold. When combined with the
reconciled mined production, this represents a significant
reduction in both tonnage and grade to the September
2014 Mineral Resource of 1.7 Mt at 11.7 g/t Au containing
640 000 oz of gold. ABM announced that they are looking
at options including the potential divestment or farm out of
the Old Pirate project and immediately surrounding tenure.
ABM focussed their exploration during 2016 in
their Suplejack project area that includes the Hyperion
deposit, which has an Inferred Resource of 2.98 Mt at
2.11 g/t Au. In June, ABM completed an 84 hole, 8460 m
drilling project at Suplejack. This included 33 holes at the
Tethys prospect, located about 500 m east of Hyperion
on the same structural trend. Of the 33 holes, 22 returned
significant gold intersections, including 17 m at 5.74 g/t Au
and 7 m at 13.17 g/t Au. These results confirmed that
gold mineralisation on the Hyperion trend extends over
a strike length of at least 1300 m. The drilling program
also intersected significant gold mineralisation at two new
prospects: Pandora (9 m at 6.32 g/t Au) and Brokenwood
(3 m at 9.34 g/t Au). They are located 5 and 7 km south of
Hyperion respectively. A further 8 hole drilling program at
Tethys in July 2016 returned multiple significant intersections
in each hole, including 21 m at 3.96 g/t Au from 61 m and
14 m at 5.32 g/t Au from 67 m. A 7 hole, 1906 m drilling
program in November provided information on the newly
discovered Suess Breccia. This discovery lies immediately
east of Tethys in a north–south striking structure containing
arsenopyrite in quartz breccia; drill intersections included
13 m at 5.6 g/t Au. ABM has announced that they plan to
release an update of the Hyperion-Tethys Mineral Resource
in the first quarter of 2017.
During 2016, Northern Star Resources Ltd (Northern
Star) continued to explore 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. This includes the flagship
Groundrush deposit with a mineral resource of 6.72 Mt at
4.8 g/t Au containing 1.04 Moz of gold. In late 2015 and
early 2016, Northern Star undertook a 118 hole program at
Groundrush with over 27 000 m of diamond drilling and
11 000 m of RC drilling; the program aimed at improving
the confidence level of the existing resource by infill drilling
down to a vertical depth of 300 m. Significant intersections
included 24.6 m at 5.7 g/t Au, 2.4 m at 36.0 g/t Au and 4.2 m
at 13.8 g/t Au. Northern Star are targeting a re-start of the

Central Tanami project production as a +125 000 oz per
annum operation. Northern Star also purchased a package of
exploration licences in the Tanami from Northern Minerals
Ltd and Toro Energy Ltd giving Northern Star an extensive
area of exploration tenure throughout the Tanami Region.
Warramunga Province (gold-copper-bismuth)
Tennant Creek-style gold-copper orebodies are believed to
have formed from mineralised hydrothermal fluids passing
along shear zones and reacting with Proterozoic iron-rich
sedimentary rocks of the Warramunga Formation, resulting
in what are now steeply plunging, zoned, high-grade
Au‑Cu-Bi sulfide orebodies. Exploration for this style of
orebody is focused on the historic Tennant Creek mineral
field, and on the Rover field where Tennant Creek-style
mineralisation occurs beneath 150–300 m of overlying
Wiso Basin sedimentary rocks.
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. Emmerson’s
exploration program in 2016 was strongly focussed on
the high-grade Edna Beryl deposit, 40 km north of
Tennant Creek. In March, Emmerson reported the results
of underground drilling at Edna Beryl East that was
conducted as part of preparation for proposed small-scale
tribute mining; drilling returned high-grade intersections
including 1.8 m at 309 g/t Au. The first major drill campaign
for the year focussed on Edna Beryl West; results included
5 m at 27 g/t Au and 13 m at 8.7 g/t Au, and suggested that
mineralisation might continue from Edna Beryl West to the
high-grade Edna Beryl mine. This was followed by a second
3900 m drill campaign at Edna Beryl West, with numerous
high-grade intersections including 5 m at 35.6 g/t Au
from 120 m. A third program of 6500 m of diamond and
RC drilling at Edna Beryl yielded bonanza intersections
including 8 m at 157 g/t Au, 34.5 g/t Ag and 0.5% Cu
from 146 m, and 5 m at 83.6 g/t Au and 3.1 g/t Ag from
89 m. Emmerson consider that the mineralisation at Edna
Beryl is typical of the Tennant Creek field, except that it is
associated with hematite rather than magnetite. The drilling
has identified numerous, shallow, sub-parallel ironstones
(ironstones 2, 3 and 4) bounded by steeply dipping shear
zones that coalesce into a master shear (ironstone 1) at 160 m
depth. In December, Emmerson planned to commence a
drilling program at the Retsina prospect, located 7 km
southwest of Edna Beryl; this new prospect is thought to be
in an analogous structural setting with brecciated hematite
ironstone and a ‘near ore’ geochemical signature.
In November 2016, Emmerson announced that they had
entered into a Heads of Agreement with Adelaide Resources
Ltd to form the Rover Farm-in and Joint Venture over
Adelaide Resources’ tenements in the Rover field, including
the Rover 1, Rover 4 and Rover 12 copper-gold prospects.
The Rover field, 70 km southwest of Tennant Creek, has
strong geological similarities to the Tennant Creek field
with a number of copper-gold deposits occurring under
overlying sediments of the Wiso Basin. The most advanced
exploration project in the Rover field is the Rover 1
5
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deposit, which straddles tenements owned by Metals X
Ltd (who have the majority of the defined mineralisation)
and Adelaide Resources Ltd. The deposit has Indicated
and Inferred Mineral Resources of 6.8 Mt at 1.73 g/t Au,
1.21% Cu, 2.1 g/t Ag, 0.14% Bi and 0.1% Co for a contained
1.22 Moz AuEq (gold equivalent), including a high-grade
gold zone of 1.32 Mt at 7.01 g/t Au and 0.81% Cu. No onground exploration work was reported by Metals X or
Adelaide Resources in 2016

11°S

Gove

DARWIN

Mount Bonnie

Walker Gossan

Allamber

Iron Blow

Groote Eylandt

Katherine

Copper, lead, zinc, silver

Rosie Creek
Coppermine Creek

Arunta Region
During 2016, KGL Resources Ltd (KGL) continued
exploration and assessment of the Jervois copper-silverlead-zinc-gold project northeast of Alice Springs (Figure 5).
Mineralisation at Jervois occurs in a series of stratabound,
subvertical sulfide-rich deposits along a 12 km strike length
hosted within the Bonya Metamorphics in the Aileron
Province. The project has a total resource of 30.5 Mt at
1.07% Cu and 23.0 g/t Ag for 327 000 t of contained copper;
this includes 10.6 Mt at 1.37% Cu at Marshall-Reward,
and 5.4 Mt at 1.62% Cu at Bellbird at a 0.75% Cu cut‑off.
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. Drilling of shallow
mineralisation at the Green Parrot deposit in early 2016
intersected very high grade lead and zinc mineralisation
including 7 m at 27.24% Pb, 13.01% Zn, 3.15% Cu,
333.1 g/t Ag and 0.07 g/t Au from 39 m. For the remainder
of 2016, exploration focussed on newly discovered high
grade chalcopyrite mineralisation at the Rockface Prospect.
The drilling program at Rockface demonstrated the
utility of down-hole electromagnetic (DHEM) surveys in
identifying numerous conductors associated with massive,
semi-massive and veined chalcopyrite-pyrite mineralisation
within altered magnetite-garnet rich host rock (Figure 6).
Drilling programs targeting Conductor 3 at Rockface
intersected 14 m at 8.89% Cu, 38.5 g/t Ag and 0.38 g/t Au
from 435 m; 10.5 m at 8.76% Cu, 42.9 g/t Ag and 0.51 g/t
Au from 478 m; and 9.4 m at 11.53% Cu, 56.6 g/t Ag and
0.87 g/t Au from 535 m. Drilling of Conductor 5 intersected
15 m at 7.11% Cu, 29.4 g/t Ag and 0.89 g/t Au from 558 m
and 10.05 m at 8.99% Cu, 45.5 g/t Ag and 0.6 g/t Au from
645 m. KGL have reported that the goal of finding larger,
high grade resources at Rockface may now be achievable;
they also note that a number of DHEM conductors, including
the strongest conductor identified to date, remain untested.
Independence Group NL continued their greenfields
exploration in the remote southwestern Aileron Province
targeting polymetallic mineralisation as part of the Lake
Mackay exploration alliance with ABM. This followed
the 2015 discovery of polymetallic copper-silver-gold-zinc
mineralisation at the Bumblebee prospect located 54 km
northeast of Kintore. Discovery intersections from 2015
included 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. Four diamond and three
RC holes for a total of 1135 m were drilled at Bumblebee in the
first half of 2016 to test a strong electromagnetic conductor
that coincided with the 2015 discovery intersections. The
conductor was found to be associated with an extensive
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Figure 5. Location of copper, lead-zinc-silver, diamond,
manganese, tungsten-molybdenum, vanadium and graphite
deposits and projects mentioned in the text.

Figure 6. High-grade chalcopyrite mineralisation from the
Rockface prospect, Jervois. Source: KGL Resources ASX
Announcement, 13 December 2016.
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pyrrhotite-rich zone intercepted in the deeper holes. Low
tenor base metals mineralisation including chalcopyrite,
sphalerite and galena was logged in all seven holes, with
narrow higher grade intercepts including 1 m at 3.74 g/t
Au and 1.07% Cu with anomalous Ag, Co, Pb and Zn.
Independence Group interpret the Bumblebee prospect as
a modified volcanogenic massive sulfide (VMS) system. A
subsequent 18 hole RC drilling program was undertaken in
the project area in November 2016; this program included
11 holes at the Grapple Prospect. Significant mineralisation
was intersected in 8 holes at Grapple, with best intersections
of 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; and 9 m at 5.23 g/t Au, 12.8 g/t Ag, 1.40% Cu, 0.57%
Zn, 1.09% Pb and 0.26% Co from 85 m. Mineralisation
consists of pyrrhotite, pyrite, chalcopyrite, sphalerite, and
galena matrix sulfides within a sedimentary rock package
that is in close proximity to low-K tholeiitic amphibolites
of the Dufaur Suite. In addition, 3 holes were drilled at the
Springer prospect and 4 holes at the Prowl prospect; assays
are pending.

chalcopyrite yielded an intersection of 9 m at 1.21% Cu,
with elevated silver, bismuth, tin and tungsten.
McArthur Basin
The McArthur River mine, situated about 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 2015, the McArthur River mine
had total Reserves and Resources of 180 Mt at 9.9% Zn,
4.7% Pb and 48 g/t Ag, including Ore Reserves of 102 Mt
at 10% Zn, 4.9% Pb and 49 g/t Ag. During 2015, MRM
produced 272 700 t of zinc, 53 000 t of lead and 1.72 Moz
of silver. The very fine-grained, thinly bedded sulfide ore
is hosted in the HYC Pyritic Shale Member of the Barney
Creek Formation.
A maiden resource was announced in June 2016 for
the Teena zinc deposit, part of the Reward project located
10 km west of the McArthur River mine. Teena was
discovered in 2013 by a Teck Australia–Rox Resources
joint venture. Fourteen holes were drilled for 14 679 m
from 2013–2015 (Figure 7a). The maiden Inferred Mineral
Resource at Teena is 58 Mt at 11.1% Zn and 1.6% Pb for
6.5 Mt of zinc and 0.9 Mt of lead metal (at a 6% Zn+Pb
cut‑off). The resource is divided into a thicker and higher
grade Upper Lode (45 Mt at 12.0% Zn, 1.8% Pb) and a
Lower Lode (14 Mt at 8.2% Zn, 1.2% Pb). The mineralisation
occurs as finely laminated sphalerite-galena mineralisation
within carbonaceous shales and calcareous siltstones of the
Barney Creek Formation in a similar style to McArthur
River. The Barney Creek Formation at Teena is interpreted
to have been deposited within a local half-graben related
to the steeply south-dipping Jabiru Fault (Figure 7b);
the half-graben is interpreted be a basin growth fault and
possibly the fluid pathway for the migration of lead-zinc
mineralising fluids into the Teena Sub-basin. Several phases
of mineralisation have been observed ranging from nearsyngenetic depositional to late stage hot influx events during
diagenesis and remobilisation and replacement related to
basin inversion. In late 2016, Rox announced that Teck was
purchasing Rox’s share of the joint venture, and would take
on 100% ownership of the Reward project including Teena.
No further drilling was reported at Teena in 2016.
During 2016, Pacifico Minerals Ltd (Pacifico) undertook
a 17 hole, 2477 m RC drilling program at their Borroloola
West JV with Sandfire Resources NL (Sandfire). At the
Coppermine Creek prospect, 100 km northwest of McArthur
River, stratabound copper, cobalt and silver mineralisation
occurs associated with an interpreted evaporate bed in the
Amelia Dolostone. One hole was drilled at Coppermine
Creek and intersected 10 m at 1.3% Cu and 8 g/t Ag from
35 m in a zone of quartz-dolomite veining. The outcrop
length of the mineralisation is 700 m. Pacifico believe there
is potential for a large volume of low grade stratabound
Mount Isa/Nifty-style copper mineralisation, within which
there may be localised higher 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 form the underlying
McArthur Group. Four holes were drilled at Mariner with
a best intersection of 6 m at 2.4% Pb. A total of eight holes

Pine Creek Orogen
PNX Metals Ltd (PNX) completed a scoping study and
further exploration and resource drilling 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. In early 2016, PNX announced a maiden
resource for Mount Bonnie of 1.3 Mt at 4.2% Zn, 1.3 g/t Au,
133 g/t Ag, 1.3% Pb, and 0.3% Cu. The nearby Iron Blow
deposit has an existing resource of 2.6 Mt at 2.4 g/t Au,
130 g/t Ag, 4.8% Zn, 0.9% Pb and 0.3% Cu. In March 2016,
PNX released results of a scoping study based on a 7 year
mine producing zinc concentrate and gold-silver doré from
both open pit and underground operations. A 27 hole infill
and extensional drilling program was undertaken at Mount
Bonnie in 2016; the drilling intersected high-grade zones
including 6 m at 4.80 g/t Au, 236 g/t Ag, 12.56% Zn, 1.91% Pb
and 0.69% Cu. The drilling also identified a near-surface
southerly extension to mineralisation, including an upper
gold-silver-lead oxide zone (6 m at 2.61 g/t Au, 345 g/t Ag,
0.22% Zn, 3.20% Pb and 0.40% Cu from 3 m) and a lower
zinc and gold rich sulfide zone (10 m at 2.22 g/t Au, 21 g/t
Ag, 4.86% Zn, 0.27% Pb and 0.51% Cu from 46 m). On the
basis of 2016 drilling, the Mount Bonnie Mineral Resource
was upgraded to 1.55 Mt at 3.8% Zn, 1.34 g/t Au, 127 g/t
Ag, 1.1% Pb, and 0.2% Cu with 90% of the Resource in the
Indicated category. The first diamond hole from a planned
32 hole, 3500 m drilling program at the Iron Blow deposit
intersected high grade mineralisation including 11 m at
15.78% Zn, 6.32 g/t Au, 343 g/t Ag, 3.42% Pb and 0.55% Cu
from 139 m. A prefeasibility study is underway for the
Hayes Creek project.
Thundelarra Exploration Ltd undertook a five hole,
863 m drilling program at their Allamber project located
north of Pine Creek. At the Ox-Eyed Herring prospect, a
zone of massive sulfides comprising pyrrhotite with blebs
of chalcopyrite and thin zones of quartz breccia with
7
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Figure 7. Teena zinc deposit. (a) Drill plan; (b) Schematic cross section for section B-B’ on drill plan. Source: Rox Resources ASX
Announcement, 1 June 2016.
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were drilled into carbonaceous and pyritic Barney Creek
formation at their Berjaya and Four Mile prospects, but no
significant base metals mineralisation was reported.
MMG Exploration Pty Ltd (MMG) continued to explore
in the Batten Fault Zone area in the McArthur Basin both
under their North Batten JV with Sandfire and on their own
tenure. During 2016, MMG undertook a 7 hole drilling
program following an airborne gravity survey flown early
in the year. This included drillholes at the Rosie Creek
prospect, and one at their Berjaya NW prospect near
McArthur River that intersected minor zinc mineralisation
in favourable stratigraphy.
Canadian-listed GPM Metals Inc (GPM) undertook
its maiden drilling program at Walker Gossan project in
eastern Arnhem Land as part of a joint venture with Rio
Tinto Exploration Pty. Ltd. GPM drilled seven diamond
holes for 953 m along 3200 m of strike length targeting
SEDEX-style base metals mineralisation. The initial target
area was based on encouraging surface geochemistry with
soil and chip sample results of anomalous Pb, including a
1400 m long contour of plus 500 ppm Pb with a maximum
of 2800 ppm Pb in soils, and rock chips containing up to
1.8% Pb. The drillholes tested an iron and silica altered
carbonate unit (the ‘gossan’) hosted in the Balbirini
Formation; they also intersected a carbonaceous siltstone
and basal sandstone further down sequence from the
gossan that unconformably overlies the Jalma Formation.
Stratigraphic thickness from the top of the ferruginous
dolostone to the basal unconformity is about 35 m. GPM
reported that the presence of pyritic, carbonaceous siltstones
and base metals mineralisation was confirmed by the
drilling; assays were consistent with surface geochemical
sampling and are typical of a sulfur-poor outflow zone of
a SEDEX style base metals system. GPM consider that the
intense sideritic (iron carbonate) alteration observed and the
presence of pyritic carbonaceous sediments in the Balbirini
and Jalma formations supports the prospectivity of the area.
In November 2016, GPM announced that a second phase
of RC drilling had commenced to infill the wide spaced
diamond drill pattern and to test a combined magnetic and
gravity anomaly located farther northwest that has been
interpreted to be a basin margin fault and a potential conduit
for mineralising fluids.

and a 14.6 ct brown diamond, as well as a number of
smaller white diamonds and a small blue diamond. No
regional diamond exploration was reported.
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 2015, the
Gove operation had Proven and Probable Ore Reserves of
145 Mt at 49.4% Al2O3, with additional Measured, Indicated
and Inferred Mineral Resources of 46 Mt at 49.3% Al2O3.
During 2016, the Gove operation produced 9.09 Mt of
bauxite. On the Dhupuma Plateau, immediately south of
the Gove mineral lease, Gulkula Mining Company Pty Ltd
were granted a mining lease in January 2017 for a bauxite
mining operation associated with a Mining Training Centre
for local Indigenous people with the support of Rio Tinto.
Iron ore
All iron ore operations in the Northern Territory remained
in care and maintenance during 2016 due to relatively low
iron ore prices. No significant iron ore exploration was
reported.
Manganese
Oolitic and pisolitic material in Mesozoic sedimentary
rocks on Groote Eylandt in the Gulf of Carpentaria forms
one of the world’s highest-grade manganese deposits
with total mineral resources of 159 Mt at 44.1% Mn. The
mineralisation is a stratiform sedimentary deposit in
shallow marine Cretaceous sediments. It was discovered
in 1960 and has been continuously mined by the Groote
Eylandt Mining Company (GEMCO) since 1966. GEMCO
is majority owned by South32 Ltd. Production from Groote
Eylandt in 2015–16 totalled 5.11 Mt of manganese ore. A
$US139 million Premium Concentrate Ore (PCO2) project
was completed in June 2016, raising production capacity by
0.5 Mt to 5.3 Mtpa. Also in June, South32 obtained consent
from the Anindilyakwa Land Council to access the Eastern
Leases and the Southern Areas. The Eastern Leases will
enable the company to mine new areas within their existing
operating footprint; access to the Southern Areas will
substantially increase the company’s exploration footprint
on Groote Eylandt.
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 Reserves and Resources for Bootu Creek were
20.5 Mt at 22.24% Mn. In December 2015, OM announced
that it was temporarily suspending mining operations at
Bootu Creek due to the fall in manganese price, but that it
aimed to recommence operations when market conditions
improve. In January 2016, OM Manganese entered
voluntary administration, and subsequently came out of

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
announced that they had recommenced small-scale
operations at the mine with processing of stockpiled
material and mining of 16 000 t of ore from the Kaye
open pit. At the end of November, 38 000 t of ore had been
processed. Diamond recovery included a 35.26 ct brown
diamond (the fifth largest diamond discovered in Australia)
9
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administration in August 2016. No mining was conducted
during 2016.

Inferred Mineral Resources of 16.6 Mt at 43.2% MgO and
Huandot (Thessaly Resources Pty Ltd), 7 km northeast of
Winchester, with Indicated and Inferred Mineral Resources
of 9.1 Mt at 44.3% MgO. Both companies are investigating
potential development options. No substantial on ground
exploration was reported during 2016.

Tungsten (-molybdenum)
Thor Mining PLC continued to pursue options for
development of the Molyhil molybdenum-tungsten project
located near the Plenty Highway northeast of Alice Springs
within the Arunta Region. Molyhil is a skarn-related
scheelite-molybdenite-magnetite deposit. 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, with an open
cut Probable Ore Reserve of 3.0 Mt at 0.31% WO3 and 0.12%
MoS2. During 2016, the company drilled 65 short holes, up to
18 m in depth, to sample bedrock beneath shallow alluvium
in five target areas within 6 km of Molyhil. Prospective host
rocks (skarn and calc-silicate, with proximal granite) were
confirmed to exist under shallow alluvial cover in three
tested prospects (Cattle Track, Gap Track, and Think Big),
with anomalous tungsten intersected at Cattle Track and
Gap Track.
In 2016, GWR Group Ltd took ownership of the historic
Hatches Creek tungsten field in the Davenport Province.
The field contains numerous underground mines that
were mined between 1915 and 1957 exploiting quartz
veins containing wolframite with lesser scheelite, bismuth
and copper oxides. Surface stockpiles of historically
mined material have an Inferred Resource of 225 066 t at
0.58% WO3 for 1311 t WO3. During 2016, GWR undertook a
program to sample previously untested waste dumps; 128 of
the 138 samples assayed returned tungsten results of greater
than 0.10% WO3, with 12 samples returning tungsten results
higher than 1.0% WO3. At the Copper Show prospect, four
samples assayed high-grade tungsten (up to 3.47% WO3)
and copper (up to 3.7% Cu). In November 2016, GWR
undertook an 18 hole, 1739 m RC drilling program at the
Pioneer, Copper Show, Hit or Miss and Treasure prospects;
assays are pending.

Mineral sands
In September 2016, Australian Abrasive Minerals Pty Ltd
announced that they had reached the production phase
of development of the Harts Range garnet sand deposit
(formerly known as Spinifex Bore) located near Harts
Range community, 170 km northeast of Alice Springs. No
resource has been publicly announced for the deposit, but
the company has stated that the reserves would support
a 29 year mine life at full production, with potential for
significant additional resources. The project involves
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Lithium

open cut mining with an onsite processing wet screening
plant to produce concentrate, and dry magnetic and
electrostatic separation. The final product is trucked to
Alice Springs and transferred to the Adelaide–Darwin
railway. Australian Ilmenite Resources Pty Ltd also
undertook exploration at the Sill 80 ilmenite prospect in
the Roper region where ilmenite occurs in surficial cover
overlying sills of Derim Derim Dolerite; no results have
been publicly announced.

One of the highlights of exploration in the NT during 2016
was an unprecedented level of exploration for lithium
following a substantial increase in global lithium prices.
Most exploration was focussed in the Bynoe pegmatite field,
20–50 km south-southwest of Darwin where potentially
economic grades of lithium were discovered in multiple
pegmatite bodies during 2016. Lithium mineralisation in
the Bynoe region occurs as spodumene (Figure 9) in northtrending pegmatites up to 40 m in width along a 30 km northtrending corridor. The most aggressive exploration program
was by Core Exploration Ltd (Core) who commenced drilling
at their Finnis project in late August and by the end of 2016
had completed two phases of RC drilling (66 holes for
8209 m), four diamond drillholes for 475 m, 354 shallow RAB
holes for 2066 m and 238 aircore holes for 2325 m. Core’s
maiden drilling campaign intersected high-grade spodumene
mineralisation including 34 m at 1.60% Li2O from 71 m at
the BP33 prospect, and 49 m at 1.78% Li2O from 71 m at
the Grants prospect. Follow-up drilling at other prospects
resulted in further high-grade intersections including 45 m at
1.57% Li2O from 62 m (including 8 m at 2.48% Li2O) at the
Far West North prospect. The most intensive drilling by Core
was at Grants where Core reported continuity of high grade
spodumene mineralisation in drilling over 250 m in length
and up to 30 m in true width, with mineralisation open at
depth to at least 200 m.
In July 2016, Liontown Resources Ltd (Liontown)
undertook their maiden drilling program in the Bynoe
field with 21 RC holes drilled for 2170 m. Results included
intersections of 16 m at 1.1% Li2O from 52 m at BP33 (north
of their tenement boundary with Core) and 42 m at 1.0%
Li2O from 93 m at Sandras. A follow-up drilling program of
34 holes for 3750 m tested 15 prospects; the best intersection
was 27 m at 1.1% Li2O from 94 m at Sandras.
Kingston Resources Ltd (Kingston) also have tenure in
the Bynoe pegmatite field, and undertook soil geochemistry

Rare earth elements
Arafura Resources Ltd (Arafura) continued feasibility
and project optimisation studies on the Nolans rare earth
elements (REE) project located in the Reynolds Range,
135 km northwest of Alice Springs. Measured, Indicated
and Inferred Mineral Resources total 56 Mt at 2.6% rare
earth oxides (REO), 11% P2O5 and 0.02% U3O8 containing
1.46 Mt of REO. The Probable Ore Reserve for Nolans
is estimated at 24 Mt at 2.8% REO, 12% P2O5 and 0.02%
U3O8. Nolans is a hydrothermal, stockwork vein-style REE
deposit hosted in metasedimentary and igneous rocks of
the Aileron Province of the Arunta Region. During 2016,
Arafura announced a number of project improvements and
efficiencies, including the addition of phosphoric acid as
an additional revenue source, and a reduction in planned
annual production to 14 000 t total REO including 3601 t of
neodymium-praesodymium (NdPr) oxide.
Crossland Strategic Metals Ltd undertook test work at its
Charley Creek alluvial rare earths project, located 120 km
west of Alice Springs. The resource is contained within
unconsolidated alluvial outwash, sourced largely from the
Teapot Granite Complex in the Warumpi Province to the
south. The deposit includes an Indicated Mineral Resource
of 387 Mt at 295 ppm TREO and an Inferred Mineral
Resource of 418 Mt at 289 ppm TREO, hosted in xenotime
and monazite. During 2016, Crossland assayed 341 samples
from resource drilling conducted in 2013.

Figure 9. Coarse grained spodumene
(green minerals) in pegmatite from
drill core at the Grants prospect,
Bynoe field (photo courtesy of Core
Exploration Ltd).
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that has defined drill targets to be tested in the 2017 dry
season.
In early 2017, Core, Liontown and Kingston collaborated
in a 2234 line km, 385 km2 airborne magnetic and radiometric
survey over the Bynoe field at 50 m line spacing.
A number of companies including Core and Kingston
have applied for or acquired exploration tenure for lithium
exploration in the Aileron Province of the Arunta Region
in central Australia, particularly targeting known tin- and
tantalum-bearing pegmatite fields that have never been
tested for their lithium potential. No on-ground exploration
in this area has been reported to date.

acid at around 70% P2O5 with a by‑product of usable inert
spent pellets.
Potash
The Territory’s only advanced potash project is Verdant’s
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 Mineral Resources at Karinga Lakes
are 8.4 Mt K 2SO4 at an average resource thickness of 17 m
contained beneath 25 lakes with a total area of 132 km2. The
average potassium grade in the resource is 4760 mg/l (at
3000 mg/l cut-off). Two distinct aquifers are present: one
contained in unconsolidated near-surface lake sediments
and the second hosted in siltstone and sandy interbeds of
the Devonian Horseshoe Bend Shale of the Finke Group
(Amadeus Basin). During 2016, Verdant announced the
completion of stage one of a prefeasibility study on the
project. They also announced the results of an 11 hole,
1574 m RC drilling program that was undertaken in late
2015 to test of deeper brine around the edges of selected salt
lakes. These were drilled to an average depth of 143 m and
a maximum depth of 200 m. Previous drilling had generally
targeted the top 15–30 m from surface so the top 12–30 m
was cased off to ensure only deeper brines were sampled
and flow tested. Five holes successfully flowed brine below
the collar, four of which had levels significantly above the
3000 mg/L cut-off for the existing resources. No further onground work was reported.

Graphite
As part of base metals exploration at the North Brumby
prospect at their Allamber project north of Pine Creek,
Thundelarra Exploration Ltd (Thundelarra) drilled a thick
carbonaceous shale package between the quartz arenite
of the Masson Formation and a granitic batholith. The
stratigraphic horizon shows strong local continuity and
according to Thundelarra, has significant potential for
graphite. Petrology carried out on several samples showed
an average graphite flake size of about 70 microns. Drill
core was cut and sampled in selected lengths of 10 cm to
25 cm to determine an indication of the tenor of the graphite
mineralisation. Samples were taken from 61.5 m downhole
depth across the sequence to 246.6 m downhole depth; the
18 samples delivered total graphitic carbon grades averaging
11.5% within a range of 5.6% to 17.4%
Phosphate

Salt

Verdant Minerals Ltd (Verdant), formerly Rum Jungle
Resources Ltd, commenced a bankable feasibility study
(BFS) for their Ammaroo phosphate project located in
the southern Georgina Basin about 80 km east of Barrow
Creek. The Ammaroo deposit has Measured, Indicated
and Inferred Mineral Resources of 1.145 Bt at 14% P2O5 (at
10% P2O5 cut-off) or 348 Mt at 18% P2O5 (at 15% cut‑off).
The BFS will focus on the development of a surface mining
operation and a flotation beneficiation facility and associated
infrastructure with a maximum annual capacity of 2 Mt
of export quality phosphate rock concentrate (30% P2O5).
During 2016, Verdant drilled 201 RC holes for 4885 m to
convert inferred mineral resources to indicated category
and to enable mine planning at a BFS level of accuracy for
the shallow, lower-cost part of the resource that contains
low iron-content phosphate. An additional 29 diamond
core holes were drilled for geochemical, bulk density and
metallurgical sampling of the proposed mining area.
Avenira Ltd operates the Wonarah phosphate project
located close to the Barkly Highway. Wonarah has
Measured, Indicated and Inferred Mineral Resources of
842 Mt at 18% P2O5 (at 10% P2O5 cut-off) comprising 707 Mt
in the Main Zone and 135 Mt in the Arruwurra deposit.
No on-ground work was reported in 2016 as the company
awaited the commercial validation of the Improved Hard
Process (IHP) owned by JDC Phosphate Inc. Avenira hope
to utilise the IHP at Wonarah to produce superphosphoric

Tellus Holdings Ltd (Tellus) continued to progress plans to
develop an underground rock salt mine at their Chandler
project located near Titjikala 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, and for
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 (Figure 10). The deposit contains a Measured
Mineral Resource of 309 Mt NaCl, plus Indicated and
Inferred Mineral Resources of 1.128 Bt NaCl and 3.103 Bt
NaCl respectively, at an average halite grade of 88.6%.
There are individual layers of high grade halite (~98%). The
total thickness of the deposit varies between 220–261 m. In
October 2016, Tellus lodged a draft Environmental Impact
Statement for the Chandler project.
Uranium
The Ranger uranium deposit is hosted in the lower Cahill
Formation in the Pine Creek Orogen close to the structural
contact with the underlying Archaean Nanambu Complex.
The Ranger mine has been in production since 1981. During
2016, Energy Resources of Australia Ltd (ERA) produced
2351 t of uranium oxide, a 17% increase from 2015. All
12
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production was from stockpiles from the Ranger 3 open pit,
which is now backfilled and being used as tailings facility.
At the end of 2015, Ore Reserves at Ranger (entirely within
stockpiles from Ranger 3 pit) are 10 Mt at 0.081% U3O8
for 8081 t of U3O8 (at 0.06% U3O8 cut-off). There are also
Mineral Resources (in stockpiles and in Ranger 3 Deeps) of
50.18 Mt at 0.11% U3O8 for 55 971 t of U3O8. In addition, the
Ranger 3 Deeps deposit, currently in care and maintenance,
has a Mineral Resource of 19.58 Mt at 0.224% U3O8 for
43 858 t of contained U3O8. No exploration was undertaken
in 2016.
Western Arnhem Land continued to be an important
focus for uranium exploration in the NT in 2016. Cameco
Australia Pty Ltd (Cameco) conducted a significant
exploration program in their Wellington Range project area
located near the north coast of western Arnhem Land. No
exploration results have been publicly released from their
2016 program, but results from co-funded drilling in 2015
under the Geophysics and Drilling Collaboration were
open filed during the year. The four co-funded holes were
drilled at four different prospects under Cenozoic and/or
Cretaceous cover. At the Emu prospect, three intervals of
anomalous uranium were intersected, including 0.5 m at
0.12% U3O8; at Condor South, Cameco identified what is
interpreted to be prospective Ranger Mine stratigraphy with
anomalous uranium under 200 m of Cretaceous cover.
Alligator Energy Ltd (Alligator) continued exploration
at their Beatrice and Tin Camp Creek project areas in
western Arnhem Land. Work in 2016 targeted the ‘VioletOrion Zone’, a 40 km zone of uranium mineralisation,

anomalism and pathfinder elements that stretches across the
Beatrice and Tin Camp Creek tenements. Alligator utilised
uranium decay pathfinder element sampling of covering
sandstone in an attempt to define the footprint of large,
concealed, unconformity uranium deposits. This technique,
in combination with geophysical interpretation to identify
basement conductors, has identified two main targets
(TCC4 and BC12) for follow-up exploration.
Energy Metals Ltd (Energy Metals) have uranium
projects in the Ngalia Basin in central Australia, including
Bigrlyi uranium deposit with a 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. During 2016, Energy Metals undertook a
four hole, 840 m drilling program and associated passive
seismic survey at the Malawiri project area in the eastern
Ngalia basin, both of which were co-funded by NTGS under
the Geophysics and Drilling Collaborations program. The
aim of the program was to better understand the undercover
geology of the poorly explored eastern Ngalia Basin and to
assist in exploring for buried uranium deposits of a similar
style to Malawiri and Minerva prospects. A hole drilled
3.5 km north of the Malawiri prospect intersected several
intervals of uranium mineralisation within reduced Mount
Eclipse Sandstone including 3.3 m at 198 ppm eU3O8 from
137 m. One hole was drilled at the Malawiri prospect
and intersected 8.1 m at 0.18% eU3O8 including 2.0 m at
0.62% eU3O8.
Onshore petroleum
Exploration activity in the onshore basins of the Northern
Territory in 2016 was focussed on the McArthur Basin
(including the Beetaloo Sub-basin) and the Amadeus Basin.
In the McArthur Basin, four new wells were drilled for a
total of 4354 m, and one horizontal well stimulated and
tested. In the Amadeus Basin, a 1300 km seismic survey
commenced. Figure 11 shows NT’s petroleum tenure and
basins with the locations of wells drilled or tested in 2016.
McArthur Basin
The Beetaloo Sub-basin is a significant depocentre of
Mesoproterozoic Roper Group sedimentary rocks that
underlies the Mesozoic Carpentaria Basin in the vicinity of
Dunmarra and Daly Waters. The sub-basin is the NT’s most
advanced shale gas and shale oil play.
Origin Energy Ltd (Origin) continued their exploration
program in the Beetaloo Sub-basin as part of their farm‑in
with Sasol Petroleum Australia Limited into Falcon Oil &
Gas Australia Ltd’s (Falcon) tenements. In late 2015, Origin
drilled the first horizontal appraisal well at Amungee
NW-1 after plugging back the vertical section of the well.
Falcon announced that the joint venture had discovered
a prospective and laterally extensive sweet spot with
excellent gas shows that indicated the likelihood of high
levels of gas saturation across the entire horizontal section
of ‘B Shale’ interval of the middle Velkerri Formation. In
August–September 2016, Origin undertook multi-stage
hydraulic fracturing of the horizontal well, followed by

Figure 10. Examples of halite from drill core from the Chandler salt
deposit, Amadeus Basin. Photo courtesy of Tellus Holdings Ltd.
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production testing and core and log data analysis. This
testing and analysis led to the announcement by Origin in
October 2016 of a discovery at Amungee. Gas flow rates
ranged between 0.8 and 1.2 million standard cubic feet
per day with continuing flow back of hydraulic fracture
stimulation fluid of volumes between 100 and 400 barrels
per day. Initial estimates suggest a dry gas composition
with less than 4% CO2. The discovered accumulation has a
thickness of 30 m, between 4.0% and 7.5% porosity, a gas
saturation range of 50% to 75%, and permeability between
50 and 500 nano‑Darcys.
During 2016, Origin also drilled the Beetaloo W-1 well
to a total depth of 3173 m, confirming the continuation of
the regionally extensive middle Velkerri formation about
85 km south of the Kalala S-1 and Amungee NW-1H wells.
The well intersected a gross interval of over 570 m of shale
gas sequence with net pay exceeding 150 m, and with
excellent gas shows in the middle Velkerri formation. The
lower Kyalla formation also provided excellent gas shows
within a 150 m thick liquid-rich sequence.
Pangaea Resources Pty Ltd (Pangaea) have a large
tenement holding located west of the Stuart Highway near
Larrimah over the Gorrie Sub-basin, which is a poorly
explored, western extension of the Beetaloo Sub‑basin.
Pangaea drilled four appraisal wells in 2015: Birdum
Creek-1 (1931.9 m), Tarlee 1 (1335.5 m), Tarlee 2 (1180 m)
and Wyworrie-1 (1385 m). In February 2016, Pangaea
announced that it was suspending its 2016 exploration
program.
Santos Ltd (Santos) is farming-in to three exploration
tenements owned by Tamboran Resources located to the
north and east of the Beetaloo Sub-basin, including the
OT Downs Sub-basin. In 2016, Santos announced they
had drilled three stratigraphic cored wells (Flying Fox
Creek-1, Marmbulligan-1 and Mountain Valley-1) to further
understand the geology, geomechanics and reservoir
characteristics of the McArthur Basin. Two of the three
stratigraphic holes, Flying Fox Creek-1 and Mountain

Valley-1, cored the base Roper Group and upper Mt Rigg
Group succession in the northern Maiwok Sub-basin of
the greater McArthur Basin. The third stratigraphic hole,
Marmbulligan-1, cored the entire middle Velkerri Formation
on the margin of the OT Downs Sub-basin.
No on-ground exploration was reported in 2016 by other
explorers that hold exploration tenure in the McArthur
Basin, such as Armour Energy Ltd and Imperial Oil and
Gas Ltd.
Amadeus Basin
Onshore oil production in 2016 was sourced entirely from
the Mereenie field west of Alice Springs in the Amadeus
Basin. Mereenie is operated by Central Petroleum Ltd
(Central Petroleum) and produced 0.233 million barrels
(mmbbls) of oil in 2016, a 16.2% decrease on 2015.
The Territory’s onshore gas production is sourced from
the Mereenie, Dingo and Palm Valley fields in the Amadeus
Basin. In 2016, 4.203 billion standard cubic feet (bscf) of
gas was produced, comprising 3.230 bscf from Mereenie,
0.046 bscf from Palm Valley, and 0.926 bscf from Dingo.
Production of gas at Mereenie increased by 34.9% in 2016
relative to 2015 as Central Petroleum transitioned the field
from oil to gas production. The increase in gas production at
Mereenie led to Central Petroleum placing the Palm Valley
field on standby.
Central Petroleum also has a farm-in agreement
worth up to $150 million with Santos for a large area in
the Amadeus Basin. Santos has assumed operatorship of
the tenements and drilled the Mount Kitty well in 2014.
Santos are targeting sub-salt and intra-salt plays of the
Neoproterozoic lower Gillen-Heavitree Quartzite System
in the southeastern part of the basin that 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.
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The discovery of the Edna Beryl deposit – a journey with a destination!
Rob Bills1,2, Steve Russell1 and Ana Liza Cuison1
Edna Beryl deposit, located in the Tennant Creek Mineral
Field, was discovered by prospectors in 1936 and mined
underground until the closure of the mine in 1942. Mining
recommenced at Edna Beryl in 1945–46 when several
shafts and drives were developed to a maximum depth of
approximately 50 m before encountering the water table.
Production up to 1952 was reportedly 2700 t of ore at an
exceptional grade of 53 g/t gold (Figure 1). In one crushing,
1015 oz were won from just 249 t of ore! The source of this
high grade ore later became known as Edna Beryl East Mine.
Exploration during the period 1996–2000 by Giants
Reef Mining outlined additional high-grade gold
mineralisation below the historic workings of the Edna
Beryl East Mine, resulting in a small but very high grade
resource reported in 1998.
In late 2015, Emmerson announced a plan to monetise
this resource via a ‘small mines’ Tribute Agreement with
the Edna Beryl Mining company. This agreement relates to
a 3D envelope immediately around the mineralisation at the
Edna Beryl East Mine (Figure 2). The Tribute Agreement
also contemplates further underground exploration and
drilling, however any mineralisation discovered outside of
this envelope remains 100% Emmerson.
1
2

Although too early to calculate, the recent drilling
success at Edna Beryl has greatly increased the potential
for a significant upgrade to the existing mineral resource.
However, more importantly, Emmerson has now discovered
three hematite-hosted ironstone systems that exhibit
exceptionally high gold and copper grades. These include
bonanza gold grades encountered in the Edna Beryl North
and Deeps ironstones, high-grade gold at the Mauretania
prospect, and exceptionally high-grade copper at Goanna.
These new deposits are the first discoveries in over a decade
and auger well for the success of future exploration.
Since inception of Emmerson Resources in late 2007,
our strategy has been firmly focussed on discovery from the
implementation of a science-based approach to exploration
but within a clear, risk-based business framework. Of
fundamental importance to Emmerson’s success is the
calibre of our team, the support of the Emmerson Board,
shareholders, joint venture (JV) partners (Ivanhoe
Australia in 2009, and Evolution Mining in 2014), plus
various other stakeholders, including the Traditional
Owners.
Undoubtedly Emmerson has benefited greatly from
the excellent work of previous explorers and the Northern
Territory Geological Survey (NTGS), which to a large
extent has provided the imperative to innovate and unlock
new search space through the adoption of new ideas and
technology.

Emmerson Resources, 3 Kimberley St, West Leederville WA
6007, Australia
Email: rbills@emmersonresources.com.au

Figure 1. Location of the Emmerson Resources tenements and new discoveries.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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Figure 2. Long section of the Edna Beryl drilling. Note the multiple intersections of high grade gold in subparallel hematite ironstones.
The first ‘small mines’ development via a Tribute agreement with the Edna Beryl Mining Company is marked in yellow.

Emmerson’s technical approach includes integrating
both the Prediction and Detection elements of our
exploration model across all geological scales. With the
assistance of Kenex Limited (world leaders in constructing
2 and 3D probabilistic target models), we have adopted an
objective, probabilistic targeting methodology whereby
target ranking is derived from a solid understanding of
ore processes and their fingerprints – the critical step
of turning data into information. No one data layer is
definitive; rather the more robust targets are derived from
multiple geoscientific data that are highly correlated to the
mineralisation. Our probability-based prediction concept
is illustrated in Figure 3.
This approach is underpinned by geoscience and allows
interrogation of the various attributes and data layers with
respect to the mineralisation. It also allows a more clinical
approach to exploration aimed at filling gaps in the highly
correlated data layers. An example being Edna Beryl which
historically suffered from a lack of structural context given
the subdued magnetics of this very oxidised (hematite

stable) environment. Thus the recently completed co-funded
(NTGS and Emmerson/Evolution) 60 km seismic traverse
proved pivotal in confirming the similarities of the structural
architecture at Edna Beryl to the other major deposits in
the south of the Tennant Creek Mineral Field. Moreover, it
also provided further insight into the spatial association of
the Tennant Creek Supersuite that, from recent age dating,
brackets the main stage of Au-Cu-Bi mineralisation.
The application of various detection techniques
are aimed at precisely pinpointing the location of
the mineralisation for drill testing. The Au-Cu-Bi
mineralised ironstones (generally hematite-dominant) are
notoriously difficult to detect both from the geophysical
and geochemical perspective. To date, Emmerson (and
JV partners) have trialled gravity geophysics, a number
of electrical techniques (including airborne EM), high
resolution magnetics, and various geochemical techniques
including ironstone fertility indices. The journey continues
this field season with the testing of ultra-high resolution
gravity and passive seismic methods.
17
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In summary, Emmerson (and JV partners) have
invested considerable resources in the Tennant Creek
Mineral Field, all within a risk-based business framework
and with the clear aim of discovery. We are increasingly

confident that this approach will continue to be supported
by our shareholders and provide a point of difference for
retaining and attracting new joint ventures, such as at our
recently acquired Rover and New South Wales projects.

Figure 3. Probability-based prediction, followed by defining drill targets from various detection techniques.
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Regional geoscience and resource potential programs under the CORE initiative
Dorothy Close 1,2
Introduction

(ie stratigraphic correlations, structural architecture, and
regional scale igneous and metamorphic events) and access
the potential for regional scale base metals mineral and/or
petroleum systems (Figure 1).

Under the 2014–2018 Creating Opportunities for Resource
Exploration (CORE) initiative, the Northern Territory
Geological Survey (NTGS) has undertaken a range of
precompetitive geoscience projects designed to deliver
new key datasets and interpretations in order to provide
an integrated understanding of geological framework and
resource potential of the Northern Territory.

Arnhem Province
Regional geoscience projects in the Arnhem Province
under the CORE initiative are designed to improve the
understanding of the geological framework of this basement
terrane through documenting the depositional, igneous,
metamorphic and deformational processes. The results
of this work will be published in a series of first edition
1:100 000 geological maps (Kraus et al 2015).
A systemic approach to isotopic geochemistry and
geochronology was integrated with the field mapping and
interpreted evolution of rock units to assist in the correlation
with other exposed Proterozoic basement terranes in
northern section of the North Australia Craton such as the
Pine Creek Orogen (Whelan et al 2017). Ultimately this
approach will contribute to a seamless understanding of the
tectonic evolution of North Australian Craton and provide
insights on the underlying crustal architecture and the
influences on the formation of overlying basins.

Regional geoscience and resource potential projects
Four areas have been targeted under the CORE
initiative:
Palaeoproterozoic
Arnhem
Province,
Palaeo- to Mesoproterozoic Aileron Province, Palaeoto Mesoproterozoic greater McArthur Basin and
Neoproterozoic to Palaeozoic Amadeus Basin (Close
2014a, Close 2015). Projects and approaches were tailored
for each target area to address gaps in regional scale
datasets, increase knowledge of geological framework
1
2

Northern Territory Geological Survey, GPO Box 4550, Darwin
NT 0801, Australia
Email: dorothy.close@nt.gov.au

Arnhem Province
• Complete regional scale geophysical
coverage: ground gravity at minimum
4 km spacing, data delivered online
through GADDS and via GEMIS
• Production of 1st edition 1:100 000
scale outcrop maps: field acquisition
complete; ongoing information delivery
at AGES

greater McArthur Basin
• Complete regional scale geophysical
coverage: ground gravity at minimum
4 km spacing, aeromagnetic and
radiometric data at minimum 400 m
line spacing data delivered online
through GADDS and via GEMIS
• Construction of 3D models at various
scales: ongoing delivery DIP 012
• Structural interpretation from potential
field and outcropping data. DIP 015
published
• Comprehensive collection of key data
for shale gas resource assessment in
Mesoproterozoic units ongoing
delivery DIP 014
• collection of consistent petrophysical
data across all Palaeo- to
Mesoproterozoic formations ongoing
delivery DIP 013
• HyLogging of all key drillcore retained
by NTGS ongoing delivery HDPs, via
AuScope portal
• Volumetric petroleum resource
assessment for middle Velkerri and
Kyalla formations: report in progress
• Characterisation of base metal
deposits in the McArthur Group: in
progress
• Characterisation of Mesoproterozoic
stratigraphic succession of Wilton
package (Munson 2016)

Aileron Province
• Production of 1st edition 1:100 000
scale outcrop maps: field acquisition
70% complete; ongoing information
delivery at AGES
• Characterisation of Cu-bearing
mineral systems: field acquisition
90% complete; reports in progress

0

100 200 km

Amadeus Basin
• Complete regional scale geophysical
coverage: ground gravity at minimum
4 km spacing, data delivered data
delivered online through GADDS and
via GEMIS
• Characterisation of Neoproterozoic
stratigraphy field acquisition complete;
report in progress
• Production of 1st edition 1:100 000
scale outcrop maps: field acquisition
in progress; ongoing information
delivery at AGES
• HyLogging of all key drillcore retained
by NTGS ongoing delivery HDP, via
AuScope portal
• Production of 1:500 000 scale
seamless basin-wide pre-Permian
solid geology map: in progress
• Construction of basin-wide 3D model
and assessment of sediment hosted
base metal potential: DIP 016
published
A17-073.ai

Figure 1. NTGS regional geoscience projects, collaborations and products under the CORE initiative addressing data or knowledge gaps
across four targeted areas: Arnhem Province, greater McArthur Basin (linking outcropping McArthur Basin, Birrindudu Basin and
Tomkinson Province), Aileron Province and Amadeus Basin.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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greater McArthur Basin

prior to the completion of in-fill regional geophysical surveys
and acquisition of rock property data. This interpretation
provided the basis of fault network architecture for the first
phase construction of the 3D model at the largest (regional)
scale (Bruna and Dhu 2016). With the completion of the
geophysical acquisition phase under the CORE initiative
and through a collaborative project with CSIRO, a further
structural interpretation of recently acquired potential
field data is refining this fault architecture modelling. The
incorporation of stratigraphically representative petrophysical
data will enable 3D models to be geophysically constrained
(Blaikie and Kunzmann 2017).
The Batten Fault Zone, a major north-trending structural
domain within the southern McArthur Basin, is the location
of significant to world class, sediment-hosted base metals
deposits such as Myrtle, Teena and McArthur River.
Understanding the development of Palaeoproterozoic subbasins in this Fault Zone, the host of these large scale base
metals deposits, is essential for targeting further discoveries.
Through collaboration between CSIRO and NTGS under
the CORE initiative, a series of projects have been designed
to provide a multi-disciplinary approach to investigate subbasin development and characterise sediment-hosted mineral
systems.
High resolution geophysical data available through
industry submissions is being used to construct a refined
3D model within the Batten Fault Zone. The intention of
this model is to define the structural controls on sub-basin
formation and thereby provide an architectural framework
for not only basin-fill, but also for the conduits of syn- and
epigenetic fluid flow.
A program of high resolution, systematic, sedimentological
logging of the middle McArthur Group in drill core adjacent
to major faults in the Batten Fault Zone is allowing insight into
spatial facies variations and depositional environments; this
provides a consistent basin-fill framework in which to investigate
chemical and isotopic variations (Kunzmann et al 2017).
The construction of a high resolution 3D model over
the Batten Fault Zone that can accommodate structural
architecture, basin-fill facies and geometry, and geochemical
and isotopic trends will provide the context to the deformation
fluid flow modelling phase of the project. This modelling will
test the key ingredients including fault orientation related to
base metals deposition within the Fault Zone.
The construction of the regional 3D model (Bruna and
Dhu 2016) with a regional scale stratigraphic correlation
between Mesoproterozoic units across the greater McArthur
Basin has provided a volume control for hydrocarbon
reservoir intervals (Revie 2017); this is a critical element in
determining a resource estimate for shale gas plays in the
Kyalla and Velkerri formations in the Beetaloo Sub-basin.
Under the CORE initiative, a project was undertaken to
systematically collect a consistent suite of analytical data
(eg total organic carbon content, programmed pyrolysis,
elemental kerogen, clay mineral content etc) essential for
determining areas of increased potential for hosting shale
petroleum plays (Revie and Edgoose 2015). These were
collected from samples obtained from open file drill core that
intersected Mesoproterozoic stratigraphy across the greater
McArthur Basin; this new data was also collated with open

The construction of a 3D model of the greater McArthur
Basin (as defined in Close 2014b) was the identified approach
to improve knowledge of the regional scale architecture
for this target area. The purpose of the 3D model is to
redefine the current thinking on the scale of the prospective
Mesoproterozoic and Palaeoproterozoic successions, and
also to better understand the evolving fault architecture that
controlled the formation of the stacked basin successions.
A range of 3D models, constructed at appropriate scales,
provides the framework needed to understand regional scale
stratigraphic correlations and unconformities, and the depth,
thickness and volume of prospective stratigraphy and fault
architecture influencing sediment deposition and mineralised
fluid flow.
To assist in the correlation of outcropping age equivalent
sedimentary successions, a project was undertaken to
characterise each formation unit at type sections in each of
four geological areas within the greater McArthur Basin:
northern and southern McArthur Basin, Birrindudu Basin
and Tomkinson Province. Characterisation involved visiting
type and reference sections as described in the Australian
Stratigraphic Units Database (Geoscience Australia 2017) for
each of the formations in these geological areas. A standard
suite of field observations were made to assist in understanding
depositional environment and palaeogeographic history;
representative samples were collected for petrographic
description, multi element geochemistry and maximum
deposition age through U – Pb dating of detrital zircons. The
characterisation of the Mesoproterozoic successions across
the northern and southern McArthur Basin, Birrindudu
Basin and Tomkinson Province is now complete and
published (Munson 2016). A complementary process for the
Palaeoproterozoic successions is in progress.
Prior to 2014, regional scale geophysical coverage across
the greater McArthur Basin comprised ground gravity
coverage largely at 11 km spacing, with variable magnetic
and radiometric data coverage creating an obvious data gap
to be addressed. Under the CORE initiative, the entire greater
McArthur Basin is now covered with publically available
4 km or better spaced gravity stations and 400 m line spaced
aeromagnetic and radiometric data (Dhu 2015, 2016).
The value of the improved regional geophysical datasets
is being increased through a project implemented under the
CORE initiative to collect and collate petrophysical data. This
project involves the compilation of existing rock property data
submitted to NTGS through industry reporting together with
the collection of a new standard suite of rock property data
from the drill core lodged at the NTGS Core Facilities (Hallett
2016, Dhu and Hallett 2017). Petrophysical data collection has
focussed on the greater McArthur Basin to ensure provision,
where possible, of a statistically valid number of rock property
datasets representative of each stratigraphic formation.
The increased resolution of the regional geophysical
datasets supported by petrophysical data provides a key input
data set to the construction and validation of the 3D models
of the greater McArthur Basin. A geophysical and structural
interpretation of the greater McArthur Basin (DIP 015) was
undertaken based on available gravity and magnetic data
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Geophysics and Drilling Collaborations program

file industry data. NTGS has provided ongoing release of
these analyses and data (Revie 2016).
Weatherford Laboratories were commissioned by NTGS
to undertake a volumetric petroleum resource assessment
for the middle Velkerri and the Kyalla formations within the
Beetaloo Sub-basin based on the key data controls acquired
under the CORE initiative (Revie 2017). This resource
assessment is based only on open file information and data
to ensure reproducibility of results. Future incorporation of
currently confidential information will continue to add to the
confidence of this petroleum resource assessment.

New precompetitive geoscientific data is also available
through the Geophysics and Drilling Collaborations program
funded annually under the current CORE and previous
initiatives. The objective of the program is to co-invest with
industry in the acquisition of new data in areas of limited
information. Exploration projects that seek to undertake either
regional scale geophysics, diamond drilling in greenfields
areas or use innovative geophysical techniques on prospect
scales are eligible to receive co‑funding of 50% of direct
acquisition costs up to a maximum of $100 000. Data and
information derived from co-invested projects is open filed
six months after field collection.
The program is intended to provide an incentive to
industry to undertake ‘high risk’ acquisition whilst providing
availability of the resultant information to all, thereby
increasing geoscientific and resource potential knowledge in
areas of limited data. The program is funded at $750 000 per
year under each year of the 2014–2018 CORE initiative.
Round 9 of the program attracted a diverse range of
projects across many geological regions within the Territory.
These include:

Aileron Province
Under the CORE initiative, NTGS continues the long
term commitment to provide updated geological maps
using modern analytical techniques delivering seamless
interpretation of the protoliths to exposed geology. Through
a protolith-based approach, the understanding of the tectonic
evolution of the depositional sequences, the magmatic phases,
and the regional metamorphic overprints of the southern
margin of the North Australian Craton continues to improve
(Reno et al 2017).
The eastern section of the Aileron Province has been
targeted under the CORE initiative to meet this objective
and to provide a modern geological framework for formation
analysis of copper-bearing mineralisation systems. The
Jervois mineral field has well exposed and explored
polymetallic deposits that offer an excellent opportunity to
characterise this mineral system and provide a template for
contrasting other Cu-based mineral systems throughout the
Aileron Province (McGloin 2017).

•

•
•

Amadeus Basin

•

The Neoproterozoic stratigraphy of the Amadeus Basin is
currently a target for petroleum exploration (Debacker et al
2016). It also contains many elements necessary for sedimenthosted base metals mineral systems. However, much of the
published regional scale geology across the Amadeus Basin
is based on investigations by BMR/AGSO from the 1960s to
1980s. Under the CORE initiative, a project was undertaken
to characterise and redefine Neoproterozoic stratigraphic
units using modern techniques to provide a basis for basinwide correlations (Normington et al 2015). This revised
understanding of the Neoproterozoic stratigraphy is now
being applied to field mapping and updating 1st edition
mapsheets published in the 1960s (Henbury 1:250 000 and
Henbury 1:100 000 geology) with the distribution of the
newly defined units.
The construction of a pre-Permian basin-wide solid
geology map at 1:500 000 scale that also incorporates the
distribution of the newly defined units is underway. This map
will assist in determining areas of insufficient or incomplete
knowledge on stratigraphic correlation or structural overprint
and thereby help to prioritise future field mapping projects.
The 1:500 000 scale basin-wide distribution of stratigraphy
will also provide the basis for future 3D model of the Amadeus
Basin to be integrated with newly acquired regional scale
seismic data from industry.

•
•
•

acquisition of over 30 000 line km of magnetic and
radiometric data at 200 m spacing over the western
Aileron Province and nearly 500 gravity stations at 1 km
spacing in the eastern Aileron Province
acquisition of 18 line km of passive seismic and
three 200 m diamond drillholes testing depth of cover in
the Ngalia Basin
approximately 900 m diamond drilling testing SEDEX
and VMS style mineralisation in the Pine Creek Orogen
over 800 m diamond drilling in West Arnhem Land
testing depth to Mesoproterozoic unconformity,
Palaeoproterozoic stratigraphy and geochemical vectors
approximately 500 m of diamond drilling testing
unexposed Palaeoproterozoic stratigraphy in the Tanami
Region
nearly 2 km of diamond drilling investigating stratigraphic
equivalents to the highly prospective McArthur Group in
the northern McArthur Basin
approximately 800 m diamond drilling testing
stratigraphic equivalents to the McArthur Group in the
underexplored Lawn Hill Platform.

The location of these co-funded projects and the
associated open file company report numbers can be found on
the Geophysics and Drilling Collaborations webpage: www.
minerals.nt.gov.au/collaborations.
Spatial indexes for regional scale geophysical acquisition
and drillhole locations from projects co-funded under the
Geophysics and Drilling Collaborations program will be
updated in the Spatial Territory Resource Information Kit for
Exploration (STRIKE).
The final round of the Geophysics and Drilling
Collaborations program to be funded under the CORE
initiative is now open for applications. Closing date is
26 April 2017 with applications to be submitted by 10am
CST. Successful applicants will be announced in May 2017.
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For further information please visit www.minerals.nt.gov.au/
collaborations.
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Discovery of the Seuss Fault in the Suplejack Project
Matt Briggs 1,2, Alwin Van Roij 1, Peter Aldridge 1 and Lara Bowlt 1
The Suplejack Project is located approximately 800 km
south of Darwin (Figure 1) in the Tanami Region. In 2016,
it consisted of 1027 km2 of granted exploration tenements
held by ABM Resources NL (ABM). The Hyperion-Tethys
Prospect within Suplejack contains a Mineral Resource of
4.51 Mt at 2.1 g/t containing 309 900 oz of gold above a
0.8 g/t cut‑off and within 180 m of surface (ABM 2017).
The geology at the Hyperion-Tethys Prospect consists of
a differentiated mafic sequence (dolerite to basalt) intruded
by monzogranite dykes. Locally the area is covered by up
to 8 m of quaternary alluvium with weathering down to
approximately 100 m. A 20–30 m zone of gold depletion
is interpreted within the upper to lower saprolite overlying
primary mineralisation.
During 2015, ABM identified the Suplejack Project as a
priority target and focus area for future exploration due to
the following reasons:

sericite-epidote-chlorite-feldspar altered and sulfidebearing mafic material.
The program results identified a north–south striking
quartz breccia subcropping approximately 1 km to the
east of the existing Hyperion-Tethys Resource (Figure 2).
A best result of 6.3 g/t gold was returned from rock chip
samples collected from this structure (ABM 2016a), which
was mapped along 180 m strike length at surface. Quartz
veining noted further along gives potential for the structure
to be interpreted over 300 m. The structure was lost under
scree to the south and shallow alluvium to the north.
Three campaigns of drilling were completed during the
period consisting of 111 holes for a total of 11 353 m drilled.
Significant results were returned from 7 prospects within
the Suplejack Project, all located within EL9250.
Section 614180 m east had previously been interpreted
as the east–west, south-dipping Tethys structure; however,

1. 60 km trend of significant gold anomalism in
cross‑cutting structures
2. the large, contiguous under-explored land package
3. previous soil sampling and vacuum drilling did not
penetrate below alluvial cover or leached oxide
4. the known Resource is blind to traditional techniques
5. the known Resource had only been drilled to a shallow
depth and is open along strike.
Based on this rationale, ABM conducted field mapping,
rock chip sampling, and three campaigns of drilling. The
objective of the initial activity was to provide confirmation
of bedrock anomalism in existing surface geochemical
anomalies and targets, and to test for extensions of the
Hyperion-Tethys Prospect Mineral Resources.
Reinvestigation of historical drillholes was undertaken
through a pilot re-logging program and compilation of
reported data from various sources; the objective was
to ascertain the feasibility of obtaining a tenement-wide
geochemical dataset for proposed lithogeochemical
mapping without the need to redrill the entire tenement. An
important aim of the program was assessing the accuracy
of historical end of drillhole (EOH) values in the ABM
drillhole database. Interrogation and assessment of the
drillhole database also greatly assisted compilation of the
basement interpretation map.
During 2016, 490 rock samples from EL9250 were
collected from outcropping quartz veins, suitably preserved
historical EOH drillhole material and any material showing
quartz veining, fracturing, or any alteration mineral or
mineral assemblage recognised to be associated with
mineralisation at the Hyperion-Tethys Prospect. As the
field mapping progressed and in conjunction with the 2016
Suplejack drilling program, rock chip sampling focussed
on identifying areas of brecciated, silicified and haematite1
2

ABM Resources NL
Email: mbriggs@abmresources.com.au

Figure 1. Suplejack Project location map.

© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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the discovery of the subcropping Seuss Fault resulted
in the diamond drilling program being redesigned to
intersect the structure perpendicular to the mapped strike.
Drillhole TYRD100003 was drilled in November 2016
and intersected a 9 m wide, east-dipping (Figure 3) quartz
breccia with 20 –50% arsenopyrite within a wider zone of
deformation. This zone was named the Seuss Prospect after
the associated Seuss Fault.
Assaying results for this hole returned an interval of
13 m at 5.6 g/t gold from 184 m downhole (ABM 2016b).
A broader interval of arsenic (As) anomalism has also been

defined by handheld XRF analysis; the anomalous As results
are typically above 500 ppm compared to background of
less than 50 ppm within the host dolerite. Comprehensive
XRF data has been collected from the drilling program to
map zonations within the dolerites and alteration related to
mineralisation.
The Suplejack Project is a key project and part of ABM’s
focussed exploration strategy. Exploration will continue
in 2017 with an aim to identify new structures analogous
to Seuss and to grow the existing Mineral Resource at
Hyperion-Tethys and other known prospects.

Figure 2. Prospect map showing the location of the Seuss Fault discovery.
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Figure 3. Schematic cross-section of the Seuss Prospect.
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Exploring for the Future: a new initiative to unlock Northern Australia’s minerals, energy and
groundwater resources
Richard Blewett 1, 2
Introduction

will make them some of the best geologically-characterised
regions in Australia.
In terms of skills, the program is drawing together a
broad range of scientific capability and expertise from across
the Commonwealth, State and Territory governments, and
academia to address key scientific questions.
A significant focus for the program is the acquisition
of new precompetitive or non-rivalrous data from
both air-borne and ground-based sources. Geoscience
Australia will be working closely with the relevant State
and Northern Territory government agencies to arrange
access where required. This will include full engagement
with Aboriginal groups, Traditional Owners, local
communities and pastoralists. All field activities will be
conducted according to relevant legislation and community
expectations.

Mineral, energy and groundwater resources are not only
essential for life; they are key drivers of the Australian
economy. Minerals and energy resources together contribute
around $200 billion annually towards our export income
while the water-dependent agricultural sector contributes
a further $41 billion. Domestically, mining and agriculture
are also a significant source of employment, particularly in
rural and remote areas, as is the related Mining Equipment,
Technology and Services sector. Exploring for the Future
aims to ensure these national benefits continue into the
future.
Exploring for the Future is a four-year, $100.5 million
program designed to investigate the potential of mineral,
energy and groundwater resources in Northern Australia
and parts of South Australia, both areas where the resource
potential is relatively poorly known (Figure 1). Over the
course of the program, a suite of precompetitive data
and information will be released to support and de-risk
investment in exploration and industry expansion.
Previous work undertaken by Geoscience Australia (and
its predecessor) has proven that investing in precompetitive
data acquisition activities can generate significant longterm returns for the nation:
•

•

•

Three components of the program
The minerals component focuses on understanding the
geological evolution of the entire northern Australia region
and through that, identifying which geological provinces
have greater potential for various mineral deposit types.
The activities are aligned with the UNCOVER priority
areas identified in the AMIRA Roadmap for Exploration
Under Cover.
The energy component focuses on exploring sedimentary
basins across Northern Australia for potential oil and gas
resources.
The groundwater component focusses on assessing the
location, quantity and quality of groundwater, and rates
of use or depletion, to identify potential opportunities for
irrigated agriculture, mineral and energy development, and
community water supply. The focus will be on the collection
and interpretation of a range of geological, geophysical
and hydrogeological datasets to understand groundwater
systems in a number of key regional areas across Northern
Australia. Although these projects are aimed at ascertaining
the potential for sustainable development and management
of these water resources for agricultural, industry and
community supply, many of the datasets collected will also
be of value for mineral and energy exploration.

In 1996, Geoscience Australia undertook $3 million
of analysis in the offshore Browse Basin. This helped
identify the Ichthys field, discovered by Inpex, which
is expected to produce more than $70 billion in export
earnings over the next 40 years.
Geophysical data acquired across South Australia in
the 1960s, costing around $350 000, helped Western
Mining Corporation identify the resource potential of
the Gawler Craton and ultimately led to the discovery
of the Olympic Dam deposit, one of the world’s largest
orebodies, worth an estimated $1 trillion.
A $6 million data acquisition program to identify areas
suitable for irrigation and or at risk of salinity in the Ord
Valley, Western Australia, led to the government and
industry investing $1.2 billion in infrastructure.

The new program is unique in terms of scale, scope
and skills. Collaboration with Northern Territory, Western
Australia, Queensland and South Australian government
agencies is vital to achieve its ambitious objective.
In terms of scale, several projects will acquire data
across all of Northern Australia, covering about 50% of the
continental landmass.
In terms of scope, several regions of Northern Australia
will be the focus for acquisition of multiple datasets, which
1
2

Northern Australia project activities
The first activities for the mineral and energy components
of the program are underway; many are concentrated on the
region from Tennant Creek in the Northern Territory to Mount
Isa in Queensland. This region is also the starting point for
several projects that span all of Northern Australia, including:
1. A deep-looking long-period magnetotelluric (MT)
project known as AusLAMP. AusLAMP is a national
project aimed at imaging the conductivity structure
of the deep crust and lithospheric mantle with MT

Mineral Systems Branch, Geoscience Australia, GPO Box 378,
Canberra ACT 2601, Australia
Email: richard.blewett@ga.gov.au
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soundings spaced every 55 km in a grid. The Exploring
for the Future component of AusLAMP is underway; it
has already acquired 6 sites between Tennant Creek and
Mount Isa prior to the current wet season.
2. AusAEM is the national wide-spaced airborne
electromagnetic survey that will acquire ~20 km flightline spaced airborne electromagnetic (AEM) data
across most of Northern Australia. Flying is expected to
commence in April 2017 and includes an expression of
interest to industry for concurrent infill flying.
3. An isotopic atlas of Northern Australia is being
compiled. The data in this project is an important
input into the 3D geological model as well as resource
assessments. The data include U–Pb (age dating), and
isotopic fingerprinting using Pb, Hf–O, Sm–Nd and Ar.

4. A metamorphic map of Northern Australia will bring
together the disparate academic and geological survey
studies into one GIS and database that, together with
the isotopic datasets, will inform on the geodynamic
evolution of the region. This analysis will be a key input
in any mineral system assessment.
5. All the new Exploring for the Future data will be
integrated with existing data into a new 3D model for
Northern Australia. The starting point for this will be
the Tennant Creek to Mount Isa region.
Regional project activities
In addition to the ‘all of Northern Australia’ studies are a
series of regional projects and focussed data acquisition

Figure 1. Map of current project activities of Exploring for the Future.
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programs across Queensland, Northern Territory, Western
Australia and South Australia.
The route for a >550 km-long, $4.6 million, deep
seismic reflection survey from the northwestern Mount Isa
Inlier through the Nicholson Basin and into the southern
McArthur Basin has been scouted and is scheduled to
commence in May. This is also a collaborative project
with Northern Territory and Queensland governments and
AuScope, who are contributing $1.1 million to the survey.
Public release of the data is expected in March-April
2018. The data will be used to site a series of stratigraphic
drillholes to identify and characterise petroleum systems
in the region.
Specialised passive seismic recording equipment has
been commissioned and will be deployed at the AusLAMP
sites as part of the AusARRAY project. AusARRAY is a
national effort to better map the velocity structure of the
crustal and lithospheric mantle. It builds on the work by
university groups, with the plan to complete a wide strip
of new acquisition from Mount Isa in the east across the
Northern Territory to the Western Australian border. Some
instruments will be deployed into Western Australia on a
semi-permanent basis in areas where major data gaps exist
and national velocity models are poorly constrained.
Areas in Northern Australia where the gravity coverage
is spaced greater than 4 km apart will be the focus of an
infill gravity program. This will improve the understanding
of the density distribution of the rocks in these regions
and add to the national gravity database. Upgrades to the
Australian Fundamental Gravity Network, to which all
gravity surveys are levelled, will also be ongoing.
The region between Tennant Creek and Mount Isa (TISA)
will also be the focus of surface geochemical sampling
and analysis in a manner consistent with the National
Geochemical Survey of Australia (NGSA). The aim of this
project is to better characterise the chemistry of the surface
materials at a moderate resolution as a way of determining
the background values. The project has many benefits
(including soil character), but one of the purposes is to map
any ‘distal footprints’ from buried mineral deposits. Related
to this project is a systematic sampling and multi-element
analysis of existing water bores. This too will provide key

baseline information as well as possible indicators of buried
deposits.
Drilling is the only method that provides an actual
physical sample of any subsurface rocks. The minerals,
energy and groundwater components will all be testing
geological models through targeted drilling. The first of
these drilling projects starts in South Australia.
•

•

•

Minerals component: The Coompana Drilling project
with Geological Survey of South Australia will
commence in April–May 2017, with early results
expected to be released in late 2017. This project aims
to better characterise the basement geology by drilling
beneath the Nullarbor Plain on the western edges of the
Gawler Craton into the very poorly known Coompana
Province.
Energy component: Planning is underway for two
stratigraphic drilling projects to answer energy
questions. The first project will be in the South
Nicholson basin following the acquisition of the deep
seismic reflection data. A second stratigraphic drilling
project is planned for Western Australia in the final two
years of the program.
Groundwater component: The groundwater projects
across Queensland, Northern Territory and Western
Australia will drill and log holes to ground-truth or
calibrate high-resolution AEM data. Drilling will also
provide new geological and hydrogeochemical samples
for analysis and interpretation.

Conclusion
Exploring for the Future is an exciting program that will
deliver new data and knowledge in areas of geological
uncertainty and hence reduce exploration risk. The program
is unprecedented in terms of the scale, scope and skills
being focussed onto the strategic questions regarding future
minerals, energy and groundwater resources in Northern
Australia.
To find out more about this comprehensive Exploring for
the Future Program, or to access data released to date, visit
www.ga.gov.au/eftf.
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Six things that you need to know about geoscience information and delivery in 2016–17
Tracey Rogers 1,2
There are six areas where changes and improvements in the
delivery of information to industry have been made in 2016
and early 2017:

of the Australian geological surveys to provide access to
data and publications from multiple Commonwealth, State
and Territory government agencies, including the NVCL,
as well as access to geoscience standards and the Australia
Minerals website for investment information.
Another major change affecting access and delivery of
information was the launch of the nt.gov.au website and
associated department sites. The NT Government now has a
single website, nt.gov.au, as the main source of information
on all government services with some specialist content and
corporate information still available on department sites.
All content on the new websites is organised by function and
topic, and the websites are compatible with mobile devices.
Information on NTGS projects is found on the department
site and regulatory information on nt.gov.au.
New or updated Northern Territory Geological Survey
(NTGS) products released since March 2016 include seven
new records, four NT wide maps, five Digital Information
Packages, six new GIS datasets and one gravity survey.
Two GIS datasets were also re-released with a major
revision.

1.
2.
3.
4.
5.

A century of mineral exploration reports online
New exploration drilling and geochemical data
Updates to online systems
Australian Geoscience Information Network (AusGIN)
nt.gov.au and Department of Primary Industry and
Resources (DPIR) websites
6. New Northern Territory Geological Survey products.
February 2017 saw the culmination of a major information
delivery project with the upload of the remaining legacy
mineral exploration reports to GEMIS (the Geoscience,
Exploration and Mining Information System). Although the
bulk of the reports in MEX, the Mineral Exploration Reports
collection, are from the 1970s onward, all open file reports
and data going back to 1901 can now be downloaded. Each
MEX record has at least one report or data file to download,
and the total collection currently consists of nearly 23 000
reports.
Incoming geochemistry and drilling data is now
undergoing tighter validation and loading into the Geobank
database. At the same time, a project to capture all the
submitted data from current mineral titles from the time
of grant is well underway. While much of this data is
currently closed file, once the project is completed the data
will be released when the relevant reports are made open
file, thereby ensuring continuous growth of the open file
database. Planning for capture of legacy data on expired
titles in specific areas is also in progress.
During 2016, changes were made to the layer configuration
of STRIKE and several new layers were added. To provide
easier navigation, the layer menu was reconfigured to bring
several geoscientific layers to the first level of the menu and
some layers were renamed and moved to another category.
Aerial photography imagery was added and the Aster
imagery layers were restored. The spatial indices to the
industry reports are in the progress of being renamed and
moved into a new category on the STRIKE menu.
The development of two new collections for GEMIS is in
progress. The Core Sampling Reports and PEX Geophysics
(Petroleum Exploration geophysical reports) collections
will be significant additions to the GEMIS platform.
Hyperspectral data and imagery generated by the
HyLoggerTM are available for download through the National
Virtual Core Library (NVCL). The technology supporting
the NVCL now forms the platform for the redeveloped
national Geoscience Portal which is part of the Australian
Geoscience Information Network or AusGIN website
(Figure 1). AusGIN and the Portal are a collaborative effort
1
2

1. A century of mineral exploration reports online
Since late 1998, several major projects have been undertaken
with the aim of making all mineral exploration reports easily
accessible in digital form. Initially the legacy reports were
scanned and made available in multi-page TIFF format.
These files were large and somewhat awkward to read. As
the Portable Document Format (PDF) developed and the
format became open, scanning direct to PDF was instituted
from late 2007. From 2000, submission of statutory reports
and data in digital formats was encouraged and although
initially some reports were only partially in digital form, by
2008 it became rare to receive reports in hard copy, reducing
the need to scan reports. However, while most reports were
submitted in PDF, associated data formats varied. Digital
reporting became mandatory with the introduction of the
Mineral Titles Act in 2011; all reports and associated data
must now comply with the reporting guidelines with regard
to format and content.
Between 1999 and early 2014, clients could access
reports by searching the metadata records in the online
MEX database and then request copies of digital reports to
be sent via CD, DVD, email or FTP. This process changed
in March 2014 with the launch of GEMIS, the Geoscience,
Exploration and Mining Information System. MEX was the
first collection available on the new platform; at the GEMIS
launch, MEX contained 18 093 report records of which
8897 from 1995 to 2014 contained downloadable report and
data files. A project to prepare and upload all the remaining
open file reports was recently completed. As at February
2017, there are nearly 23 000 reports and over 35 000 files to
download. The reports span the period 1901 to the present
and their availability online signifies a major achievement in
delivering geoscience information to our clients.

Northern Territory Geological Survey, GPO Box 4550, Darwin
NT 0801, Australia
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The project aimed at releasing all closed file reports under
the five year ‘sunset clause’ introduced in the Mineral Titles
Act (MTA) continues: In the last 12 months, reports from
2002 to 2005 have been open filed and added to GEMIS.

The Petroleum Wells layer now includes a link to the well
reports in the PEX Wells collection on GEMIS. Changes to
the Historical Titles layers are in development and are due to
be available shortly. The layers enable searching of open file
company reports and are to be renamed and moved from the
Titles Register into a new category at the top level of the menu.
Two new GEMIS collections are in development. The
Core Sampling Reports (CSR) and Petroleum Exploration
geophysical reports (PEX Geophysics) collections are
due to be made available on GEMIS by April. The CSR
collection is an index to open file reports provided by
NTGS staff and clients on sampling and analysis of core
held in the NTGS core libraries; all CSR reports and data
will be downloadable. PEX Geophysics provides metadata
records and attached reports and data for seismic and other
geophysical surveys on petroleum tenure. These often have
large amounts of data; as with the MEX collection, files over
1GB in size will be available by request. The availability
of both collections on GEMIS will significantly enhance
discovery and access to NT geoscience information.

2. New drilling and geochemistry data
Drilling and geochemistry data is now being captured from
all current titles and added to the database in Geobank.
Loading the new incoming company data into the database
requires that the data conforms to the Mineral Reporting
Template to ensure more rigorous validation on submission.
A project to capture data from all the previously submitted
reports on all current titles commenced in October; all
reports from the date of grant of each of the current titles are
being reviewed and all relevant data captured. Older reports
are in hard copy and data capture is consequently slow and
more complex. As at February 2017, 1736 titles from a total
of 2205 have had all suitable data captured; 3295 reports
out of a total of 5037 have been processed (although not all
reports have relevant data). Once the project is completed,
the data will be released when the corresponding reports are
made open file. This means new data is going to be released
on a regular basis.

4. AusGIN: Australian Geoscience Information Network
The Australian Geoscience Information Network (AusGIN)
was officially launched in Adelaide at the Australian Earth
Sciences Conference in June 2016. AusGIN is a collaborative
effort of the Australian geological surveys through the
Government Geoscience Information Committee (GGIC)
and the Geoscience Working Group of the COAG Energy
Council using the technology developed under AuScope.
AusGIN provides access to:

3. Updates to online systems
Reconfiguration of the layer menu and the addition of aerial
photography with a transparency slider were the main
functional changes to STRIKE in 2016. The hierarchical
menu structure has been flattened and geoscientific
categories such as geology, geochemistry and drilling,
and the Reference category from the Titles Registry, were
brought up to the first level of the menu. Together with the
renaming and moving of some layers to new categories,
these changes provide better navigation and identification
of layers.
The higher resolution of the aerial photography makes
orientation and location of boundaries and features easier.

•
•
•
•

geoscience maps and data including the NVCL
the national Geophysical Archive Data Delivery System
(GADDS) to download geophysical data
the Australia Minerals website to find information for
investors and mineral explorers including exploration
reporting guidelines, investment opportunities and events
geoscience data standards.

Figure 1. Australian Geoscience Information Network (AusGIN) portal (http://portal.geoscience.gov.au/gmap.html).
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The Geoscience Portal is a web mapping application that
enables you to:
•
•
•
•

companies and are often located interstate or overseas.
We acknowledge that there are issues for our clients in
finding the necessary content on our new websites but we
encourage and welcome any feedback so we can improve
your experience. However, updates to the websites are
overseen and managed by a central unit within the NT
Government to ensure adherence to the style guide; as a
consequence, changes cannot be always be made as fast as
we may wish.
In summary, you need to access the Mining and
Petroleum sub-category of the Business and Industry section
of nt.gov.au (nt.gov.au/industry/mining-and-petroleum) if
you are looking for the following information:

discover data and publications from multiple
Commonwealth, State and Territory government
agencies
view, query, and analyse maps and data
discover web services to use in your own mapping
applications
download data in standard formats from web services.

Some of the Portal’s featured datasets include:
•
•
•
•
•
•

boreholes, including the NVCL
mines and mineral occurrences
current mineral tenements
national and 1:250 000 scale geological maps
national scale geophysical grids and petrophysical data
ASTER mineral maps

•
•
•
•

The primary access for the NVCL should be through
AusGIN rather than the AuScope Portal, which now acts as
the demonstrator environment for the NVCL.

•

5. nt.gov.au and DPIR websites

mineral, petroleum and geothermal regulatory
information
guides, forms and templates for land access, titles, mining
authorisations, mine management plans, petroleum
operational approvals and reporting requirements
contacts including emergency contacts
basic information on the geological regions and
commodities of the Northern Territory
resources for accessing geoscience information.

If you are looking for information on NTGS projects,
AGES, the Legacy Mines Unit, mining and petroleum
statistics, access to public environmental reports, mining
notices, and petroleum acreage release information, you
will find it on the Department of Primary Industry and
Resources site (dpir.nt.gov.au/mining-and-energy).

In 2015, it was mandated that all information on NT
government services is to be available from a single website
organised by subject so users do not need to understand
how government is structured to find what they need. The
nt.gov. au website launched in April 2016 and is compatible
with mobile devices, conforms to web accessibility
guidelines for the visually impaired and uses plain English
and minimal images. The emphasis for discovery is on
searching but you can navigate the hierarchical structure and
use the ‘breadcrumbs’ showing the path at the top of each
page. The various department websites contain corporate
and specialist material but have the same look and feel as
the main website.
During 2016, the majority of the information on the old
Department of Mines and Energy website was rewritten and
restructured in preparation for the launch of a new section of
the nt.gov.au website covering the minerals and petroleum
industries. Only corporate and specialist information was to
stay on the department website. Furthermore, all documents
accessed via the websites had to be converted into a new
generalised NT Government template.
All content on the new websites is written in a
standardised plain English style for the ‘person in the
street’ and is organised by function and topic. This
presents some challenges for the minerals and energy
units within the department as our clients include large

6. New NTGS products
At AGES 2016, we released new editions of two NT wide
maps, one new and five updated Digital Information
Packages and the first volume of the new AGES Proceedings
series. During the year, new GIS datasets were released for
the Simpson Desert South, Simpson Desert North, Tanami,
McDills and Wessell Islands and Truant Island 1:250 000
outcrop geology maps, and the Abner Range special
1:100 000 outcrop geology map. Other releases include
fully revised GIS datasets for the Petermann Ranges and
Mt Doreen 1:250 000 outcrop geology maps and a minor
revision of the Barrow Creek 1:250 000 outcrop geology
dataset. Data and images from the Delamere-Spirit Hills
airborne magnetic and radiometric survey and the Daly
Basin gravity survey, and updates to the magnetic and
radiometric NT wide maps were also released in the last
twelve months. In addition, seven new records, one revised
and four new HyLogger Data Packages and several updates
of Shale resource data from the greater McArthur Basin
(DIP 014) have been published since late March 2016.
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Geophysical data in the Northern Territory: recently acquired government and industry data
Tania Dhu 1,2 and Lachlan Hallett 1
Digital Information Package (DIP) 013 (Hallett 2017).
The integration of new geophysical data, derived products
and constrained geophysical interpretation and modelling
is providing insight into the geological framework of the
Northern Territory.

The Northern Territory’s geophysical data is generated
from a range of sources including government regionalscale geophysical surveys, Geophysical and Drilling
Collaboration (GDC) co-funded surveys, and data acquired
through industry mineral and petroleum exploration
projects. In addition to these geophysical datasets, a range of
derived geophysical products (such as Territory wide grids
and images) suitable for geophysical interpretation have
been created. Geophysical interpretation and modelling of
these data and products incorporates constraints determined
by rock property data. Rock property data has been
collected and collated by the Northern Territory Geological
Survey (NTGS) since 2014 and is published annually in
1
2

a

NTGS regional geophysical acquisition
Under the Creating Opportunities for Resource Exploration
(CORE) initiative, a range of regional geophysical surveys
have been completed. These surveys have been undertaken
to improve the resolution of ground gravity and airborne
magnetic and radiometric data across the Amadeus and
greater McArthur basins. Two airborne magnetic and
radiometric surveys have been completed (Figure 1): the
2014 Dunmarra survey (Dhu 2015) and the 2016 NTGS
Delamere and Spirit Hills survey (Dhu 2016); both basins

Northern Territory Geological Survey, GPO Box 4550, Darwin
NT 0801, Australia
Email: tania.dhu@nt.gov.au

b

Delamere and Spirit Hills (2016)
Dunmarra (2014)

Delamere and Spirit Hills (2016)
Dunmarra (2014)

A17-055.ai

Figure 1. Location of the Dunmarra (2014) and NTGS Delamere and Spirit Hills (2016) magnetic and radiometric surveys overlain on
the Northern Territory-wide total magnetic intensity image (a) and ternary radiometric image (b).
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are now covered by airborne magnetic and radiometric data
at a line spacing of 500 m or less.
Gravity surveys are designed to increase resolution of
ground gravity across the basins to 4 km station spacing
or less. Five ground gravity surveys have been completed
covering almost a quarter of the Northern Territory
mainland. These surveys consist of approximately 20 000
stations acquired by NTGS on 4 km grid spacing and another
8500 infill stations at various spacing acquired through
collaboration with industry. The North McArthur Basin and
West Amadeus surveys were released in 2014 (Dhu 2015), the
NTGS North Wiso Basin and NTGS Victoria Basin surveys
in 2015 (Dhu 2016), and the NTGS Daly Basin survey in 2016
(Figure 2a). The NTGS Daly Basin survey is located directly
north of the Fitzmaurice River on the northwestern coastline
of the Northern Territory. Approximately 2500 ground
gravity stations at 4 km grid spacing were acquired during
the survey along with one infill survey of 350 stations at 1 and
2 km spacing. This survey covers the southern extent of the
Pine Creek Orogen and the Daly, Bonaparte and Birrindudu
basins (Figure 2b, c).

is a paucity of geological information or the surveys need to
use innovative approaches. Since inception, 24 geophysical
projects have been completed and released with another
three underway as of February 2017 (Figure 3). Completed
projects have acquired over 50 000 ground gravity stations
and 24 000 line km of airborne magnetic and radiometric
data. In addition, approximately 30 000 line km of airborne
electromagnetic (AEM) data using TEMPEST, SKYTEM,
VTEM and XTEM systems have been acquired. Innovative,
prospect scale surveys include audio-magnetotelluric
(AMT) surveys in the Batten Fault Zone and at the Carrara
project in the Barkly Tablelands, a helicopter-borne subaudio magnetic survey at Tin Camp Creek, and two seismic
lines over the Emu Fault at the Yalco project. A number of
these projects have led to follow-up GDC co-funded drilling
programs.
Rock properties
The rock properties project is building a dataset of rock
properties from across the Northern Territory to aid in
the interpretation and modelling of geophysical data.
The dataset contains both rock property measurements
(magnetic susceptibility and density) collected by NTGS
and a compilation of measurements from other sources
including exploration reports (minerals and petroleum
statutory reporting), core sampling reports, government
reports (Geoscience Australia, CSIRO and previously

Geophysical and drilling collaboration geophysical
surveys
The NTGS has provided co-funding for geophysical surveys
under the GDC program since 2008. To be eligible for cofunding, surveys need to be in greenfields areas where there

a

Daly Basin
(2016)

Victoria
Basin
(2015)

b

North McArthur
Basin (2014)

North Wiso
Basin
(2015)

c

Daly
Basin

Bonaparte
Basin
West
Amadeus
Basin (2014)

Birrindudu
Pine Creek Basin
Orogen

Carpentaria
Basin
Fitzmaurice
Victoria
Basin
Basin

Daly Basin

Carpentaria Basin

A17-056.ai

Figure 2. (a) Location of West Amadeus (2014), North McArthur Basin (2014), NTGS North Wiso Basin (2015), NTGS Victoria Basin
(2015) and NTGS Daly Basin (2016) gravity surveys overlain on the Northern Territory-wide Bouguer gravity anomaly. (b) Image of
the NTGS Daly Basin Bouguer gravity anomaly. (c) Location of the Daly Basin gravity survey overlain on the geological regions map
of the Northern Territory.
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published NTGS data) and academic publications. These
data aid in understanding the geophysical signature of
different lithologies; they are applied to constrain forward
modelling and inversion of geophysical data. For example,
current work by Blaikie and Kunzmann (2017) uses
differences in geophysical signature to map the distribution
of depositional packages within the greater McArthur
Basin (Close 2014) and to model the packages extent in
3D. Understanding the variation of density and magnetic
susceptibility extracted from the rock property dataset

within the greater McArthur Basin stratigraphy is providing
a key constraint for this work.
The NTGS systematically collects rock property
measurements on drill core as part of its HyLoggerTM
program. Measurements are made at semi-regular intervals
using a standard method to ensure data quality (Hallett in
prep). To date, over 12 000 of these measurements have been
made. In addition to this program, specific stratigraphic
units and intervals are targeted to provide more complete
coverage of rock properties in areas of focus: for example,
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Figure 3. Location of GDC geophysical surveys overlain on the geological regions map of the Northern Territory.
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over 3500 targeted measurements have been completed on
stratigraphic units of the greater McArthur Basin. Rock
property data is now available on approximately 80% of the
stratigraphic units within the greater McArthur Basin.
The rock property dataset is released annually in
DIP013. As of March 2017, DIP013 contains over 60 000
rock property values from across the Northern Territory
(Figure 4). The dataset contains measurements of:
•
•
•
•
•

magnetic susceptibility
bulk density
apparent grain density
apparent porosity
permeability.

In addition to these rock properties, DIP013 records
sample locations, published stratigraphy, drillhole names
and measurement methods (where known).
Product availability
All products including geophysical datasets and DIP013
are available through GEMIS (http://geoscience.nt.gov.au/
gemis) or can be requested from the Minerals and Energy
InfoCentre.
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Proterozoic tectonothermal evolution of the northeastern sector of the Aileron Province
Barry L Reno 1,2, Anett Weisheit 3, Eloise E Beyer 3, Matthew V McGloin 1 and Natalie Kositcin 4
The geological evolution and metallogenic potential of the
eastern Aileron Province has been a focus of the Northern
Territory Geological Survey’s regional mapping program
since the early 2000s. Detailed geological mapping of the
Jervois R ange, Jinka, and Dneiper 1:100 000 map sheets
(Figure 1) carried out under the CORE initiative has led to a
revised model for the geological evolution of this part of the
eastern Aileron Province (eg Weisheit et al 2016). In parallel,
detailed studies on copper, tungsten, and polymetallic base
metals mineralisation in the Aileron Province focus on
constraining the nature and timing of mineralisation and its
genetic relationship to host stratigraphy, deformation, and
metamorphism (eg McGloin and Weisheit 2015, McGloin
et al 2016).
The Aileron Province of the Arunta Region
(see Scrimgeour 2013) preserves a succession of
Palaeoproterozoic metamorphic and igneous rocks at
the southern margin of the North Australian Craton. The
150 km east–west-trending northeastern sector of the
Aileron Province records evidence for sediment deposition
in a high-thermal-gradient extensional back-arc basin
environment, near-contemporaneous intrusion of bimodal
igneous rocks, metamorphism, deformation, and exhumation
during the Proterozoic. This sector of the Aileron Province
comprises major tectonic domains separated by shear and
fault zones (Weisheit et al 2016), including the Jervois
and Bonya domains in the northeast, the Denara domain
in the southeast, the Deep Bore domain in the northwest,
and the Kanandra domain in the southwest (Figure 1).
The metamorphic cycle experienced in each domain is a
function of magmatically-controlled thermal perturbations
combined with the differential relative movement of each
structural domain along the bounding shear zones, which
resulted in a unique tectonothermal history for each domain.
The purpose of this study is to unravel the tectonothermal
history of each domain in order to constrain the overarching
tectonothermal regime in the northeastern sector of the
Aileron Province operating during the Palaeoproterozoic.
This submission presents results from an integrated field
and petrochronologic study of the northeastern sector of
the Aileron Province (Figure 1) in context of the structural
framework for the eastern Arunta Region presented by
Weisheit et al (2016). Samples were chosen from locations
away from the major bounding shear zones of each domain in
order to model the pressure–temperature–time evolution of
each domain independently of each other and independently
of the deformation they experienced in the bounding shear
zones. The tectonothermal evolution of each domain is
1
2
3
4
5

constrained using a combination of average thermobarometry
and petrologic observations modelled using pseudosections.
Chronologic data, including U–Pb SHRIMP zircon ages
and U–Pb LA–ICP–MS monazite ages, are tied to points
in pressure–temperature space using a combination of
petrologic observations and chemical data in order to
constrain pressure–temperature–time trajectories.
Jervois and Bonya domains
The Jervois and Bonya domains comprise a sequence of
metasedimentary rocks intruded by pulses of silicate melt
over a ca 50 million year period, then by associated pegmatites
and hydrothermal fluids for an additional 20 to 40 million
years. Although there are minor differences in the degree of
metamorphism in the two domains, the Jervois and Bonya
domains experienced a broadly similar Palaeoproterozoic
tectonothermal evolution. Maximum deposition ages for
the sedimentary succession range between ca 1.86 Ga 6 and
ca 1.79 Ga (Kositcin et al 2015). The youngest maximum
deposition ages coincide with intrusion of the earliest
bimodal igneous rocks at 1.79 –1.77 Ga, and syngenetic base
metals mineralisation at ca 1.79 Ga (eg Kositcin et al 2011,
McGloin et al 2016).
Intrusion of the early bimodal magmas provided the heat
source that initiated high-thermal-gradient metamorphism of
the host sedimentary rocks in the Jervois and Bonya domains.
Metamudstones in these domains commonly contain early
cordierite and andalusite porphyroblasts. Pseudosections
constructed for samples from these domains indicate the
early porphyroblasts grew during heating of the sedimentary
precursor to temperatures of 540–640°C at pressures
between 0.27–0.32 GPa (Figure 1c), indicating a very high
initial thermal gradient of ~5700–2100°C/GPa. The lack of
any observed migmatites in either domain constrains the
maximum temperatures to those of the solidus. Cordierite
and biotite porphyroblasts contain monazite inclusions that
records formation of this early assemblage at ca 1.79 Ga
(Reno et al 2016), synchronous with intrusion of the bimodal
magmas into the sedimentary sequence. Monazite included
in andalusite grown due to heat from the magmatism records
an age of ca 1.77 Ga (Reno et al 2016), suggesting the initial
period of high-thermal-gradient metamorphism lasted at
least ca 20 million years. A near-continuous intrusion into
the Jervois and Bonya domains of granitic melt derived by
metamorphism and partial melting of 1.79–1.77 Ga bimodal
igneous rocks in other domains (such as the Deep Bore or
Denara domains) over the subsequent ca 30 million years
is interpreted to have provided the heat source necessary to
maintain the high-thermal-gradient in the Jervois and Bonya
domains. Movement on the major fault systems that bound
the Jervois and Bonya domains (Figure 1), combined with
thermal weakening of these domains, led to the development

Northern Territory Geological Survey, GPO Box 4550,
Darwin, NT 0801, Australia
Email: barry.reno@nt.gov.au
Northern Territory Geological Survey, GPO Box 8760, Alice
Springs, NT 0871, Australia
Geoscience Australia, GPO Box 378, Canberra, ACT 2601,
Australia
Names of 1:100 000 mapsheets are shown in small capital
letters, eg Jinka.

6

Unless stated otherwise, all ages are quoted using the 207Pb/206Pb
system, uncertainties on ages are ≤ 0.01 Ga, and uncertainties
are quoted at the 2σ level.

© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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1.72 Ga (Reno et al 2016) associated with late fluid-rich melt
injection into the Denara domain indicates the domain must
have been at a high thermal gradient until at least 1.72 Ga,
and might record post-peak-temperature chemical diffusion
until at least 1.72 Ga.

of the main foliation in the metasedimentary and metaigneous
rocks at ca 1.76 Ga (Reno et al 2016, Weisheit et al 2016). The
breakdown of cordierite to pinite and the growth of sillimanite
in the main foliation resulted from a near-isothermal increase
in pressure to > ~0.32 GPa at ca 1.76 Ga. The peak pressure
assemblages require a minimum apparent thermal gradient
of 2000–1250°C/GPa at the maximum recorded pressure.
The lack of any observed kyanite in the Jervois and Bonya
domains combined with the observation of late andalusite
mantling sillimanite indicates peak pressures are unlikely to
have exceeded ~0.42 GPa, after which the system began to
cool below peak temperatures (Figure 1c). Regional-scale
folding pre‑dates the latest phase of pegmatite and granite
emplacement, hydrothermal fluid flow, and associated
epigenetic copper and tungsten mineralisation that began by ca
1.73 Ga and continued until at least ca 1.71 Ga. This suggests
the Jervois and Bonya domains cooled and decompressed
isostatically and that the area was at a high-thermal-gradient
until at least ca 1.71 Ga (eg McGloin et al in prep).

Deep Bore domain
The Deep Bore domain comprises a sequence of
metasedimentary rocks that were deposited prior to
intrusion and crystallisation of widespread felsic and minor
mafic magmas throughout the domain at 1.78–1.77 Ga
(Beyer et al in prep, Figure 1). The igneous–sedimentary
package was metamorphosed and deformed at supersolidus
conditions after ca 1.77 Ga. Migmatitic orthogneisses
preserve a network of former melt-bearing veins showing
pathways from sites of melt generation to melt accumulation
in felsic igneous plutons, and preserve evidence for at
least five pulses of melt extraction (Figure 2b) during
the period 1.77–1.72 Ga. Widespread plutons of granite in
the Deep Bore domain are interpreted to record final melt
crystallisation in the domain at ca 1.72 Ga after cooling of
the domain below solidus temperatures.

Denara domain
The Denara domain comprises an extensive igneous
body emplaced deeper in the crust than the bimodal
igneous rocks found in the Jervois and Bonya domains; no
metasedimentary rocks have been found in this domain
(Figure 1). Metaigneous rocks of the Denara domain were
subject to supersolidus metamorphism and deformation
during the Palaeoproterozoic (Figure 2a). Zircon igneous
crystallisation ages of ca 1.78 Ga (Kositcin et al 2011, 2015)
record the emplacement of the igneous protolith to the
Denara domain synchronous with bimodal igneous intrusion
recorded in the Jervois and Bonya domains. The Denara
domain is dominated by migmatitic orthogneiss preserving
an extensive network of leucocratic former melt-bearing
veins recording supersolidus metamorphism after the initial
protolith crystallisation. A pseudosection constructed for this
domain models minimum peak temperatures between 650 and
770°C at pressures between 0.42 and 1.07 GPa (Figure 1d).
Approximately 9–12 modal % of silicate liquid is modelled
in this phase stability field, which is broadly consistent with
field observations. Melt is interpreted to have crystallised at
pressures of 0.42–0.84 GPa at a temperature of 650–670°C,
requiring an apparent thermal gradient of ~770–1595°C/GPa
during the end of the supersolidus phase of metamorphism.
Garnet composition isopleths record a post-peak-temperature
chemical equilibrium at ~500°C and ~0.4 GPa, an apparent
thermal gradient of ~1250°C / GPa, when chemical exchange
between garnet and the adjacent phases is interpreted to
have ceased. Zircon rim upper intercept ages of ca 1.75 Ga
(Kositcin et al 2011, 2015) and melanosome-hosted monazite
ages of ca 1.75 Ga (Reno et al 2016) are interpreted to
record the timing of supersolidus deformation during
metamorphism, requiring the protolith igneous rock to have
crystallised and partially melted during a ca 30 million year
period. It is unlikely that the protolith igneous body cooled
substantially during this period. The final recorded pressure–
temperature conditions of ~0.4 GPa and ~500°C require slow
cooling from peak temperature in order to allow for chemical
equilibrium to be achieved (Figure 1d). A monazite age of ca

a

melanosome

leucosome

leucocratic dyke

b
orthogneiss

leucocratic dyke

A17-042.ai

Figure 2. Field photo of migmatitic felsic orthogneisses from
(a) the Denara domain and (b) the Deep Bore domain. Photos
show evidence for partial melt formation and multiple pulses of
melt extraction in these domains.
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A pseudosection constructed for a sample of
metamudstone from the Deep Bore domain models
minimum peak pressures of ~0.6 GPa at temperatures
>770°C, indicating a high minimum apparent thermal
gradient of ~1280°C/GPa (Figure 1b). Metamorphic zircon
in this sample is tentatively interpreted to record heating
in the sample at ca 1.77 Ga during the prograde phase of
metamorphism synchronous with the intrusion of bimodal
magmas. Monazite included in cordierite is interpreted to
record cordierite growth during supersolidus isothermal
decompression to pressures of ~0.4 GPa at ca 1.74 Ga (Reno
et al in prep). The domain cooled to subsolidus temperatures
at ~0.4 GPa by 1.72 Ga as recorded by zircon in the regional
granite plutons (Figure 1b). Monazite aligned in the main
foliation records high-temperature subsolidus deformation
in the Deep Bore domain at ca 1.71 Ga (Reno et al in prep).

to record zircon growth during post-peak-pressure
ilmenite breakdown and likely post-dates the highestpreserved pressure phase of the pressure–temperature
evolution. Monazite included in garnet and cordierite in
the metamudstone sample is interpreted to record garnet
chemical equilibrium and cordierite growth due to nearisothermal decompression to ~0.6 GPa at temperatures of
~900–950°C during the interval 1.75–1.73 Ga (Figure 1a).
Monazite occurring in leucosomes of the metamudstone
indicates the domain deformed and cooled below the solidus
at ca 1.71 Ga at a pressure of ~0.4 GPa.
Tectonothermal evolution and exhumation
Although the major domains of the northeastern sector of
the Aileron Province each experienced unique pressure–
temperature–time evolutions during the Paleoproterozoic,
they all experienced the same three basic phases of a
singular tectonothermal cycle (Figure 1):

Kanandra domain
The Kanandra domain comprises a sequence of
metamudstones with a maximum deposition age of
ca 1.82 Ga that were intruded by voluminous mafic magmas
comprising up to 50% of the domain (Figure 1). Chemical
similarities of the mafic intrusive rocks with the mafic
intrusive rocks observed in the Jervois and Bonya domains
indicate the mafic magmas are likely to have intruded
at ca 1.79–1.78 Ga (Beyer et al in review). (Ultra-) hightemperature metamorphism in the Kanandra domain was
initiated during widespread intrusion of mafic magma into
the metasedimentary sequence at the highest recorded
pressures in the domain. The resultant migmatites preserve
evidence for partial melt generation, melt pooling within
the domain, and melt extraction from the domain during
the supersolidus phase of the tectonothermal cycle. A
pseudosection constructed for a sample of metamudstone
models the highest preserved pressure of 0.9–1.0 GPa at a
temperature >800°C; an adjacent sample of mafic granulite
preserves an average pressure–temperature of 1.0 ± 0.1 GPa
at 918 ± 70°C indicating a moderately high apparent thermal
gradient of ~900–1000°C/GPa (Figure 1a). The rocks in the
Kanandra domain preserve the highest recorded pressures
and temperatures observed in the northeastern sector of
the Aileron Province. A zircon age of ca 1.76 Ga from a
sample of mafic granulite (Beyer et al 2012) is interpreted
a

1. Metamorphism in all domains was initiated by intrusion
of magmas into a back-arc basin during the period of
1.79–1.77 Ga. The three migmatitic domains (Denara,
Deep Bore, and Kanandra) were deeper in the crust
during the initial pulse of magmatism at the beginning
of the metamorphic cycle, which probably facilitated the
high temperatures necessary to cause partial melting
during the metamorphic cycle. The two subsolidus
domains (Jervois and Bonya) remained at a higher
level in the crust. Partial melt generated in migmatitic
domains, possibly the Deep Bore or Denara domains,
is interpreted to have been injected semi-continuously
into the subsolidus domains during the subsequent
30 million years between ca 1.77–1.74 Ga. Advective
heat transfer from the lower to upper crust is further
evidenced by increasing thermal gradients between the
higher and lower pressure domains. This long-lasting
igneous activity provided the heat source necessary to
keep the subsolidus domains at a high enough thermal
gradient to maintain a long-lived metamorphic cycle.
2. All domains experienced an isothermal or nearisothermal change in pressure during the period
1.77 –1.73 Ga. The migmatitic domains experienced
a decrease in pressure of about 0.6–0.2 GPa as they
b

Georgina Basin

Aileron Province –
Delny Shear Zone

Georgina Basin

Aileron Province –
Delny Shear Zone
A17-041.ai

Figure 3. (a–b) Field photos of Neoproterozoic Georgina Basin sedimentary rocks unconformably overlying mylonitic Kanandra
domain rocks within the Palaeoproterozoic Delny Shear Zone.
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were exhumed to higher levels in the crust, whereas
the subsolidus domains experienced an increase in
pressure of about 0.1 GPa as they were taken to lower
crustal levels. The relative movement of the domains to
each other was accommodated by movement along the
bounding shear zones (Figure 1).
3. All domains were at the same pressure of ~0.4 GPa by
1.73–1.71 Ga, which marks the last recorded pressure
in the interiors of the domains. The interiors of the
domains away from the bounding shear zones were
at the same approximate relative crustal level by the
end of the Palaeoproterozoic metamorphic cycle, and
did not experience significant (>0.1 GPa) differential
vertical movement with respect to each other after
the Palaeoproterozoic tectonothermal cycle. Palaeoto Mesoproterozoic K–Ar and Ar–Ar hornblende
and biotite ages (Scrimgeour and Raith 2001 and
references therein) from within the Kanandra and Deep
Bore domains suggests these domains cooled below
500 –350°C between 1.62–1.55 Ga.

Raith (2001) presented Palaeozoic Ar–Ar muscovite and
hornblende ages and a Sm–Nd multi-mineral isochron of
Kanandra domain rocks within the Delny and Entire Point
shear zones that indicate activity along those pre-existing
structures during the Palaeozoic Alice Springs Orogeny.
The argon isotope system in muscovite can be affected
by strain-induced recrystallisation or neocrystallisation
and modified by interaction with high temperature fluids
(eg Mulch and Cosca 2004); the lack of Palaeozoic Ar–Ar
ages away from greenschist facies muscovitic shear zones
suggests localisation of strain and fluid flow is restricted
to greenschist facies shear zones that formed within
the pre-existing mylonite zone systems. The Palaeozoic
Sm – Nd multi-mineral isochron and Ar–Ar hornblende
ages were collected from a sample within a localised shear
structure in the southern margin of the Delny Shear Zone,
and are potentially explained by fluid-assisted dynamic
recrystallisation and garnet growth during Palaeozoic
deformation in this localised shear structure.
The discrete slices of Kanandra domain within the Delny
Shear Zone experienced variable degrees of exhumation
along zones of strain localisation. The slices in the southern
margin of the Delny Shear Zone adjacent to the boundary
with the Irindina Province experienced the greatest amount
of exhumation; the lack of Palaeozoic Ar–Ar ages within
the slices away from the greenschist facies shear zones
constrains the maximum amount of exhumation to depths
with temperatures under 500–350°C. The presence of
non-ductilely deformed Georgina Basin unconformably
overlying the northern portion of the Delny Shear Zone
indicates the amount of Palaeozoic exhumation must have
been minor in the northern part of the shear zone. The
concentration of Palaeozoic exhumation of the Kanandra
domain along the southern margin of the shear zone system
adjacent to the boundary with the concurrently exhuming
Irindina Province is consistent with the observation that the
major Palaeoproterozoic domains, including the interior of
the Kanandra domain, did not experience more than 0.1 GPa
of relative movement with respect to each other during the
Palaeozoic.

The system of primary and secondary faults and
shear zones (Figure 1) that separate the domains focused
and accommodated differential movement between the
domains during the Palaeoproterozoic metamorphic cycle
(Weisheit et al 2016). Ca 1.73–1.70 Ga monazite overprints
mylonite and ultra-mylonite fabric in rocks of the Kanandra
domain that formed in two of these shear zones, the Delny
and Entire Point shear zones; this is the first recorded
chronologic evidence that these shear zones were active
during the Proterozoic. Monazite is highly susceptible
to recrystallisation or resetting during interaction
with hydrothermal fluids or high temperature ductile
deformation; as such, the major phase of deformation and
relative movement accommodated by these parts of the
shear zones is likely to have ceased by the time of monazite
growth, and any subsequent deformation must have been
accommodated by localised discrete structures. Together
with the interpreted pressure–temperature–time paths of
each domain, the overprinting monazites in the major shear
zones are interpreted to indicate that the northeastern sector
of the Aileron Province was exhumed as a single package
after ca 1.71 Ga. Additionally, flat-lying, unmetamorphosed
sedimentary rocks tentatively interpreted as Neoproterozoic
units of the Georgina Basin unconformably overlie northern
portions of the Delny Shear Zone (Figure 1, 3) and the
Jervois, Bonya, and Deep Bore domains, requiring the
major domains and at least the northern portions of the
Delny Shear Zone to have been exposed at the surface by
the Ediacaran.
Evidence presented by Scrimgeour and Raith (2001) and
Weisheit et al (2016) indicates the southern margin of the
Kanandra domain (Figure 1) was ductilely deformed during
the Palaeozoic Alice Springs Orogeny. Discrete slices of the
Kanandra domain were exhumed along the southern margin
of the Delny and Entire Point shear zones concurrently
with the exhumation and emplacement of the Palaeozoic
Irindina Province, an upper-amphibolite- to granulite-facies
age-equivalent to the Georgina Basin (Maidment et al
2013 and references therein, Figure 1). Scrimgeour and
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The significance of metaexhalites, seafloor alteration and retrograde processes for metamorphosed
mineral deposits: examples of distinct alteration styles from the Aileron Province
Matthew V McGloin 1, 2
Given that the majority of massive sulfide deposits form
in basins that are subsequently deformed, metamorphosed
and/or altered, most exploited massive sulfide deposits have
been affected by these processes. In Australia, the granulitefacies Broken Hill deposit and the unmetamorphosed,
weakly deformed HYC (McArthur River) deposit represent
contrasting extreme effects of these post-depositional
processes. The effects of alteration, deformation, and
high-grade metamorphism on basin-hosted sulfide
deposits commonly remove or obscure original deposit
characteristics. As only ambiguous, or at best, circumstantial
evidence for ore-forming processes are preserved in such
settings, it is unsurprising that the genesis of many of these
deposits remain unresolved with a number of conflicting ore
deposit models proposed.
Identifying the relative effects of metamorphism,
deformation and hydrothermal alteration on pre-existing
orebodies is important for explorers. These processes
can control the dissolution and re-precipitation of ore and
associated alteration minerals, affect the economics of
metal distribution and create structural and chemical traps
for later epigenetic mineralisation. Understanding these
processes can play an important role in predicting metal
distribution and targeting favourable sites for both synsedimentary (syngenetic-diagenetic) and post-depositional
(epigenetic) mineralisation.
This text describes several different alteration
assemblages associated with basin-hosted sulfide
mineralisation from Jervois Range and Strangways
Range in the Palaeoproterozoic Aileron Province, central
Australia (Figure 1). Most of these deposits share a similar
ca 1.80–1.79 Ga age, and are formed in a contiguous
northwest–southeast trending belt of basin successions
along the tectonically active southern margin of the North
Australian Craton (Scrimgeour 2013). The host rocks to
the mineralisation at Jervois Range and Strangways Range
were metamorphosed to amphibolite- and granulite-facies
respectively. The distinct alteration assemblages and
mineralogy found at these deposits can provide significant
clues that can help determine ore-forming processes and
depositional environments, leading to improved mineral
deposit targeting for explorers.
The results presented herein demonstrate the potential for
discovering outcropping alteration assemblages across the
Aileron Province related to syn-sedimentary hydrothermal
processes that may suggest nearby mineralisation.
Some basin-hosted deposits contain syn-sedimentary
alteration assemblages that were metamorphosed and
then subsequently destroyed and/or overprinted by later
hydrothermal alteration. This fluid-assisted retrograde
alteration is commonly spatially or temporally associated
1
2

with epigenetic copper mineralisation. These observations
of multiple processes suggest that it is unrealistic for deposit
models in metamorphic terranes to exclusively invoke either
syngenetic or epigenetic ore-forming processes. Moreover,
the composition of the host basin succession and synsedimentary alteration associated with early mineralisation
can influence later mineralising episodes.
Metaexhalites and unusual mineralogy in the Jervois
mineral field and their metallogenic implications
At the Green Parrot, Marshall and Reward deposits in the
Jervois mineral field (Figure 1), there is a notable spatial
association between metamorphosed syn-sedimentary
mineralisation and unusual mineral assemblages (eg
garnetites, tourmalinites, banded iron-rich rocks, apatiterich rocks; Figure 2). These unusual rocks are found
interlayered within the predominantly metasedimentary
host succession, the Bonya Metamorphics. They are
interpreted as metaexhalites that represent hydrothermal
chemical sediments or ‘exhalites’ that were subsequently
metamorphosed to produce the observed metaexhalites. For
example, exhalites enriched in iron and manganese or boron
would produce garnetites or tourmalinites respectively
when metamorphosed. The specific processes involved
in the formation of hydrothermal chemical sediments (ie
exhalative, inhalative, replacement) remain subject to
debate; however, it is understood that they are deposited
by low to moderate temperature fluids that either replace
aluminous clastic sediments or exhale into subaqueous
basins, at or near the sediment–water interface during
sedimentation or diagenesis (Spry et al 2000).
The identification of metaexhalites is important
because these rocks are commonly spatially and
temporally associated with metamorphosed stratabound
massive sulfide deposits (eg Broken Hill-type and
VMS deposits) formed in subaqueous settings within
basin rift environments (Ridler 1971, Spry et al 2000).
Identification of metaexhalites in the Aileron Province
is particularly pertinent because such alteration has
previously been considered absent in the Arunta Region
(Shaw 1990). Understanding metaexhalites can be a
helpful exploration tool; metaexhalites commonly form
stratigraphically discrete layers above, below, within or
along strike from exhalative ore deposits and indicate relic
paleohydrothermal activity (Spry et al 2000). As such, the
distribution and chemistry of metaexhalites can not only
act as potential vectors to mineralisation, but can also
indicate ore-forming processes and environments.
At the Marshall and Reward deposits, garnetites are
the most common metaexhalite (Figure 2a). They form as
≤6 m thick intervals of massive garnet layers, commonly
with quartz and magnetite. Garnet compositions are
predominantly andradite (Ca-Fe-rich and Al-poor) although
transitions to almandine (Fe-rich), spessartine (Mn-rich)
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and grossular (Ca-rich) varieties do occur (Smith et al
2016). Discrete but massive layers of these different garnet
compositions are found above, within or below zones
of sulfide mineralisation. The garnet compositions and
textures vary spatially, supporting the genetic interpretation
that these discrete bands of metaexhalite relate to a synsedimentary mineralising process. For example, the
common Fe- and Mn-rich garnets from the garnetites at
Marshall and Reward have distinct major element chemistry
compared with garnets found away from mineralisation

in the Bonya Metamorphics (McGloin et al 2016). This
difference suggests that analyzing the major and trace
element chemistry of metamorphic minerals, particularly
those associated with metaexhalites, may be a useful tool in
identifying vectors towards syn-sedimentary mineralisation
regionally.
Prograde metamorphic silicate minerals (eg garnet,
cordierite, staurolite) found near to mineralised zones
commonly have Mn-, Fe- or Zn-rich chemistries (Dobos
1978, McGloin and Weisheit 2015) suggesting the existence
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Figure 2. Example images of unusual mineral assemblages in the Aileron Province. From the Jervois mineral field: (a) garnetite from
the Reward deposit; (b) mineralised garnet-biotite rock from the Hamburger Hill prospect; (c) tourmalinite from the J-Fold near to the
Cox’s Find prospect; (d) banded iron layers showing magnetite part oxidized to hematite, folded by F2 that probably represent an S0-S1
composite; (e) Banded zones of apatite from drill core at the Reward deposit (NTGS database reference ID 8446368 derived from NTGS
HyLoggerTM TSG dataset). From the Strangways Range: (f) garnet-biotite rock from the Johnnies Reward deposit; (g) garnet-biotite rock
from the Oonagalabi deposit.
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of base metals mineralisation before peak-pressure
D2 metamorphism. The localised presence of staurolite
and gahnite in the lode sequence (Dobos 1978, Teale 1982,
Peters et al 1985) is also noteworthy as these minerals are
absent in the regional metamorphic assemblage (Reno et al
2016). The application of element composition studies of
these minerals and assessing their distribution should also
provide vectors towards mineralisation.
The Hamburger Hill Cu-Ag-Pb-Zn prospect, 3 km
east of the main lode sequence, shares the same host
succession and a similar base metals assemblage as the
other syn-sedimentary deposits of the Jervois mineral field.
Figure 2b shows unusual stratabound zones comprising
porphyroblastic garnet–biotite schist enriched in CuAg-Pb-Zn and interlayered within the metasedimentary
succession. The garnet-biotite schist has an unusual mineral
assemblage lacking quartz or feldspar (70–80% of the
host rock comprises garnet and biotite). The significance of
these zones has not previously been recognised. They are
interpreted here to represent metamorphosed hydrothermal
chemical sediments or alteration related to such processes
similar to alteration assemblages identified locally at Green
Parrot, Marshall and Reward.
Tourmalinites (layered tourmaline–quartz rocks)
are found as 1 to 10 m-thick stratabound beds in the
Jervois mineral field and commonly contain anomalous
concentrations of magnetite and apatite (Figure 2c; Peters
et al 1985). The chemistry and isotopic signature of these
tourmalinites provides insight into ore-forming processes
and depositional environments locally. Tourmaline has
schorl-dravite compositions (Fe-Mg chemistry) and is
characterised by extremely light δ11B isotope values (-19
to -23 ‰; McGloin et al 2016). The δ11B data from the
tourmalinites in the Jervois mineral field yield some of
the lightest δ11B values ever recorded. Only the Broken
Hill deposit has comparably light δ11B tourmaline values
(Slack et al 1989) for any ore-related tourmaline assessed
globally to date. The extremely light δ11B values recorded
in the Jervois mineral field indicate that only two boron
sources can be proposed: borate from terrestrial evaporites,
or boron from highly-fractionated S-type granite magmas
(Marschall and Jiang 2011, McGloin et al 2016). Regional
mapping on HUCKITTA has failed to demonstrate any
evidence for S-type granitoids older than peak-pressure
metamorphism at ca 1.76 Ga (Beyer et al 2016; Reno et al
2017). As the tourmalinites pre-date this metamorphism,
any primary link to S-type magmatism is precluded; thus,
terrestrial evaporites are the more likely source for boron in
the tourmalinites. It is inferred that boron was leached from
a terrestrial evaporite source containing borate, and then
transported and expelled from hydrothermal fluids to form
tourmaline or a precursor B-rich mineral in sediments at or
near the sediment–water interface. The extremely light δ11B
signature detected also implies little or no marine influence
on the infiltrating hydrothermal fluids that formed the
tourmalinite precursor sediments since marine borate has
heavier δ11B values (modern day oceans have δ11B values of
~40 ‰; Swihart et al 1986). Oceanic δ11B values are not well
constrained for the Palaeoproterozoic however examples
from Precambrian ore deposits with marine-influenced

geological processes yield similarly heavy marine-like
tourmaline δ11B values >20 ‰ (Xavier et al 2008, Mercadier
et al 2012).
The interpretation of evaporites in the host succession
in the Jervois mineral field enhances prospectivity of the
region for a wide range of hydrothermal ore deposits,
including sediment-hosted, Broken-Hill type, iron oxide
copper-gold and skarn deposits. Evaporites provide a
locally accessible source for generating highly saline
hydrothermal fluids with increased capacity for metal
transport. Given their higher salinity, the chloride-rich
nature of the brines generated allows base metals to
be scavenged and mobilized more effectively at lower
temperatures (~100–350°C) than comparably saline higher
temperatures (~450–600°C) magmatic-hydrothermal or
metamorphic fluids.
The interpretation of a terrestrial (non-marine) evaporitic
borate source for the tourmalinites at Jervois implies
a very specific depositional environment for a portion
of the former palaeobasin with potential metallogenic
implications. Present day terrestrial evaporites are typified
by the Salar evaporite deposits of Chile, Argentina and
Bolivia (Warren 2016). The formation of terrestrial borate
evaporites requires explicit climatic and geographical
constraints (Evans 2006, Warren 2016, Steinmetz 2017).
These are arid climates in areas of high topographic relief in
active or formerly active volcanic terrains where terrestrial
waters evaporate in a hydrologically-closed basin setting.
This interpretation is consistent with the continental backarc setting currently proposed for the study area (Reno
et al 2017). Such volcanogenic-influenced terrestrial
environments are likely to be more prospective for VMS
and Broken Hill-type mineralisation than McArthur- or
Mount Isa-type mineralisation (eg Huston et al 2006). The
latter deposits generally form in more passive extensional
settings that lack active volcanism and magmatism during
sedimentation; they also have a greater degree of marine
influence, commonly hosting organic-rich matter and
abundant carbonate sequences.
Alteration and mineralogy associated with stratabound
sulfide deposits in the Strangways Range
The Strangways Range hosts a number of Cu-Pb-Zn (AuAg) deposits and associated alteration that, in most cases,
were metamorphosed to granulite-facies conditions during
the Palaeoproterozoic (Figure 1). These deposits are
generally considered to represent a spectrum of volcanicassociated massive sulfide (VAMS), carbonate-replacement
and iron oxide copper-gold-type deposits (Warren and Shaw
1985, Hussey et al 2005).
The mineralogy and geometries of the alteration
assemblages associated with these deposits vary but many
suggest the influence of syngenetic seafloor or sub-seafloor
alteration processes. This seafloor setting also appears to
be different to the depositional setting suggested for the
Jervois paleobasin, with more pronounced Mg- rather than
Fe-rich alteration in many locations. In several locations
in the Strangways Range, rocks abundant in Mg-rich
aluminosilicate minerals (Figure 3a-e) such as sapphirine,
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cordierite and anthophyllite (eg Goscombe 1992, Hussey et al
2005) have been identified. For example, some Utnalanama
VAMS deposits (eg Edwards Creek, Utnalanama, and
Harry Creek) host asymmetric stratiform amphibole, spinel
or orthopyroxene-rich assemblages (Figure 3a) associated
with cordierite and garnet-quartzite proximal to sulfide
mineralisation (Hussey et al 2005). Where abundant, such
minerals are considered to represent high grade, Mg- and
Al-rich, and K-, Na- and Si-depleted assemblages resulting
from metamorphism of host rocks that were previously
altered by hydrothermal fluids. One interpretation for this
alteration is that prior to granulite-facies metamorphism, the
precursor basin succession underwent chlorite alteration via
hydrothermal fluids that entrained seawater into the footwall
removing Si and adding Mg to the bulk composition of these
rocks.
At the Oonagalabi Cu-Zn deposit hosted in the Bungitina
Metamorphics (Figure 1), ore-forming processes remain
uncertain, but are likely to represent either a carbonatereplacement or VAMS style mineralisation (Hussey
et al 2005). The succession is interpreted to have been

deposited and metamorphosed during the Palaeoproterozoic
(Hussey et al 2005), then overprinted by Palaeozoic
shearing (Skidmore 1996). In light of this, the timing of
mineralisation at Oonagalabi remains unconstrained, with
Palaeoproterozoic versus mid-Palaeozoic ages proposed
by these authors. Furthermore, ore forming processes and
associated alteration are difficult to resolve.
The Oonagalabi deposit shares some similar alteration
assemblages to the Utnalanama deposits, but appears
to show some evidence for symmetric or gradational
alteration of marble and calc-silicate rocks to amphibolerich rocks (Hussey et al 2005) rather than the asymmetric
alteration typical of the latter deposit type. Mineralisation
at Oonagalabi is found almost exclusively in carbonaterich lithologies; both veined and disseminated types are
present. The intimate association of mineralisation with
massive anthophyllite (Figure 3b) is noteworthy and
indicates pervasive Mg alteration of carbonate protoliths.
Mineralisation is also associated with other unusual
stratabound alteration assemblages including garnet- and
gahnite-rich metasandstone, cordierite-quartz gneiss, and
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Figure
3. Example images of common alteration assemblages
d
in the Strangways Range. (a) Cordierite-orthopyroxene-bearing
rock from the Edwards Creek deposit. (b) Massive anthophyllite
from the Oonagalabi deposit. (c) Massive magnetite-amphibolespinel rock from the Oonagalabi deposit. (d) Unspecified
metapelitic gneiss containing sapphirine (Spr). (e) Diopsidetremolite-magnetite-quartz rock from the Johnnies Reward
deposit.
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a variety of magnetite ± amphibole ± spinel ± pyroxenite
rocks (Figure 3c; Skidmore 1996, Hussey et al 2005).
The presence of veined mineralisation intruding
carbonate-rich lithology at Oonagalabi allows for an
epigenetic component to the ore-forming and associated
alteration story. However, the observed evidence cannot
preclude contributions from earlier syngenetic or diagenetic
processes on the alteration and mineralisation observed.
Consequently, an alternative interpretation whereby the
stratabound nature of the unusual mineral assemblages
at Oonagalabi may represent syngenetic seafloor-style
alteration processes may be valid. Metamorphism of Mgrich, Si-depleted alteration zones can explain the formation
of anthophyllite–cordierite-bearing assemblages. Some
of the garnet-biotite rich assemblages and other unusual
mineral assemblages identified may represent hydrothermal
chemical sediments metamorphosed to granulite-facies.
Nonetheless, the timing of the introduction of base metals
at Oonagalabi remains uncertain and may not necessarily
parallel this stratabound alteration. The observed epigenetic
mineralised veins may represent remobilization of preexisting mineralisation rather than newly introduced
mineralisation. Hydrothermal fluid flow associated with
such veining could also produce the symmetric alteration
that obscures or obliterates evidence for pre-existing
alteration.
At the Johnnies Reward Cu-Pb-Zn-Ag-Au deposit
hosted in the Cadney Metamorphics, drill core and
petrographic observations show evidence for a prograde
metamorphic assemblage of banded garnet-biotite rock
(Figure 2f). As with the examples given from the Jervois
mineral field and Oonagalabi, this alteration assemblage is
interpreted as representing metamorphosed hydrothermal
chemical sediments, or alteration related to such a process.
This implies syn-sedimentary hydrothermal fluids were
active in the paleobasin. The deposit has a lode sequence
(a diopside–tremolite–magnetite-quartz rock; Figure 3e)
with an apparent stratiform nature that shows evidence
for subsequent magnetite-chlorite alteration, coupled with
Mn-rich anthophyllite and manganocummingtonite as
identified in the mineralised sequence (Hussey et al 2005).
These observations are re-interpreted here to support a
syn-sedimentary component to the mineralising process at
Johnnies Reward. However, definitive evidence for either a
syngenetic or later timing for mineralisation is precluded
by a lack of temporal constraints on mineralisation as well
as constraints on ages for sedimentation, magmatism and
metamorphism in the host succession.

already, these deposits and prospects can be distinguished
because of their widespread magnetite-chlorite alteration
and their greater copper endowment.
The recent discovery of high grade Cu-Ag-only
mineralisation at Rockface in the Jervois mineral field
(Mayes and Bennet 2017) is significant for two reasons.
It represents another example of this distinct magnetitechlorite-associated copper mineralisation style. More
importantly, the mineralisation and alteration style
at Rockface is distinct from the polymetallic sulfide
mineralisation and alteration found at other nearby
deposits and prospects (eg Green Parrot, Marshall,
Reward, Hamburger Hill). Although the evidence for synsedimentary sulfide mineralisation in these other deposits
is well established, the timing and origin of certain
aspects of the mineralisation process remains unresolved,
with ample evidence for both syn- and post-metamorphic
alteration and remobilization.
Excepting Hamburger Hill, all these deposits also
show strong evidence for epigenetic copper mineralisation
commonly associated with magnetite and chlorite that
overprints older syn-sedimentary mineralisation and
alteration (McGloin and Weisheit 2015; Figure 4a-b).
Although syn-sedimentary mineralisation and alteration
zones in the Jervois mineral field can be carefully discerned
using a combination of structural, textural and paragenetic
mineral observations, precursor prograde metamorphic
assemblages are commonly obscured or obliterated near
to epigenetic mineralisation. The close proximity of the
two mineralisation styles is fortuitous because it allows a
direct comparison. Observing differences and similarities
therefore allows the relative contributions of syngenetic and
epigenetic mineralisation and alteration processes in the
Jervois mineral field to be better understood.
Petrographic observations from drill core at Rockface
demonstrate that copper was introduced after peak-pressure
metamorphism, overprinting massive magnetite zones
that formed post-D2 (Figures 4b-f). This mineralisation
also lacks lead and zinc enrichment characteristic of the
nearby syn-sedimentary mineralisation. In drill core and
photomicrographs, an earlier garnet-biotite assemblage
can be seen breaking down to form magnetite and chlorite
(Figure 4b-d).
A comparison of the Hamburger Hill prospect with
the other syn-sedimentary mineralised deposits in the
Jervois mineral field is also warranted. The Hamburger
Hill prospect differs in that it is relatively unaltered, does
not contain magnetite, and lacks evidence for pervasive
retrograde magnetite-chlorite alteration (Figure 2b).
Most importantly, there are stratabound zones of massive
garnet–biotite enriched in Cu-Ag-Pb-Zn and no epigenetic
copper mineralisation. These observations imply that the
magnetite–chlorite alteration forms through the destruction
of silicate minerals found in metaexhalites or associated
alteration zones, and that this process is somehow related to
later copper mineralisation.
Similarly, the retrograde alteration of silicate minerals
is evident at the Johnnies Reward deposit. In Figure 4g, the
mineralogy observed in drill core from Johnnies Reward
changes over short distances. Chlorite can be seen as

Regional retrograde magnetite-chlorite alteration
associated with epigenetic copper mineralisation
A distinct magnetite-chlorite-copper association is evident
at several deposits and prospects across the Aileron
Province (eg Johnnies Reward, Gumtree, Rockface, some
parts of Green Parrot and Reward). This mineralisation has
previously been suggested to be metamorphosed iron oxide
copper-gold style with some affinities to deposits in Mount
Isa and Tennant Creek (eg Hussey et al 2005, Corriveau
and Spry 2014). Unlike the other deposit styles discussed
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Figure 4. Example images of magnetite-chlorite alteration found
regionally associated with epigenetic copper mineralisation.
20 mm
From the Reward deposit: (a) magnetite-chalcopyrite-galenapyrite-sphalerite mineralisation that overprints a garnet-biotite
assemblage. From the Rockface prospect: (b) magnetite-chlorite alteration that overprints an original garnet-biotite-rich assemblage;
(c) photomicrograph showing the breakdown of garnet (Grt) to magnetite (Mag) and chlorite (Chl); Tur = tourmaline, Qtz = quartz;
(d) photomicrograph showing a close-up of c; (e) typical chalcopyrite-pyrite mineralisation overprinting magnetite that also overprints
the host rock assemblage; (f) photomicrograph showing the dominant mineral assemblage of magnetite, chalcopyrite (Ccp), pyrite (Py),
chlorite and quartz. From the Johnnies Reward deposit: (g) comparison of garnet-biotite rock and altered chlorite-magnetite equivalent
where chlorite can be seen as pseudomorphs after garnet porphyroblasts; (h) magnetite overprinted by chalcopyrite-pyrite with both
overprinting an earlier garnet-biotite-rich assemblage.
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pseudomorphs after garnet porphyroblasts, with the garnet–
biotite assemblage breaking down progressively to form
magnetite and chlorite that is overprinted by chalcopyritepyrite mineralisation (Figure 4h).
These regionally consistent observations suggest
that some of the magnetite–chlorite alteration seen is
generated by the retrograde, fluid-assisted breakdown
of prograde garnet-biotite-rich alteration assemblages
and associated iron-rich metaexhalites. If correct, this
interpretation suggests that early syn-sedimentary
hydrothermal processes may provide a fundamental control
on the alteration associated with later epigenetic copper
mineralisation regionally. However, it remains unclear
whether copper that overprints the epigenetic magnetitechlorite alteration is remobilized locally from pre-existing
sulfide mineralisation, is introduced from more exotic
sources such magmatic-hydrothermal fluids exsolved from
felsic intrusions, or is leached from copper-rich country
rocks during hydrothermal fluid circulation.
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Metasomatism in the Mesoproterozoic – evidence for a regional fluid event in the central Aileron
Province
Eloise E Beyer 1,2
Introduction

dominated by porphyritic to equigranular biotite-muscovite
granite with localised tourmaline ± garnet leucogranite.
Primary muscovite (± garnet) is present in four of the five
main phases suggesting that the intrusion, as a whole, is
peraluminous. LA–ICP–MS U–Pb dating of zircon cores
from the Wangala Granite indicates an emplacement age
of 1777 ± 11 Ma 4; U-rich zircon overgrowths on cores
indicate an isotopic resetting event at 1571 ± 28 Ma (Beyer
et al 2015).
In contrast, the Ennugan Mountains Granite is an I-type
biotite ± hornblende monzogranite that contains a number
of distinct phases, the dominant one being a porphyritic
biotite-bearing granite with abundant felsic microgranular
enclaves. Although hornblende is only developed locally,
its presence reflects the overall metaluminous composition
of the granite, distinguishing it from the Wangala Granite.
SHRIMP U–Pb zircon dating of Ennugan Mountains
Granite indicates that it was emplaced at ca 1621 ± 5 Ma with
no clear evidence in the zircon data for a later overprinting
event (Kositcin et al 2013).

At AGES 2012, the preliminary findings of a study into
high-heat producing granites of the Palaeoproterozoic
Aileron Province in central Australia was presented by the
Northern Territory Geological Survey (Beyer et al 2012).
The primary aim of the project was to better understand
the nature and prospectivity of two of these granites – the
Wangala and Ennugan Mountains granites – which outcrop
in the central Aileron Province (Figure 1). These two
granites were targeted because they are strongly uraniferous
and host zones of biotite schist anomalously enriched in a
range of elements, including U, Th, P, F, high field strength
elements (HFSE) and the rare earth elements (REE). What
follows is a summary of the outcomes from the project and
an updated perspective on the nature of the schists and
their role in identifying a regional fluid event during the
Mesoproterozoic.
Wangala and Ennugan Mountains granites

Biotite schists

The Wangala and Ennugan Mountains granites occur
approximately 75 km apart in NAPPERBY3. The Wangala
Granite is an S-type muscovite-biotite monzogranite
comprised of five main phases that are distinguished on
the basis of texture and mineralogy (Beyer in prep). It is
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The southern outcrops of the Wangala Granite are
distinguished by the presence of discrete, mesoscale
lensoidal bodies of biotite-apatite schist (Figures 1, 2a).
The schists contain up to 70% biotite and 25% apatite, with
minor muscovite and quartz. The contact between schist

d
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Ngalia Basin

1621 Ma Ennugan Mountains Granite

1810–1800 Ma metasedimentary units

biotite schist

1780-1770 Ma granite
(Wangala Granite outlined in red)
1780 Ma Reynolds Range Group
and potential age-equivalents

1860–1830 Ma metasedimentary units
(Lander Rock Formation and equivalents)

monzonite

unassigned units in central Aileron Province
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Nolans REE-P-U deposit
fault
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Figure 1. Generalised geology map of the central Aileron Province.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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and granite is gradational at the centimetre scale and is
marked by the presence of topaz and fluorite. Relative to the
enclosing granite, the schists display elevated abundances
of elements such as P, U, F, Li, Co, Ni, Zn, Ag, Sn, W
and REE. Zircons from the schist have a dominant age
population at 1762 ± 16 Ma that is within uncertainty of
the magmatic crystallisation age of the host granite (Beyer
et al 2015). U-rich rims on zircons are variably developed
and are characterised by inclusions of monazite, thorite and
barite (Figure 3). Dating of these rims yielded an age of
1569 ± 25 Ma, providing a close match to the rim age for the
host granite (Beyer et al 2015). SHRIMP U–Pb dating of
monazite from the schist gave an age of 1574 ± 2 Ma, better
constraining the timing of isotopic resetting (Kositcin et al
2013). These results indicate that both the granite and schist
were affected by a later thermal event at ca 1575 Ma.
Outcropping in the central part of the Ennugan Mountains
Granite are several zones of biotite schist up to 2 m wide
(Figures 1, 2b). Unlike the biotite-apatite schists of the
Wangala Granite, these are composed primarily of abundant,
strongly foliated biotite, large strained muscovite ‘fish’ and
fine-grained polygonal quartz. However, like the Wangala

schists, they are variably enriched in numerous trace
elements and metals such as U, Th, P, F and REE, as well as
Rb, Cs, Hf, Zr, Ta, Nb, Bi, Sn, W and Zn. Zircons from biotite
schist have a dominant age population at 1615 ± 5 Ma that is
within uncertainty of the age for the host granite (Kositcin
et al 2013). In situ monazite U–Pb dating of the schist yielded
two distinct age populations: 1606 ± 2 Ma that is consistent
with the age of the schist determined by zircon dating, and
1574 ± 7 Ma interpreted to date a metamorphic fluid event
(Kositcin et al 2013).
Regional metasomatism during the Chewings Orogeny
(1590–1560 Ma)
Previous studies (eg Davies 1979) suggest that the biotite
schists represent altered rafts of metamorphosed country
rock; however, their age and chemistry suggest otherwise.
The preferred interpretation is that they represent zones
of their respective host granite that were hydrothermally
altered during a post-magmatic metasomatic event. This
interpretation is based on a number of lines of evidence
including: the corresponding ages between schist and host

a

b

Figure 2. (a) Field photo of biotite-apatite schist enclosed in porphyritic Wangala Granite. (b) Biotite schist in porphyritic Ennugan
Mountains Granite. Hammer used for scale is 32 cm long.
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Figure 3. Back scattered electron
images of zircons from biotite-apatite
schist from the Wangala Granite
(provided courtesy of D Huston,
Geoscience Australia). zr = zircon,
mz = monazite, th = thorite, ba = barite.
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granite; the gradational and altered nature of the contact
between the rock types; and the presence of the metals,
HFSE and REE enrichment seen in the schists. The timing
of this event is constrained by zircon and monazite U–Pb
isotopic data which strongly support an episode of accessory
phase growth at ca 1575 Ma, coincident with the regionally
significant ca 1590–1560 Ma Chewings Orogeny. Wholerock and mineral geochemistry of samples of the schists and
accessory phase inclusions in zircon indicate the metasomatic
fluid was enrichment in U, Th, P, F and REE, plus a host
of metals. This is strong evidence that the zircon rims
precipitated from a fluid that was high in all these elements.
Although, the timing of the metasomatic event seems
clear, the source of the fluid is less obvious. The Chewings
Orogeny is a tectonothermal event of fundamental
importance throughout the central and southern Aileron
Province. At present, there is little reported magmatism
associated with the event, however fluid flow during this
time period is evident from metamorphic zircons rims from
a number of stratigraphic units across these areas (some
examples are presented in Rubatto et al 2001, ClaouéLong and Hoatson 2005, Donnellan 2008, Bodorkos et al
2013). Furthermore, recent work carried out at the Nolans
REE‑P-U fluoroapatite vein-hosted deposit points to a
significant metasomatic and mineralising event in the central
Aileron Province between 1550–1525 Ma (Huston et al
2016). Isotopic and chemical data for Nolans indicate that
the fluid that metasomatised the host Boothby Orthogneiss
(ca 1805 Ma) and produced massive fluoroapatite and
associated mineralisation, was derived from alkaline,
possibly phosphatic, low degree partial melts (Huston
et al 2016, Huston et al 2017). Thus it is plausible that the
metasomatic fluids that produced the schists in the Wangala
and Ennugan Mountains granites had the same, or similar,
origin. It is also worth noting that the Boothby Orthogneiss
does not classify as high-heat producing; this indicates that
the fluid event affected more than just that compositional
type of host rock. A regional scale alkaline metasomatic
fluid source is supported by the alkaline composition of
the biotite schists within the Wangala Granite, and by an
isolated occurrence of monzonite intruding the southern
outcrops of the Wangala Granite (Figure 1). The monzonite
is allanite-bearing and has a strongly alkaline composition;
it also displays some enrichment compared to the Wangala
Granite, in particular P and REE, though not to the degree
seen for the schists. The age of the monzonite is presently
unknown but is hypothesised to be ca 1575 Ma. If so, this
would confirm the first known alkaline magmatism of this
age in the Aileron Province.
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Conclusions
The key finding of this study is that a regionally significant
U-P-F-REE-rich fluid flow event affected Palaeoproterozoic
granites of the central Aileron Province during the
Chewings Orogeny (1590–1560 Ma). This implies there is
significant potential for basement-hosted uranium and/or
REE deposits in the region, particularly in areas where the
thermal and/or chemical conditions were suitable to localise
mineralisation.
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The Nolans rare earth element-phosphorus-uranium mineral system: formation and modification
over 1800 million years
David L Huston 1,2, Roland Maas 3, Andrew Cross 1, Kelvin J Hussey 4, Terrence P Mernagh 5, Geoff Fraser 1 and
David C Champion1
Nolans is a rare earth element-phosphorus-uranium
(REE‑P-U) fluorapatite vein deposit located in the central
part of the Aileron Province. The deposit is hosted mostly
by the ca 1805 Ma Boothby Orthogneiss, which has been
strongly affected by the 1590–1560 Ma, high T-low P
Chewings Orogeny (Figure 1; Scrimgeour 2013). Three
zones are distinguished: Northern, Central and Southeast
zones (Figure 2a). The Northern and Southeast zones
consist of east-east northeast-trending, steeply northdipping veins and breccia zones (Figure 2b); the Central
Zone consists of a north-trending, sub-vertical vein/breccia
zone. The current mineral resource at Nolans totals 56 Mt
grading 2.6% total rare-earth oxides, 12% P2O5 and 162 ppm
U (0.42 lb/tonne U3O8) (Arafura Resources Limited 2015).
This contribution and Huston et al (2016) describe the
geology and present an evolutionary model for the Northern
Zone; Schoneveld et al (2015) presents similar information
for the Central Zone. Beyer (2017) present descriptions
of possibly related REE-bearing apatite and fluorite
occurrences elsewhere in the central Aileron Province.
1
2
3
4
5

The Northern Zone at Nolans is dominated by fluorapatite
veins that have a moderately complex paragenesis
comprising two apparent stages:
1. massive to granular fluorapatite with inclusions of REE
silicates, phosphates and (fluoro)carbonates,
2. calcite-allanite with accessory REE-bearing phosphate
and (fluoro)carbonate minerals that vein and brecciate
the earlier stage (Figure 3a).
In some cases, the REE phosphate and (fluoro)carbonate
minerals have very delicate textures (Figure 4), suggesting
that (re)crystallisation of at least some of these minerals
post-dated significant deformation. The veins are locally
accompanied by narrow, skarn-like (garnet-diopsideamphibole) wall rock alteration zones (Figures 2b, 3b).
Fluid inclusion studies, combined with oxygen isotope
data suggest that the skarn-like alteration assemblages
last equilibrated with a saline (23–26 eq wt% NaCl;
δ18O ~ 7–8‰) fluid at ~410°C and, most likely, 130–200 MPa
(4.9 –7.5 km). As discussed below, these conditions might
not reflect the original conditions of mineralisation but
rather the effects of post-depositional modifications.
Where primary mineralised fluorapatite veins are close
to the surface, dark-coloured supergene fluorapatite replaces
cream-coloured hypogene fluorapatite. Much of the original
REE content is taken up by cheralite, which can be associated
with a kaolinite alteration zone that occurs in the footwall
to the veins but does not extend at depth. The kaolinite

Geoscience Australia, GPO Box 378, Canberra, ACT 2601
Australia
Email: david.huston@ga.gov.au
School of Earth Sciences, University of Melbourne, VIC 3010
Australia
Arafura Resources, PO Box 37220, Winnellie, NT 0821
Australia
Research School of Earth Sciences, Australian National
University, Building 142, Mills Road Acton, ACT 2601
Australia.

Figure 1. Geology of the Aileron Province showing the location of the Nolans deposit (synthesised from diagrams in Scrimgeour 2013
and Hoatson et al 2011).
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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Figure 2. Geology of the Nolans
deposit. (a) Plan showing the
distribution of fluorapatite veins at
or near surface. (b) Cross-section
(see a for location) showing the
dip of fluorapatite veins and the
associated alteration zones. The inset
in (a) presents a possible structural
stress regime to account for the
distribution and orientation of the
fluorapatite veins.

a

b

cal-all

ap

Figure 3. Photographs showing rock types present at Nolans. (a) Light cream fluorapatite (ap) vein brecciated and infilled by calciteallanite (cal-all) veins. (b) Diopside-rich alteration assemblage (di) between garnet-rich (gt) and amphibole-rich (am) alteration
assemblages. All samples are NQ-size drill core with a width of 47.6 mm.
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is interpreted as a weathering product as the presence of
kaolinite O-H supports a supergene origin, possibly related
to acids released by weathering of fluoroapatite
SHRIMP Th–Pb analyses of allanite yielded an age
of 1525 ± 18 Ma (Figure 5), interpreted as the minimum
age of mineralisation. The maximum age is provided
by a ca 1550 Ma SHRIMP U–Pb age of a pegmatite.
Other isotopic systems yielded ages from ca 1443 Ma
to ca 345 Ma, implying significant post-depositional
isotopic disturbance. The observed age decreases with the
closure temperature of the isotopic system and/or mineral
measured. Variations in Nd and Sr isotopic data can be
modelled as mixing between a more primitive (87Sr/86Sr
~ 0.7053, εNd ~ +5) source of the mineralising components
with more evolved wall rock, although these modelling
results must be treated with caution as post-depositional
disturbance is likely.
The complex and somewhat contradictory results
presented above suggest that the Nolans deposit records
several post-depositional events, spread over 1200 million
years (Figure 6). Processes leading to formation of

Figure 4. Backscatter electron image showing complex
paragenesis within calcite-allanite veins. Monazite overgrows a
calcite substrate in the upper right. The monazite is overgrown in
apparent paragenetic order as follows La-rich galgenbergite → an
assemblage including Ce-rich galgenbergite, stetindite and talc →
monazite (?) → La-rich synchesite → calcite.

a

b

Figure 5. (a) 232Th/206Pb versus
208
Pb/206Pb plot for SHRIMP analyses
of allanite from sample 2007080001‑25.
(b) 208Pb/232Th ages for allanite in order
of analysis. The grey bars are 1σ error
bars and the heavy black line indicates
the weighted mean 208Pb/232Th age.
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Figure 6. Schematic diagrams showing the evolution of the Nolans mineral system. (a) North-dipping subduction associated with
convergence along the southern margin of North Australian Element between 1820 and 1750 Ma sets up architecture that controls later
fluid movement and metasomatically enriches the mantle wedge. (b) Crustal thickening associated with the ca 1740–1690 Ma Strangways
and ca 1635 Ma Leibig orogenies. (c) Melting of enriched mantle wedge initiates towards the end of the Chewings Orogeny, producing
alkaline magmas melts that move along reactivated structures into mid- to upper-crust where a phosphate-rich magmatic-hydrothermal
fluid and/or immiscible melt separates. Fluorapatite and REE minerals are precipitated in veins and breccias as a consequence of
physicochemical changes caused by cooling and/or reaction with wall rocks. (d) Uplift associated with later movements of Alice Springs
Orogeny unroofs Nolans deposit. Weathering of fluorapatite produces highly acidic and corrosive fluids than mobilise REE and redeposit them in kaolinitised wall rocks as the fluids are neutralised.
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Nolans are interpreted to have begun with north-dipping
subduction along the south margin of the Aileron Province at
ca 1820 –1750 Ma (Figure 6a), producing a metasomatised,
volatile-rich lithosphere. About 200 million years later,
during the latter stages of, or just after, the Chewings
Orogeny, this reservoir and/or the lower crust sourced lowdegree, alkaline partial melts that passed into the mid- to
upper-crust (Figure 6c). Although the exact mechanisms
of mineral deposition are not clear, fluids derived from
these melts, which may have included phosphatic melts,
eventually deposited the Nolans fluorapatite veins due to
fluid-rock interaction, cooling, depressurisation and/or fluid
mixing.
Owing to its size and high concentration of Th
(2500 ppm), in situ radiogenic heating within the Nolans
mineralised zone caused significant recrystallisation and
isotopic resetting. The system finally cooled below 300°C
at ca 370 Ma, possibly in response to unroofing during
the Alice Springs Orogeny (Figure 6d). During this time,
the Central Zone may have formed by the remobilisation
of pre-existing mineralisation in response to the influx of
heated meteoric or other waters (cf Schoneveld et al 2015).
Surface exposure and weathering of fluorapatite produced
acidic fluids and near-surface, intense kaolinitised zones
that include high-grade, supergene-enriched cheralite-rich
mineralisation.
Beyer (2017) documents the presence of biotite schist
hosted by the ca 1777 Ma (Beyer et al 2015) Wangala and
ca 1621 Ma (Kositcin et al 2013) Ennungan Mountain
granites. She interprets these biotite schist units as
hydrothermal alteration zones that overprint the respective
granites at ca 1575 Ma. The biotite schist units in both
Wangala and Ennungan Mountain granites are enriched
in REE, P, U, F and a suite of other elements. They also
have a northeast trend (E Beyer pers comm 2017), broadly
similar to the east-northeast trend observed at Nolans.
In addition, the biotite schist at the Wangala Granite
contains up to 25% apatite. The data of Beyer (2017) and
the data from Nolans both point to a single or a series
of closely spaced hydrothermal REE-P-U events in the
central Aileron Province towards the end of the Chewings
Orogeny, possibly associated with east-northeast to
northeast-trending structures/fabrics.
The total possible age range of the central Aileron
hydrothermal events (1575–1525 Ma) overlaps with the
age ranges of iron oxide copper-gold (IOCG) events
(1595 –1565 Ma and 1525–1475 Ma: Mark et al 2004,
Duncan et al 2011) in the Cloncurry (Queensland) district
in the eastern part of the North Australian Craton. Although
the Cloncurry events were dominated by introduction of
Cu and Au, they also involved the introduction of U, REE,
F and other elements (eg Ernest Henry deposit: Ryan 1998).
These data may indicate that the central Aileron REE-PU-Th mineralising event may be part of a much larger
system that has affected the North Australian Craton more
broadly.
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The Rockface copper discovery at Jervois
Keith Mayes 1,2 and Martin Bennett 1,3
Introduction

with fine- to medium-grained beds of meta-sandstone that
typically vary in thickness from 1 cm to 30 cm, although
thicker beds and lenses of meta-sandstone have been mapped
at the surface. Within the fine-grained schistose beds, there
are broad belts with distinctive andalusite porphyroblasts
that give the rock a knotted appearance. Beds of marble
and calc-silicate rock occur throughout the Jervois project
area, though with poor strike continuity due to flattening
and attenuation during deformation. While minor in extent,
narrow beds of finely bedded quartz-tourmaline and fineto coarse-grained volcanic/volcaniclastic rocks of rhyolitic
composition have been mapped. The Jervois sequence is
intruded by several phases of pegmatite and an amphibolite
rock interpreted to correlate with the Attutra Metagabbro
(ca 1786 Ma). The Bonya Metamorphics is unconformably
overlain by Neoproterozoic–Palaeozoic-aged sediments
of the Georgina Basin that form a prominent ridge on the
western edge of the project area.
Three main deformation events have been identified at
Jervois. Although not well preserved, D1 is interpreted to
be large westward closing recumbent folds. The dominant
structural fabric seen throughout the Jervois area is
sub‑parallel to bedding and is interpreted to have formed
during D2 in an east–west, possibly transpressional regime.
Isoclinal folding during D2 may have resulted in repetitions
of the mineralised horizons exemplified by the parallel
sulfide lenses at Reward and Reward East. D3 led to the
refolding of the D2 isoclinal folds and foliation, resulting in
the formation of the characteristic ‘J-shaped’ Jervois Range.
Much of the western limb of the Jervois Range has been
faulted off against the Jervois Fault Zone (Figure 1).

The Jervois Project, owned 100% by KGL Resources
Limited (KGL), lies 250 km northeast of Alice Springs in
the Northern Territory. Access is via the Plenty Highway,
which passes within 15 km of the project, and then by the
Lucy Creek Station Road.
Jervois is the largest base metals deposit in the eastern
Arunta Region, and comprises over ten prospects with
mineral resources of varying size and grade. In July 2015,
KGL announced a Mineral Resource of 30.5 Mt containing
327 000 t of copper, 22.6 Moz of silver and a growing
inventory of lead and zinc that is now a combined 190 000 t.
A prefeasibility study was completed in December 2015
based on a 2.2 Mtpa flotation plant producing copper and
lead-zinc concentrate to be transported by road and rail to
the port of Darwin.
There has been a renewed focus on exploration
during 2016 with the aim of increasing both the size and
grade of the Jervois resource with particular emphasis on
the recently discovered high-grade Rockface Prospect.
Rockface is located along strike to the southeast of the
Bellbird resource. It was discovered through a review and
re-interpretation of previous exploration with the benefit of
recent research by the Northern Territory Geological Survey
(NTGS) and Commonwealth Scientific and Industrial
Research Organisation (CSIRO), and a follow-up Orion 3D
induced polarisation (3DIP) survey. Initial investigative
work suggests the style of mineralisation at Rockface is
different to the existing resources at Reward, Bellbird
and Green Parrot. The discovery has led to modification
of our conceptual models and targeting factors; these new
insights have re-invigorated exploration and highlighted the
increased potential of the Jervois project.

Mineralisation
Previous exploration companies have variously described
the mineralisation at Jervois as volcanic massive sulfide,
iron oxide copper-gold, skarn and Broken Hill-type. Recent
work by the NTGS has indicated that there is syngenetic,
sediment-hosted and volcanic-associated mineralisation
that formed ca 1790 Ma (McGloin and Weisheit 2015).
Copper-silver and lead-zinc sulfide mineralisation
is primarily contained within two main lenses at both
Marshall-Reward and Bellbird with smaller lenses at Green
Parrot, Bellbird North and Cox’s Find. The lenses are
steeply dipping and stratabound within a trend that extends
for at least 14 km within the ‘J-shaped’ Jervois Range.
The Marshall-Reward and Bellbird deposits are coppersilver rich and hosted by psammite and pelitic schist with
minor meta-carbonate. Green Parrot and Bellbird North
are smaller, lead-zinc rich deposits hosted by units of metacarbonate within pelitic schist.
In copper-rich lenses, chalcopyrite is the main sulfide
with minor pyrite, galena and sphalerite. Chalcopyrite
can be disseminated, veined, semi-massive and massive
over intervals of up to one metre. When disseminated, the
chalcopyrite mineralisation follows bedding planes that

Jervois Project geology
Jervois is hosted by the Bonya Metamorphics (Reno
et al 2015) of the Aileron Province: a sequence of
Palaeoproterozoic sedimentary rocks in the Arunta Region
that formed part of the North Australian Craton prior to
1700 Ma (Scrimgeour 2013). The Bonya Metamorphics
is a high-temperature, low-pressure package of
metasedimentary rocks with protoliths interpreted to be
equivalent to the lower Strangways Metamorphics (Reno
et al 2015). Metasedimentary successions in the Aileron
Province were deposited within the interval 1860–1740 Ma;
the majority of the magmatism occurred in the interval
1820–1700 Ma (Scrimgeour 2013).
At Jervois, the Bonya Metamorphics is dominated by
quartz-muscovite schist derived from metamorphosed
siltstone and mudstone (Figure 1). The schist is interbedded
1
2
3
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coincide with the pervasive D2 foliation; the mineralisation is
also folded about F2 folds. Remobilisation of the chalcopyrite
into low pressure zones along fractures, crenulations and
folds is evident at various scales. At Reward, there is a
prominent gossanous hill that is underlain by a thick,
rheologically competent unit of psammite with pelitic
schist wrapped around the margins. Copper mineralisation
is hosted by contact shears but also by brittle fractures
within the psammite, forming an open stockwork. Sulfide
lenses have alteration halos extending up to 100 m into
the hanging wall and footwall. The regionally abundant
quartz-muscovite-andalusite schist is altered to a proximal
assemblage containing variable amounts of silica, garnet,
chlorite, biotite and magnetite.
Lead-zinc rich sulfide lenses at Reward, Green Parrot
and Bellbird North comprise galena and sphalerite, with
minor chalcopyrite; they are mostly associated with units

of meta-carbonate. The sulfides can be semi-massive or
massive and coarse-grained, grading into meta-carbonate
and calc-silicate rock with disseminated sulfide. Contacts
between the mineralised meta-carbonate/calc-silicate and
the unmineralised meta-pelite country rock can be sharp.
Proximal to sulfide mineralisation, the meta-carbonate
units are altered to an assemblage containing garnet,
clinopyroxene (diopside), epidote and magnetite.
Rockface discovery
The Rockface Prospect is located 1.2 km southeast of the
Bellbird deposit at the southern closure of a large D3 fold
that forms the J-shaped Jervois Range. Prior to 2013, KGL’s
exploration was focused on the two main copper resources
at Bellbird and Marshall-Reward. The presence of several
smaller prospects and copper occurrences along a trend

Figure 1. Jervois geological map.
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between Bellbird and Marshall-Reward (including the Cox’s
Find and Rockface Prospects) supports the interpretation
that the mineralisation is stratabound and extends over a
strike length of 14 km.
A compilation of historic data and additional field
mapping in 2013 led to an increased interest in the Rockface
Prospect. Historical induced polarisation (IP) surveys were
conducted over much of the Jervois area, including Rockface,
by McPhar in 1965 and Mount Isa Mines Limited (‘MIM’) in
2000; these surveys demonstrated a good IP response over
the known deposits of Bellbird and Marshall-Reward. Both
surveys also recorded an IP response over the Rockface area.
A simultaneous 3D inversion of the MIM data significantly
improved the quality of the results. This prompted a small
RC drilling program at the Rockhole prospect 400 m
west of Rockface where reconnaissance mapping located
abundant malachite exposed in a small working at the same
stratigraphic level as Rockface. RC hole KJC035 intersected
an encouraging 24 m at 1.47% Cu from 160 m, but further
drilling was hampered by the steep terrain. In late 2013, a
track-mounted diamond drill rig was used to test for extensions
to the mineralisation between Rockhole and Rockface but
returned disappointing results. In 2014, a track-mounted RC
rig was used for in-fill drilling of previous shallow drilling at
Rockface to generate an Inferred Resource.
The drilling completed by KGL in 2013–14, supplemented
with historical drilling undertaken by MIM and Reward
Minerals, enabled the estimation of a maiden Inferred
Resource of 0.7 Mt at 0.82% Cu containing 6000 t of copper.
The relatively low grade of this initial resource meant that
subsequent drilling was focused on other areas of higher
grade mineralisation at Bellbird, Marshall-Reward and Green

Parrot. While the area remained prospective due in part to
its structural setting, it required some further refinement of
targeting before a return to drilling could be justified.
The key factor in the discovery of the high-grade sulfide
resource at Rockface was an Orion 3DIP survey conducted
in June 2015, the second such survey undertaken in Australia
(Figure 2). This survey extended over the Bellbird resource
in order to help characterise and calibrate the responses
from a known deposit. The primary target areas for this
survey were extensions both north and south of the existing
Bellbird, Bellbird East and Bellbird North mineralisation.
This included the Rockface-Rockhole prospects where
poorly defined chargeability anomalies were previously
generated by a MIM Distributed Acquisition System
(MIMDAS) survey.
The Orion 3DIP system offered KGL the ability to see
well below the depth of the existing drilling and provided
high resolution data to optimise drill targeting. In addition,
it was unbiased by survey geometry, an important feature in
areas of complex deformation history.
The 3DIP survey identified several good anomalies
including the known Bellbird Resource, but the strongest
coincident chargeability and conductivity anomaly was
observed below the Rockface Prospect, extending from
surface to the limit of the survey at approximately 400 m
depth (Figure 2). Combining these geophysical survey
results with recent work by the NTGS and the CSIRO on
the style, timing and structural controls of mineralisation at
Jervois, gave KGL the confidence to return to Rockface and
test an area 120 m below what was previously the deepest
hole. RC/diamond hole KJCD171 was drilled in September
2015 to test the Rockface IP anomaly, intersecting 14 m

Figure 2. Rockface Prospect DHEM
conductors and IP chargeability
perspective view (looking southeast).
61

AGES 2017 Proceedings, NT Geological Survey

Rockface Prospect geology and mineralisation

of massive magnetite with veined and disseminated
chalcopyrite. The hole was drilled below the current resource
boundary and intersected mineralisation at a vertical depth
of approximately 270 m. KJCD171 is effectively the
discovery hole of the high-grade mineralisation that has
remained the focus of exploration over the past 12 months.
Best results from KJCD171 included:
•
•

Following the completion of diamond hole KJCD171 to test
the 3DIP anomaly at Rockface, it was clear that a new style
of sulfide mineralisation had been discovered in the Jervois
project. The mineralogy and texture of the sulfide lenses are
different to anything intersected at the existing resources
at Marshall-Reward, Bellbird and Green Parrot, with the
possible exception of deeper parts of the northern end of
Reward. Of particular significance is that the copper grade
is comparable with the historical higher grade intersections
elsewhere at Jervois.
Rockface forms a prominent ridge of lateritised
ferruginous schist that is flanked by knotted andalusite schist
with minor quartz veins and intruded by narrow pegmatite
dykes. The ferruginous schist contains small occurrences of
malachite. The ridge extends west to the Rockhole prospect,
and then northwest following the western fold limb where
it forms one of several mineralised trends that parallel and
then merge with the Bellbird mineralised trend. Despite its
close proximity, Rockface is not a direct extension of the
Bellbird deposit but may be on a related fault splay.
Rockface is located at the southern closure of the D3
Jervois fold, close to the axial plane. D2 foliation is well
developed and parallel to bedding but has been crenulated
by the D3 axial planer foliation creating a steeply plunging
lineation. Axial planer faults are interpreted to cause minor
offsets of the mineralised ferruginous schist. There is
also evidence for bedding parallel faults that propagate
along weak zones and climb across more competent units
during D3 folding. Differences in the footwall lithologies
at Rockface and Rockhole 400 m west are likely to be
caused by these faults: Rockface has andalusite schist in
the footwall while Rockhole has quartz-muscovite schist of
possible volcanic origin.
High-grade copper mineralisation is hosted by lenses
of massive magnetite-chlorite that plunge steeply parallel
to the D2–D3 intersection lineation (Figure 3). Individual
lenses are up to 23 m wide by 100 m long and extend for
up to 350 m down plunge. Collectively the mineralised
magnetite-chlorite lenses extend to a vertical depth in
excess of 650 m and are still open; however, none of the

13 m at 2.14% Cu, 12.5 g/t Ag, 0.1 g/t Au from 255 m
2 m at 2.83% Cu, 10.8 g/t Ag, 0.05 g/t Au from 278 m.

The style of mineralisation encountered in KJCD171
appears very similar to the high grade magnetite/
chalcopyrite mineralisation observed at the northern end
of the Reward deposit that has responded very well to
downhole electromagnetics (DHEM). A DHEM survey
was subsequently undertaken on KJCD171 to help delineate
the extent of the intersected sulfide mineralisation and to
identify off-hole conductors that may represent additional
lenses of high-grade mineralisation. Modelling of the
DHEM by Newexco Services Pty Ltd identified three good
conductors, all of which are part of what is now Conductor 3
(KJCD171 had pierced the top corner of Conductor 3).
Subsequent drilling in February 2016 targeted these three
conductors with holes KJCD182 and KJCD183, both
intercepting additional high-grade mineralisation (Table 1).
Given its early success in identifying zones of high-grade
mineralisation, DHEM has continued to be used to target
subsequent drilling, leading to the discovery of further
zones of high-grade copper mineralisation.
Exploration to date in the Rockface area has determined
that only high-grade copper mineralisation and little else
responds to DHEM. With each DHEM survey, the dimensions
and orientation of all the conductors are further refined, often
becoming more complex in shape; however, this additional
resolution helps to optimise drillhole targeting.
Drilling now extends approximately 650 m below
the outcropping mineralisation at Rockface. A trend of
increasing grades of copper, silver and gold with depth
can be observed in Table 1. Also of note is the relatively
high density of the mineralisation due to a combination of
massive/semi-massive magnetite and chalcopyrite.
Table 1. Significant results from Rockface drilling since Sept 2015.
Hole ID

Interval

KJCD171

13 m at 2.14% Cu, 12.5 g/t Ag, 0.10 g/t Au from 255 m
2 m at 2.83% Cu, 10.8 g/t Ag, 0.05 g/t Au from 278 m

KJCD182

9 m at 2.91% Cu, 17.6 g/t Ag, 0.2 g/t Au from 284 m
6 m at 1.6% Cu, 9.3 g/t Ag, 0.16 g/t Au from 296 m

ETW
(m)

RL
(m)

SG
(t/m3)

10.0
1.5

140.6
121.5

4.33
2.95

6.6
4.4

118.3
108.7

3.65
4.46

KJCD183

16 m at 3.34% Cu, 16.7 g/t Ag, 0.17 g/t Au from 362 m

11.7

46.6

3.84

KJCD203

28 m at 5.08% Cu, 22.4 g/t Ag, 0.22 g/t Au from 435 m
Incl. 14 m at 8.89% Cu, 38.5 g/t Ag, 0.38 g/t Au from 436 m

23.2
11.6

-13.5
-14.2

4.02
4.28

KJCD195

10.5 m at 8.76% Cu, 42.9 g/t Ag, 0.51 g/t Au from 478.4 m
5.1 m at 2.66% Cu, 13.8 g/t Ag, 0.27 g/t Au from 513.6 m

7.5
3.7

-58.6
-87.0

4.42
3.38

KJCD198

5.95 m at 4.94% Cu, 25.9 g/t Ag, 0.45 g/t Au from 449.85 m

4.0

-61.4

3.90

KJCD197

9.4 m at 11.53% Cu, 56.6 g/t Ag, 0.87 g/t Au from 535.4 m
8.9 m at 1.00% Cu, 7.3 g/t Ag, 0.09 g/t Au from 544.8 m
15 m at 7.11% Cu, 29.4 g/t Ag, 0.89 g/t Au from 558 m

6.6
6.2
10.5

-133.2
-141.3
-152.2

4.03
3.94
3.59

KJCD201

10.05 m at 8.99% Cu, 45.5 g/t Ag, 0.6 g/t Au from 645.65 m

7.5

-243

3.90

ETW – Estimated True Width. RL – Height above mean sea level at the start of the interval. SG – Specific
Gravity (density).
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(Figure 4). Unmineralised andalusite schist and quartzmuscovite schist typically contain low amounts of garnet,
chlorite and biotite. Proximal to base metals mineralisation,
these minerals form variable alteration assemblages that
include garnet-chlorite schist and biotite-chlorite-garnet
schist. The first indication of alteration in pelitic rocks
is weakly disseminated garnet or traces of garnet along
foliation planes. Garnet content commonly increases with
proximity to mineralisation and is accompanied by an

high-grade lenses extend to surface which is why they were
only discovered in 2015.
The main sulfide mineral, chalcopyrite with minor pyrite,
forms veins and stringers within the fractured massive
magnetite-chlorite rock. In high-grade areas, the veins
coalesce to form semi-massive to massive sulfide. Boundaries
with the unmineralised country rock can be sharp.
Alteration extends up to 100 m into the hanging wall
and footwall of the mineralised magnetite-chlorite lenses

Figure 3. Diamond drill core from
KJCD201 (circa 655 m).

Figure 4. Rockface alteration (Crowe 2016).
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at Rockface. In addition, collaborative research is also
planned to help resolve the timing of mineralisation and its
impact on the established exploration models. Whatever
the outcome, exploration at Jervois has entered a new and
exciting phase.

increase in biotite and chlorite/chloritoid causing the rock to
darken in colour. Metamorphic andalusite porphyroblasts
become more diffuse and are gradually replaced by biotite
and chlorite. Garnet contents can increase to over 50%
of the rock, with individual crystals up to 1 cm across.
The alteration assemblage at Rockface can also include
tourmaline, axinite, and serpentinite (chrysotile). The origin
of the chrysotile is not known but could be replacement of
an unknown prograde mafic mineral.
The Rockface mineralisation has features different to
the known Reward and Bellbird resources that do not fit
easily into a syngenetic model. The steeply plunging shoot
geometry and the fracture-fill textures of the sulfide within
the magnetite-chlorite host suggest mineralisation was late
in the deformation history.
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The future at the Jervois Project
The discovery of the high-grade sulfide mineralisation at
Rockface is a significant milestone in the long history of
exploration at the Jervois project.
KGL will recommence drilling at Rockface in March
2017 using DHEM surveying again as an effective
targeting technology. The program will test the new eastern
conductors for additional high-grade mineralisation while
extending the strike of the Rockface mineralisation to the
east. A second objective is to better define the extent of
mineralisation and to in-fill where required in support a
mineral resource update; this will be the first update since
discovery of the Rockface high-grade mineralisation. The
results will enable preliminary work to commence on
assessing mining and processing options, as well as guide
future drilling to further upgrade the mineral resources
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Lithium-rich pegmatites of the Bynoe Field
David Rawlings 1,2
The Bynoe Pegmatite Field, located just 15 km south
of Darwin (Figure 1), has been a small but busy Sn-Ta
production hub in the Northern Territory for over 100 years;
however, it was not until mid-2016 that its credentials as a
potentially world-class lithium district were recognised.
A number of explorers are now active in the field and
are quickly realising this potential, a necessity given the
competitors in Western Australia have had a head start!
The prospectivity of the field was touched on by the
forward-thinking Northern Territory Geological Survey
geologists (Ahmad 1995, Frater 2005) who recognised
the favourable granite geochemistry and documented the
historic Sn-Ta production. The Bynoe pegmatites are of
a special type – ‘LCT’ (lithium-caesium-tantalum) – that
evolved from the S-type Two Sisters Granite ca 1850 Ma.
This granite is exposed to the southwest of the field
(Figure 1). It was emplaced under conditions favourable for
the development and injection of volatile-rich structurallycontrolled pegmatite dykes into the overlying turbiditic
Burrell Creek Formation. The relative homogeneity of this
host formation appears to have been critical in confining the
fertile magmatic fluids.
The pegmatites range from narrow ‘veins’ to broad
lozenge-shaped bodies up to 500 m long and 60 m wide,
generally trending north-northeast, parallel to regional
fabric. They are expressed at surface as highly weathered
clay-quartz (smectite-kaolinite) saprolite, close to the
Cenozoic weathering surface that is now being slowly
exhumed (Figure 2). There is no sign of the lithium-bearing
mineral spodumene at the 100-odd historic prospects, but
there are local occurrences of the Li-phosphate mineral
amblygonite and Li-bearing micas that were recognised
during the main phase of Sn-Ta exploitation in the 1980s.
The simple explanation is that spodumene is a variety
of pyroxene that has little resistance to weathering and
alteration. The initial soil, rock chip and RAB sampling
that Core Exploration Ltd undertook in early 2016 gave
little away, just as it had for Altura Ltd in the late 2000s.
Geochemical trends are evident, but these are orders of
magnitude lower than what would be expected for ore-grade
mineralisation. It was not until deep reverse circulation and
diamond core drilling took place that the true nature of the
pegmatites was revealed – grades averaging 1.6% Li2O over
30 m true width.
In drill core, the fresh pegmatite is composed of extremely
coarse spodumene (20–30%), quartz, albite, microcline and
muscovite (in decreasing order of abundance), along with
accessory ambygonite, apatite, cassiterite, ilmenite, rutile,
and rare columbite, tantalite, tourmaline (elbaite), fluorite,
topaz and beryl (see Figure 3 and Figure 4). Spodumene
is intergrown with the other minerals but overall is late in
the paragenetic sequence. At some prospects it contains
numerous spherical quartz inclusions, while at others it

forms inclusion-free optically-continuous crystals more than
10 cm long. It has a diagnostic red-pink UV fluorescence
(Figure 3).
Unlike many of the classic pegmatites of Dakota, the
Bynoe versions are not strongly zoned, apart from a narrow
(1–2 m) quartz-mica-albite wall facies (Figure 3). Internally
there are subtle textural and mineralogical changes towards

Core Exploration. 26 Gray Court, Adelaide SA 5000, Australia
Email: drawlings@coreexploration.com.au

Figure 1. Bynoe Pegmatite Field – LCT pegmatites are the mass
of small blue dots (from Frater 2005).

1
2

BEAGLE

GULF

COX
PORT
PATTERSON

DARWIN

PENINSULA
CAPTAINS
TABLE
GROUP

LEVIATHAN
GROUP

M

idd

le

A rm

OBSERVATION
HILL GROUP
RIVER ANNIE
GROUP

WALKER CREEK
GROUP
LABELLE
GROUP

0

10 km

CENOZOIC

A17-079.ai

Ferruginous soils, laterite, stream and marine alluvium
PALAEOZOIC
Daly River Group: siltstone, dolomitic siltstone and limestone
NEOPROTEROZOIC
Depot Creek Sandstone: sandstone and conglomerate
MESOPROTEROZOIC
Moyle River Formation: arenite and intraformational conglomerate
PALAEOPROTEROZOIC
Rare-element pegmatite
Two Sisters and Wagait granites
Wangi Basics: metagabbro, diorite and ultramafic rocks
Welltree Metamorphics: schist and gneiss
Burrell Creek Formation: siltstone, shale, phyllite, arenite and schist
South Alligator Group: carbonaceous and ferruginous shale,
carbonate and tuff
Mount Partridge Group: shale, siltstone, sandstone, quartzite and
marble
ARCHAEAN
Rum Jungle Complex: granite, gneiss and schist

© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.

65

AGES 2017 Proceedings, NT Geological Survey

the core of the pegmatite body, but the overall lithium
content is remarkably consistent. In addition, very little
lepidolite, a typical Li-bearing mineral in many pegmatite
fields around the world, has been recognised thus far.
Banded facies consistent with rapid late crystallisation is
recognised in the Bynoe pegmatites. There is also minimal
late-stage alteration or deformation of the pegmatite and
host rocks. Andalusite and garnet form at the very periphery
of the larger bodies, but otherwise the host is uniformly

greenschist grade. These various characteristics appear to
relate to the parental granite evolution in which a hydrous
phase was not significant.
What could prevent the Bynoe field reaching its full
potential is the weathering profile. All of the 100‑odd historic
mines and prospects were found by surface prospecting;
given the limited exposure of bedrock in the district,
there could be 100s more as a mere one metre of laterite
is enough to have concealed them from the old timers and

a

b

Figure 2. Typical outcrop of saprolitic pegmatite. (a) Grants prospect. (b) Zola prospect.

a

b

Figure 3. Typical Bynoe pegmatite in drill core (Grants
prospect). (a) Pale green spodumene and white feldspars (top)
and red fluorescence of spodumene under UV light (bottom).
(b) Contact zone of coarse quartz-feldspar-mica against Burrell
Creek Formation phyllite. HQ core is 63 mm diameter.

a

b

Figure 4. Photomicrograph showing the principle minerals and textures of the Grants pegmatite (sp = spodumene, qtz = quartz,
alb = albite, mus = muscovite). (a) Natural light. (b) Crossed polarisation.
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numerous untested targets such as Zola and Ringwood
prospects). Moreover, there is also untested potential for
broad pegmatite cupolas and greisen-associated lithium in
the Two Sisters Granite hanging wall.

various forms of modern surface exploration, like remote
sensing and soil geochemistry. New discoveries will need
to come from innovative exploration techniques (largely
geophysical) in what is largely a geophysically amorphous
terrain. In addition, there are mapped pegmatites that the
old timers ignored due to low Sn and Ta grades; we now
know that the best pegmatite yet drilled, in terms of lithium
grade and mineralogical quality (Grants prospect), contains
negligible Ta in fresh pegmatite.
The distinct advantage of the Bynoe field is its proximity
to Darwin with its regional infrastructure, such as roads and
port, and stable workforce. The pegmatite quality is also now
being recognised – simple mineralogy, coarse texture, high
grade – these features allow options for low-cost concentrate
production or direct shipping. The modest size and stripratio of the pegmatites that are currently drilled may not
be a limiting factor for acceptable annual production rates
in a diverse supply chain, and where the customer values a
premium product. A larger longer-term operation obviously
hinges on the discovery of a large coherent pegmatite body or
a series of proximal smaller bodies (for which there remains
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The geological evolution of the Arnhem Province: implications for craton-scale correlations
Jo A Whelan 1,2, Barry L Reno 1, Anett Weisheit 1, Stefan Kraus 1,3, Natalie Kositcin4, Jonathan D Woodhead 4, Roland
Maas5 and Richard A Armstrong6
Introduction

The Arnhem Province comprises a succession of
metasedimentary and metaigneous rocks that have
experienced varying degrees of metamorphism and
deformation and have preserved evidence for multiple
phases of granite generation and emplacement. The
Arnhem Province is exposed in three main areas
(Figure 2):

The Halls Creek and Pine Creek orogens at the northern
margin of the North Australian Craton (NAC) preserve
evidence of collisional orogenesis at ca 1875–1855 Ma
(Figure 1). Contemporaneous with this orogenesis, the
Arnhem Province, ~300 km east of the Pine Creek Orogen,
underwent high-grade metamorphism, melt generation and
granite emplacement. Although the timing of geological
events recorded in the Arnhem Province is similar, there
are significant differences in the metamorphic, igneous and
deformation history from that of the two orogens to the west.
The Northern Territory Geological Survey (NTGS)
has conducted a surface geological mapping program in
the Arnhem Province to characterise the depositional,
metamorphic, structural and magmatic evolution of the
province. The results of this study have been applied to
resolve the links between the Arnhem Province and the
polymetallic Pine Creek and Halls Creek orogens in an
effort to place the Arnhem Province into the wider context
of the tectonic events occurring at the northern margin of
the NAC during the Palaeoproterozoic.
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1. Coastal
and
inland
outcrops
between
Nhulunbuy and Cape Shield (Figure 2a, b):
This region preserves migmatitic metasedimentary
rocks that show evidence of a protracted period of
metamorphism that resulted in multiple phases of
partial melt formation, migration, and accumulation
into plutons of S-type granite. Fayalite-bearing A-type
granite was emplaced around 30 million years after the
metamorphic cycle.
2. Poorly exposed outcrop at the base of the Coast Range
and on islands in the Blue Mud Bay area (Figure 2a, b):
This region preserves a greenschist-facies sequence of
siliciclastic metasedimentary rocks overlying S-type
granites and metasedimentary rocks; all are intruded
by the same suite of fayalite-bearing granites as
location (1).
3. The structurally bound Mirarrmina Inlier within
the Mitchell Range ~100 km west of the main area of
outcropping Arnhem Province: This region’s exposures
comprise variably deformed S-type granitic rocks
juxtaposed with a volcano-sedimentary sequence of the
Spencer Creek Group, McArthur Basin (Figure 2a).
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(Figure 3) and pooling, and the emplacement of voluminous
S-type granites. Pseudosections constructed for samples of
the Melville Bay Metamorphics model the highest recorded
pressures of 0.6–0.8 GPa at temperatures >825°C. Monazite
and zircon, interpreted to have grown in the earliest preserved
assemblage, record the highest pressure–temperature phase
of the metamorphic cycle at ca 1880 Ma. The Melville Bay
Metamorphics experienced cooling and decompression to
~0.4 GPa and ~750°C before cooling below the solidus of
~670°C at pressures >~0.3 GPa. The high thermal gradient
conditions in the Melville Bay Metamorphics are consistent
with metamorphism in an extensional environment such as
a back-arc basin.
S-type plutons emplaced throughout the Arnhem
Province between ca 1880 Ma and ca 1862 Ma are
interpreted to have been derived from the partial
melting of the Melville Bay Metamorphics, suggesting
multiple phases of melt extraction from the Melville Bay
Metamorphics during a ca 20 million year supersolidus
metamorphic cycle. These S-type granites contain
abundant cm-scale garnet that both include cordierite
and are mantled by cordierite; the garnets are chemically
and petrographically identical to cordierite-mantled
garnet occurring as peritectic phases within the Melville
Bay Metamorphics. They are interpreted to have been
entrained during melt extraction from the Melville Bay
Metamorphics. The S-type granites contain abundant
xenoliths of the Melville Bay Metamorphics and rare mafic
to ultramafic xenoliths of unknown origin. These xenoliths
may provide a clue to as to the heat source that initiated
high temperature metamorphism by 1880 Ma.
During S-type magmatism (Figure 2b), metasedimentary
and metaigneous rocks were locally deformed by asymmetric,
cm- scale isoclinal folds (Figure 3) with a locally developed,
steeply dipping, axial-planar grain shape to gneissic foliation.
The preservation of magmatic foliations in the S-type granites
indicates deformation was localised.

Geological mapping at 1:100 000 scale was undertaken
in all of these areas. Petrographic studies, whole-rock
geochemistry and Nd isotope data, U–Pb zircon and
monazite chronology, in situ zircon Hf–O isotope data,
and zircon, monazite and garnet trace-element chemistry
were used to augment field observations. This submission
presents results of this work, and includes a summary of the
geological evolution of the Arnhem Province.
ca 1900–1880 Ma sedimentation
The oldest rocks in the Arnhem Province are the Melville
Bay Metamorphics, a sequence of metasedimentary
migmatitic gneisses comprising metapelite, metapsammite,
quartzite, and minor calc-silicate and metacarbonate rocks.
These rocks are poorly exposed and only recognised along
the coast in the main area of outcrop (Figure 2b). The
presence of calc-silicate and metacarbonate rocks suggests
the sedimentary precursors were deposited in a shallow
water setting.
The Melville Bay Metamorphics contain dominant
detrital zircon components ranging from ca 2300–1900 Ma
with subordinate populations ranging back to ca 2609 Ma
(Kosticin et al in prep). The maximum depositional age of the
succession is difficult to constrain due to high temperature
metamorphism shortly after sediment deposition; however,
deposition must have occurred between the youngest
confirmed detrital zircon at ca 1900 Ma and the oldest
metamorphic ages of ca 1880 Ma (Kositcin et al in prep,
Reno et al in prep).
ca 1880–1862 Ma high-thermal gradient metamorphism,
migmatite formation, deformation and S-type magmatism
Following sedimentation, the protoliths to the Melville Bay
Metamorphics were metamorphosed to granulite-facies
conditions resulting in migmatite formation, melt migration

Figure 3. Field photograph of asymmetric
fold overprinting compositional layering
in the Melville Bay Metamorphics.
Deformation occurred during the
supersolidus phase of the metamorphic
cycle, with melt pooling between
melanocratic layers in the short limb of
this fold. A later leucocratic dyke cuts
the fold near the bottom of the photo
and represents a different phase of melt
formed during the same metamorphic
cycle; this indicates that the supersolidus
phase of the metamorphic cycle outlasted
the deformation event.
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Deposition of the Grindall Formation

Paleoproterozoic successions in the NAC on the basis of
detrital zircon U–Pb and Hf–O isotope signatures (Hollis
and Glass 2012, Hollis et al 2014). This package includes
the Cahill Formation and Nourlangie Schist, a sequence of
dominantly metapelitic rocks with minor carbonate rocks
(Hollis and Glass 2012) that share lithological similarities
with the Meville Bay Metamorphics. In the Western Zone of
the Halls Creek Orogen, the siliciclastic Marboo Formation
is a potential age correlative of the Cahill Formation and
Nourlangie Schist. The Marboo Formation consists of a
succession of greenschist- to granulite-facies turbiditic
metasedimentary rocks with intercalated thin calcareous
units (Tyler et al 1999, 2012).
Detrital zircon studies conducted on samples of the
Melville Bay Metamorphics, Cahill Formation, Nourlangie
Schist and Marboo Formation reveal similarities in the
U – Pb and Hf–O isotope systems and permit the following
observations. All terranes show evidence for deposition
of sedimentary rocks at ca 1900–1870 Ma. Dominant
zircon sources range in age from ca 1900–2300 and
ca 2470–2520 Ma (Hollis and Glass 2012, Kirkland et al
2013, Hollis et al 2014, Kositcin in prep). The sources of
ca 1900 –2300 Ma zircons are unclear as basement of this
age range is not currently recognised in the NAC.
However, the Melville Bay Metamorphics differ from
age-equivalent metasedimentary rocks in the Halls Creek
and Pine Creek orogens on the basis of reduced influence
of detrital zircon sourced from Neoarchean basement.
Although the Cahill Formation and Nourlangie Schists
contain a large proportion of Neoarchean detrital zircon,
the zircon Hf–O isotope values are not consistent with
a zircon sources within known Neoarchean basement
exposed in the Pine Creek Orogen (Hollis et al 2014).
Unrecognised isotopic heterogeneity in the Neoarchean
basement of the Pine Creek Orogen cannot be excluded as
a source region; sources in the Gawler or Dharwar cratons
have also been proposed (Hollis et al 2014).
Following sedimentation, collisional orogenesis in
the Nimbuwah Domain resulted in crustal thickening,
amphibolite-facies metamorphism and the emplacement
of a voluminous, I-type cordilleran, mafic to felsic igneous
suite from ca 1867–1857 Ma; these processes are interpreted
to have occurred in a plate margin setting (Hollis and Glass
2012). In the Halls Creek Orogen, the ca 1865–1855 Ma
Paperbark Supersuite is interpreted to have been emplaced
into an extensional margin setting contemporaneous with
high thermal gradient metamorphism of the Marboo
Formation (eg Sheppard et al 1999).
In contrast, this time period in the Arnhem Province
is characterised by granulite-facies metamorphism,
partial melting and voluminous S-type magmatism. These
processes are interpreted to have occurred in a high thermal
gradient environment with no evidence for collisional
orogenesis. Whole rock Nd and zircon Hf–O isotopes for
igneous rocks emplaced in Nimbuwah Domain and Arnhem
Province are indistinguishable; this suggests that the nature
of the underlying crust in both terranes is fundamentally the
same. These observations preclude the Arnhem Province
representing an exotic terrain that collided with the Pine
Creek Orogen from the east and resulting in orogenesis in

After the cessation of thermal activity, at least the southern
portion of the Arnhem Province was rapidly exhumed
allowing a renewed phase of sedimentation and the deposition
of the Grindall Formation. The Grindall Formation is a
succession of dominantly meta-sandstone interlayered
with meta-mudstone and minor meta-siltstone exposed
in the Coast Range and Blue Mud Bay areas (Figure 2a).
On the basis of field relationships, the timing of deposition
is constrained between the end of the metamorphic cycle
at ca 1862 Ma and the emplacement of A-type granites at
ca 1830 Ma (cf Haines et al 1999).
ca 1835–1825 Ma post-tectonic A-type magmatism
After deposition of the Grindall Formation, voluminous
fayalite-bearing A-type granites of the Giddy Suite were
emplaced between ca 1830 and ca 1825 Ma (Kositcin et al
2015, Whelan et al in prep). The Giddy Suite comprises
the majority of outcrop in the Arnhem Province but is not
currently recognised in the Mirarrmina Inlier (Figure 2a).
The Giddy Suite comprises four intrusions: the Dhalinybuy,
Giddy, Garrthalala and Bukudal granites, all of which
are fayalite–biotite ± clinopyroxene-bearing. Fayalite
commonly occurs in reaction rims with clinopyroxene
mantling K-feldspar phenocrysts, evidence that fayalite was
a late crystallising phase. In addition, there are miarolitic
cavities and sub-volcanic textures such as large (>5 cm
length), compositionally zoned K-feldspar set in a finegrained matrix of intergrown micrographic quartz and
K-feldspar that suggest a high level emplacement in the
crust.
The Giddy Suite plutons are characterised by
geochemical signatures typical of A-type granites: high
Ga / Al, high SiO2, and ferroan, alkali-calcic to alkali and
high field strength elements (HFSE)-enriched relative to
large ion lithophile elements (LILES) (eg Collins et al 1982,
Whalen et al 1987, Frost and Frost 1997, King et al, 1997,
Frost and Frost 2011). Fayalite granites are abundant in the
Proterozoic and are typically found in intraplate extensional
settings (eg Frost et al 2002). Less abundant Phanerozoic
fayalite granites are also recognised in back-arc basin
settings (eg Vasquez et al 2009). In contrast to other examples
of A-type granites, the Giddy Suite is characterised by
strongly peraluminous, isotopically evolved compositions
across the entire spectrum of silica abundances. Such
compositions are exceedingly rare worldwide (eg Frost and
Frost 2011) and this granite suite is unique in the NAC. The
source for the suite remains enigmatic.
Implications for craton-scale correlations
The work carried out in the Arnhem Province has identified
lithological and temporal similarities with stratigraphic
units and geological events occurring in the Pine Creek
Orogen and in the Halls Creek Orogen. (Figure 1, 4).
Recent geological investigations in the Nimbuwah
Domain of the Pine Creek Orogen identified a package
of metasedimentary rocks distinguished from other
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Termitaria sampling in uranium exploration: refining an old technique
Penny Sinclair 1, 2
Cameco Australia Pty Ltd (Cameco) and its various joint
venture partners currently explore for uranium across
approximately 2300 km2 of greenfields tenure in Arnhem
Land, Northern Territory. These very extensive project
areas comprise 10 to 50 m high, dissected, fault-bounded,
sandstone plateaus, flanked by areas of topographically
subdued, weathered and eroded terrain.
In 2012 and 2013, conventional soil, vegetation and
termitaria orientation studies were trialled over areas of
known mineralisation within the project areas in order to
determine whether these lower cost, low impact techniques
could be effectively applied to first pass exploration in
this terrain. While both the vegetation and termitaria
orientation studies returned encouraging results, the tenor
and coherency of the uranium anomalies observed in the
termitaria data suggested that this technique was, at least
in the areas trialled, more effective at providing a vector to
sub-surface uranium mineralisation.
In 2014, Cameco engaged CSIRO to assist in a field-based
collaborative research study to explore the mechanism/s
by which uranium and other pathfinder elements were
introduced into and fixed within termite mounds (Figure 1).
This information would assist in assessing the potential
effectiveness of termitaria sampling in different regolith
terrains, guide optimisation of the geochemical sampling
technique and determine the most appropriate protocol for
sample analysis.
The 2014 termitaria study areas were located in
northwestern Arnhem Land, approximately 40 km
northeast of Gunbalanya. There are three distinct
landforms noted in the study areas, each with a different
vegetation assemblage: open eucalypt forest, grasslands
with sparse timber and seasonally flooded grasslands.
Each of these vegetation assemblages is inhabited by a
distinct community of termite species adapted to live
in that particular environment. The study examined the
impact these different termite species may have on the
sampling methodology and results.
Although the processes by which gold and base metals
are transported to and concentrated within the mound
structures have seen some dedicated research (Petts 2009,
Stewart et al 2012, Stewart and Anand 2014), the pathways
of uranium sequestration are poorly understood. Aspandiar
et al (2008) and Stewart and Anand (2014) have hypothesised
that metals can be introduced into termite mounds through
the following processes:
•
•

1
2

•

concentration of metals in the mound from termite food
sources (ie living vegetation, dead wood, leaf litter) that
are enriched in metals sourced from the water table.

To investigate which of these mechanisms plays a role
in uranium concentration in the termite mounds, three
anomalous nests identified from the orientation study
were dissected and sampled in detail. A selection of the
samples were submitted for PIXE (particle-induced X-ray
emission) and XRF (X-ray diffraction) mapping to examine
the deportment of uranium and selected trace and major
elements (including As, Al, Ca, Cu, Fe, Ga, Pb, Ti, Sr, Zn)
within the mound matrix. This knowledge was used to
guide the preparation of the sample material for geochemical
analysis. The samples were sieved into four different size
fractions, and then subjected to various leaching digests.
The outcomes of this study indicate that termite speciation
is less likely to impact on the effectiveness of the sampling
technique than the oxidation state of the soil used by the
termites to build the mound. In the areas where the mounds
and surrounding soils were sampled, the cemented mound
material contained more uranium than the surrounding
soil. The highest uranium results were contained in the
fine clay fraction (<52 µm) of the mound with the majority
of the uranium occurring in the organic material that coats/
binds the clay. There was no evidence to suggest that the

vertical physical transport of metal-enriched particles
from the water table by burrowing termites
vertical physical transport of metal-enriched particles
from regolith horizons (ie laterite) above the water table
by burrowing termites
Figure 1. Internal structure of a Coptotermes acinaciformis nest
within the study area. The outer clay carapace envelopes an inner
organic-rich carton which doubles as the termites living quarters
and food source.

Cameco Australia Pty Ltd, 24 Hasler Road, Osborne Park WA
6017, Australia
Email: penny_sinclair@cameco.com
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processes of physical biogenic transport of uranium-enriched
particles from either regolith horizons or the water table
played a significant role in uranium remobilisation into the
nests. These findings indicate that the most likely process
responsible for the increased concentration of uranium in the
termite mounds in the study area is via the consumption of
vegetation that has drawn soluble uranium, produced during
the weathering of a source, up from the water table. The
uranium-enriched vegetation is ingested by the termites and
is excreted out in the organic material used by the termites to
bind clay and sand fragments during nest building.
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The role of refolding on the localisation of gold mineralisation at Woolwonga
Toby P Davis 1,2
The Woolwonga gold deposit is a structurally-controlled
orogenic gold deposit that was discovered during the gold
rush in the 1870s. Approximately 32 000 oz of gold was
produced from Woolwonga between 1870 and 1908, and
a further 130 000 oz was produced by Dominion Mining
between 1991 and 1995 at an average grade of 2.8 g/t.
The Woolwonga deposit is located 50 km northwest of
Pine Creek on the western margin of the Central Trough of
the Pine Creek Orogen as defined by Ahmad and McCready
(2001). It is hosted in the Mount Bonnie Formation, a
sequence of shales, siltstones, greywackes, tuffs and rare
ironstones and dolostones (Ahmad and Hollis 2013).
Gold deposits at Woolwonga are associated with socalled saddle reef and stockwork veins that are centred on
the northwest–southeast-trending Woolwonga Anticline.
The association of gold deposits with folds having northwest
to north–northwest-trending axes is recognised throughout
the Pine Creek Orogen; however, there are few detailed
descriptions that explain the role of structures or include
the history of deformation and kinematic or dynamic
mechanisms of the localisation of gold mineralisation in
these settings. Such models are critical to the design of
exploration programs and provide a framework to increase
the understanding of mineralisation processes.
The structural geology of the Woolwonga deposit was
defined from mapping exposures in the walls of the pit. The
enveloping and internal distribution of gold in the deposit
was delineated in three dimensions using Leapfrog™. The
integration of the structural geology and metal distribution
led to the identification of the structural controls on gold
mineralisation at Woolwonga and a new exploration
strategy.
The deformation history at Woolwonga comprises a series
of five dominantly ductile events that broadly correspond to
D3 of the regional deformation scheme described by Ahmed
and Hollis (2013) but with a few significant differences.
The oldest recognisable cleavage, S1, preserved at
Woolwonga is parallel to bedding. The structural geology
1
2

of the Woolwonga deposit is dominated by the northweststriking Woolwonga Anticline and a series of high-strain
zones that folded it from its originally east–west-striking
orientation. Cleavage relationships on either side of the
Woolwonga Anticline reveal this fold originally formed
with a subvertical east-west striking axial plane and axial
planar foliation, S2, which crenulates the bedding parallel
S1 cleavage.
The Woolwonga Anticline was refolded into its present
orientation by clockwise shearing in plan (dextral) along
S3, which is northwest-striking and subvertical. The S3
crenulation is pervasive on the northeast limb of the anticline
but highly localised on the southwest limb; it has the same
shear sense either side of the hinge indicating it was not
responsible for the initiation of the fold. East–west-striking
bedding, mesoscopic F2 axial planes and axial planar
cleavage S2 are well preserved between S3 high-strain zones.
S3 is locally crenulated by a subhorizontal crenulation, S4,
but few recumbent folds have been observed, which most
likely reflects preferential partitioning of D4 deformation
into finer grained sedimentary beds.
The youngest recognised deformation, D5, formed a
north–northwest-striking subvertical crenulation cleavage
and mesoscopic high-strain zones. S5 crenulated the
wall rocks along the margins of veins and coincides with
pinching of auriferous quartz veins but, critically, does not
deform them internally.
The most visually striking feature of the metal
distribution in longitudinal sections is shallow to moderately
southeast-plunging shoots that correspond to fold-shaped
veins centred on the hinge of the Woolwonga Anticline.
However, these shoots disguise the more critical elements of
the metal distribution, that being northwest-plunging tabular
lodes hosted by D3 high-strain zones on the northeast-limb
of the anticline. These shoots plunge 75° to 310° parallel to
the L35 intersection lineation and are the highest tenor parts
of the deposit (Figure 1).
Gold mineralisation occurred in D5 as a response of the
interaction of progressively forming S5 high-strain zones
with existing northwest-striking D3 high-strain zones
and fold hinges. The northwest-striking lodes formed

Impel Geoscience Pty Ltd. Arthur Street Mosman Park,
Western Australia 6012, Australia.
Email: toby@igeo.com.au

Figure 1. Woolwonga gold deposit. Longitudinal section looking southwest.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
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by inhomogeneous deformation across the S3 high-strain
zones, whereas reactivation of bedding around the fold
axis southeast of the S3-hosted lodes formed saddle reefs.
In sections normal to the axis of the Woolwonga Anticline,
lodes in the saddle reefs contain high-grade shoots centred
on L05 intersection lineation that cut the fold axis and attest
to the D5 timing for mineralisation.
The Woolwonga gold deposit is centred on a refolded
anticline. Mineralisation occurred in D5 as a result of the
interaction of progressively forming high-strain zones with
existing S3 high-strain zones and the refolded F2 anticline.
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Project development, resource growth and exploration for polymetallic mineralisation in the Pine
Creek Orogen
Andy Bennett 1,2
PNX Metals Ltd (PNX) purchased the Hayes Creek
base metals and gold project in 2014 and has a farm-in
arrangement with a subsidiary of Kirkland Lake Gold Ltd
(KL Gold) to explore three major project areas within the
Pine Creek Orogen. The primary focus of PNX is to bring
the Hayes Creek Project’s Iron Blow and Mt Bonnie3 mineral
deposits (Figure 1) into production during 2019.
Despite some challenging times for junior explorers,
PNX have drilled around 14 000 m within the last two
years, investing in what is considered to be one of the most
highly prospective, yet under-explored geological regions in
Australia. This investment has positioned PNX perfectly to
take advantage of rising base metal prices, particularly zinc,
which hit a 9.5 year price high in February 2017. Valuable
mineral resources have been identified and defined,
preliminary economic viability has been demonstrated, and
a low-risk pathway to production has been mapped out.
1
2
3

The Hayes Creek project consists of two small but
valuable volcanogenic massive sulfide (VMS) deposits at
Iron Blow and Mt Bonnie. These sites were both mined
in small oxide campaigns in the 1980s, leaving the sulfide
bodies largely untouched. A scoping study completed
in March 2016 by PNX demonstrated strong financial
returns and fast payback, largely because of low capital
expenditure requirements, and the fact that the Mt Bonnie
sulfide deposit is amenable to low cost open pit methods, a
rarity in Australia. Both deposits have high-grade massive
sulfide zones surrounded by low grade halos of carbonate
alteration, hosted within carbonaceous mudstones near the
base of the Mount Bonnie Formation.
An updated mineral resource was published for
Mt Bonnie in early February 2017, and one for Iron Blow
is imminent. Table 1 lists the contained metal estimates
related to the published mineral resources. The base case
from the preliminary economic study for the project is a
7 year mine life, processing about 400 000 t per annum
to produce separate zinc and silver concentrates. A fully
funded prefeasibility study is well advanced, with results to
be delivered by 30 June 2017.

PNX Metals Ltd, Level 1, 135 Fullarton Road, Rose Park SA
5067, Australia
Email: andy@pnxmetals.com.au
Deposit name as referenced in ‘Geology and mineral resources
of the Northern Territory’ is ‘Mount Bonnie’.

Figure 1. Location of Hayes Creek
Project, and Iron Blow and Mt Bonnie
deposits.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
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Table 1. Hayes Creek Project contained metal.
Deposit

Resources (t)

Zn (t)

Au (oz)

Ag (oz)

Pb (t)

Cu (t)

Iron Blow

2 600 000

124 200

204 482

10 815 677

23 600

8 200

Mt Bonnie

1 545 619

58 068

66 776

6 322 779

17 294

3 402

Total

4 145 619

182 268

271 258

17 138 456

40 894

11 602

*Mt Bonnie figures are based on Indicated and Inferred Mineral Resources of 1.55 Mt at 3.8% Zn, 1.34g/t Au, 127g/t Ag, 1.1% Pb, and 0.2% Cu (refer
ASX release 09 Feb 2017 for further details). Iron Blow figures are based on Indicated and Inferred Mineral Resources of 2.6 Mt at 4.8% Zn, 2.4 g/t Au,
130 g/t Ag, 10.9% Pb, and 0.3% Cu (refer ASX release 03 Nov 2014 for further details).

PNX are also looking to discover new mineral deposits
that will secure the longer term success of the company.
Several conceptual targets were explored in 2016 with the
assistance of a co-funded Northern Territory government
drilling initiative. In addition, there are numerous mineral
occurrences throughout PNX’s farm-in tenements that
are considered untested, or have never been subjected to
modern geophysical or geochemical techniques. PNX is
systematically reviewing and inspecting these numerous
targets. The most encouraging recent advance has emerged
at the Moline Project where a small RC drilling program
in 2016 tested three mineralised structures. Drilling at
all three structures returned near-surface, high-grade
mineralisation at potentially mineable widths. Significant
results include 4:
•
•
4

The Moline mining area, only 1.5 km from the
Kakadu Highway, was abruptly shut down in 1992 prior
to depletion of mineral reserves. Moline has untested
depth extensions down plunge from the existing shallow
open pit mineralisation, plus an abundance of new targets.
The association of zinc in many of the deposits has strong
synergies with the Hayes Creek Project. With the project
area located on granted mineral leases, Moline is considered
a genuine opportunity for near term development, either in
conjunction with Hayes Creek or as a stand-alone project.
The location of PNX’s projects is well suited for
development, the mineral resources are of excellent quality,
the exploration potential of the region is ripe for growth, and
the timing is right for base metals.

MORC002 7 m at 11.9 g/t Au (115 m) including 3 m at
23.8 g/t Au (School Prospect)
MORC010 30 m at 2.29 g/t Au (78 m) and 0.70% Zn
(Tumbling Dice Prospect)
Refer to ASX releases 5 December 2016 and 19 December
2016.
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Towards a revised stratigraphy for the Neoproterozoic and probable early Cambrian in the
central Amadeus Basin, Northern Territory
Nigel Donnellan1,2 and Verity J Normington1

2
3

Northern Territory Geological Survey, PO Box 8760, Alice
Springs NT 0871, Australia
Email: nigel.donnellan@nt.gov.au
Names of 1:250 000 mapsheets are shown in large capital letters,
eg HENBURY.
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not exposed in HENBURY. The recently defined Wallara
Formation (formerly ‘Finke beds’) also crops out locally.
All exposures of Inindia beds, which are widespread in the
south in the first edition of HENBURY (Ranford et al 1963),
are now recognised as largely Aralka Formation together
with its constituent Limbla Member, as well as Areyonga
Formation and rarely as Pioneer Sandstone.
At this stage the most significant outcome from NTGS
mapping in southern HENBURY is a new stratigraphy for
the previously undivided Winnall beds. Winnall Group is
herein defined and comprises: Breaden, Gloaming, Froud,
Liddle and Puna Kura Kura formations. The Puna Kura
Kura Formation includes a conglomeratic interval referred
to as the Chookla Member. It is likely that Pertatataka
Formation will soon be included in Winnall Group.
The revisions to the stratigraphy of HENBURY are
summarised in Figure 1 where they are compared with the

WINNALL GROUP

Revisions to the Neoproterozoic to early Cambrian
stratigraphy of the central Amadeus Basin have resulted from
mapping by Northern Territory Geological Survey (NTGS)
in southern HENBURY3 in 2015. Many of the revisions
relate to the identification of the formal Neoproterozoic
stratigraphy from the northeastern and northern Amadeus
Basin in areas previously mapped as broad informal units
in HENBURY. These revisions include recognition of
the Loves Creek and Johnnys Creek formations (Bitter
Springs Group) replacing all outcrops previously identified
as undivided Bitter Springs Formation. The basal unit of
Bitter Springs Group, the Gillen Formation, is apparently

Bitter Springs
Group

Johnnys Creek
Formation

Loves Creek
Formation
A17-027.ai

unconformity

disconformity

Figure 1. Comparative diagram showing proposed revisions to the Neoproterozoic and early Cambrian stratigraphy in HENBURY
relative to the First Edition geological map by Ranford et al (1963).
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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published stratigraphy of Ranford et al (1963). Some issues
of correlation yet to be resolved with respect to the Winnall
Group and its constituent formations are briefly discussed.

discussion below). It is therefore likely that Winnall Group
will be redefined to include Pertatataka Formation.
At Winnall Ridge, Ranford et al (1965) described four
informal units (1–4) of repeated siltstone and interbedded
silty sandstone, with sandstone. NTGS mapping has
recognised Breaden, Gloaming and Froud formations
mainly in the east (Figure 1), and Liddle and Puna Kura
Kura formations, together with Chookla Member, mainly
in western HENBURY. In central HENBURY, Froud
Formation has a transitional upper contact with Liddle
Formation. Liddle Formation is apparently incomplete
in this area, and Puna Kura Kura Formation is missing
altogether. In eastern HENBURY, the upper units of the
group are apparently missing.
Breaden Formation comprises thin-, and planar-bedded,
or ripple cross-stratified siltstone. It is locally chertified to
form finely banded ‘ribbon-like’ chert. The unit is commonly
weathered and capped with ferricrete or silcrete.
Gloaming Formation comprises alternating thin- and
medium-bedded, internally planar-parallel laminated,
flaggy to fissile sandstone showing cyclicity on the scale
of <5 m. Beds are arranged in thick, planar cross-stratified
sets that show good lateral persistence. The sandstone
comprises fine- to medium-grained, generally well-sorted
and well-rounded quartz arenite and subarkose. The unit is
characterised by a high density of small-scale sedimentary
structures including a range of ripple marks, desiccation
features, weathered-out shale clasts, and current/streaming
lineation.
Froud Formation comprises thinly bedded, grain-size
laminated sandstone. Up-succession, it becomes very thinly
bedded and fissile with a good parting. It is also increasingly
finer-grained, well sorted and well rounded up-succession. It
is locally interbedded with more medium-bedded, mediumgrained and moderately sorted and rounded, quartz arenite
transitional to the overlying Liddle Formation. Froud
Formation is distinguished from the underlying Gloaming
Formation on the basis of: (1) maturity of composition
(ie quartz arenite and feldspathic-quartz arenite as opposed to
arkose); (2) colour variation (grey, or grey-green as opposed
to the dark red-brown/chocolate brown); (3) absence of a wide
range and abundance of small-scale sedimentary structures
(restricted to rare ripple marks, a well-developed streaming
or current lineation and locally abundant slump structures).
Froud Formation thickens progressively eastward while the
Gloaming and Liddle formations apparently thin. While
remaining a cleanly-washed, winnowed quartz arenite with
a well-developed parting lineation, the Froud Formation
also takes on a combination of sedimentary characteristics
from both Gloaming and Liddle formations, and includes
thinly, planar-bedded, internally laminated, flaggy to fissile
medium grained quartz arenites.
Liddle Formation sandstones are divided into three
informal lithofacies (lower, middle and upper) in the Liddle
Hills in southwestern HENBURY on the basis of bedding
thickness and corresponding outcrop characteristics, and
sedimentary structures. The more regional extent of these
informal facies is as yet unknown. The lower lithofacies
is cyclical with thinly, planar-parallel bedded sandstone
overlain by medium to thickly bedded, low-angle cross-

Regional geological context
The Amadeus Basin is discontinuously exposed over an area
of about 170 000 km2 in central Australia (Figure 2). The
contemporary extent of the basin is structurally controlled
to the north and south where it is juxtaposed with basement
of the Arunta Region and Musgrave Province respectively.
It is overlain to the west by the Canning Basin (not shown
in Figure 2) and to the east by the Eromanga Basin. The
Amadeus Basin has a protracted history. This traditionally
extends from deposition of the Heavitree Formation and
Dean Quartzite in the early Cryogenian (>820 Ma) to
molasse sedimentation of the Pertnjara and Finke groups
during the 450–300 Ma Alice Springs Orogeny. Up to 14 km
of succession is accumulated locally. The history of the
basin will likely be extended to include an earlier rift phase,
but can currently be divided into two main depositional
intervals. The first comprises sedimentation up to the late
Neoproterozoic/early Cambrian 580–530 Ma Petermann
Orogeny, including orogenic molasse deposited during and
in response to this event. The second phase extends until
the close of Alice Springs Orogeny molasse deposition. The
development of the basin was also punctuated by a number
of significant epeirogenic and erosional episodes, and
includes a number of additional unconformities and time
breaks of varying regional significance.
NTGS mapping in the Amadeus Basin commenced in
the central part of the basin in HENBURY3 where nearly
all stratigraphic units are exposed. This coincides with the
transition in Cambrian lithofacies from more siliciclastic in
the west to dominantly carbonate-bearing successions in the
east. The major components of the post Petermann Orogeny
architecture of the basin are the Southern Platform, Central
Ridge, and the Missionary Plain Trough. The latter connects
the Carmichael/Idirriki sub-basins in the northwest with
the Oraminna Sub-basin in the northeast; these sub‑basins
fall just outside the northern boundary of HENBURY
(Figure 2).
Winnall Group
The Winnall beds were named after Winnall Ridge in
LAKE AMADEUS by Ranford et al (1965) who nominated
a type area in the Liddle Hills in southwestern HENBURY
(Figure 2). The mapped distribution of the unit in the
Amadeus Basin is shown in Figure 2. It is re‑defined as
Winnall Group comprising the newly defined Breaden,
Gloaming, Froud and Liddle formations; together with Puna
Kura Kura Formation and its constituent Chookla Member
(Figure 1). Historically the Winnall beds were considered a
correlative of the Pertatataka Formation (eg Wells et al 1970),
although Haines et al (2010) suggested Winnall beds postdated the Pertatataka Formation. Under the newly defined
Neoproterozoic stratigraphy of the central Amadeus Basin
presented here, the Pertatataka Formation is considered to
be a correlative of at least part of the Winnall Group (see
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Figure 2. In the western-central to eastern Amadeus Basin,
Preiss et al (1978) described three informal members:
siltstone; sandstone including quartzite; and shale, siltstone
and sandstone. In the northeastern Amadeus Basin,
Pertatataka Formation includes two defined sandstone
members. Waldo Pedlar Member is typically thinly planarbedded, and well-laminated with locally abundant and
varied sedimentary structures suggesting shallow water
to intertidal sedimentation. These sedimentary structures
include: trough cross-stratification; long wavelength,
low amplitude straight crested, bevelled slightly sinuous
crested, asymmetric, bidirectional and interference ripple
marks; flute casts; parting lineation; current lineation; and
probable rivularites. Cyclops Member comprises thinly,
rhythmically bedded or well-laminated flaggy sandstone.
Further descriptive details of these and other Neoproterozoic
units in the northeastern Amadeus Basin can be found in
Normington et al (in prep).
Ranford et al (1963) mapped minor, scattered exposure
of Pertatataka Formation in HENBURY. In far centraleastern HENBURY, these outcrops are silicified coarselygrained quartz arenite and are retained as Pertatataka
Formation. Exposures in central-western HENBURY
previous defined as Pertatataka Formation are now mapped
as Winnall Group.

bedded sandstone; the middle lithofacies is bidirectionally
cross-bedded; and the upper lithofacies is an ‘event’ facies
comprising small-scale trough and festoon cross-bedded
sandstone with abundant ripple marks and weathered-out
shale clasts. Generally recessive fine-grained, very thinly to
thinly, planar-parallel bedded and laminated, fissile reddishbrown and grey-green sandstone overlies the ridge-forming
interval of Liddle Formation. It may be possible to define
these rocks as a discrete unit but pending further work to the
west in LAKE AMADEUS, they are included as uppermost
Liddle Formation. These sandstones may be transitional to
Puna Kura Kura Formation, but the field relationships seen
so far are ambiguous.
Puna Kura Kura Formation comprises well-sorted
and well-rounded subarkose or quartz arenite. Bedding
characteristics vary up-succession suggesting changing
conditions of sedimentation. Initially the sandstone is thinto medium-bedded, with tabular non-tangential angular
cross-beds in simple bed sets. Bedding rapidly thickens
up-succession and outcrop appears massive before
another rapid transition, this time to medium-bedded
then predominantly thinly bedded sandstone. These latter
sandstones are planar-parallel and apparently continuously
bedded suggesting that any cross-stratification is lowangle. A similar cyclicity is repeated up-succession.
Weathered-out shale clasts are common in the more thinand medium-bedded units, particularly near the base of
the formation, and are commonly associated with ripplemarks. Sandstones of the Puna Kura Kura Formation are
locally trough cross-stratified. Surficial calcrete formation
suggests intervals of calcareous-cemented sandstone,
which are locally associated with interbedded fissile
to flaggy, very thinly to thinly bedded, micromicaeous
arkose. Chookla Member (of Puna Kura Kura Formation)
is conglomeratic and is generally exposed as residual
rounded pebbles, cobbles and small boulders of quartz
arenite, subarkose and vein quartz without matrix.
Coarsely-grained to granular, poorly-sorted and poorlyrounded sandstone is locally exposed. Relict clay indicates
a significant original feldspar content suggesting that these
sandstones are arkosic. A similar composition is inferred
for the matrix to the conglomerate.
Liddle and Puna Kura Kura formations are interpreted to
broadly correlate with units 2 and 4 of Ranford et al (1965)
at Winnall Ridge. The poorly exposed fine-grained, thinly
bedded sandstone and silty-sandstone that is apparently
transitional between Liddle and Puna Kura Kura formations
(see above) is interpreted to correlate with unit 3 at Winnall
Ridge. In the Liddle Hills, unit 1 is poorly outcropping
and apparently <6 m thick. These correlations suggest
that Breaden, Gloaming and Froud formations of Winnall
Group may be missing at Winnall Ridge and further west
in the Amadeus Basin. Puna Kura Kura Formation may
correlate with the former Eninta Sandstone. This was
originally mapped in northwestern HENBURY by Ranford
et al (1963), but was subsequently included in Arumbera
Sandstone by Warren and Shaw (1995).
Pertatataka Formation is predominantly red and green
shale and siltstone, with local minor conglomerate. Its
mapped distribution in the Amadeus Basin is shown in

Some issues of correlation
Neoproterozoic stromatolite biostratigraphies for Australia
are given by Grey et al (2011) and for the Amadeus Basin by
Grey et al (2012) and Allen et al (2015). These provide broad
temporal constraints for carbonate-rock bearing units of the
Amadeus Basin. They also assist to discriminate between
units where lithological constraints are ambiguous in areas
of poorly exposed, weathered outcrop. Grey (2005) has
determined an acritarch biostratigraphy for the Pertatataka
Formation. A biostratigraphy is not currently available for
Winnall Group.
Poor biostratigraphic or chronostratigraphic control
largely precludes establishing lithostratigraphic correlation
of Neoproterozoic and earliest Cambrian siliciclastic units
of the Amadeus Basin on a precise temporal basis. Two
alternative possible correlations between Winnall Group
and other units of the Amadeus Basin are shown in Figure 3.
Importantly, possible correlations between Winnall Group
in HENBURY and immediately to the south, for example
at Mount Connor, in AYERS ROCK (Figure 2), are
ambiguous (CJ Edgoose, NTGS, pers comm 2015). In this
context, it is noted that Neoproterozoic/earliest Cambrian
basin architecture and Petermann Orogeny-aged structures
may have had a significant influence on the distribution of
Winnall Group and its constituent stratigraphic units. This
is being investigated as part of the current Amadeus Basin
solid geology interpretation project by NTGS.
Winnall Group largely comprises different successions
in the east and west of HENBURY. These successions locally
overlap in central HENBURY where the eastern succession
largely underlies the western. Winnall Group may therefore
be informally divided into lower and upper successions
comprising Breaden, Gloaming and Froud formations; and
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Figure 3. A comparison between the Neoproterozoic to early Cambrian stratigraphy of: (A) the northeastern Amadeus Basin,
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Volumetric resource assessment of the lower Kyalla and middle Velkerri formations of the McArthur
Basin
Daniel Revie 1,2
The Proterozoic McArthur Basin of the Northern Territory
hosts significant potential for self-sourced continuous
petroleum systems (unconventional shale oil and gas). The
Mesoproterozoic Roper Group and the Palaeoproterozoic
McArthur Group have been subject to low level exploration
for oil and gas for several decades; oil and gas shows have
been recorded from formations in both groups. The Northern
Territory Geological Survey (NTGS) has been investigating
this potential for petroleum resources through a review and
compilation of historical and open file literature and data,
together with sampling and extensive analysis of available
drill core. This work has formed the basis for a petroleum
resource assessment of the key target formations of the
Roper Group. Results of this work are presented herein.
The Roper Group has received the greatest interest
from explorers, particularly within the Beetaloo, Gorrie,
OT Downs and Broadmere sub-basins; this comprises the
region of the NTGS resource assessment (Figure 1). The
lower Kyalla Formation and the middle Velkerri Formation
1
2

lithofacies of the group are the main intervals of interest
for petroleum accumulations (Figure 1).
The middle Velkerri Formation contains three highly
prospective organic-enriched facies, the A, B and C shales,
each of which holds the potential to be an individual
petroleum play. Analysis of the organic matter within finegrained siltstone from these units indicates the deposition of
organic-rich Type I/II kerogen with very good to excellent
generative potential (Figure 2). Intersections of the A, B and
C shale organofacies of the middle Velkerri Formation have
been encountered across multiple wells drilled within the
assessment area: Shenandoah 1/1A (Falcon 2012); Walton 2,
Sever 1 and Tarlee S3 (Hoffman 2015); and Kalala S-1 and
Amungee NW-1 (Close et al 2016). Its presence is interpreted
from gamma ray log in Tanumbirini 1 (Santos 2014). It has also
been identified as Organic Rich Unit 3, 2 and 1 in McManus 1
and Altree 2 (Warren et al 1998); and it is highlighted
as organic-rich intervals in the middle Velkerri in BMR
Urapunga 4 stratigraphic hole (Sweet and Jackson 1986).
Gamma ray logging through the middle Velkerri
Formation shows excursions through the A, B and C
organofacies, clearly defined in Altree 2 (Figure 2) and
Tanumbirini 1 (Figure 3). The A, B and C organofacies are

Northern Territory Geological Survey, GPO Box 4550, Darwin
NT 0801, Australia
Email: daniel.revie@nt.gov.au
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Figure 2. (a) Measured gamma ray (GR), total organic carbon
(TOC) wt% and free-hydrocarbons in place (S1) and petroleum
generative potential (S2) pyrolysis values through the middle
Velkerri Formation in the Altree 2 well. Organofacies A, B and
C are represented by organic-rich intervals, consistent with
transgressive systems tract condensed sections. (b) Measured
TOC values plotted through the A, B and C organofacies show a
correlation with gamma ray excursions.
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characterised by carbonaceous laminated mudstones; they
are distinctly enriched in organic carbon content as shown
in the total organic carbon (TOC) plotting of Altree 2 from
5 m, on average, downhole sampling spacing (Figure 2). The
thickness of these organofacies varies between 30–50 m, with
the A shale consistently the thinner of the three. The B shale
has been the primary target of recent exploration; the first
public announcement of a shale gas discovery was made from
intersection and stimulation of the B shale in the Amungee
NW H-1 well (Origin 2016).
The paucity of data made completing an individual
resource assessment of each of the A, B and C organofacies
of the middle Velkerri Formation a task outside of the scope
of the NTGS program, so the middle Velkerri lithofacies
was assessed as one unit. To quantify this unit, the average
thickness of the combined A, B and C organofacies was
considered as a percentage of the total thickness of the
middle Velkerri Formation. Together these organofacies
comprise on average 33% of the total thickness of the middle
Velkerri Formation lithofacies. This percentage was used as
the thickness quotient for the middle Velkerri Formation
volumetric assessment.
The Kyalla Formation was informally divided into
an upper and lower lithofacies for the purposes of the
assessment. The lower lithofacies is relatively organicenriched, and formed the basis of the Kyalla Formation
resource assessment. Using the method above, a total
volume of 50% was applied for the Kyalla Formation
volumetric assessment.
3D modelling of the greater McArthur Basin from
NTGS Digital Information Package 012 (Bruna et al 2016)
was utilised for the volumetric assessment. This provided
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a stratigraphic and structural base for the construction of
new surfaces for this assessment. Weatherford Laboratories
were engaged to undertake the basin and petroleum system
modelling, incorporating the delineated extents of the
formations from the 3D model with the geochemical data
from the sampling program utilising Petrel™ software.
Analytical results used for this assessment were restricted
to open file data and drill cores; data from 2015 –2016
closed file exploration wells could not be included. These
closed file wells will have a significant impact on any
future assessment on the petroleum prospectivity of the
region as they specifically targeted the Kyalla and middle
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Velkerri formations as unconventional petroleum plays;
this unavailable data includes the shale gas discovery well
Amungee NW H-1.
The volumetric analysis required the generation of
multiple assessments from a variety of data sources in
order to calculate all of the volume in place numbers. The
workflow followed these procedures:

saturation (Sw-1), and porosity (phi, ϕ) using shale
rock properties calculated from core analysis.
• Generated thermal maturity map for Kyalla
Formation; this shows Kyalla Formation to be in the
oil window. Only oil in place (OIP) to be calculated.
• Generated thermal maturity map for middle Velkerri
Formation; this shows middle Velkerri Formation is
in both oil and gas windows. OIP and gas in place
(GIP) to be calculated.
2. Calculated basin-based OIP and GIP values using shale
rock property (SRP) data and free-hydrocarbons in place
values (S1) generated from core data.
3. Compare map-based volumetric analysis with the SRP
and S1-based volumetric analysis.

1. Map-based volumetric assessment:
• Generated top and base surfaces for both the Kyalla
and middle Velkerri formations using well tops and
available open file seismic data.
• Generated maps (P10, P50 and P90) for hydrocarbon
Gamma Ray (GR) gAPI
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The results of the lower Kyalla Formation thermal
maturity mapping estimation are shown in Figure 4. The
Beetaloo Sub-basin has a range of maturity from immature
through to late oil maturity mapped. The late oil window
thermal maturity region extends through the central region
of the sub-basin and corresponds with the deepest, thickest
intersections analysed. These central regions are also the
most prolific for oil generation modelled (Figure 5).
The middle Velkerri Formation modelled thermal
maturity (Figure 6) shows increasing thermal maturity
from the oil mature-northern flanks through to the
overmature (dry gas-mature) southern regions of the
Beetaloo Sub-basin. The OT Downs Sub-basin is immature
for oil generation in the east, toward the well Broadmere 1,
and increases in thermal maturity through to the dry gas
window towards the west, where maturity is contiguous
with that of the Beetaloo Sub-basin. Modelling GIP P50
values is heavily constrained by the presence of well
intersections of the middle Velkerri Formation (Figure 7).
The northern flanks of the Beetaloo, OT Downs and
Gorrie sub-basins have the highest modelled GIP values,
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Figure 3. Tanumbirini 1 measured gamma ray (GR) log through
the middle Velkerri Formation interpretation highlighting the
excursions of the ray trace through the A, B and C organofacies.
The excursions of the ray trace in the dry gas mature section are
less pronounced than those shown in the early oil mature Altree 2.
Figure adapted from Tanumbirini 1 basic well completion report
(Santos 2014) and interpreted from NTGS core observations.

100 000 m

Figure 4. Kyalla Formation interpreted thermal maturity. Blue
represents immature regions; green represents regions that
are mature for oil generation; red represents regions that are
potentially condensate/wet gas-mature.
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with decreasing volumes through to the south of the subbasins. The forecasting of GIP volumetric estimations in
the southern regions of the Beetaloo Sub-basin is restricted
due to paucity of available geochemical data; however,
thermal maturity estimations modelled on structural and
geochemical data indicate the middle Velkerri Formation
is dry gas mature in this region. Volumetric assessment
of the GIP values have calculated a diminishing volume
of gas moving south through the sub-basin. Incorporation
of generative modelling techniques from a complete
reservoir modelling, and the inclusion of data from the

recently drilled Beetaloo W-1 well (closed file at the time
of this resource assessment) may change the volume of gas
estimated in the region.
Comparative volumetric assessment figures for the GIP
and OIP of the lower Kyalla and middle Velkerri formations
(Table 1) for P10, P50 and P90 indicate a wide range of values.
It is useful to compare the estimation with producing
shale plays from the USA. GIP estimates from the
Marcellus Shale play range between 40–150+ billion cubic
feet per square mile (bcf/mi2), the Barnett Shale between
50–200 bcf /mi 2, and the Fayetteville Shale between
40–100 bcf/mi2 (Breyer 2012). These values compare
favourably with the GIP estimated for middle Velkerri
Formation: Gorrie Sub-basin, 62–300 bcf/mi2; Beetaloo
Sub‑basin, 100–350 bcf/mi2; and OT Downs Sub-basin,
450–1575 bcf/mi 2. The GIP values of the middle Velkerri
Formation across these sub-basins are greater than the
minimum current development GIP for the Marcellus
Shale [50 bcf/mi2 (Breyer 2012)]; although of course there
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Figure 5. Kyalla Formation stock-tank original oil in place
(STOIP) P50 oil in place estimation from volumetric analysis.
Increasing warmth of colour represents increasing volumes of oil
calculated to be present in the formation.
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Figure 6. Middle Velkerri Formation estimated thermal maturity.
Wells with vitrinite reflectance (Ro) data for the middle Velkerri
Formation shown. The thermal maturity is shown to be increasing
from immature (green) on the northern flanks of the Beetaloo
Sub-basin, through to overmature (yellow) in the southern regions
of the sub-basin.
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Figure 7. Middle Velkerri Formation. (a) Oil in place P10 from
volumetric analysis. (b) Gas in place P10 estimation.
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308
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Table 1. Oil in place (OIP) and gas in place (GIP) figures for the
Kyalla and middle Velkerri formations. Map-based volumetric
analysis figures are in comparison to shale rock property (SRP),
in situ hydrocarbons (S1) and potential hydrocarbon yield (HC)
volumetric assessments. Bbbl = billions of barrels, TCF = trillions
of cubic feet.

are many other factors that come into play for successful
production.
There are several sources of uncertainty associated
with the modelling of this data. Most of the samples taken
were from drill core that have been exposed to atmospheric
conditions for prolonged periods of time. Fluids in the core,
both hydrocarbons and water, may have changed composition
as a result of this exposure. Estimated hydrocarbons could be
higher or lower depending on how the core was affected. SRP
data was sparse considering the size of the basin (analysis
was on 36 600 km2): there was a total of 14 Kyalla Formation
samples from three wells, and a total of 36 middle Velkerri
Formation samples from seven wells. The SRP values
measured/calculated from the core have been assumed to
be representative of the whole area modelled. The siltstones
of the formations do display some heterogeneity in rock
properties, and assumptions of homogeneity in SRP values
will also greatly affect the final outcome.
Core data may also have been high-graded in some
instances where sampling targeted the intervals with the
best potential for hydrocarbons. Any hydrocarbon in place
estimates therefore could have been overestimated and may
not be representative of the overall reservoir characteristics
for the volume of reservoir used in the calculations.
The geochemistry-based hydrocarbon yield volumetric
calculations had an arbitrary retention factor applied to all
of the data. If this assumed retention factor was too high
compared with present-day conditions, the hydrocarbon
yields would be overestimated. Core sample data alone
may not capture the true variability needed to accurately
estimate hydrocarbons in place on a basin scale. A complete
reservoir model, rather than a core-based approach, would
better serve this purpose.
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Proterozoic shale gas plays in the Beetaloo Basin and the Amungee NW-1H discovery
David I Close 1,2, Alexander J Côté 1, Elizabeth T Baruch 1, Carl M Altmann 1, Faiz M Mohinudeen 1,
Brenton Richards 1 and Rachael Ilett 1
Origin Energy drilled the first horizontal well, Amungee
NW-1H, in the Beetaloo Basin3 in 2015 and completed the
first multi-stage hydraulic fracture stimulation and extended
production test of the middle Velkerri Formation in 2016.
The successful drilling and stimulation of this horizontal
well are key milestones for the Velkerri Formation Play: a
Play that was first recognised in the mid-2000s by Falcon
Oil & Gas Ltd, who also first targeted the play with the
Shenandoah 1A well.
A total of four wells, Amungee NW-1H, and three
vertical exploration wells, have been drilled in Origin’s
exploration campaigns over 2015 and 2016. These wells, in
combination with Shenandoah 1A, have addressed many of
the key technical risks of the Velkerri Formation Play. They
also confirmed the presence of a material gas resource that
could be competitive with other potential gas resources in
onshore Australia.
The wells have provided a wealth of technical data
to assist in the geologic characterisation of the Beetaloo
Basin, and in particular, the Velkerri Formation Play and
the Kyalla Formation Play. In this paper, we share data
that confirm the presence of thick, gas saturated and overpressured source rocks in the Velkerri Formation over a vast
area. We also present a summary of the extended production
test at Amungee NW-1H that demonstrates the potential of
the Velkerri Formation Play.
In addition to the technical work program, Origin
has undertaken preliminary environmental baseline
studies and substantial stakeholder engagement activities.
Ensuring environmental baseline data are available is key
to demonstrating that onshore gas developments can be
undertaken with social acceptance and without adverse
environmental outcomes. However, data and facts alone are
not sufficient to build community confidence. Origin has
engaged extensively with pastoralists, local communities
and Traditional Owners to build direct relationships
and partnerships that encourage acceptance of the gas
industry’s ability to coexist and deliver mutual benefits to
the businesses and communities of the Barkly region and
the Northern Territory.

acreage in the core area of the Beetaloo. Origin, as operator
of the ‘Beetaloo JV’, has been actively progressing a multiyear exploration program over the Permits that have seen
four wells drilled during 2015 and 2016, including the first
horizontal well in the Beetaloo. The results to date have been
very positive, with effective operational execution and good
technical outcomes that have confirmed Origin’s technical
assessment of the Mesoproterozoic Velkerri Formation in
2013–14 (Close 2015).
Despite having substantial experience in many basins
and play types across Australia and internationally, this
farm-in is Origin’s first exploration program focused on
shale gas plays and Origin’s first upstream operations in
the NT. Although much of the technical, commercial and
stakeholder engagement expertise developed by Origin and
its predecessor companies is directly relevant to operating
the Beetaloo JV, Origin has been required to develop key
capabilities in a number of new areas, including source rock
reservoir (SRR) evaluation techniques, horizontal drilling
and multi-stage hydraulic fracture stimulation.
Exploration history
Petroleum exploration in the Beetaloo area began in 1984
when CRA Exploration Pty Limited took up acreage in
exploration permits EP4 and EP5 (since lapsed), north of the
core of the Beetaloo (Figure 1) as Pacific Oil & Gas (POG).
POG was encouraged by the identification of ‘live’ oil in
the stratigraphic well Urapunga 4, drilled by the Bureau
of Mineral Resources in 1985 (Lanigan et al 1994). POG
subsequently picked up two additional permits farther south,
EP23 and EP24, over the northern margin of the Beetaloo
in 1988 and then EP33, over the southern edge of the Basin.
Encouraged by drilling results, POG also acquired a 90%
interest and operatorship of EP19 and EP18 in the western
and central Beetaloo after joint venture negotiations with
permit holders Mataranka Oil NL (then known as Pardi
Pty Ltd). To consolidate their dominant position across the
Beetaloo, POG and partners also acquired permits EP45
and EP52 on the southern flanks of the Basin.
From 1987 to 1993, POG drilled 12 wells close to the
core of the Basin, of which only four penetrated the Velkerri
Formation (Table 1). POG also completed 2D seismic
surveys over a number of areas to help target structural
closures and conventional oil and gas plays. Early drilling
in EP4 and EP5 met limited conventional success; however,
the wells did confirm the presence and continuity of the
organic-rich middle Velkerri of the Velkerri Formation
(middle Velkerri) as well as bitumen and degraded oil
shows within the Bessie Creek Sandstone. The confirmation
of source rock continuity and hydrocarbon shows were
sufficient to support the extensive acreage position built up
by POG.
Despite encouraging shows, due to uncertainty over
the validity of structures targeted, POG withdrew from all

Introduction
In May 2014, Origin announced a farm-in to EP98, EP117
and EP76 (the Permits) held by Falcon Oil & Gas Ltd
(Falcon) in the Beetaloo Basin (Beetaloo) of the Northern
Territory (NT). Through the farm-in, Origin, and fellow
farminee Sasol, have the option to earn 35% equity in
the Permits, which cover over 18 500 km2 of prospective
1
2
3

Origin Energy Ltd, GPO Box 148, Brisbane QLD 4000,
Australia
Email: david.close@originenergy.com.au
This geological region equates to the Beetaloo Sub-basin
as published by the Northern Territory Geological Survey
(Ahmad and Munson 2013).
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permits in 1993 and interest in the Beetaloo waned for the
remainder of the 1990s. Sweetpea Corporation (Sweetpea)
recognised the potential of the Basin and applied for
exploration permits over much of the area relinquished by
POG in the previous decade; Sweetpea was granted EP76
in 2001, with EP98 and EP99 awarded in 2004, and finally
EP117 in 2007 (Figure 1). Sweetpea targeted a combination
of conventional oil and gas plays as well as tight gas and
basin-centred gas plays.
Sweetpea completed approximately 700 km of 2D
seismic before drilling Shenandoah 1 in 2007 only 120 m
south of the existing Balmain 1 well. Shenandoah 1 was
planned to terminate within the Bessie Creek Sandstone at
a total depth of 2900 m but was suspended at 1555 m within
the lower Kyalla Formation. Through a series of transactions,
Falcon became operator of the four exploration permits
(EP98, EP117, EP76 and EP99) in the mid to late 2000s,
having recognised the potential of the Velkerri Formation as
a potential shale gas play. Falcon deepened Shenandoah 1 to

the Velkerri Formation (Shenandoah 1A) and then in 2011,
completed one of the earliest hydraulic fracture stimulations
of a shale gas play in Australia. Falcon successfully flowtested two zones within the middle Velkerri Formation, and
one zone in the Kyalla Formation. Falcon also attracted Hess
Corporation (Hess) as a farminee in 2011 and proceeded to
shoot over 3500 km of 2D seismic between 2011 and 2012.
Falcon and Hess terminated their participation agreement in
mid-2013, which ultimately led to Origin and Sasol entering
a joint venture with Falcon in 2014 with Origin as operator.
Origin’s exploration strategy
Origin’s exploration strategy and objectives have remained
consistent through the exploration program to date,
including the intent to move as rapidly as feasible and
prudent to horizontal, multi-stage fracture stimulated
wells (Close 2015). Despite regional well and seismic data,
and permit specific data from Shenandoah 1A that were

Figure 1. The Beetaloo JV Permits (EP98, EP117 and EP76), former Falcon Oil & Gas permits, and the outline of historic permits held
by Pacific Oil & Gas and others in the 1980s and 1990s.
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sufficient to de-risk the presence and approximate extent of
a prospective shale gas play over the Permits (Figure 2), the
data also confirmed the targets are of Proterozoic age. This
was identified as a risk as no global producing analogues for
unconventional plays in Proterozoic source rocks have been
identified. Additionally, further production test data from
fracture stimulated wells are required to address the two
key technical risks:

drilling of Beetaloo W-1, there were no penetrations covering
the middle Velkerri in the central or southern Beetaloo;
confirmation of the prospectivity of the middle Velkerri
south of previous penetrations has substantially de-risked the
resource potential upside. The B Shale of the middle Velkerri
has been identified as the most consistently well-developed
source rock interval across the Permits. Given its combination
of excellent reservoir quality and geomechanical properties
conducive to fracture stimulation, the B Shale was the target
of the Amungee NW‑1H well (Figure 2 and Figure 3).
In addition to the exploration wells, a number of water
monitoring bores were installed; multiple rounds of water
chemistry sampling and standing-water level measurements
have been completed in over 30 wells as part of Origin’s
comprehensive groundwater monitoring plan (GMP). The
GMP is providing critical baseline data on the Cambrian
Limestone Aquifer and other aquifers of importance to all
stakeholders during a period when exploration activities are
of insignificant impact.

1. Is there sufficient resource concentration within the
source rocks (ie, gas-in-place per unit area)?
2. Can the source rocks be effectively fracture stimulated?
Results
In 2015, Origin drilled two vertical exploration wells
(Kalala S-1 and Amungee NW-1) and one horizontal well
(Amungee NW-1H). In 2016, Origin drilled one vertical
exploration well (Beetaloo W-1) and fracture stimulated
Amungee NW‑1H (Figure 3). The three vertical exploration
wells span a substantial fraction of the Permits and confirm the
presence of organic-rich source rocks in the middle Velkerri
across the core of the Beetaloo (ie A, B, and C shales from
oldest to youngest; see Close 2016; Figure 3). Prior to the

Reservoir properties and geomechanics
Wireline log derived petrophysical interpretation,
calibrated by core data, indicates a gas-filled porosity

Table 1. Historic drilling by Pacific Oil & Gas across the Beetaloo Basin in the late 1980s and early 1990s.
Fm = Formation, Sst = Sandstone.
Well name

Year

Summary

Altree 2

1988

Stratigraphic test.
Oil and gas shows within middle Velkerri.
Altree 2 terminated within a dolerite sill within the Corcoran Fm.

Walton 2

1989

Anticline test.
Oil and gas shows within middle Velkerri.
Walton 2 terminated within Bessie Creek Sst.

McManus 1

1989

Syncline test for fracture play.
Oil and gas shows within middle Velkerri.
McManus 1 terminated within lower Velkerri.

Sever 1

1990

Stratigraphic test.
Minor gas shows within middle Velkerri. Thick dolerite intrusion within middle Velkerri.
Sever 1 terminated within Corcoran Fm.

Jamison 1

1990

Stratigraphic test targeting 2-way closure.
Drill stem test (DST) over Bukalorkmi Sst recovered 1.5–2 m of oil
Jamison 1 terminated within upper Moroak Sst.

Elliott 1

1991

Stratigraphic and structural play test.
DST over Kyalla Sst, recovered minor oil.
Elliott 1 terminated within lower Moroak Sst.

Mason 1

1991

Structural test at Bukalorkmi Sst level.
Minor hydrocarbons shows.
Mason 1 terminated within upper Kyalla Fm.

Balmain 1

1992

Test of a lateral resistivity anomaly from CTEM survey in 1991.
DST over Chambers River Sst recovered minor oil.
Balmain 1 terminated within upper Kyalla Fm.

Shortland 1

1992

Structural test of interpreted closure from 2D seismic lines.
Hydrocarbon shows were limited to weak, dull pale yellow fluorescence within Chambers River Sst and Bukalorkmi Sst.
Shortland 1 terminated within upper Kyalla Fm.

Chanin 1

1993

Structural test of a 4-way dip closure mapped in 2D seismic lines.
Hydrocarbon shows were limited to minor mud gas while drilling and sparse fluorescence within Bukalorkmi Sst.
Chanin 1 terminated within upper Moroak Sst

Ronald 1

1993

Structural test.
DST over top of Moroak Sst recovered minor solution gas.
Ronald 1 terminated within upper Moroak Sst.

Burdo 1

1993

Crestal test of a possible fractured play within a prominent wrench structure.
Tight gas zone was inferred from petrophysical logs within upper Moroak Sst (1143–1151 m).
Burdo 1 terminated within upper to middle Moroak Sst.
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range of 3–5% over the prospective intervals of the middle
Velkerri (Figure 4). The resource concentration of the
B Shale is 22–43 BCF/km 2 (P90–P10), which is analogous
with successful North American shale plays (Jarvie 2012).
In addition to the positive reservoir quality indicators,
geomechanical properties inferred from sonic and density
logs (i.e. dynamic measurements) and from laboratory
tests on core samples (ie static measurements) indicate the
organic-rich A, B and C shales are all relatively ‘brittle’
(ie conducive to effective fracture stimulation; Figure 4).
Interpretation of image log data also provides valuable
geomechanical data indicating that the orientation of the
maximum horizontal stress direction is approximately
northeast–southwest (Figure 5). Natural fractures,
drilling induced tensile fractures and borehole breakouts
interpreted in image logs also provide critical information
in this frontier geological environment where there is
little known about the regional stress regime; data from
wells drilled by Origin indicate the middle Velkerri is in a
normal to strike-slip stress regime.
Origin also acquired geomechanical data from diagnostic
fluid injectivity tests (DFIT) at both Kalala S-1 and Amungee
NW-1 prior to the fracture stimulation of Amungee NW‑1H.
The DFIT data support the geomechanical interpretation
and demonstrate that closure pressure in the middle Velkerri
occurs below the overburden gradient, further implying
either a strike-slip or normal stress regime (critical for
effective fracture stimulation operations). DFIT data from
Kalala S-1 indicates the middle Velkerri is over-pressured,
with a pore-pressure gradient of 0.52–0.55 psi/ft; this is also
a critical success indicator of shale gas plays based on North
American analogues.
Hydraulic fracture stimulation planning and execution
The multi-stage, hydraulic fracture stimulation (HFS)
of Amungee NW-1H was successfully executed in 2016.
Following extensive stakeholder engagement and regulatory
review, the HFS was completed safely with no environmental
incidents. Stage placement across the approximately 1000 m
lateral section was dictated by Origin’s interpretation
of reservoir and completion quality, and the location of
faults interpreted from various data sources (Figure 4). A
number of factors, including conservative buffers around
faults, resulted in an effective stimulated lateral length of
<700 m. Approximately 130 000 tonnes of proppant was
placed over the 11 stages with a total pumped fluid volume
of ~11 ML. Breakdown and treating pressures were in the
range expected based on the mechanical earth model built
prior to the stimulation job.
The initial flowback of Amungee NW-1H commenced
on 10 September 2016 up casing with first hydrocarbons
detected after 321 bbls of load fluid were recovered. The first
continuous gas breakthrough occurred on 13 September;
the well flowed up casing until 29 September at which
time the well was shut-in to install tubing and the extended
production test (EPT) commenced on 4 October. The initial
production of the EPT, as measured over the first 30 days,
was 1.11 MMscfd. Over the 57 day EPT, a cumulative load
fluid volume of 6207 bbls was recovered, and 63 MMscf

Figure 2. South–north Beetaloo Basin schematic cross-section.
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Figure 3. (a) Permit boundaries and Velkerri Formation B Shale Pool limits with exploration well and water monitoring bore locations.
(b) Approximately east–west well cross-section over the middle Velkerri illustrating the continuity of the middle Velkerri and the
B Shale in particular.

a
b

c

Figure 4. (a) Composite log of petrophysical data from the Amungee NW-1 well highlighting the three source rock intervals within the
middle Velkerri. Tracks read from left to right: gamma ray (GR), Young Modulus (E), Poisson’s ratio (PR), total organic carbon (TOC),
gas-filled porosity (Ugas), reservoir quality (RQ), and completion quality (CQ). (b) Summary of key parameters for the B Shale interval.
(c) Amungee NW-1H horizontal well with fracture stimulation stages and geosteering curtain section of gamma-ray values projected
from the vertical pilot (Amungee NW-1).
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of natural gas produced (Table 2, Figure 6). The average
production rate over the EPT was 1.10 MMscfd and the final
production rate of the EPT was 1.07 MMscfd: this illustrated
the limited decline in gas rates over the period of the EPT.
Although dry gas flowed at the Amungee NW-1H location,
Origin interprets strong liquids potential to the north and
east of the Permits, and also within the Kyalla Formation (a
secondary Mesoproterozoic target).

Open-hole XLOT

Discussion and conclusions
Origin’s Permits cover the core of the most prospective
fairway in the Beetaloo Basin and have the potential to
provide a material new resource for Australia’s domestic
and export gas markets. The plays being matured by Origin
provide a material growth opportunity that is an excellent
fit to Origin’s strategy of lowering the cost of Australia’s
onshore gas resources and connecting them to markets.
The drilling and HFS campaigns completed in 2015
and 2016 have technically de-risked the play. The next step
for the Beetaloo JV is the determination of the appropriate
combination of exploration, appraisal and pilot drilling
required to prove that drilling and completion costs and well
productivity can support a commercial development. There
are numerous commercial opportunities for small (local to
regional) and large (national and international) gas egress
based on NT and east coast Australian domestic markets
as well as Darwin and QLD LNG export markets; however,
there will be numerous political and social challenges to
any gas development as the current moratorium on HFS of
unconventional reservoirs in the NT attests.

Breakout mapping

Table 2. Summary of the cumulative gas produced and load fluid
recovered during the clean-up and extended production test (EPT)
phase in Amungee NW‑1H.
Phase

Cumulative Gas Produced
(MMscf)

Clean-up

Figure 5. Image log interpretation provides key data on the
azimuth of the maximum horizontal stress; it indicates the middle
Velkerri is in either a normal or strike-slip stress regime.

6 100

EPT

63.0

6 207

Total

68.6

12 307

Figure 6. Gas and water rate data from the extended production test at Amungee NW-1H.
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Depositional setting and stratigraphic architecture of the Roper Group (McArthur Basin): insights
from a sedimentological analysis of core and well data
D Rhodri Johns 1,2, Brenton Schoemaker 1, Sandra Menpes1 and Howard D Johnson 3
Recent exploration activity in the McArthur Basin has
confirmed the Mesoproterozoic Velkerri and Kyalla
organic-rich shales of the Roper Group as probably the most
prospective shale gas play in Australia. The Velkerri and
Kyalla shales occur within a thick, predominantly marine,
clastic succession containing well-developed, mostly
conformable, regressive and transgressive sequences.
In 2011, Santos implemented regional studies to provide
a better understanding of the tectonic and depositional
setting of the Roper Group and to help frame the shale gas
prospectivity of the basin. These regional studies initially
focussed on the tectonic setting of the McArthur Basin and
the geometry of the basin-fill (Johns et al 2015).
Subsequent studies, initiated in 2013, were directed at
establishing genetic stratigraphic and depositional models
of the Roper Group, building on previous models of clasticdominated, epicontinental shelfal successions. This involved
a sedimentological and stratigraphic review of ca 3500 m
of open file drill core that was acquired in the basin by oil
and gas exploration companies in the 1980s and 1990s and is
now publically available in the Northern Territory Geological
Survey core store. The continuous cores not only sampled
the initial exploration targets (the Bessie Creek and Moroak
sandstones) but also the well-preserved, fine-grained parts of
the sequence, including well-developed organic-rich shales.
This dataset provides a rare opportunity to establish
the facies relationships across the full spectrum of shallow
water to deeper marine deposits; this is often prohibited
through lack of data and/or exposure in most subsurface
and outcrop situations. The core data were integrated with
other available data, including wireline logs, enabling the
construction of a genetically-based regional correlation
1
2
3

framework of the main stratal units of the Roper Group
throughout the study area. The studies also provided
new insight into sedimentary processes and depositional
environments that were active during the deposition of the
Roper Group. This included an assessment of the physical
processes responsible for deposition of organic-rich shales;
these processes are counter to conventional models that
often invoke condensation of hemipelagic-dominated
deposition for such deposits.
The Roper Group succession comprises approximately
six major regressive-transgressive (R-T) sequences, each
ca 500–1000 m thick (total thickness ca 3–6 km) that
are interpreted to be the result of deposition in a clasticdominated coastal-deltaic setting. Facies analysis focused
on the three youngest R-T sequences, based on seven
continuously cored wells across the McArthur Basin. These
three R-T sequences of the Roper Group are named after
the dominant lithostratigraphic formations and are, from
oldest to youngest: (1) Corcoran-Bessie Creek, (2) VelkerriMoroak, and (3) Kyalla.
The depositional setting of all three R-T sequences
was similar and is characterised by two coastal-deltaic
depositional environments: (1) sand-dominated fluvial
to proximal delta front/coastal environments in mainly
shallower water settings, with evidence of mixed fluvial,
tidal and wave/storm processes, and (2) mud-dominated
distal delta front, prodelta and basinal environments in
mainly deeper water settings with evidence of fluvial, storm
and gravity flow processes and including periodic anoxic
conditions. The resulting conceptual depositional model
(Figures 1, 2) comprises the following features:
a) sandy, braided river-dominated upper delta plain, which
passed down-dip into a sandy, mixed fluvio-tidaldominated lower delta plain to delta front (fluvial- to tidedominated processes, extending down to fairweather
wave base)

Santos Ltd, Santos Centre 60 Flinders Street, Adelaide SA
5000, Australia
Email: rhodri.johns@santos.com
Department of Earth Science & Engineering, Imperial College
London, Prince Consort Road, London, SW7 2BP, UK.

Figure 1. Schematic section illustrating conceptual depositional environments and sedimentary facies in a Mesoproterozoic upper
Roper Group delta.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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Figure 2. Plan view of Mesoproterozoic
upper Roper Group delta.

b) proximal delta front/subaqueous delta platform
characterised by a mixed energy regime of tide-, waveand storm-reworked mouth bars
c) distal delta front (dominated by storm processes)
d) prodelta to basin floor (depositional below storm wave
base) characterised by dilute gravity flow processes and
accumulation of reworked organic material.

with shallower water, delta front equivalents. Organic-rich
mudstone deposition was more energetic than previously
considered and not typical of condensed ‘hemipelagic’
sequences.
The primary origin of the carbonaceous material appears
to have been internally sourced, possibly reworked from a
zone extending from the intertidal areas to the distal delta
front-prodelta. This model envisages the relatively rapid
accumulation of organic-rich muds under anoxic sea-bed
conditions within a sub-storm wave base setting. The lateral
continuity of the shale horizons across the basin reflects
relative sea level fluctuations and variation in clastic input,
as well as a relatively benign sea floor topography that did
not hinder, to any great extent, the dispersal of fine-grained
sediment gravity flows.

Lateral facies relationships (eg in the VelkerriMoroak R-T sequence) supports northward coastal-deltaic
progradation.
These R-T cyclical successions resulted from continuous
sedimentation in a subsiding basin with episodes of
northwards-directed deltaic progradation when shallow
water coarse clastics were deposited in progradational
and aggradational sequences, separated by transgressive
episodes. The latter resulted in deposition of deeper water
marine muds, and fine sand and silts in an offshore prodelta
setting. The organic-rich mudstones within the VelkerriMoroak R-T sequence occur at the turnaround between
transgressive and regressive periods.
The mudstone-dominated parts of the successions
(Velkerri and Kyalla formations) host laterally continuous,
organic-rich intervals (total organic carbon 1–10%) with the
following facies characteristics: (1) thin (mm-/cm-scale)
turbidites and minor slumps and debrites, (2) an absence of
wave-reworked storm events beds, and (3) gradual vertical
facies relationships with distal delta front and prodelta
facies. It is concluded that the organic-rich mudstones
accumulated in the most distal part of the deltaic sourceto-sink sediment transport system, below storm-wavebase; deposition was dominated by numerous, small, dilute
gravity flows. The environments of deposition of the distal
delta front to prodelta facies were laterally contiguous
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Are spatial mineralogical variations in the Bessie Creek Sandstone, McArthur Basin, evidence for
variable provenance, diagenesis or hydrothermal alteration?
Belinda Smith 1,2 and Ralph Bottrill 3
Introduction

Previous lithological descriptions of the Bessie Creek
Sandstone have reported a supermature composition of
>99% quartz with quartz overgrowth cement, rare chert
and mica, minor interstitial clays and iron oxide minerals.
Abbott et al (2001) described the lithological succession
as monotonous, with a lack of paracycle development
suggesting a uniformity of mineralogy. HyLoggerTM
data from wells intersecting the Bessie Creek Sandstone
indicate a mineralogical variation that is inconsistent with
this observation. Significant clay mineral differences are
observed in the HyLogger data and may reflect variations in
either diagenetic history, localised hydrothermal alteration,
variable source material provenance, or a combination of
these factors.
To test the apparent stratigraphic uniformity previously
reported for the Bessie Creek Sandstone, 12 wells logged
as intersecting the unit (Figure 1) were scanned using
HyLogger 3-7. This instrument measures reflectance spectra

The Mesoproterozoic Bessie Creek Sandstone of the Roper
Group is a laterally extensive formation in the McArthur
Basin (Figure 1). This formation is economically significant
due to its potential as a hydrocarbon reservoir based on its
sedimentological characteristics, stratigraphic position
relative to source rocks, and the presence of oil shows in
several wells (Munson 2014). An understanding of the
distribution of mineralogical variations of the Bessie Creek
Sandstone may assist in evaluating its reservoir potential in
different parts of the McArthur Basin.
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Figure 1. Location map showing extent of mapped Bessie Creek Sandstone and HyLogged wells that intersect the Bessie Creek Sandstone.
Each well is marked with the depth to the formation top and the logged thickness (rounded to nearest metre) of the stratigraphic
succession. Modified from Munson (2016).
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and collects co-registered digital imagery from the drill
core intercepts. Measured reflectance spectral data is from
the visible-near-infrared (VNIR) to shortwave-infrared
(SWIR) wavelengths (380–2500 nm) and thermal infrared
(TIR) wavelengths (6000–14 500 nm). Spectra are spaced
at 8 mm along the cored material.
The reflectance spectra were modelled using The
Spectral Geologist (TSG) software to produce an
interpreted mineral composition using The Spectral
Assistant (TSA) algorithm and by referencing the inbuilt
spectral mineral library. The TSA mineral results may be
different in the SWIR and TIR wavelength ranges due to
the physical properties of the minerals in the rock sample.
Anhydrous silicate minerals such as quartz and feldspars
have diagnostic features in the TIR wavelength range but
none in the SWIR. For example, a quartz-rich rock with
minor clay will match only to the clays in the SWIR but
will match to the quartz in the TIR.
X-ray diffraction (XRD) analysis was used to validate
the HyLogger mineral results. Eleven samples from five
drillholes were sent to Mineral Resources Tasmania for
XRD analysis, three of which were further analysed by
X-ray fluorescence (XRF) to confirm the XRD-determined
mineralogy. One sample was prepared as a thin section
to study the presence and distribution of hydrocarbons
(Bottrill and Woolley 2016).
The resultant data for all drillholes are available to view
and download from the Australian Geoscience Information
Network (AusGIN) portal (http://portal.geoscience.gov.
au/gmap.html: Boreholes | National Virtual Core Library
submenu). Five of the wells are also available as HyLogger
Data Packages (Smith 2014a, b, c; Smith 2015a, b). These
reports contain additional interpretations and information
for the individual wells.
Results
Both TIR spectra reflectance spectroscopy and XRD
analyses confirmed quartz as the dominant mineral for all
measured samples (Table 1). Figure 2 shows the variations
in mineralogy for the Bessie Creek Sandstone intercepts
in both the SWIR and TIR. However, there are mineral
variations, both within a drillhole profile and between
drillholes, as shown by the SWIR spectra. The variations
in the SWIR mineral matches can be broadly grouped as:
a) kaolin group minerals (which can be subdivided into
kaolinite-rich zones, or dickite-rich zones)
b) white mica minerals (which may be diagenetic white
micas or illites; or a combination)
c) chlorite minerals
d) ‘aspectral’ response or no mineral match: a response
that does not match to any reference mineral sample in
the spectral library. Several factors may cause a SWIR
aspectral response: It may be due to the absence of the
mineral in the library, noisy spectra from melanocratic
core, or from finely disseminated magnetite or sulfides.
The easternmost wells (BMR Urapunga 4, Golden
Grove 1, Scarborough 1 and Alexander 1) can be grouped

both spatially and by the dominance of dickite in the SWIR
spectra. Dickite is also dominant in Walton 2, drilled further
west within the Beetaloo Sub-basin. Dickite is generally
considered as being a relatively high temperature and
low pressure kaolin polymorph, typically associated with
hydrothermal alteration or diagenesis following a relatively
great depth of burial (Beaufort et al 1998).
Further west, Sever 1 and Borrowdale 2 have similar
divisions of white mica (>50% of the profile), with small
chlorite zones (near stratigraphic boundaries) and SWIR
aspectral zones (Figure 2). In Sever 1, the top section of
the hole is dominantly aspectral; white mica is dominant
at depth. In Borrowdale 2, the pattern is reversed with the
top part of the well dominantly white mica, and aspectral
at depth.
Lawrence 1 is dominantly chlorite (SWIR) for the upper
part of the Bessie Creek Sandstone (260–280 m). The upper
contact of the Bessie Creek Formation in Lawrence 1 is the
Derim Derim Dolerite, a Mesoproterozoic sill that intrudes
Roper Group metasedimentary rocks (Munson 2016).
In Friendship 1, the upper part of the Bessie Creek
Sandstone (352–370 m) produces an aspectral SWIR
response corresponding to documented hydrocarbon
shows (Ledlie and Torkington 1988). Within this zone, the
SWIR response displayed reflectance features at 1730 nm,
2308 nm, and 2350 nm that have been identified as a
hydrocarbon response in other spectral work (Smith 2014d).
A sample from this zone was prepared as a thin section and
studied by polarised light microscopy (Figure 3).
Lady Penrhyn 1 displays a greater variation in distribution
of minerals within the profile compared with Bessie Creek
Sandstone intercepts from the other drillholes. Four response
variations (kaolin group minerals, white micas, chlorites and
aspectral SWIR response) are found within short repeating
intervals that typically vary from 2–5 m in width. This
pattern of cyclicity contrasts with the other wells, which
show a ‘block mineral’ profile of one mineral dominant over
a broad interval within the succession.
Scarborough 1 samples sent for XRD analysis indicate
two types of white mica. The XRD trace peak height
ranges have low crystallinity that suggest the micas are
illite or illitic muscovite within samples that also contain
kaolin group minerals (Bottrill and Woolley 2016).
The logged thicknesses and formation tops were also
noted (Figure 1). With the exception of Altree 2, thicknesses
vary from 20 m (Friendship 1) to 61 m (Borrowdale 2). Wells
within the Beetaloo Sub-basin have the deepest formation
top depths (1230 m to the top of the Bessie Creek Sandstone
in Altree 2). In Golden Grove 1, the top of the Bessie Creek
Sandstone is at 133 m.
Discussion
The XRD and petrography results validate quartz as
the dominant mineral with minor (commonly 2–15%)
dickite, kaolinite, white mica, chlorite, and hydrocarbons
(Table 1) in the composition of the Bessie Creek
Sandstone. Some minor sporadic TSA (TIR) feldspar
matches (as an accessory mineral with dominant quartz)
were not confirmed by XRD. Petrographic work shows
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Scarborough 1

Golden Grove 1

Sever 1

Walton 2

Lady Penrhyn 1

Friendship 1

BMR Urapunga 4

Altree 2

Alexander 1

Borrowdale 2

Prince of Wales 1 (upper)

Lawrence 1

Derim Derim Dolerite intrusion
Prince of Wales 1 (lower)

Figure 2. Summary of imagery and mineralogy results for the HyLogged
wells. Left column is the core image. Middle column displays the dominant
mineral from the SWIR spectra. Right column is dominant mineral from
the TIR spectra. Y-axis is depth of well. Note the dominance of quartz (pink
colour, right column) in each well. The red box (top) highlights the easternmost
holes, which have a similar mineralogy (dominantly dickite>kaolinite). This
contrasts with the mineralogy in other wells that intersect the Bessie Creek
Sandstone, which have variable aspectral (grey), white mica / illite (yellow)
or chlorite (green) matches. Prince of Wales results are intruded by the
Derim Derim Dolerite (blue box, right). Each well is scaled for uniformity:
refer to Figure 1 for thickness and formation top for each well.
102

Legend
white mica
kaolinite
dickite
chlorite
aspectral
carbonates
quartz
apatite
gypsum
A17-065.ai

AGES 2017 Proceedings, NT Geological Survey

well rounded detrital quartz grains with a later stage of
quartz cementation and no feldspar (Figure 3).
There are mineral distribution patterns; dickite is
most common in the easternmost holes (and Walton 2).
Dickite can be distinguished from kaolinite, both within
a well profile and between wells. These easternmost holes

contain little or no white mica. Holes further west (Sever 1,
Borrowdale 2, Lawrence 1) have little or no kaolin group
minerals. This distribution demonstrates that mineral
zonations are present, both spatially and with depth. These
mineral variations within the Bessie Creek Sandstone could
be due to one or a combination of the following factors:
a) differences in provenance, leading to differences in the
quantity and composition of feldspars and detrital micas
during deposition, and grainsize variations
b) differences in diagenetic history across the McArthur
Basin (burial depth, water influx and expulsion)
c) hydrothermal alteration effects from dolerite
emplacement or other fluid movements.
Evidence for provenance

Figure 3. Petrographic sample from Friendship 1, 352.8 m
(crossed polarised transmitted light). Brown hydrocarbons present
as fine fluid inclusions in rims around rounded detrital quartz
grains. The quartz grains show overgrowths of quartz encasing
the hydrocarbons.

Collins et al (in prep) have identified spatial and temporal
variations in provenance sources for several stratigraphic
units, including the Bessie Creek Sandstone. Different source
rocks may affect the detrital mica and feldspar composition
at the time of deposition. Variations in provenance could
influence the composition of authigenic minerals formed
during diagenesis. This may partly account for the presence
of kaolinite/dickite in the eastern wells, as opposed to white
mica/kaolinite in the western wells. Differing amounts

Table 1. Comparison of mineralogy derived from HyLogger data and mineralogy identified from XRD analysis. XRD results in
approximate wt%. Refer to Bottrill and Woolley (2016) for further notes on peak overlaps in individual samples.
NTGS Sample ID

DDH:
depth (m)

HyLogger
Mineralogy

Main XRD mineralogy

UR16BRS005

Golden Grove 1:
151.98 m

quartz, dickite

quartz (>80%)
dickite (10%–15%)

UR16BRS006

Golden Grove 1:
154.89 m

quartz, dickite

quartz (65%–80%)
dickite (15%–25%)
mica (<2%)

HD16BRS001

Scarborough 1:
656.9

quartz, dickite

quartz (>80%)
dickite (5%–10%)
chlorite1 (<2%)

HD16BRS002

Scarborough 1:
663.74

quartz, dickite

quartz (>80%)
mica (5%–10%),
dickite (5%–10%), ‘crandallite’ [exact id unknown (2%–5%)] Anatase (<2%)

HD16BRS003

Scarborough 1:
664.54

wx kaolinite>
muscovite (clays);
with minor quartz,
microcline

kaolinite (35%–50%),
mica [2 types dioctahedral present (25%–35%)]
quartz (25%–35%), anatase (<2%), ? [possible jarosite or crandallite-like mineral]

HD16BRS004

Scarborough 1:
665.4

quartz,
kaolinite>dickite;
minor muscovite,
microcline

quartz (50%–65%), kaolinite (15%–25%)
mica [probably 2 types dioctahedral present (10%–15%)]
barite (5%–10%),
dickite (2%–5%),
anatase (<2%)

LH16BRS001

Sever 1:
1204.68

quartz, muscovite

quartz (>80%),
mica (<2%),
chlorite (<2%) [mica>chlorite]

LH16BRS002

Sever 1:
1218.5

quartz, muscovite

quartz (>80%),
mica (<2%),
chlorite (<2%) [mica>chlorite]

UR16BRS007

Lawrence 1:
263.37

quartz, chlorite

quartz (>80%),
chlorite (<2%),
mica (<2%) [chlorite>mica]

UR16BRS008

Lawrence 1:
288.31

quartz, muscovite>
chlorite

quartz (>80%),
mica (<2%),
chlorite (<2%) [mica>chlorite]

UR16BRS009

Friendship 1:
352.58

quartz;
?hydrocarbons?

quartz (>80%),
chlorite (<2%)
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of transport and reworking prior to deposition may have
influenced the proportion of feldspars and detrital micas in
the original sediments.
Evidence for diagenesis
The most compelling evidence of diagenesis is the
presence of syntaxial quartz cements on rounded quartz
grains from the petrographic samples. Studies in other
basins (McBride, 1989) have noted that quartz cement
precipitates from the ascending formation water at burial
depths of several kilometres corresponding with 60° to
100°C temperatures.
Results from Friendship 1 indicated the presence of
hydrocarbons in both the petrographic and HyLogging
data. The timing of hydrocarbon migration (Figure 3)
appears to have been relatively early, as authigenic
quartz cement encases the hydrocarbons. This implies
hydrocarbon emplacement occurred when porosity and
permeability were relatively high before occlusion by the
siliceous cement. Dorrins and Womer (1983) concluded
that the presence of hydrocarbons inhibits the growth of
authigenic clays. This results in the preservation of an
oil-saturated reservoir from the effects of authigenic clay
generation during diagenesis, which explains the results
from the hydrocarbon-bearing intervals in Friendship 1.
Early-stage diagenesis often leads to kaolinite
development. Flushing of fluvial and shallow marine
sediments by meteoric water leads to the dissolution of
feldspar and detrital white mica, and the precipitation
of kaolinite (Bjorlykke 1998). The high fluid flows
required to dissolve significant quantities of feldspar and
mica are possible in fluvial and shallow marine humid
environments. The kaolinite forms in an open system
with the removal of silica (which will not precipitate
as quartz at low temperatures) and alkali ions. As
temperature increases due to diagenetic burial, kaolinite
can progressively convert to dickite [a stable kaolin
polytype in deeply buried sandstones (Lanson et al 2002)].
The transformation to dickite is more pervasive in high
permeability sandstones (coarse-grained sands) than in low
permeability sandstones. Abundant dickite may therefore
reflect the deep burial of coarse permeable sandstones in
the presence of significant pore water.
Illite can form during diagenesis under specific
conditions. Authigenic illite was not distinguished from
detrital muscovite in the HyLogger data, but the XRD
data (n=3) taken from Scarborough 1 indicated two types
of (dioctahedral) mica, suggesting that both detrital
muscovite and authigenic phengitic illite are present in the
Bessie Creek Sandstone.
Illite or kaolinite can form from the breakdown of
feldspars during diagenesis leading to secondary porosity.
Illite will form (rather than kaolinite) if aqueous potassium
is kept at an elevated level in a closed system. Other studies
have shown the development of illite associated with oil
zones (Worden and Barclay 2003) as potassium has been
held within the sandstone in the oil zone but is allowed to
escape from the sandstone in the water zone.

Evidence for hydrothermal effects
In Lawrence 1, the SWIR response is pervasively Fe chlorite,
with the strongest chlorite response at the contact with the
overlying Derim Derim Dolerite. The XRD results show
that the chlorite is minor (<2% in 2 samples). There is also
chlorite on the upper contact of the Derim Derim Dolerite
with the Velkerri Formation; it is likely that this chlorite is
due to alteration associated with the dolerite emplacement.
Conclusion
Reflectance spectroscopy, XRD and petrological
investigations confirm the Bessie Creek Sandstone as a
supermature quartzose sandstone unit with variable clay
mineralogy. The variation in clay mineralogy is likely to
reflect differences in diagenesis and hydrocarbon charge
with local effects from hydrothermal alteration.
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Geological constraints on the interpretation of AEM in the McArthur Basin, Northern Territory
Tim Munday 1,2, Kevin Cahill 1, Yusen Ley Cooper 3, Camilla Soerensen 1, Tania Dhu 4 and Tania Ibrahimi 1
Background
As part of a collaborative research project, the Northern
Territory Geological Survey (NTGS) and Commonwealth
Scientific and Industrial Research Organisation (CSIRO)
Mineral Resources have completed an assessment of public
domain airborne electromagnetic (AEM) datasets covering
the eastern part of the McArthur Basin in Australia’s
Northern Territory. Results from the modelling and
interpretation of these data are presented. The primary
intent of the work has been to assess their value in better
defining the geology and structure of the Batten Fault
Zone. This includes an assessment of the AEM dataset’s
suitability for mapping the geometry of elements of the
Barney Creek Formation that are known to be conductive.
This work will also determine whether reprocessing these
datasets using more modern interpretation methods can be
used as a constraint to the construction of the 3D geological
model of the McArthur Basin currently being compiled. In
addition to this, results from an assessment of data acquired
by more modern EM systems are being used to inform the
NTGS as to whether AEM data should form part of the
regional pre-competitive geophysical data suite in support
of the exploration community.
Introduction
The McArthur Basin region has been subject to extensive
coverage with a range of AEM systems. The potential for
fixed-wing time domain EM systems was recognised in the
early 1990s with results over the McArthur River Zn-PbAg deposit using the Questem and Geotem EM systems.
Both systems produced clear anomalies over the deposit
(Shalley and Harvey 1992). This success was a spur to the
wider acquisition of these data across the McArthur Basin
including the Batten Fault Zone. Over 30 000 line km of
data were acquired using these two systems alone (see
Figure 1). Throughout the 1990s and into the 2000s, further
acquisition continued involving more modern heli-borne
and fixed wing EM systems in support of exploration for
diamonds, manganese, and base metals in particular. This
resulted in the opportunity to compile these data into a
regional-scale map of the conductivity structure of eastern
McArthur Basin.
Method
Adequate descriptions of system characteristics, including
system geometry, base frequency, channel (or gates), and
waveform employed are all required in the processing
1
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and interpretation of AEM datasets. This is particularly
important when using these data to map geology as distinct
from conductive targets. Mitigating the influence of
different system parameters and acquisition geometries on
modelled ground conductivity necessitated a comprehensive
data mining exercise to obtain relevant survey and system
parameters.
In this study we chose to develop a model for the regional
conductivity structure of the ground using a fast approximate
method called EMFlow and described by Macnae et al
(1998). Conductivity-depth sections and images (CDI) were
generated using EMFlow for seven different EM systems.
The merged results from the transformation of each survey
in the Batten Fault Zone are presented as conductivitydepth intervals below ground surface of between 50–75 m
(Figure 2), 100–150 m (Figure 3) and 250–300 m (Figure 4).
In a more detailed study of the geological information
content of more recent AEM data sets, we have employed full
non-linear 1D inversion approaches using the Geoscience
Australia-Layered Earth Inversion (GA_LEI, Brodie and
Fisher 2008) and AarhusInv (Auken et al 2014) algorithms.
An example of an AarhusInv 1D inversion of a line of db/
dt VTEM data (from a 2010 survey for an area just north
of the McArthur River deposit) is shown in Figure 5. The
line is orientated east–west and straddles the Emu Fault.
The depth of investigation (DOI) for the AEM system has
also been overlain on the section. This provides a guide
as to the depths more modern EM systems can define
geology. VTEM (versatile time domain electromagnetic) is
a heli‑borne domain EM system, and represents the more
modern high-powered EM systems that are now routinely
employed for exploration. Other time domain methods
include the HELITEM, and SkyTEM systems.
Results
The regional interval conductivity maps (Figures 2–4)
indicate a strong litho-structural control on the observed
conductivity structure. The nearer surface intervals are
dominated by high conductivities associated with saline
(salt water-related) sediments on the coastal plains in the
north, and with the Roper Group sediments. The Batten
Fault Zone is generally more resistive, but moderately
conductive units possibly associated with the Barney
Creek Formation are also apparent. The discontinuity of
the observed conductivity structure suggests the presence
of structures that are not mapped at the regional scale.
Further work is required to resolve the significance of
these discontinuities.
The inverted VTEM conductivity-depth section for
flight line 10460 (Figure 5) illustrates the potential of more
modern systems for lithological mapping and targeting.
The inverted data shows the presence of a conductive unit
that is interpreted to be associated with part of the Barney
Creek Formation (intercepted by drillhole DD83CA3 at
distance along section ~8000 m). The presence of a folded

© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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Figure 1. Location map of public-domain AEM data sets across the eastern McArthur Basin subject to quality assurance and quality
control, and transformation using EMFlow. AEM data sets have been assigned to a system type and flight line orientation.
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Figure 2. Conductivity-depth interval mosaic for the depth range 50–75 m below the ground surface for the eastern McArthur Basin.
Image has been derived from the EMFlow transform of data for more than 40 different surveys from seven different AEM systems.
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Figure 3. Conductivity-depth interval mosaic for the depth range 100–150 m below the ground surface for the eastern McArthur Basin.
Image has been derived from the EMFlow transform of data for more than 40 different surveys from seven different AEM systems.
109

AGES 2017 Proceedings, NT Geological Survey

Figure 4. Conductivity-depth interval mosaic for the depth range 250–300 m below the ground surface for the eastern McArthur Basin.
Image has been derived from the EMFlow transform of data for more than 40 different surveys from seven different AEM systems.
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Figure 5. Conductivity-depth section from a full 1D layered earth inversion of a VTEM line using AarhusInv. The line is oriented
east – west across the Emu Fault.

conductive unit between 1500 and 4000 m in the section
might also be associated with a conductive shale unit in
the same sedimentary package. The upper, resistive part of
the section is associated with the Reward Dolostone (sandy
dolostones) and overlying Lynott Formation (carbonaceous
dolomitic siltstones and shales). In the east, the sediments
of the Roper Group appear conductive although the depth
of investigation is more limited in these areas. Lateral
discontinuities in the modelled conductivity structure are
indicative of faulting.
Summary
A complex, regional conductivity structure emerges from
the transformation of more than 40 surveys across the
eastern McArthur Basin. The image mosaics suggest the
presence of unmapped larger scale faults. Finer scale studies
of more recent AEM data sets within the Batten Fault
Zone indicate that AEM systems may resolve conductive
sediment packages associated with (mineralised?) parts of
the Barney Creek Formation. They also suggest that folded
sequences and high angle structures can also be defined.
Depths of investigation appear to be in excess of 800 m in
places, particularly where the sediments associated with the

Lynott Formation and Reward Dolostone are present. This
bodes well for the broader application of more modern AEM
technologies for geological mapping across the McArthur
Basin and elsewhere.
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Towards an improved understanding of the 3D structural architecture of the greater McArthur Basin
through geophysical interpretation and modelling
Teagan Blaikie 1,2 and Marcus Kunzmann 1,3
Project overview
This project is part of a 3 year collaborative agreement
between CSIRO Mineral Resources and Northern Territory
Geological Survey (NTGS) that is designed to improve the
understanding of the geology and the processes controlling
mineralisation and prospectivity of the greater McArthur
Basin.
The research focuses on increasing the knowledge of
of the 3D architecture of the Basin through geologically
constrained interpretation and modelling of geophysical
data. The study will focus on key areas within the Basin,
including the Batten Fault Zone, Walker Fault Zone and
Beetaloo Sub-basin (Figure 1). Analysis and interpretation of
gravity, magnetics, radiometrics, airborne electromagnetic
(AEM), and seismic data will be coupled with 2D and 3D
modelling of the gravity and magnetic data. The objective
is to constrain the 3D distribution and structural controls
of the stacked depositional packages within the Basin, and
to determine how each package evolved within the tectonic
framework of the North Australian Craton.
Preliminary results from the interpretation of geophysical
data across the Batten Fault Zone presented herein
include structural and lithological interpretations. These
interpretations will provide the constraints for future work
constructing 2D and 3D geophysical models. These models
will improve the current understanding of the subsurface
architecture of the Batten Fault Zone, and in particular that
of sub-basin development within the McArthur Group.
Introduction
An improved understanding of the geology and tectonic
evolution of the greater McArthur Basin requires knowledge
of major structures, their kinematics, and the spatial
distribution of depositional packages in 3D. Significant
areas of the greater McArthur Basin are masked by cover
and require geophysical interpretation and modelling to
understand structures and stratigraphy at depth. Regional
geophysical datasets can image the 3D geometry of
subsurface geology even in areas of poor exposure. When
combined with geological observations, geophysical
interpretation and modelling can provide constraints on
geological evolution that otherwise could not be resolved
purely through surface observation.
A geophysical interpretation produced by Betts et al
(2015) identified major structural features and the spatial
distribution of the depositional packages across the greater
McArthur Basin. Since that interpretation was completed,
higher resolution geophysical datasets were acquired over
much of the basin under the Creating Opportunities for
1
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3
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Resource Exploration (CORE) initiative (Dhu 2016). The
higher resolution datasets provide greater clarity of both the
major structures and the overprinting relationships of the
region.
This project will refine the structural interpretation
produced by Betts et al (2015) through interpretation of
recently acquired geophysical datasets. The objective is
to define the 3D basin architecture through lithologically
constrained 2D and 3D potential field modelling.
Regional geology
The Palaeo–Mesoproterozoic greater McArthur Basin,
as defined in Close (2014), comprises sedimentary and
volcanic rocks from five stacked and superimposed
depositional sequences (Figure 1) that developed over a
period of approximately 400 million years (Ahmad et al
2013, Rawlings 1999). In the Northern Territory, the greater
McArthur Basin extends west under cover connecting with
the Beetaloo Sub-basin and Birrindudu Basin; it is likely
continuous with the Tomkinson Province towards the south.
Rawlings (1999) defined five major depositional packages
within the McArthur Basin: Wilton, Favenc, Glyde,
Goyder and Redbank. Each package is separated by major
unconformities associated with inversion events. These
packages can be correlated with the Leichhardt, Calvert, Isa
and South Nicholson super-basins in Queensland (Jackson
et al 2000).
Two north-trending fault zones are recognised within
the McArthur Basin: the Batten and Walker fault zones.
These are separated by the east-trending Urapunga Fault
Zone (Figure 1; Ahmad et al 2013). The Batten Fault Zone
is a 50–80 km wide fault zone located in south-eastern
McArthur Basin. It is notable as it hosts the world class
Zn-Pb deposit at the McArthur River Mine. This fault
zone exposes four of the five major depositional packages
(Redbank, Glyde, Favenc and Wilton) and provides an
opportunity to understand the architecture and relationship
between these units. Knowledge gained here, particularly
relating to the orientation of structures controlling subbasin development in the McArthur Group, can be applied
to constrain modelling elsewhere, such as the Beetaloo
Sub-basin where there is currently no constraint on the
architecture of the Glyde package.
Geophysical interpretation of the Batten Fault Zone
To date, the interpretation on the distribution of individual
formations has focused on the Batten Fault Zone. The
structural and lithological interpretation, currently covering
the BAUHINIA DOWNS and MOUNT YOUNG 1:250 000
mapsheets4 (Figure 2), was based upon the interpretation
of gravity, magnetic, radiometric, and AEM datasets; and
4

Names of 1:250 000 mapsheets are shown in capital letters,
eg BAUHINIA DOWNS.
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regional geophysical data as a prominent north–south
trending gravity high. In higher resolution gravity surveys
(minimum of 500 m station spacing), the distribution of
different formations can be resolved because density is
variable through the stratigraphy. This package has low
magnetic response; however, volcanics in the underlying
Tawallah Group have a high magnetic susceptibility and
therefore interpretation of the magnetic data (depth to
magnetic basement inversion) may provide constraint on
the thickness of the McArthur Group. The radiometric data
shows that the McArthur Group has a K-enriched signal.

constrained by geological mapping, drillholes and satellite
photos. The geophysical characteristics of the Wilton, Glyde
and Redbank packages are described below.
Wilton package – Roper Group
The Wilton package is largely confined to the west of the
Batten Fault Zone and to the east of the Emu Fault. The
package is characterised by a low gravity and magnetic
response. The magnetic data often contains short to long
wavelength features associated with volcanic intrusions
into the Wilton package. Individual formations within the
Wilton package can be resolved through enhancement of
short-wavelength features (vertical and tilt derivatives) in
the magnetic data, and interpretation of the radiometric
data. Some of the oldest units of the Wilton package, ie the
Mantungula to Crawford formations, have a K-enriched
signal; other formations including and above the Abner
Sandstone tend to have a more Th-enriched response; and
some shales (eg Corcoran and Velkerri formations) have a
U-enriched signal.

Redbank package – Tawallah Group
Outcrop of the Tawallah Group is largely confined to the
northern half of the Batten Fault Zone. This Group is
defined by a low gravity anomaly and a high magnetic
response where volcanics are present; and by a low gravity
and magnetic response where sandstones are present. The
radiometric data shows that the sandstone formations are
more Th-enriched; the volcanics tend to have a K-enriched
radiometric signal.

Glyde package–McArthur Group

Structural features

In contrast to the Roper Group, the McArthur Group
contains more carbonate sequences and therefore has a
higher density. The McArthur Group is resolvable in the
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likely early syn-depositional normal faults within the basin
that have been reactivated during later deformation. Major
northwest-trending faults, such as the Mallapunya Fault and
smaller north–south-trending strike-slip faults, appear as
linear features in the magnetic data; they are often defined
by differing magnetic textures on either side of the fault. A
number of blind faults, trending in north–south and east–west
to northwest–southeast directions, can be identified within
the gravity and magnetic data. These faults are likely major
basement structures that played a role in early basin formation
and later sub-basin development within the McArthur Group.

the thickness of the McArthur Group. Results from this
analysis, along with the geological interpretation, will be
used to create geological cross-sections to be integrated
into 2.75D forward models of the potential field data and
a 3D geological model of the Batten Fault Zone. Highresolution 3D models useful for understanding local subbasin development within the McArthur Group will be
embedded within the regional scale model. Results will
be placed into a tectonic framework to provide greater
understanding of the geodynamic evolution of the greater
McArthur Basin.

Future work

Acknowledgements

Future work will involve depth to magnetic basement
inversion across the Batten Fault Zone in order to constrain
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Sedimentological and biogeochemical controls on sediment-hosted base metal deposits in the
McArthur Basin
Marcus Kunzmann 1,2,3, Teagan Blaikie 1,2, Susanne Schmid 1 and Samuel C Spinks 1
Introduction
This study is part of a three year (2016–2019) collaborative
project between the Northern Territory Geological Survey
(NTGS) and CSIRO Mineral Resources, which focuses
on better understanding the geology and occurrences of
sediment-hosted base metals mineralisation in the Proterozoic
McArthur Basin, northern Australia. More specifically, this
project represents a multidisciplinary approach to further
characterise mineral systems in the McArthur Basin.
Individual components of this study include a refined 3D
geological model of the greater McArthur Basin, deformation
fluid flow modelling of the Batten Fault Zone (Figure 1), and
a sedimentological and biogeochemical assessment of the
Proterozoic middle McArthur Group (Figure 2). Here we
provide a brief overview of currently undertaken individual
studies that comprise the sedimentology and biogeochemistry
component.
Regional geology

The unmetamorphosed and weakly deformed Paleoto Mesoproterozoic McArthur Basin is exposed in the
CSIRO Mineral Resources, 26 Dick Perry Avenue, Kensington,
WA 6151, Australia
Northern Territory Geological Survey, GPO Box 4550 Darwin,
NT 0801, Australia
Email: marcus.kunzmann@csiro.au
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133°00'

Arafura Sea

northeastern part of the Northern Territory of Australia
(Figure 1a). Together with the stratigraphically equivalent
but metamorphosed Mount Isa Basin in northwestern
Queensland, it represents a wold-class base metals province
hosting most of the world’s known Proterozoic clasticdominated sediment-hosted Pb-Zn deposits (Cooke et al
2000). The McArthur Basin comprises five unconformitybounded depositional packages (Rawlings 1999). The
late Paleoproterozoic Glyde package hosts the mixed
carbonate-siliciclastic McArthur Group in the Batten Fault
Zone, a structural domain in the southern McArthur Basin
(Figure 1a, b) where synsedimentary transtension led to
sediment accumulation in a series of northeast-trending subbasins and paleohighs (eg McGoldrick et al 2010). Organicrich mudrocks of the ca 1640 Ma Barney Creek Formation
(middle McArthur Group) deposited in these sub-basins are
the most important host strata for sediment-hosted Pb-Zn
deposits, such as the giant HYC Zn-Pb deposit at McArthur
River (Figure 1b).
Individual studies
Tectonostratigraphic evolution of the middle McArthur
Group
Since the Barney Creek Formation is the most important
host-unit for clastic-dominated sediment-hosted base
metals deposits in the McArthur Basin, it is essential
b
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to understand basin architecture and evolution during
sediment accumulation. However, this study will also
include under- and overlying stratigraphic units (Myrtle
Shale to Lynott Formation, ie the entire middle McArthur
Group; Figure 2) as lateral facies and thickness changes in
these coarse siliciclastic and carbonate units will provide
important additional information on basin architecture.
About 20 to 30 drill cores (Figure 1b) intersecting
the middle McArthur Group in the Batten Fault Zone will
be logged at high resolution. The drill cores are mostly
arranged in north–south direction along the Emu Fault, one
of the most important structural features in the Batten Fault
Zone, allowing us to produce a ca 180 km-long north–south
transect across this structural domain. This transect will
be complemented by a series of short (<20 km) east–west
transects. Based on core logging, a detailed facies analysis
is currently being undertaken to reconstruct depositional
environments and to better understand their stratigraphic
and spatial distribution. Regional scale correlation
of stratigraphic units in the logged drill cores will be
reconstructed using carbon isotope chemostratigraphy,
sequence stratigraphy and available wireline logs.
The main outcome of this study will be a detailed,
regional scale, sedimentological and tectonostratigraphic
framework of the middle McArthur Group in the Batten
Fault Zone, in which additional data, such as geochemistry,
can be integrated.
Paleoredox conditions, distal footprint evaluation, and
multiple sulfur isotope geochemistry of the Barney Creek
Formation
Genetic models for clastic-dominated sediment-hosted
Pb‑Zn deposits assume that mineralisation occurs as
the result of the reaction of an oxic metalliferous brine
with a reduced host rock or anoxic seawater. Therefore,
it is crucial to reconstruct water column redox conditions
during deposition of the Barney Creek Formation.

Umbolooga Subgroup

McARTHUR GROUP

Batten Subgroup

LOWER BALBIRINI DOLOSTONE
1609 ± 3 Ma 1613 ± 4 Ma

AMOS FM
LOOKING
1614 ± 4 Ma
GLASS FM
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YALCO FORMATION
Donnegan Member
LYNOTT
FORMATION
Hot Spring Member 1636 ± 4 Ma
Caranbirini Member
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MALLAPUNYAH FORMATION
MASTERTON SANDSTONE

Figure 2. Stratigraphy of the McArthur Group in the Batten Fault
Zone. Units in red are the focus of this project.

Furthermore, euxinia (anoxic seawater with free hydrogen
sulfide) is generally considered to be of major importance
as it provides a large reservoir of hydrogen sulfide for
precipitation of sulfidic ore minerals. Euxinic conditions
are important in both syngenetic models that assume base
metals sulfide formation in the water column (Large et al
1998; for recent review see Wilkinson 2013), and in early
diagenetic models that focus on the downward percolation
of dense metalliferous brines into unconsolidated sediments
(Sangster 2002) or sub-seafloor lateral migration of brines
along permeable strata (Wilkinson 2013).
To further assess the stratigraphic and spatial distribution
of oceanic redox conditions, we will tie a biogeochemical
dataset into the geological framework established during
the tectonostratigraphy study. This dataset will include iron
speciation and whole rock geochemistry, with a particular
focus on the redox-sensitive trace metals Mo, U, and V. This
project will result in a 3D-reconstruction of the distribution
of oxic, euxinic, and ferruginous (anoxic and free Fe(II))
conditions during deposition of the Barney Creek Formation
in the Batten Fault Zone. This will enable us to identify
regions and stratigraphic intervals that represent chemical
traps for base metals, which, together with deformation and
fluid flow modelling, will result in identifying potential hot
spots for base metals mineralisation.
Incorporation of whole rock geochemistry into the
tectonostratigraphic framework will also permit the
systematic testing of the distribution of Zn, Pb, and other
commodities, as well as pathfinder elements like Tl. This
will allow us to systematically assess previously proposed
alteration indices and potentially develop new geochemical
methods to identify distal footprints.
Since base metals exploration in the McArthur Basin
is focused on sulfide deposits, it is important to better
understand the marine sulfur cycle during deposition of
the Barney Creek Formation. This will be achieved by
integrating multiple sulfur isotope geochemistry into the
tectonostratigraphic framework. Multiple sulfur isotopes
will provide important information on sulfate availability
and the relative importance of different sulfur metabolisms
during deposition.
Zn isotopic and mineralogical composition of the HYC
Zn-Pb deposit
The regional scale geological and biogeochemical studies
described above will be complemented by Zn isotopic and
high-resolution mineralogical studies of the HYC Zn‑Pb
deposit at the McArthur River mine. The Zn isotopic
composition of sediment-hosted Zn deposits has previously
been shown to exhibit systematic variation among different
deposits within a district (Kelley et al 2009), among
different generations of sphalerite, and within individual
lodes and deposits from the centre to the periphery (Zhou
et al 2014). Rayleigh fractionation has been suggested as
dominant Zn isotope fractionating process. A systematic
trend of increasing Zn isotope ratios from south to north
in the Red Dog district of northern Alaska, for example,
has been interpreted as reflecting isotopic evolution of
a Zn‑bearing fluid that originated from a hydrothermal
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system in the south and migrated northwards. During the
migration, isotopically light sphalerite precipitated at several
locations, forming individual deposits, and leaving behind a
progressively enriched fluid (Kelley et al 2009). In deposits
of the Sichuan-Yunnan-Guizhou Pb-Zn district in southwestern China, the Zn isotopic composition of sphalerite in
individual deposits systematically increases from early to
late stage sulfides, and also from the centre of the ore body
to the periphery of single deposits (Zhou et al 2014). If these
observations reflect the general behaviour of Zn isotopes
in sediment-hosted mineral systems, it might be possible
to apply Zn isotopes as vector towards the hydrothermal
source of sediment-hosted Zn deposits.
Two complementary Zn isotope studies will be carried
out at the HYC Zn-Pb deposit. The first study will focus
on the bulk rock Zn isotope composition in two different
drill cores, one from the centre and one from the fringe
of the deposit. The second study will use a micro drill to
distinguish between individual sphalerite laminae and
generations using samples from the same two drill cores.
The Zn isotope studies will be supported by whole
rock geochemistry and petrographic studies. Furthermore,
the small size of sulfide minerals at HYC (eg Ireland et al
2004) highlights the need to apply high-resolution imaging
techniques. Therefore, we will study the mineralogical
characteristics and trace element distribution of ore samples
from HYC using the Maia detector array at the Australian
Synchrotron. This allows us to collect high-resolution
images up to ~100 M pixels in size of entire thin sections in
only a few hours (Fisher et al 2014). This project will shed
light on the mineralising processes at HYC and will provide
further insight into the distribution of certain trace elements
of interest, for example the pathfinder element Tl.
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Controls on copper mineralising processes in the central McArthur Basin, NT: a progress report on
the Coppermine Creek Prospect
Garry J Davidson1,2, Stuart Bull 1, Barrie Bolton 3 and Larriana Morgan 1
The Proterozoic McArthur Basin is part of the north
Australian Carpentaria Zinc Belt; it contains examples
of major, stratiform, shale-hosted, zinc-rich base metals
deposits (such as McArthur River/HYC and the Teena
deposit) in a structurally complex region called the Batten
Fault Zone. The central McArthur Basin has long been
thought to be a single commodity region; however, there
are ‘camps’ with a significant number of occurrences of
copper-rich historical workings located 50 km west and
east of the main line of zinc deposits on the Emu Fault
(the eastern boundary of the Batten Fault Zone). One camp
is the Redbank copper deposits, stratigraphically in the
‘Redbank package’ of Rawlings (1999), a depositional
package dominated by the Tawallah Group (the basal unit
of the McArthur Basin). A second camp occurs in the
Amelia Dolomite 4 near the base of the younger McArthur
Group; examples are here termed ‘Amelia-type’. Both
Redbank and Amelia-type groups are stratigraphically
lower than the host units to the zinc deposits.
1
2
3
4
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7001, Australia
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Department of Earth, Atmosphere and Environment, Monash
University
Unit name as referred in ‘Geology and mineral resources of the
Northern Territory’ is ‘Amelia Dolostone’.

This research, funded by the Northern Territory
Geological Survey (NTGS), is focussed on the Amelia‑type
deposit group. Key prospect examples are Johnstons,
Coppermine Creek and Sly Creek (Figure 1). Most of
these were prospected over the last 100 years, but at least
one (Coppermine Creek) has been the subject of more
recent (2006 onward) exploration. Drilling at Coppermine
Creek has yielded significant intercepts of copper (17 m at
0.5% Cu, with a high of >8% Cu) in a 1.8 km long electrical
geophysical target. Prior to this, the site had been drilled by
BHP Exploration, producing anomalous copper intercepts.
One of the BHP holes, MYD07, transects the entire Amelia
Dolomite unit and is the only Coppermine Creek hole that is
readily publically accessible within NTGS Core Facility in
Darwin. Several samples from more recent drillhole CCD03
have also been made available to this study by current joint
venture partners Pacifico Minerals and Sandfire Resources.
CCD03 is the most mineralised hole drilled to date in the
area (Figure 1).
The work in this abstract has focussed on a detailed transect
through MYD07 and on a pilot comparison to some more
mineralised samples in CCD03. The previous exploration
has shown that an east–west line of gossans, ironstones,
and workings, located 500 m south of the similar trending
Coppermine Creek Fault and long thought to be a separate

Figure 1. Geological features and drillhole locations at the Coppermine Creek prospect, modified from Pacifico Minerals 23 Nov 2016
announcement.
© Northern Territory Government March 2017. Copying and redistribution of this publication is permitted but the copyright notice must be kept intact
and the source attributed appropriately.
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mineralised fault (Gordons Fault), is in fact a faulted section
of mineralised stratigraphy (Figure 1). The mineralisation is
stratabound and extends down-dip (to the south) of the line
of gossans along preferred intervals of the Amelia Dolomite,
particularly intervals with sulfate evaporate pseudomorphs.
The current Pacifico Minerals strategy is to determine the
size and metal grade zonation of this stratabound zone.
The rationale of our research study is that MYD07 is
more distal within the mineralised envelope, and CCD03
(which lies further north), more proximal. Carbon, oxygen
and sulfur stable isotope results are reported here, together
with contextual petrology.
A predominant feature of the mineralised envelope in
MYD07 is sparry grey dolomite replacement of primary
black carbonaceous dololutite. This dolomite is cut by
swarms and networks of 2–20 mm-wide white carbonate
veins and veinlets. These are in turn typically cut by a steep
generation of stylolites that commonly link with layer-subparallel stylolites. The main copper mineral is chalcopyrite,
in places including islanded pyrite; small domains of galena
and sphalerite also occur. Chalcopyrite has replaced steep
sinuous stylolites, giving rise to sinuous sulfide forms; it
has also replaced the marginal carbonate in some carbonate
veins.
In CCD03, the general paragenesis of the provided
samples is similar to MYD07, although the chalcopyrite
segments are many centimetres wide. Minor mineralisation
occurs in the underlying red Mallapunyah Formation; an
intriguing feature of this mineralisation are zones of massive
steely hematite that have been replaced by red earthy

hematite vein arrays, all testifying to multiple episodes of
post-depositional Fe mobility in this unit.
Carbonate stable isotopes were sampled at about 10 m
intervals through the 150 m thick Amelia Dolomite. Sample
types were categorised as carbonate veins or dolomitised
host rock. The most interesting response is seen in the host
rock bivariate plot of δ13C ‰ vs δ18O ‰ (Figure 2) where
a positive coupled correlation is observed that extends
well beyond the expected field of primary to diagenetic
carbonates. The most negative isotopic values occur in the
carbonates of the most mineralised hole CCD03, providing
evidence that this isotopic effect varies with intensity of
mineralisation. Surprisingly (given that some organic C
is likely to have been sampled in the host rock powders),
the veins plot to more negative compositions than the host
rock, providing evidence that when these veins crystallised,
they were tapping a larger fluid reservoir and were not
simply buffered by local host rock compositions. Spatially
downhole in MYD07, there is not a strong correlation of
isotopic compositions with individual lode positions.
Isotopic depletion is commonly seen in carbonatehosted hydrothermal systems because of isotopic exchange
between hot, isotopically light fluids and local carbonates
during wallrock alteration. This is strongly seen in the
Mount Isa Cu mineralised system where C-O isotopes
have been used to identify the faults that have seen fluid
movement during the mineralising event (Waring et al
1998). The Coppermine Creek data has strong similarities
to the more distal part of the Mount Isa array. A comparison
to Mount Isa is also justified because the replacement
of gash veins and sub-vertical stylolites by chalcopyrite
suggests an epigenetic mineralisation timing. However,
far more petrology, logging, and direct dating are required
to test this hypothesis. Regardless, our findings to date
indicate that C-O isotopes may be useful indicators of active
mineralisation conduits and could help to unravel the paleofault architecture. Further comparison to C-O signatures of
other mineralisation types is warranted at this early stage of
the investigation.
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Figure 2. Comparison between host rock carbonate isotopic
compositions in the outer stratabound halo (MYD07), pilot
samples of the more mineralised material (CCD03) at Coppermine
Creek, and the Mount Isa copper trend (Waring et al 1998).
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